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Abstract:

Mitochondria are the principal site for the generation of celular ATP by oxidative
phosphorylation. FOF1-ATP synthase, a complex V of eectron transport chain, is an important
constituent of mitochondria dependent-signaling pathways involved in apoptosis. In the present
study, we have shown for the first time that 3,3'-Diindolylmethane (DIM), a DNA topoisomerase
| poison inhibits mitochondrial FOF1-ATP synthase of Leishmania donovani and induces
programmed cell death (PCD), which is a noved insight into the mechanism in protozoan
parasites. DIM-induced inhibition of FoF1-ATP synthase activity causes depletion of
mitochondrial ATP levels and significant stimulation of mitochondrial ROS production,
followed by depolarization of mitochondrial membrane potential (A¥m). Since, A¥Ym is the
driving force for mitochondrial ATP synthesis, loss of A¥m results in depletion of cellular ATP
level. The loss of AWm causes the cellular ROS generation and in turn led to the oxidative DNA
lesions followed by DNA fragmentation. On the other hand, loss of AYm leads to release of
cytochrome c into the cytosol and subsequently activates the caspase-like proteases, which lead
to oligonucleosomal DNA cleavage. We have also shown that mt-DNA depleted cells are
insengitive to DIM to induce PCD. Therefore, mitochondria are necessary for cytotoxicity of
DIM in kinetoplastid parasites. Taken together, our studies indicate for the first time that DIM-
induced mitochondrial dysfunction by inhibition of FOF1-ATP synthase activity leads to PCD in

Leishmania parasites, which could be exploited to develop newer potential therapeutic targets.
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Introduction:

Apoptosis, a form of progranmed cell death (PCD), is a genetically regulated active
physiological process of cell suicide that causes cell deletion without inflammation, scarring or
release of cellular contents. Mitochondria of living cells play a pivotal role in controlling life and
death (Green et a., 1998). Mitochondrion is an important cellular source for the generation of
reactive oxygen species (ROS) inside the cells (Halliwell and Gutteridge, 1990). Maintenance of
proper mitochondrial transmembrane potential (AWm) is essential for the survival of the cell asit
derives the synthesis of ATP and maintains oxidative phosphorylation (Gottlieb, 2001).

3,3-Diindolylmethane (DIM) is a mgor acid condensation product of Indole-3-Carbinol
(I3C), a natural compound found in vegetables of the genus Brassica plants. It has an anti-
carcinogenic effect and inhibits the growth of human cancer cells. DIM induced G; cell cycle
arrest occurs by up-regulation of p21 in breast cancer cells (Hong et al., 2002). DIM significantly
inhibits TNF-o. induced translocation of NF-x3 to the nucleus and down regulates NF-kf3
function and promotes apoptotic signaling (Rahman and Sarkar, 2005). DIM is a mitochondrial
H*-ATP synthase inhibitor that can induce p21“'™"** expression in human breast cancer cells
(Gong €t al., 2006). Recently, we have shown that DIM binds at topoisomerase I-DNA interface
and trap the cleavable complexes by preventing the religation step. DIM also interacts with both
free enzyme and substrate DNA and acts as a non-competitive topoisomerase | inhibitor (Roy et
al., 2008).

Leishmania donovani, a unicellular protozoan parasite, is responsible for visceral
leishmaniasis or “Kaaazar” in humans worldwide. The organism has a digenic life cycle
residing as flagellated extracellular promastigotes in the gut of insect vector and as non-

flagellated amastigotes in mammalian host macrophages. Recently, various new compounds
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have been developed as anti-leishmanial drugs. The pentavalent antimonial sodium
stibogluconate (SAG) is the first line of drugs for visceral leishmaniasis. This compound has
variable efficacy and toxic side effects. The second line of drugs, amphotericin B and
pentamidine are used clinically, which have some limited efficacy and are very toxic (Ilwu et al.,
1994). For that reasons, improved drug therapy of Leishmania infectionsis still desirable and the
need for newer molecular targets and intervention strategies is clear and justified. PCD was
reported in unicellular protozoan parasite L. donoivani induced by CPT (Sen et al., 2004a),
withaferin A (Sen et al., 2007a) and H;O; (Das et al., 2001) etc. The characterization of cellular
events associated with PCD is necessary to find out the cdllular targets, which might be exploited
in these protozoan parasites. In search for such strategies, FOF1-ATP synthase of Leishmania
offers as an attractive target. Mitochondrial FOF1-ATPase/ATP synthase is a ubiquitous enzyme
that is responsible for synthesis of ATP and therefore, it is critical for cell growth and survival.
Resveratrol and isoflavones (e.g., genistein) inhibited the mitochondrial FOF1-ATPase/ATP
synthase. Piceatannol, a stilbene phytochemical, inhibits mitochondrial FOF1-ATPase activity
and is more potent than resveratrol and isoflavones (Zheng and Ramirez, 1999). Apoptolidin, a
selective cytotoxic agent is an inhibitor of FOF1-ATP synthase (Salomon et al., 2001). Atrazine,
a widely used triazine herbicide inhibits mitochondrial functions of sperm through F1Fo-ATP
synthase (Hase et al., 2008).

In the present study, we have shown for the first time that DIM, a potent topoisomerase |
poison (Roy et al., 2008), is a potent inhibitor of mitochondrial FOF1-ATP synthase in
Leishmania parasites. Unlike higher eukaryotes, inhibition of FOF1-ATP synthase activity insde
cells is sufficient to induce PCD in Leishmania parastes. We have analyzed nuclear,

mitochondrial and cytosolic changes associated with apoptosis through inhibition of FOF1-ATP
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synthase that causes mitochondrial membrane depolarization. Loss of mitochondrial membrane
potential (A¥m) leads to release of cytochrome c into the cytosol, which leads to activation of
both CED3/CPP32 and ICE group of proteases inside cells. Taken together, our results provide
for the first time an insight into the mitochondria dependent apoptotic like death pathway
induced by DIM in Leishmania parasites through inhibition of FOF1-ATP synthase activity and
alterations in mitochondrial as well as cellular ATP level. The depletion of ATP level enhances
apoptosis by creating a cellular oxidative stress followed by DNA fragmentation in leishmanial
cells. Since, this FOF1-ATP synthase enzyme is a potent target we have studied the effect of DIM
on this ubiquitous enzyme. Such information has great potential in determining the role of
mitochondria in apoptosis-like death of leishmanial cells and help in designing of better drugs for

leishmaniass.
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Materials and M ethods:

Chemicals: The bioactive DIM (3, 3-Diindolylmethane; C17H14N2) was synthesized chemically
from Indole and Urotropine as described previously (Roy et al., 2008). Camptothecin (CPT)
purchased from Sigma Chemicals (St.Louis, MO, USA) was dissolved in 100% Dimethyl
sulphoxide (DM SO) at 20 mM concentration and stored at —20°C. NAC, SB, Mannitol and BHT
purchased from Sigma Chemicals (St.Louis, MO, USA) and were dissolved in 100% DM SO at
50 mM and stored at -20°C.

