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The cytotoxicity and its underlying mechanisms
induced by gliotoxin (GT), an immunosuppressive
agent, in macrophages are poorly understood. We re-
port here that GT induced a rapid apoptosis (DNA
fragmentation and hypodiploid nuclei obtained
within 4hrs of treatment) in murine macrophages
PUS5-1.8 in a dose-dependent and cell cycle-independ-
ent manner. The GT-induced apoptosis was sup-
pressed by z-Asp, z-VAD-fmk and antioxidants
suggesting that production of reactive oxygen species
(ROS) and activation of caspases were important
in this process. Also, release of cytochrome c¢ from
mitochondria was found to be an early event (within
1hr) after addition of GT (250 ng/ml) and its presence
in the cytosol was sufficient to elicit apoptosis. Inter-
estingly, the release of cytochrome ¢ was not accom-
panied by a reduction in the mitochondrial membrane
potential (¢,) as determined by several 1)n-
sensitive fluorescent indicators. Taken together, our
results indicate that GT is a potent apoptotic agent
in PU5-1.8 celis and the loss of vy, is not a universal
early marker for apoptosis.
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Abbreviations: GT, gliotoxin; 4OH-TEMPO,
4-hydroxy-2,2,6,6-tetra-methyl-piperidinooxy; MFI,
mean fluorescence intensity; ROS, reactive oxygen
species; trolox, 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid; z-Asp, z-Asp-CH2-DCB; 2-VAD-fmk,
benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone

INTRODUCTION

Aspergillosis is a life-threatening infection in
human caused by Aspergillus fumigatus and Asper-
gillus niger. Now, it is clear that gliotoxin (GT) is
the causative agent of these pathogens.!! GT is
known to exhibit a profound suppressive activity
in immunocytes including macrophages.**!
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However, the detailed mechanism underlying
aspergillosis-induced immunosuppression remains
unclear.

One of the interesting features of GT is its
ability to go through a redox cycle in the pres-
ence of appropriate reducing agents. During
redox cycling, the reduced GT generates super-
oxide anion and during the conversion of the
dithiol form of GT to its disulphide form, the
superoxide anion is dismutated to hydrogen
peroxide,® a potent apoptotic stimulus.”) Dur-
ing apoptosis, one of the common events is the
loss of mitochondrial transmembrane potential
(Ym) and the release of cytochrome ¢ from
mitochondria.® Once in the cytosol, cytochrome
¢ is competent to activate caspases for DNA
fragmentation.”’! Thus, release of cytochrome c
from mitochondria is a critical step for caspase
activation and cell death. At present, it is unclear
whether GT follows this “universal” pathway in
macrophages to elicit cell death. To address this
question, we examined the cytotoxicity by GT,
its capability in releasing reactive oxygen species
(ROS) and cytochrome ¢, and the mode of cell
death in a murine macrophage line PU5-1.8 cells.

MATERIALS AND METHODS

Materials and Cell Culture

Dihydroethidium, TMRE, MitoTracker-Red,
DiOCg(3) and JC-1 were purchased from Mole-
cular Probes (Eugene). Other reagents were from
Sigma (St. Louis).

Cell Culture, Cell Cycle Analysis and Agarose
Electrophoresis for DNA Fragmentation

PU5-1.8 cells, a macrophage cell line derived
from Balb/C mice, obtained from American
Type Culture Collection (Maryland) were cul-
tured in RPMI 1640 medium (Sigma) supple-
mented with 10% (v/v) fetal calf serum (FCS,
Gibco) at 37°C, 5% COs,. Cell cycle analysis and

DNA fragmentation were performed as previ-
ously described.['1"]

For the Tunel assay or DNA nick labelling,
cells after fixation were resuspended in 50pul
reaction buffer (potassium cacodylate, 200 mM;
Tris/HCl, 25mM; BSA, 0.25mg/ml, pH 6.6)
and treated with terminal transferase (5U/
50pul, Boehringer) and JdUTP-FITC (0.2mM,
Boehringer) at 37°C for 30 min. After washing,
cells were treated with RNase A and labelled
with propidium iodide (PI). Fluorescence of
dUTP-HTC and PI were then measured simulta-
neously by flow cytometry.