Parasite Culture and maintenance: Leishmania donovani strain AG83 promastigotes were
grown at 22°C in Rays modified media and in M199 liquid media supplemented with 10% fetal
calf serum (FCS) as described previously (Mittraet al., 2000).

Cell Viability Test by MTT assay: The effect of drug on the viability of L.donovani AG83 cells
is determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylterazolium bromide (MTT) assay
(Mosman et al., 1983). The cdlls at the exponential phase were collected and transferred into 24
well plate (about 4 X 10° to 10° cells per well). The cells were then incubated for 12 h in the
presence of various concentrations of DIM. After incubation the cells were centrifuged and the
supernatant was aspirated. The cell pellet was washed with PBS (1X) twice and then finally
suspended in 100 pl of PBS (1X) in 96 well plates. Ten (10) ul of MTT solution (10 pg/ml) was
added in each sample of 96 well plates and was incubated for 4 hours. After incubation 100 ul of
stop solution (stock: 4963 ul isopropanol and 17 ul concentrated HCI) was added and kept for 20
minutes at room temperature. The O.D. was taken at Aszo on an ELISA reader.

Isolation of Mitochondria: Mitochondrial vesicles were isolated from L.donovani
promastigotes by hypotonic lysis and Percoll centrifugation as described previously (Harris et al.,

1990). All operations were carried out at 0-4°C. Promastigotes were harvested, washed with PBS
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(1X) containing 20 mM glucose, and suspended in hypotonic lysis buffer (1 mM Tris-HCI, pH
8.0, 1 mM EDTA) at 2.0 X 10° cells/ml. The suspension was homogenized with 5 strokes of a
type B pestle in an al-glass Kontes homogenizer. Cells were lysed by forceful passage of the
homogenate through a 26-gauge hypodermic needle. Lysis was monitored microscopically.
Sucrose (2.0 M stock) was immediately added to the lysate to 0.25 M, and the lysate centrifuged
at 11,500 rpm in a Sorvall SS34 rotor. The pellet was suspended in one-fifth volume of the
original lysate in STM buffer (0.25 M sucrose, 20 mM Tris- HCI, pH 8.0, 2 mM MgCl,, 0.1 mM
PMSF). The lysate was diluted 5-fold with STE-A buffer (0.25M sucrose, 20 mM Tris-HCI, pH
8.0, 2 mM EDTA, 0.1 mM PMSF) and centrifuged. The pellet of crude mitochondria was
resuspended in one-ffifth volume of STE-A, layered on a 20- 35% Percoll gradient, and
centrifuged at 24,000 rpm in a Beckman SW28 rotor for 45 min. The turbid band of purified
mitochondria near the bottom of the tube was withdrawn, washed 4 times with STE-B (0.25 M
sucrose, 10 mM TrissHCI, pH 7.5, 1 mM EDTA, 0.1 mM PMSF), and suspended in storage
buffer (50% glycerol, 0.25 M sucrose, 10 mM Tris-HCI, pH 7.5, 1 mM EDTA, 0.1 mM PMSF)
at a protein concentration of 7-8 mg/ml. Mitochondria were stored at —20°C.

PK/LDH-coupled AT Pase assay: Fresh isolated mitochondria were solubilized in 1% digitonin
solubilizing buffer containing 50 mM Tris-HCI (pH 7.4), 120 mM NaCl, 5 mM KCI, 1 mM
MgSOs, 1 mM CaCl,, and 10% glycerol for 30 minutes at 4°C. The ATPase activity of
solubilized mitochondria was measured spectrophotometrically at 340 nm by coupling the
production of ADP to the oxidation of NADH via pyruvate kinase and lactate dehydrogenase as
described previously (Gong et al., 2006). The reaction mixture contained a final volume of 400
pl a 25°C and included the following: 100 mM Tris-HCI (pH 8.0), 2 mM ATP, 2 mM MgCl,, 50

mM KCI, 0.2 mM EDTA, 0.2 mM NADH, 1 mM phosphoenolpyruvate (PEP), 5 units pyruvate

$20Z ‘Tz Joqusa uo Speuinor 134S Y e BIo'sjeulno fisdse: wifeyd jow wou ) pepeojumoq


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 14, 2008 as DOI: 10.1124/mol.108.050161
This article has not been copyedited and formatted. The final version may differ from this version.

MOL # 50161

kinase, 8 units lactate dehydrogenase, 10 UM cyanide, 10 uM rotenone, 10 uM antimycin A and
25 to 50 pg mitochondrial proteins. These assay conditions minimized the contribution of other
transport ATPases, such as Na',K*-ATPase. Test compounds were added before the reaction was
started by addition of 25 to 50 pg of solubilized mitochondriaat a constant temperature of 25°C.
Measurement of complex I, Il, 111, and 1V activities. All the assays were performed as
described previously (Sen et al., 2006). The activity of complex | was assayed using ferricyanide
as the electron acceptor. The reaction was initiated by the addition of mitochondrial suspension
(10-30 pg protein) in 50 mM phosphate buffer, pH 7.4 containing 0.17 mM NADH, 0.6 mM
ferricyanide and Triton X-100 (0.1% v/v) at 30°C and the rate of oxidation of NADH was
measured by the decrease in absorbance at 340 nm.

Succinate-CoQ reductase (complex I1) activity was assayed in 50 mM KH,PO, buffer
(pH 7.4) containing 100 uM EDTA, 0.1% Triton X-100, 20 mM potassium succinate, 10 uM
cyanide, 10 UM rotenone, and 10 pM antimycin A. After preincubation at 30°C for 10 min
ubiquinone 2 (50 puM) and 2,6-dichlorophenol-indophenol (DCIP; 75 uM) were added and the
reduction of DCIP was measured at 600 nm.

The activity of complex 111 was assayed in 50 mM KH,PO, buffer (pH 7.4) containing 1
mM EDTA, 50 uM oxidized cytochrome c, 2 mM KCN, and 10 uM rotenone. After the addition
of ubiquinol 2 (150 uM) the rate of reduction of cytochrome ¢ was measured at 550 nm and
antimycin A (10 uM) was added to determine the background rate.

The activity of complex IV was assayed by following the oxidation of reduced
cytochrome c (ferrocytochrome c) at 550 nm. Reduced cytochrome ¢ (50 pM) in 10 mM
phosphate buffer pH 7.4 was added in each of 1ml cuvettes. In the blank cuvette ferricyanide (1

mM) was added to oxidize ferrocytochrome c and the reaction was initiated in the sample cuvette
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by the addition of mitochondrial suspension (10-30 pg protein). The rate of decrease of
absorbance at 550 nm was measured at room temperature.

Preparation of cytoplasmic extract: Cytoplasmic extracts were prepared both in treated and
untreated Leishmania cells as described previously (Sen et al., 2004b). Briefly, the cells (2.5 X
107) after different trestments were harvested suspended in cell extraction buffer (20 mM
HEPES-KOH, 10 mM KCI, 1.5 mM MgCI2, 1 mM EDTA, 1 mM DTT, 200 pM PMSF, 10
pg/ml leupeptin and pepstatin) and lysed by a process of freeze-thaw using nitrogen cavitations
and a 37°C water bath simultaneously. Then lysate was centrifuged at 10,000xg for 1 h, and
supernatants were used as a source of cytoplasmic extract.