Western Blot Analysis of Cytochrome c Release

PU5-1.8 cells (4 x 10°) treated with agents were
incubated in lysis buffer (75mM NaCl, 1mM
NaH,PO,, 8mM Na,HPO,, 250mM sucrose,
1mM PMSF, 5pg/ml leupeptin, 21pg/ml
aprotinin) containing digitonin (25ug/4 x 10°
cells) at room temperature for 30 sec to permeab-
ilize the plasma membrane (to damage the
mitochondrial membrane required a higher digi-
tonin concentration (400pug/4 x 10° cells)).!")
Supernatants were saved after centrifugation at
10,000 rpm for 1min. Proteins in the supernat-
ants were then resolved on 12% SDS polyacryl-
amide gels with the same amount of protein
per lane. Proteins so separated were blotted
onto PVDF membranes and the amount of
cytochrome c released into the cytoplasm was
detected by Western blotting and densitometer.
The position of cytochrome c in the Western blot
was confirmed by a parallel running with an
exogenous cytochrome c (data not shown).

Loading Cytochrome c into PU5-1.8 Cells by
Electroporation

PU5-1.8 cells (6 x 10°) were washed once with
PBS and once with permeabilization buffer
(in mM: 140KCl, 5 NaCl, 10 glucose, 0.5 EGTA,
10 HEPES, pH 7.2). The cells were resuspended
in 0.3ml permeabilization buffer containing
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cytochrome ¢ (100 uM) or BSA (100 pM) in an
electroporation cuvette. Cells were challenged
by a square-wave (voltage: 500volts, pulse
width: 90msec, number of pulse: 5) with an
electroporator (BTX Transfector). The cells were
then washed once with 10% FCS and resus-
pended in medium for further treatment.

Detection of H,O, by Scopoletin and
Dihydroethidium

Scopoletin (0.2 uM) was mixed with horseradish
peroxidase (1 pg/ml) in PBS. After equilibration,
the mixture was transferred to a quartz cuvette
and change of fluorescence of scopoletin was
measured with a fluorometer (Perkin Elmer
LS50B) with a stirring magnetic bar at room
temperature. For fluorescence measurement,
excitation was made at 350nm and emission
at 460nm. Known concentration of H,O, was
added as a positive control.

The level of intracellular ROS was measured
by flow cytometry with dihydroethidium.
Briefly, cells (1x10°/1.5ml) incubated with
dihydroethidium (final concentration 10 pM) at
room temperature for 15 min were treated with
GT. At various time intervals, cells were sub-
mitted to analysis with FACSort (Becton Dickin-
son). The excitation wavelength was 488 nm and
emitted fluorescence was collected at 510nm.
Forward and side scatters were used to establish
size gates and exclude debris from the analysis,
and the mean fluorescence intensity (MFI) of
10,000 cells within the gates was determined.

Determination of Mitochondrial Membrane
Potential (y;,)

The v, of cells treated with GT was measured
by loading the cells with TMRE (final concen-
tration 500nM, 15min), MitoTracker-Red (final
concentration 500nM, 15min), DiOCg(3) (final
concentration 40nM, 30 min) or JC-1 (final con-
centration 10 pM, 10min) at room temperature.
Cells were then submitted to flow cytometric

analysis (FACSort, Becton Dickinson). Forward
and side scatters were used to establish size
gates and exclude debris from the analysis. The
excitation wavelength was 488nm while the
emitted signals were collected at the channels
for red and green fluorescence. For one single
analysis, the fluorescence properties of 10,000
cells within the gates were collected.

RESULTS

Gliotoxin Increased Cellular ROS Content

The ability of GT to increase cellular ROS was
examined with dihydroethidium. The working
principle of dihydroethidium is that once dihyd-
roethidium is oxidized to ethidium, it inserts
into DNA and emits red fluorescence.’” An
increase in red fluorescence therefore represents
the amount of ROS released inside the cells. As
indicated in Figure 1A, the mean fluorescence
intensity (MFI) of ethidium increased gradually
with time by using a flow cytometer. The longer
the incubation time with GT, the more ROS was
released. It is also clear in Figure 1A that the MFI
of the GT-treated cells was always higher than
that of the untreated group. These observations
indicate that GT increased cellular ROS in
PU5-1.8 cells.

Next, the ability of GT to generate ROS or H;O,
was detected by scopoletin. Scopoletin is a fluor-
escent compound that can be oxidized by H,O»
into a non-fluorescent product in the presence of
horseradish peroxidase.” As shown in Figure
1B, addition of freshly prepared H,O, (100nM)
to the mixture of scopoletin and horseradish per-
oxidase led to a decrease in the fluorescence and
the drop was more or less the same with the same
amount of H,O, added. With this approach, GT
was found to decrease the fluorescence of scopo-
letin until HO, was removed by catalase (Figure
1B). Together with the previous observations, our
results indicate that GT is able to generate ROS by
itself in the presence of reducing agents and the
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FIGURE 1 Generation of ROS by GT in PU5-1.8 cells (A). Cells (1 x 10%/1.5ml) loaded with dihydroethidium (10 yuM) were
treated with GT (5ug/ml) (m) or medium alone (®) at room temperature and the mean fluorescence intensity (MFI) was
determined at the time as indicated by flow cytometry. Detection of H,O, by scopoletin in PBS (B). Mixture of scopoletin
(0.2uM) and horseradish peroxidase (1 pg/ml) were prepared with PBS and the change of scopoletin fluorescence was
determined by a fluorometer as described in the “Materials and Methods”. Freshly prepared H,O, (100nM), GT (2.5 ug/ml)

or catalase (45U/ml) was added at the time as indicated.

rapid oxidation of dihydroethidium in Figure 1A
is largely a result of the generation of H,O, from
the GT inside PU5-1.8 cells.

Gliotoxin Induced Apoptosis in PU5-1.8 Cells
Through ROS Production

The effect of GT on the induction of apoptosis
in PU5-1.8 cells was examined by agarose elec-
trophoresis and flow cytometry. As shown in
Figure 2, GT induced apoptosis through DNA
fragmentation as indicated by the occurrence of
DNA ladders in agarose electrophoresis (Figure
2A) and formation of hypodiploid cells in cell
cycle analysis (Figure 2B). Data in Figure 2
also reveal that the action of GT was in a dose-
(Figure 2A) and time-dependent (Figure 2C)
manner. The number of apoptotic cells increased
steadily with time and roughly 43% of the cell
population underwent apoptosis within 3 hrs
after GT (250 ng/ml) treatment (Figure 2C). From
Figure 2B, it seems likely that apoptotic cells
were from all phases of cell cycle. This conclu-

sion was supported by the TUNEL assay (DNA
nick end labelling by terminal transferase and
FITC-conjugated nucleotides) that cells at differ-
ent cell stages were labelled with dUTP-FITC
(Figure 2D). Results in Figure 2B also indicate
that apoptosis could not be seen when PU5-1.8
cells were treated with an inactive GT analogue,
dimethyl-gliotoxin (2.7 ug/ml) for 5hrs. Taken
together, our results suggest that GT is a specific
and cell cycle-independent apoptotic agent in
PU5-1.8 cells.

To characterize further the nature of the
GT-mediated apoptosis, several antioxidants such
as  4-hydroxy-2,2,6,6-tetramethylpiperidinooxy
(40H-TEMPO), propylgallate and 6-hydroxy -2,5,
7 8-tetramethylchroman-2-carboxylic acid (trolox)
were added to the culture medium, and their
effect on the GT apoptosis was determined.!!
It is clear in Figure 3A that 4OH-TEMPO
inhibited the GT (250ng/ml)-elicited DNA
fragmentation in a dose-dependent manner.
Flow cytometric analysis also shows that 4OH-
TEMPO (20 mM), propylgallate (1 mM) and trolox
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FIGURE 2 Effect of GT on the induction of apoptosis in PU5-1.8 cells. (A) DNA from cells (1 x 10°/1.5ml) treated with the
concentration of GT as indicated at 37 °C for 4hrs was extracted and analysed by agarose gel electrophoresis. (B} PU5-1.8 cells
(1 x 10°/1.5ml) were treated with GT (250 ng/ml), dimethyl-GT (2.7 ug/ml) or medium alone at 37 °C for the time as indicated.
Cells were then fixed and stained with propidium iodide (PI). DNA content was subsequently determined by flow cytometry.
(C) Percentage of hypodiploid cells in (B) was measured and plotted against time. Results are mean of duplicate determinations.
(D) PU5-1.8 cells (1 x 10°/1.5 ml) were treated with GT (250 ng/ml) at 37 °C for 4 hrs. After fixation, DNA nicks in the cells were
labelled with dUTP-FITC and terminal transferase. Cells were then stained with PI and the fluorescence of FITC and PI
determined simultaneously.
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FIGURE 3  Effect of antioxidants on the GT-mediated apop-
tosis. (A) DNA from cells (1 x 10°/1.5ml) treated with GT
(250 ng/ml) at 37 °C for 4 hrs in the presence of 4OH-TEMPO
at the concentration as indicated was extracted and analysed
by agarose gel electrophoresis. (B) PU5-1.8 cells (1 x 10%/
1.5ml) pre-treated with 4OH-TEMPO (TE, 20mM), trolox
(Tr, 3mM), propylgallate (PG) (1mM) or a combination of
the three antioxidants for 15min were treated with or with-
out GT (250ng/mil) at 37°C for 4hrs. After fixation, cells
were stained with propidium iodide and the percentage of
hypodiploid cells was calculated by flow cytometry. Results
are mean = SD of triplicate determinations.