Measurement of cellular ATP level: ATP content was determined by the Luciferin/Luciferase
method as described previously (Sen et al., 2006). The assay is based on the requirement of
luciferase for ATP in producing light (emission maximum 560 nm at pH 7.8). Briefly, the cdlls
(3 X 10°) were treated with different concentrations of drugs for the indicated times and washed
with PBS (1X) twice and suspended in PBS (1X). The mitochondrial and cytosolic extracts were
prepared as above. An aliquot of these fractions were assayed for ATP using the luciferase ATP
assay kit (Sigma chemical). The amount of ATP in the experimental samples was calculated
from standard curve prepared with ATP and expressed as percentage of ATP in cells.
Measurement of mitochondrial membrane potential (Aym): Mitochondrial transmembrane
potential was investigated using JC1 dye, a fluochrome. This dye accumulates in the
mitochondrial matrix under the influence of Ay, where it reversibly forms monomers (green)
with characteristic absorption and emission spectra. (Sen et al., 2004b). Briefly, the leishmania
cells after different treatment with DIM were harvested and washed with PBS (1X). The cells

were then incubated at 37°C in 5% CO» incubator for 1 hour with a final concentration of JC1
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dye a 5 upg/ul. Cels were then analyzed by fluorescence measurement through
spectrofluorometer using 507 nm as excitation and 530 nm as emission wavel engths and 507 nm
as excitation and 590 nm as emission wavelengths to analyze Ay, Spectrofluorometeric data
presented here are representative of three experiments. The ratio of the reading at 590 nm to the
reading at 530 nm (590:530 ratio) was considered as the relative Ay, value.

Measurement of ROS level: We have isolated mitochondria and cytosol from the same DIM
treated cells and measured the ROS from mitochondrial and cytosolic fractions. To analyze the
mitochondrial ROS production, isolated mitochondria were suspended in 500-ul analysis buffer
[250 mM sucrose, 20 mM 3-(N-morpholino) butane sulfonic acid, 10 mM Tris-base, 100 uM
KH,PO,, 0.5 mM Mg?, 1 uM cyclosporin A (pH 7.0)] containing 5 mM succinate and 1 pg/ml
CM-H,DCFDA (Sen et al., 2004b). In some samples, oligomycin (10 uM), a complex V
classical inhibitor was added to enhance ROS production. Mitochondria suspension were
incubated at room temperature, protected from light for 30 minutes and then analyzed by
spectrofluorometer using 507 nm as excitation and 530 nm as emission wavelengths. To analyze
the cytosolic ROS production, isolated cytosolic fractions were incubated with CM-H,DCFDA
for 30 minutes and then analyzed by spectrofluorometer using 507 nm as excitation and 530 nm
as emission wavel engths.

Intracellular ROS level was measured in DIM treated and untreated leishmanial cells as
described previously (Sen et al., 2004b). Briefly, cells (approximately, 2.5 X 10" cells) after
different time periods with DIM and some antioxidants (NAC, SB, Mannitol) treatments were
washed and resuspended in 500 ul of medium 199 and were loaded with a cell-permeate probe
H,DCFDA for 1h. It is a nonpolar compound and gets hydrolyzed within the cell to form a non-

fluorescent derivative, which in presence of a proper oxidant converted to a fluorescent product.
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Fluorescence was measured through spectrofluorometer using 507 nm as excitation and 530 nm
as emisson wavelengths. For al measurements basal fluorescence was substractred.
Spectrofluorometeric data presented here are representative of three experiments.

Measurement of GSH level: GSH level was measured by monochlorobimane (MCB) dye that
gives a blue fluorescence when bound to glutathione (Sen et a., 2004a). L. donovani
promastigotes (approximately, 10° cells) were treated with or without DIM at different times.
The cells were then pelleted down and lysed by cell lysis buffer according to the manufacturer’s
protocol (Apo Alert™ glutathione assay kit). Cell lysates were incubated with MCB (2 mM) for
3 hr a 37°C. The decrease in glutathione levels in the extracts of nonapoptotic and apoptotic
cells were detected by fluorometer with 395 nm excitation and 480 nm emission wavelengths.
Spectrofluorometeric data presented here are representative of three experiments.

Measurement of total fluorescent lipid peroxidation product: DIM treated and untreated
L.donovani cells were pelleted down and washed twice with 1X PBS. The pellet was dissolved in
2 ml of 15% SDS-PBS solution. The fluorescence intensities of the total fluorescent lipid
peroxidation products were measured with excitation at 360 nm and emission at 430 nm and
expressed as relative fluorescence units with respect to quinine sulphate (Img/ml in 0.5 M
H.SO,) (Sen et al., 2004a). Spectrofluorometeric data presented here are representative of three
experiments.

Detection of cytochrome c release by western blotting: DIM treated and untreated cells were
harvested and washed twice with 1X PBS, suspended in cell fractionation buffer (Apo Alert™
cell fractionation kit) and homogenized. After the separation of cytosolic and mitochondrial

fraction, 50 pug each of cytosolic proteins were separated on 12% SDS-PAGE and
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immunoblotted with the rabbit polyclonal cytochrome ¢ antibody. HRP conjugated secondary
antibody was used and protein band was visualized by DAB color reaction.

Determination of caspase-like protease activity: L. donovani promastigotes (approximately,
10° cells) was treated with or without DIM for different time periods. The cells were then
pelleted and lysed by cell lysis buffer according to the manufacturer’s protocol (Apo Alert™
caspase assay kit). Cel lysates were incubated with respective caspase buffers to detect
CED3/CPP32 group of protease activity. A fluorogenic peptide substrates, DEVD-AFC at 100
uM and 1X reaction buffer containing 100 mM DTT was added to corresponding cell lysates to
measure the activity of CED3/CPP32 group of proteases. In parallel set of reactions, 1 ul of
CED-3/CPP32 group of protease inhibitor was added to the reaction prior to the addition of cell
lysates. AFC release was measured after incubating those samples at 37°C for 2 hours by
fluorometer with 380 nm excitation and 460 nm emissions respectively. Spectrofluorometeric
data presented here are representative of three experiments.

Assay of PARP cleavage: Cdl lysates were prepared from DIM-treated and untreated cells,
separated on 12% SDS-PAGE and subjected to western blot analysis as described previousy
(Sen et al., 2004a). Anti-PARP polyclonal antibody was diluted to 1000 times and HRP
conjugated secondary antibody was used to visualize the reactive band by DAB colour reaction.
Double staining with annexin V and propidium iodide: Externalization of phosphatidylserine
on the outer membrane of untreated and DIM-treated promastigotes was measured by the
binding of annexin V-FITC and Pl using an annexin V-FLUQOS staining kit (Roche Diagnostics).
Cells were visualized with TCS-SP Leica confocal microscope through dual FITC/PI filter set.

Total cells versus annexin V-labeled cells were calculated and data expressed as percentage of
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apoptotic cells. It should be noted that 100 cells per group with identical morphology were
calculated for each condition.