(3mM) produced different degree of protection
against the apoptotic effect of GT (Figure 3B).
Under our experimental conditions, propylgallate
was more potent than 4OH-TEMPO and trolox
provided the least protection. If cells were pre-
treated with all three antioxidants, almost all the
apoptotic effect was removed (Figure 3B). Col-
lectively, our results indicate that the apoptosis
induced by GT is due to, at least in part, the pro-
duction of ROS in PU5-1.8 cells.

Gliotoxin Released Cytochrome ¢ from PU5-1.8
Cells without a Concomitant Drop of
Mitochondrial Potential

Intrigued by the understanding that mitochon-
dria play a key role in apoptotic pathways,® we
examined the role of mitochondria in the

GT-mediated apoptosis. To study cytochrome ¢
release from mitochondria, cytosolic extracts
from the cells treated with GT were carefully
prepared to keep mitochondria intact™" As
can be seen in Figure 4A, cytochrome c was
detected in the cytosol within 60min of the
treatment with GT (250ng/ml) and its level
increased steadily throughout the experiment
(Figure 4A). It is generally believed that cyto-
chrome ¢, in conjunction with caspase-9, can
activate caspase-3.”) To evaluate this, PU5-1.8
cells were treated with z-VAD-fmk (benzyloxy-
carbonyl-Val-Ala-Asp-fluoromethyl ketone, an
inhibitor of caspase-3 and several other cas-
pases)!'® or z-Asp (z-Asp-CH2-DCB, a general
caspase inhibitor)'® in the presence of GT. At a
final concentration of 25uM, z-VAD-fmk pre-
vented the apoptosis by GT (Figure 4B). Similar
observation was obtained with z-Asp (100 uM)
(Figure 4B). To further confirm the role of cyto-
chrome c in the induction of apoptosis in PU5-
1.8 cells, we introduced exogenous cytochrome ¢
(100 pM) or BSA (100 uM) into PU5-1.8 cells by
electroporation and the change of apoptosis was
studied. As shown in Figure 4C, cytochrome c
induced apoptosis in PU5-1.8 cells while BSA
did not elicit any effect. Our results thus indicate
that release of cytochrome ¢ from mitochondria
after GT treatment is an important step in elicit-
ing apoptosis in PU5-1.8 cells.

Reduction in mitochondrial membrane poten-
tial (1)) has been implicated in the release of
cytochrome c and apoptotic process.® To invest-
igate further the effect of GT on the mitochon-
dria, we tested whether GT treatment elicited
a decrease in v, in PU5-1.8 cells using TMRE,
a Ym-specific fluorescent indicator.'"” As can be
seen in Figure 5A, the fluorescence of TMRE was
able to show depolarized mitochondria when
cells were treated with CCCP, a protonophore
that completely dissipates i, in minutes.'®!
Interestingly, treating cells with GT (250 ng/ml)
for 150 min did not alter the v, (Figure 5A).
When the incubation time was extended to
180min, a positively skewed pattern, without
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FIGURE 4 Effect of GT on the cytochrome c release and
caspase activation. (A) cytochrome c (cyto ¢) in the cytosol
of PU5-1.8 cells treated with GT (250ng/mi) at 37°C for
various time intervals was detected by Western blotting.
The protein bands of 15kDa were scanned and the relative
density was shown individually below the protein bands. (B)
PUS5-1.8 cells (1 x 10°/1.5ml) treated with GT (250 ng/ml) in
the absence or presence of z-VAD-fmk (25uM) or z-ASP
(100 uM) for 4 hrs at 37 °C were subject to cell cycle analysis
by flow cytometry and the percentage of hypodiploid cells
was then determined. (C) Effect of cytochrome c¢ on the
induction of apoptosis. PU5-1.8 cells were loaded with cyto-
chrome ¢ (100 pM) or BSA (100 uM) by electroporation. Cells
were then incubated in culture medium with 10% FCS at
37°C for 2hrs. Cell population with hypo-diploid DNA was
then determined by flow cytometry. Results are mean & SD
of triplicate determinations.

much change in the mode, was observed when
compared to control (Figure 5A). These results
suggest that a loss of v, does not appear to
be a concomitant event with the release of
cytochrome c. Similar conclusion was obtained
with other ,,-sensitive fluorescent indicators
such as MitoTracker-Red!’” (Figure 5B) or
DiOC,(3)?! (Figure 5C).

In view of the fact that JC-1 is a more reliable
probe for analyzing 4, changes with flow cyto-
metry,””! we therefore examined the effect of
GT again on ¢m with JC-1. JC-1 exists in mono-
meric form and emits green fluorescence after
excitation at 488 nm. In polarized mitochondria,
JC-1 undergoes aggregate formation and emits
red fluorescence. As shown in Figure 5D, treat-
ing cells with GT (250ng/ml) for 150 min did
not change the ¢, as compared to that of
GT-untreated cells. Similar to our previous obser-

vation, the peak of the population shifted to the
right in terms of JC-1 green fluorescence when
the incubation time was increased to 180 min. In
the presence of CCCP, most of the JC-1 red
fluorescence disappeared (Figure 5D). These
results therefore indicate that GT could not
reduce the v, in PU5-1.8 cells.

DISCUSSION

In our study, fungal GT was found to be a strong
apoptotic agent in murine cultured macrophages
PU5-1.8. DNA fragmentation and hypodiploid
cells formation were observed 4hrs after the
addition of GT (250ng/ml). Consistent with
these observations, cytochrome ¢ was detected
in the cytosol within 1hr of treatment. Moreover,
apoptotsis elicited by exogenous cytochrome
c after electroporation implies that cytochrome
c in the cytosol is sufficient to execute apoptotic
pathway. In the GT-treated cells, a reduction in
the degree of apoptosis caused by antioxidants
and caspase inhibitors suggests that release of
ROS and activation of caspases are important
events in this apoptotic pathway. In fact, addi-
tion of freshly prepared H,O, was able to release
cytochrome ¢ in PU5-1.8 cells and GT could
rapidly induce membrane blebbings and DNA
fragmentation in human and mouse peritoneal
macrophages (data not shown). Results in our
study therefore explain why GT is a potent
immunosuppressive agent.

Recently, several hypotheses have been
proposed to explain the release of cytochrome
¢ from mitochondria. The best known one
involves the opening of the mitochondrial per-
meability transition pores (MPTP). With the
opening of MPTP, water and solutes influx into
the mitochondrial matrix, leading to mitochon-
drial depolarization, swelling, rupture of the
outer mitochondrial membrane and release of
cytochrome c.”? The second model involves a
voltage dependent anion channel (VDAC) on the
outer mitochondrial membrane. According to
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the VDAC model, closure of VDAC during
apoptosis leads to a defect in mitochondrial
ATP/ADP exchange, mitochondrial hyperpolar-
ization, rupture of the outer membrane and leak-
age of cytochrome c.®®! Both models involve
mitochondrial damages and changes in ¢,
Examples can be found in LLC-PK1 cells in
which GT caused cytochrome c release and ¢,
dissipation.**) In contrast to these observations,
a significant amount of cytochrome ¢ was
detected in the cytosol of PU5-1.8 cells treated
with GT (250 ng/ml, 3 hrs) (Figure 4A) while the
1m was normal (Figure 5). Under this condition,
~43% of the population were hypodiploid cells
(Figure 2B). Therefore, it is very likely that
release of cytochrome ¢ was not accompanied
by a loss of 9, in the GT-mediated apoptosis.
This conclusion was confirmed with several
Pm-sensitive fluorescent indicators including
TMRE, MitoTracker-Red, DiOCq and JC-1
(Figure 5). In fact, similar independence of
Y depolarization has been reported in the
apoptotic process induced by a number of death
stimuli.”>? At present, the mechanism for the
release of cytochrome ¢ from mitochondria in
the absence of collapse of ¥y, is still unclear.
It is tempting to speculate that there might be
two pools of cytochrome c in the mitochondria.
A major pool in the intermembrane space is
available for release while the other pool in
the electron transport chain is to maintain mito-
chondrial respiration and polarization during
GT-mediated apoptosis.
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