Flow cytometric analysis. L.donovani promastigotes were treated with DIM (15 uM) for
different time and washed twice with PBS. The cells then resuspended in 100 ul of binding
buffer provided with the apoptosis detection kit (Roche Diagnostics). The cells were stained with
annexinV-FITC antibody and Pl as per instructions given by the manufacturer, and scanned for
fluorescence intensity of cell population in different quadrants. The fraction of cell population in
different quadrants was analyzed using quadrant statistics. The cells in the lower right quadrant
represented apoptosis and in the upper right quadrant represented post apoptotic necrosis.

DNA fragmentation assay for detection of apoptosis. Cells were cultured in 24-well plates
and treated with drugs for different times. Samples were collected at requisite time points and
subjected to measurement of DNA fragmentations by detecting the cytoplasmic histone-
associated DNA fragments (mononucleosome and oligonucleosomes) formed during apoptosis
using a cell death detection ELISA kit (Roche Biochemicals) according to the manufacturer’s
protocol. DNA fragmentation was detected by spectrophotometric measurement of microtiter
plates in a Thermo MULTISKAN EX plate reader at 405 nm, and relative percentages (with
respect to samples treated with micrococcal nuclease and normalized to percentage values) were
plotted as units of time or drug concentrations.

Development of mitochondrial DNA depleted parasites. L. donovani AG 83 promastigote
cells were treated with 20 uM berenil for 24 h as described previously (Shapiro et al., 1989).
Smears of treated promastigotes (approximately10’cells) were assessed for dyskinetoplastidy by

ethidium bromide staining (0.1 ug/ml in 1X phosphate buffered saline containing 10% glyceral).
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The cells were viewed with a TCS-SP Leica confocal microscope system equipped with a
krypton-argon mixed laser.

M easur ement of in vivo DNA synthesis. Exponentially growing L. donovani promastigote cells
(6 x 10 ° cells /ml) were radiolabeled by adding [methyl-*H] thymidine (Amersham) into the
medium M199 supplemented with 10% heat inactivated fetal bovine serum (FBS) to a final
concentration of 5 pCi/ml and incubated for 8-24 h at 22°C in presence or absence of different
concentrations of DIM. Following incubation, cells were lysed with 10% trichloroacetic acid
(TCA) and harvested in a Skatron Combi cell harvester. The incorporation of radioactivity in
acid-precipitable DNA was measured in a liquid scintillation counter as described previousy
(Chowdhury et al., 2002).

Cell Cycle Analysis. For flow cytometry analysis of DNA content, exponentially grown
L.donovani promastigote cells (2.5 X 10° cells) were treated with DIM (15 pM) for 2, 4 and 6 h.
The cells were then harvested and washed three times with PBS (1X), fixed in 45% ethanol
(diluted in 1X PBS), treated with 500 ng/ml RNAse A and then suspended in 0.5 M sodium
citrate containing 69 uM PI. These samples were incubated for 45 minutes in the dark at room
temperature and were analyzed through flow cytometry. The cells (20,000) were analyzed from
each sample. The percentage of cells in G1, S and G2/M phases of the cell cycle were
determined by multicycle computer software.

Statistical analyss. The data was expressed as mean + SD unless mentioned. Comparisons were

made between different treatments using unpaired Student’ st test.
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Results:

DIM inhibits growth of L.donovani promastigotes and amastigotes and reduces parasite
burden.

L. donovani AG83 promastigotes (3.0 X 10° cellsml) were incubated with five different
concentrations of DIM (1, 5, 10, 15 and 20 uM) for 2, 4, 8 and 12 h, following which the
numbers of live promastigotes were counted by MTT assay (Fig. 1A). At 8 h, 95% growth was
inhibited by 15 uM DIM, which was comparable to the inhibition (98%) achieved by 20 uM
DIM at 4 h and 100% growth was inhibited by 15 uM DIM at 12 h, which was comparable to the
inhibition achieved by 20 uM DIM at 8 h. Consistent with these results it was observed that after
12 h treatment with 15 uM DIM, growth of L.major, L.tropica and L.tarentolae promastigotes
were inhibited to the extent of 92 %, 90% and 94%, respectively (Fig. 1B). The human
macrophage cells (U937) were infected with L.donovani AG83 promastigotes in vitro. Infected
macrophages, after subsequent washing were incubated with same concentrations of DIM for 12
h (Fig. 1C). The ICs vaues of DIM were calculated to be 1.2 uM and 25 uM a 12 h in
promastigotes and amagtigotes, respectively. We have also checked the inhibition of parasite
burden in animal model. The reductions of parasite burden in macrophages (U937) and in

hamsters have been described in supplementary information.

DIM induces apoptosisin leishmanial cells.

Induction of apoptosis causes the externalization of phosphatidyl serine on the surface of
apoptotic cells (Sen et al., 2004a), which was detected by using annexin-V that binds with
exposed phosphatidyl serine of apoptotic cells in a Ca**-dependent manner. Externalization of

phosphatidyl serine was observed by confocal microscopy after treatment of promastigotes with
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15 uM of DIM for 4 and 6 h (Fig. 2A). Treatment of promastigote cells with 10 uM protease
inhibitor (VAD-fmk) causes disappearance of green rings around the cell membrane. This
observation supports that the appearance of phosphatidyl serine on outer leaflet apparently
requires caspase-like protease activation in Leishmania promastigote cells.

To determine the percentage of apoptotic and necrotic cells in Leishmania promastigotes,
cells were incubated with DIM (15 uM) for 2, 4 and 6 h, and the percentages of cells undergoing
apoptosis/necrosis were determined by flow cytometric analysis after staining with annexin V-
FITC and PI (Fig. 2B). The cells in the lower right quadrant indicated apoptosis while in the
upper right one represented post-apoptotic necrotic population. It is known that dead cells are
reactive to Pl and that externalized phosphatidylserine residues undergoing apoptosis are
detected by annexin V-FITC. Flow cytometric analysis with annexin-V/Pl staining showed that
when cells were exposed to DIM (15 uM) for 2, 4 and 6 h, the percentage of apoptotic cells were
increased with dlight increase of necrotic cells. The proportion of apoptotic and necrotic cells
increased from 3% and 1% in control cells to 34% and 4% respectively after treatment with DIM
for 2 h. After 6 h of treatment, the proportion of apoptotic and necrotic cells were increased to
84% and 14%, respectively (Fig. 2C). The number of viable cells decreased from 96% to 12%
after treatment with DIM for 6 h. Consistent with Figure 1A, 84% of L.donovani promastigotes
show PCD after treatment with 15 uM of DIM for 6 h (Fig. 2B and C). These results suggest that

DIM-induced apoptosisis the main cause of death.

DIM inducestheformation of ROSinsidethe cells, which causes cdlular oxidative stress.

Normally during oxidative phosphorylation the release of ROS in the form of superoxide anion

occurs to the extent of 3% to 5% of total oxygen consumed (Boonstra et al., 2004). However,
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under certain conditions when drugs inhibit oxidative phosphorylation, this rate of ROS
production can be increased greatly (Mattiazzi et al., 2004). To determine whether the DIM
functions in a similar manner, we examined the role of mitochondria in DIM-induced oxidative
burst. Freshly prepared leishmanial mitochondria were treated separately with DIM at 15 puM,
oligomycin at 10 pM and antioxidant NAC at 20 mM. DIM generates almost the same level of
ROS as does oligomycin, a mitochondrial complex V inhibitor (Fig. 3A). It was also reported
that the treatment with oligomycin A causes loss of mitochondrial membrane potential and
increase in ROS production (Tettamanti et al., 2008). The mitochondrial ROS production is
inhibited when cells were treated with NAC for different time periods and subsequently washed
prior to the treatment with DIM. The results indicate that DIM has effects similar to oligomycin
with respect to ROS generation in leishmanial cells. Therefore, the above results suggest that
DIM-induced mitochondrial ROS generation is due to mitochondrial dysfunction, especially
inhibition of respiratory chain. We have also measured the cytosolic ROS (Fig. 3A, Inset) and
found that cytosolic ROS started to generate after 45 min of DIM treatment.

To further verify the effect of DIM on intracellular ROS levels, we treated |leishmanial
cells separately with DIM (15 uM), CPT (5 uM) and several antioxidants and examined the ROS
production over time. Cdlular ROS generated after treatment with DIM in L.donovani
promastigotes, are measured fluorimetrically by conversion of H,DCFDA to highly fluorescent
2,7-dichlorofluorescein. The level of peroxide radicals increased in parasites significantly within
1 h of trestment with DIM. When cells were treated with NAC, SB or mannitol before the
treatment with DIM (15 uM), the level of ROS generation decreased. (Fig. 3B). From the above
results it appears that the level of total celular ROS generation remains same as that of

mitochondrial ROS generation after 30 min of DIM treatment, whereas cytosolic ROS appears to
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increase after 45 min. Therefore, it can be concluded that the level of total cdlular ROS at 30
min is primarily contributed by the mitochondria and mitochondrial ROS generation preceeds

cytosolic ROS generation.

DIM-induced oxidative stress causes depletion of the GSH level and increases the level of
lipid peroxidation.

One of the most important cellular defences against intracellular oxidative stress is GSH, which
plays a critical role in mediating apoptosis in eukaryotes including leishmanial cells. A decrease
in GSH leve causes an increase in the number of DIM-mediated DNA-protein cross-links. The
actual mechanism by which GSH exerts its influence in leishmanial cells is yet to be explored.
GSH is an important molecule for protecting kinetoplastids from ROS or toxic compounds and
may induce a loss of A¥m. DIM causes 40% decrease in GSH level after 2 h and the effect was
more pronounced after 4 h of treatment with DIM. This inhibition is comparable with
oligomycin treastment as shown in Fig. 4A. When cells were pre-incubated with NAC, before
treatment with DIM, the decrease in GSH level was protected significantly and the level tends to
become normal.

Lipid peroxidation is assessed by measuring total fluorescent lipid peroxidation products
in leishmanial cells after treatment with DIM. The treatment leads to an increase in lipid
peroxides after 2 h and reached to saturating level after 4 h. Oligomycin increases exactly the
same level of lipid peroxidation as does DIM. When leishmanial cells were treated with
butylated hydroxy toluene (BHT, 20 mM), a specific inhibitor of lipid peroxidation, and
subsequently washed and then treated with DIM the level of fluorescent products decreased as

observed in case of treatment with NAC at 20 mM (Fig. 4B). The above results suggest that the

19

$20Z ‘Tz Joqusa uo Speuinor 134S Y e BIo'sjeulno fisdse: wifeyd jow wou ) pepeojumoq


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 14, 2008 as DOI: 10.1124/mol.108.050161
This article has not been copyedited and formatted. The final version may differ from this version.

MOL # 50161

effect of DIM is smilar to the effect of oligomycin with respect to depletion of GSH level and

increase the level of lipid peroxidation in leishmanial cells.

DIM inhibits mitochondrial FOF1-ATP synthase in leishmanial cells.

Since mitochondrial ROS production started earlier than cytosolic ROS and this ROS production
was amost similar to oligomycin induced ROS production, so this mitochondrial ROS
generation might be due to inhibition of complex V of eectron transport chain (ETC).
Mitochondrial respiration occurs via ETC containing five respiratory complexes located in the
inner mitochondrial membrane. The FOF1-ATP synthase, a complex V of respiratory chain, is
responsible for oxidative phosphorylation, which is the last step of ETC. Mitochondrial FoF1-
ATP synthase (FOF1-ATPase) can catalyze both ATP synthesis and ATP hydrolysis. When there
is a proton gradient, the enzyme catalyzes the forward reaction (ATP synthesis), and when there
isno gradient, it displays FOF1-ATPase activity (Boyer, 1997).

In this study, we have shown that DIM inhibits the activity of mitochondrial FOF1-ATP
synthase with 1Csp of 8.75 pM, which was determined using 1% digitonin-solubilized freshly
isolated mitochondria from L. donovani promastigotes. The result is summarized in Figure 5.
DIM inhibits FOF1-ATP synthase activity in mitochondrial extract of L. donovani in a
concentration dependent manner. FOF1-ATP synthase activity decreased to 9% at 1 uM DIM,
whereas activity decreased significantly to 83% at 15 uM DIM in comparison to control (p<
0.001). Indole 3-carbinal (13C), the precursor of DIM in plants, showed no effect on enzyme
activity. The extent of inhibition by DIM at 20 uM is comparable with the effect of the well-

known FoF1-ATP synthase inhibitor, oligomycin at 10 uM. Ouabain, a selective Na'-K*-ATPase
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inhibitor has no effect on the total FOF1-ATP synthase activity, indicating that Na'-K*-ATPase
activity does not interferein this reaction.

As DIM inhibits mitochondrial FOF1-ATP synthase, a respiratory chain complex V, it
might also interact with other complexes of the mitochondrial respiratory chain. In order to sort
out this, we carried out the activity assay for other complexes with DIM. Spectrophotometric
analysis (Table 1) of the activities of the complexes after treatment with DIM at 15 uM for 30
min revealed no such decrease in the activity of complex I, 11, 111 and IV compared to the activity
in the untreated control parasites. The treatment of DIM drastically reduces the activity of
complex V to 17% at 30 min, which is comparable to the effect of oligomycin. This activity of
complex V was further decreased to 10% after treatment with DIM for 120 min. Although there
was no decrease of complex | activity at 30 min there was a modest decrease (23%) of activity at
120 min. Our experimental data shown that DIM is an inhibitor of ETC like oligomycin. To
investigate the sensitivity of different ETC inhibitors on healthy growing respiring leishmanial
cells, were treated with rotenone (complex | inhibitor), TTFA (complex II), antimycin A
(complex 111 inhibitor), cyanide (complex 1V inhibitor), and oligomycin (complex V inhibitor)
separately. It was observed that each of these inhibitors could inhibit the activity of their

respective complexes within 30 min of inhibition (Table 1).

DIM decreasescdlular ATP levelsin leishmanial cells.

DIM-mediated mitochondrial FoF1-ATP synthase inhibition was further confirmed by
determination of cellular ATP levels. Treatment of L.donovani promastigote cells with DIM at
15 uM decreased the mitochondrial ATP level in a time dependent manner. The leve of

mitochondrial ATP had dropped by 30% at 15 min and 70% at 60 min after treatment with DIM.
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Treatment with oligomycin A for the same period caused further decreased in ATP level upto
40% and 75% respectively. 2-Deoxy-D-glucose (5 mM), a glycolytic pathway competitive
inhibitor has no effect on mitochondrial ATP level, even after 60 min of treatment (Fig. 6A).

In DIM-treated leishmanial cells, disruption in the function of mitochondria caused
reduced ATP generation. Intracellular ATP is generated through both mitochondrial and
glycolysis sources. 75% of total intracellular ATP is supplied by mitochondria and about 30% is
contributed by glycolysis in leishmanial cells (Sen et. a., 2006). Here we have measured the
cytosolic ATP level in differently treated cells (Fig. 6B). There was a gradual fall of ATP level
to the extent of 45% after 2 h of treatment with DIM at 15 uM and to the extent of 58% after 2 h
of treatment with 2-Deoxy-D-glucose (5 mM). ATP is the mgjor readily useable form of energy
involved in many crucial cellular processes. Because the glycolytic pathway and mitochondrial
oxidative phosphorylation are the two major cellular ATP-generating pathways, we also
measured the effect of co-treatment with DIM and 2-Deoxy-D-glucose on cellular ATP levels.
Treatment with DIM prior to the treatment with 2-Deoxy-D-glucose further decrease cytosolic
ATP leve to the extent of 65%. The above results indicated that DIM-induced depletion of
mitochondrial and cytosolic ATP levels are due to inhibition of mitochondrial oxidative

phosphorylation.

DIM induces depolarization of mitochondrial membrane potential.

Depolarization of mitochondrial membrane potential (A¥Ym) is a characteristic feature of
apoptosis. To investigate weather AYm decreases in DIM treated cells during apoptosis, a time-
course study of A¥Ym was performed with DIM (Fig. 7A). AYm was measured by

spectrofluorimetric analysis with the mitochondrial membrane potential sensitive dye JC1, which
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is a cationic dye that aggregates in the mitochondria of healthy cells. This aggregates fluoresce
red at higher potential but at lower potential this reagent cannot accumulate in the mitochondria
and remains as monomers in the cytoplasm. The monomeric dye fluoresces green that can be
detected by a shift in fluorescence from red to green indicating the depolarization of
mitochondrial membrane potential. The uptake of this dye by the mitochondria decreases with an
increase in green fluorescence intendity in the cytosol. The sensitivity of JC1 dye to the change
in mitochondrial membrane potential was determined by treating leishmanial cells with
mitochondrial uncoupling agent carbonyl cyanide m-chloro-phenylhydrazone (CCCP, 1uM) that
causes total depolarization of mitochondrial membrane potential. When cells were treated with
antioxidants like N-acetyl-L-cysteine (NAC, 20 mM), sodium benzoate (SB, 20 mM), and
mannitol (20 mM) or with lipid peroxidation inhibitor (BHT, 20 mM) before treatment with DIM
(15 uM), loss of AWm is prevented. This was evidenced from the mean green fluorescence
intensity that is almost same as DM SO treatment and was also confirmed by the ratio of
fluorescence intensity (590:530) represented in Figure 7B. The ratio between red (590 nm) and
green (530 nm) signals is ameasure of AYm. Thereisasignificant increase (82%) in mean green
fluorescence intensity within first 45 min of treatment with DIM as compared with relative AYm
observed after treatment with CCCP. The loss of A¥Ym continues to the extent of 91% after
treatment with DIM for 60 min. However, treatment with CED3/CPP32 group of protease
inhibitor (VAD-fmk) prior to the trestment with DIM for 60 min prevents the loss of
mitochondrial membrane potential only to the extent of 74%. The above results indicate that
mitochondrial ROS generation is responsible for the mitochondrial membrane depolarization and

it isnot due to caspase-like proteases.
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To investigate weather FOF1-ATP synthase in leishmanial cells is involved in the
depolarization of the mitochondrial membrane, we have performed an experiment in the
presence of oligomycin (10 uM), an FoF1-ATP synthase inhibitor. It was observed that the mean
green fluorescence intensity increases in oligomycin-treated cells. But when cells were treated
with oligomycin (10 uM) and further incubated with DIM (15 pM), the effect on mitochondrial
membrane depolarization is almost same as with oligomycin treatment alone (Fig. 7C). The
above results suggest that inhibition of FOF1-ATP synthase is responsible for depolarization of

mitochondrial membrane potential.

L oss of mitochondrial membrane potential causesrelease of cytochrome c.

The permeabilization of mitochondrial membrane causes the release of proapoptotic proteins
including cytochrome c into the cytosol (Kluck et al., 1997). Cytochrome ¢, a component of the
mitochondrial electron trangport chain (ETC), is present in the inter-membrane space. Disruption
of the outer mitochondrial membrane by apoptotic stimuli results in the release of cytochrome c
into the cytosol where it initiates activation of caspase-like proteases leading to apoptosis. We
have shown by western blotting that treatment with DIM causes cytochrome ¢ accumulation in
the cytoplasm of Leishmania (Fig. 8A, lanes 3 and 4). When cells were treated separately with
antioxidants like NAC (20 mM), SB (20 mM) and mannitol (20 mM) for 1 h prior to the
treatment with DIM (15 uM) for 6 h, the cytochrome c release into the cytosol is prevented
(lanes 5-7). The results prove that mitochondrial ROS is responsible for the release of
cytochrome ¢ from mitochondria to cytosol. To investigate the role of CED3/CPP32 group of
protease inhibitors in the release of cytochrome c in the cytosol, the cells were treated with

VAD-fmk before treatment with DIM (lane 8). The result shows that these groups of protease
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inhibitors do not affect the cytochrome c release into the cytosol. As control we have checked the
presence of P-tubulin (a constitutive cytosolic protein) in the cytosol of L.donovani

promastigotes treated with or without DIM.

DIM causes activation of caspase-like proteasesin cytosol and cleavage of PARP protein.
The release of cytochrome ¢ from mitochondria into the cytosol leads to an activation of the
caspase cascade (Kupchan et a., 1969) and isacritical step in the activation of different caspases
like caspase 9 and 3 which trigger the downstream events leading to apoptosis (Zou et al., 1997).
Caspase 9 is a member of the ICE family of proteases and caspase 3 is a member of
CED3/CPP32 group of proteases. To further substantiate the existence of these proteases in
L.donovani, we carried out fluorometric assay of both ICE and CED3/CPP32 family of proteases
using their specific substrates Leu-Glu-His-Asp-7-amino-4-methyl coumarin (LEHD-AMC) and
Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl  coumarin  (DEVD-AFC), respectively. The
activities were measured in terms of liberation of AMC and AFC from their substrates. A
significant increase in the activity of ICE group of proteases was observed after treatment with
DIM for 4 h compared to 0.2% DM SO-treated control cells (Fig. 8B). A similar increase in the
activity of CED3/CPP32 group of proteases were also observed after 4 h treatment with DIM
(Fig. 8C). In the presence of specific inhibitor of these proteases (LEHD-CHO for ICE group and
DEVD-CHO for CED3/CPP32 group), activities of these enzymes were inhibited.

PARP [poly (ADP ribose) polymerase], an enzyme involved in DNA repair, is a
preferential substrate for caspase 3 (Tewari et al., 1995). We have determined the extent of
PARP cleavage by immunoblot analysis of the PARP cleavage products (Fig. 8D). PARP protein

(78 kDa) generates a 63 kDa cleaved fragment upon treatment of cells with DIM for 4 and 6 h,
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where extent of PARP cleavage is more in 6 h. However, the cleavage of this PARP protein did
not occur when cells were pretreated with VAD-fmk, a CED3/CPP32 group of protease

inhibitor.

DIM induces the fragmentation of genomic DNA.

The inter-nucleosomal DNA digestion by an endogenous nuclease (genomic DNA
fragmentation) is considered as a hallmark of apoptotic cell death (Compton, 1992). To establish
the DIM-induced DNA fragmentation, we performed the DNA fragmentation assay by ELISA as
described in Materials and Methods. It was observed that there was 56% and 73% fragmentation
of DNA by treatment with DIM (15 uM) a 4 and 6 h respectively (Fig. 9A). The drug
concentration (15 pM) used has been optimized on the basis of percentage of DNA
fragmentation induced at 6 h of drug treatment. Further treatment with the drug for 8 h did not
increase DNA fragmentation and it remains aimost same as before (78%). Treatment with
protease inhibitor VAD-fmk and antioxidant NAC for 6 h reduced the percentage of DNA
fragmentation to 42% and 37% respectively. So these results indicate that both caspase-like

protease and ROS are also responsible for DNA fragmentation in DIM-induced cell death.

DIM arrestscell cycle progression at G;-phasein L. donovani promastigote cells.

The cell cycle distribution was analyzed by flow cytometry following treatment with DIM for
different time periods (Fig. 9B). In control cells the G;, S and G,-M population remain almost
same throughout the experiment. DIM caused L.donovani promastigotes to remain at resting

Go/G; phase and inhibits their entry into the S phase. The flow cytometric experiment shows that
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84% of cells arein G; phase, whereas 12% are in S phase and 4% in G,/M phase after treatment

with DIM at 15 pM for 6 h.

DIM inhibits DNA synthesisin Leishmania promastigotes.

The effect of DIM on DNA synthesis was studied by the incorporation of [*H] thymidine into
DNA of L.donovani promastigotes in presence and in absence of different concentrations of DIM
(Fig. 9C). Incubation for 12 hours with 10, 20, 50 and 100 uM DIM decreases [*H] thymidine
incorporation to 49%, 32%, 14% and 7% respectively. After 24 h of incubation with DIM at the
above concentrations, the incorporation decreased to 46%, 23%, 11% and 6% respectively. The
decreases in the rate of thymidine incorporation with time at a particular concentration indicate a
decrease in DNA replication activity within parasites. Taken together, the results suggest that

DIM isvery effectivein inhibiting DNA synthesis

Mitochondrial DNA depleted leishmanial cells (mtDDC) do not undergo DIM-induced
PCD.

To investigate whether DIM can induce PCD in mitochondrial DNA depleted Ieishmania cells
(mtDDC), we have developed dyskinetoplastid parasites by treatment with berenil (20 uM) for
24 h (Sen et a., 2004a). We have performed the assay for respiratory complexes activity (Table
2) and also confocal microscopic experiment (Supplementary Fig. S2) in mtDDC to characterize
the depletion of mt-DNA in the parasites. It was observed that all the complexes except complex
Il lose their activities in mtDDC). This is because the components of only complex Il are
encoded in genomic DNA and the components of other complexes are encoded in the genomic

DNA as well as mitochondrial DNA. Therefore, only complex Il activity remains same in
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mtDDC as in wild type Leishmania parasites. The cells were washed and suspended in berenil-
free media and supplemented with pyruvate and uridine. In another set of experiments after
berenil treatment the cells were washed and suspended in berenil-free growth media without
pyruvate and uridine. Mitochondrial DNA depleted cells can only grow in the presence of
pyruvate and uridine, but the doubling time of these auxotrophic cells increased compared to
normal healthy cells (Sen et al., 2007b). In both cases cells were allowed to grow in presence of
0.2% DM SO and 15 uM DIM separately for different time periods and the viable parasites were
measured by MTT assay. We have shown that only 25% growth was inhibited by 15 uM DIM at
8 h in mitochondrial DNA depleted leishmanial cells, whereas 95% growth was inhibited by
same concentration of DIM at same time period in wild-type healthy parasites (Fig. 10A). We
have also found that this 25% growth inhibition was not due to apoptosis as these cells do not
respond to staining with Annexin-V (data not shown). The inhibition of growth might be due to
delayed nonapoptotic death in presence of DIM that is a consequence of prolonged loss of
mitochondrial function. This result is consistent with other studies where it was shown that
delayed nonapoptotic death occurred in presence of caspase inhibitors in neuronal cells (Stefanis
et a., 1999). We have also shown that in mt-DNA depleted cells intracellular ATP production
decreased to 0.5 nmol ATP/10 cells (Fig. 10B). When these cells were allowed to grow in a
media supplemented with pyruvate and uridine intracellular ATP level increased to 1.2 nmol
ATP/10’ cells in absence of DIM at 16 h. This result is consistent with previous report (Sen et
al., 2007b). The intracellular ATP level increased to 1.17 nmol ATP/10’ cells in presence of 15
uM DIM at 16 h, which is amost same level of intracellular ATP in absence of DIM.
Mitochondrial DNA depleted leishmanial cells can maintain glycolytic process and continue to

survive only in the presence of pyruvate and uridine (Sen et a., 2007b). Therefore, the above
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results suggest that mt-DNA depleted leishmanial cells are insensitive to DIM and DIM-induced
PCD occurred through mitochondria dependent cascade machinery.

To investigate the possible reasons, we have measured mitochondrial ROS level. It was
observed that when mt-DNA depleted cells were treated with DIM these auxotrophic cells were
unable to produce ROS inside cells (Fig. 10C). This was further evidenced from the observation
that mitochondrial membrane potential (Fig. 10D) also remains unaltered in these auxotrophic
cells unlike normal cells after treatment with DIM for 1 h. Moreover, unlike healthy cells no
apoptotic phenomenon like DNA fragmentation was observed during treatment with DIM to
these auxotrophic cdls (data not shown). As the formation of ROS is exclusively needed for the
initiation and propagation of DIM-induced PCD in leishmanial cells, it can be assumed that
inhibition of ROS formation prevents the cells to undergo apoptosis. But the question remains
that why the dyskinetoplastid cells were unable to produce ROS even in the presence of DIM.
The mgjor source of ROS production inside cdlls is the mitochondria irrespective of higher or
lower eukaryotes. Any mutation or dysfunction within the mitochondria will block the electron
transfer within or between mitochondrial respiratory complexes and causes leakage of eectrons
(We et al., 2001). Mitochondrial dysfunction is most likely an adaptive process to the over
production of ROS inside cells. From our previous study it was observed that topoi somerases are
present both in mitochondria and in the nucleus (Das et a., 2004). DIM, a potent anti-tumor
agent can trap topoisomerase | mediated cleavable complexes (Roy et al., 2008). Stabilization of
these complexes inside mitochondria decreases cellular oxygen consumption and facilitates the
generation of ROS in healthy cells. Here in the case of mtDDC, treatment with DIM was unable
to form cleavable complex and subsequently fails to generate ROS inside cells. These may be the

probable mechanism for the insensitiveness of the dyskinetoplastid cells to DIM. Moreover,
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leishmanial cells have only one giant mitochondrion unlike higher eukaryotes. So in the absence
of the mitochondrial DNA, these mt-DNA depleted cells can not induce the formation of toxic
ROS inside cells even in the presence of DIM. However, it should be mentioned that the
presence of pyruvate and uridine in the growth media does not inhibit the ROS production during
treatment with DIM in healthy cells. Collectively, DIM-induced PCD is inhibited in mtDDC
unlike higher eukaryotic cells and this might be a useful model for understanding the mechanism

of DIM-induced PCD in Leishmania parasites.
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Discussion:
Recently, we have shown that DIM directly stabilizes the formation of topoisomerase I-DNA
cleavable complexes in leishmanial cells and acts as a topoisomerase | poison like CPT (Roy et
al., 2008). Topoisomerase | is present both in mitochondria and nucleus. CPT, a potent anti-
tumour agent can trap topoisomerase | mediated cleavable complex in the mitochondria (Bodley
and Shapiro, 1995) and increases the cellular ROS generation in leishmania cells (Sen et al.,
2004a). Since DIM stabilizes the topo I-DNA cleavable complexes like CPT, it might generate
ROS inside mitochondria. Therefore, we have measured the endogenous ROS in leishmanial
cells after trestment with DIM. It was found that there is consistent increase in mitochondrial
ROS. One of the causes of mitochondrial ROS generation is dysfunction of mitochondrial
respiratory chain (Mehta A and Shaha C, 2004).

DIM-induced topo I-DNA covalent complex formation generates reactive oxygen species
(ROS) inside cdlls (Sen et a., 2004a). This event cannot explain the accumulation of huge
amount of ROS inside the mitochondria and rapid onset of the death process. Therefore, we
speculate that some mitochondrial dysfunction is invariably involved in initiating the apoptotic
process. Dysfunction of mitochondrial respiratory chain can produce the huge amount of ROS
insde the mitochondria. Recently, DIM has been reported to inhibit mitochondrial H*-ATP
synthase and induce apoptosis in human breast cancer cells (Gong et al., 2006). Moreover,
presence of an oligomycin-sensitive FOF1-ATP synthase responsible for oxidative
phosphorylation has already been demonstrated in leishmanial cells (Sen et al., 2004a). We
therefore checked the effect of treatment of DIM on respiratory chain complexes in mitochondria
isolated from L.donovani cells. DIM was found to severely inhibit the complex V activity, which

comprises of the FOF1-ATP synthase. Identification of the mitochondial target led us to further

31

$20Z ‘Tz Joqusa uo Speuinor 134S Y e BIo'sjeulno fisdse: wifeyd jow wou ) pepeojumoq


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 14, 2008 as DOI: 10.1124/mol.108.050161
This article has not been copyedited and formatted. The final version may differ from this version.

MOL # 50161

investigate the role of mitochondria and the downstream events in leishmanial cells undergoing
PCD following DIM treatment.

Mitochondria are the principal site for the generation of cellular ATP by oxidative
phosphorylation. Given the importance of mitochondria for cell life, it comes as no surprise that
mitochondrial dysfunction and failure leads to cell death. So mitochondria are the main target of
injury after stresses leading to programmed cell death and necrosis. As in most eukaryotes, in
kinetoplastids the mitochondrion is also responsible for the celular respiration and
phosphorylation processes. Mitochondrial respiration occurs via electron transport chain (ETC)
containing five respiratory complexes located in the inner mitochondrial membrane. The FoF1-
ATP synthase, a complex V of respiratory chain, is responsible for oxidative phosphorylation,
which is the last step of ETC. The FOF1-ATP synthase in Leishmania parasites consists of two
oligomeric components Fo and F1. Fo is an integral membrane protein that contains the proton
channel and comprises some subunits encoded by nuclear DNA and two subunits encoded by mt-
DNA. Fl is a peripheral membrane protein that contains the ATP synthase active sites and made
up of five subunits (asPsyde). In leishmanial cells ATP synthesis requires the involvement of
both Fo and F1 components. This F-type ATP synthase is ubiquitously located in the inner
membrane of the mitochondria and is responsible for the synthesis of ATP in the oxidative
phosphorylation pathway (Kupchan et al., 1969). The role of this protein for depolarization of
mitochondrial membrane potential has been reported previously in leishmanial cells (Sen et al.,
2004a). Mitochondrial membrane depolarization is dependent on the utilization of glycolytic
ATP by oligomycin-sensitive FOF1-ATP synthase in the reverse mode. In case of Leishmania
parasites, mitochondrial depolarization occurs before the increase in the number of apoptotic

cells. This event proves that depolarization of mitochondrial membrane potential is a pre-

32

$20Z ‘Tz Joqusa uo Speuinor 134S Y e BIo'sjeulno fisdse: wifeyd jow wou ) pepeojumoq


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 14, 2008 as DOI: 10.1124/mol.108.050161
This article has not been copyedited and formatted. The final version may differ from this version.

MOL # 50161

apoptotic event, which is an irreversible commitment of the cell to PCD after administration of
DIM. We have shown that mitochondrial depolarization is enhanced after treatment with DIM
similar to that with oligomycin. Therefore, it can be concluded that FOF1-ATP synthase in
Leishmania plays a very important role in depolarization of mitochondrial membrane potential
(A¥m).

There was depletion of mitochondrial ATP level in DIM treated cells and the extent of
depletion within 15 min was almost 30%. This depletion of mitochondrial ATP level reduced by
70% after 1 h treatment with DIM, whereas 2-Deoxy-D-glucose has no significant effect on
mitochondrial ATP level. AlImost same extent of mitochondrial ATP depletion was observed in
oligomycin-treated cells. The above results suggest that mitochondrial ATP depletion after
treatment with DIM is due to inhibition of mitochondrial oxidative phosphorylation. Concerning
the cellular bio-energy of the leishmanial cellsin PCD, it is observed that the cellular ATP level
gradually decreases as opposed to mammalian cells. This might be due to the fact that in higher
eukaryotes not all mitochondria are responsible for cytochrome c release and that a portion
maintains their trans membrane potential and supply ATP to continue the apoptosis. Thus it
appears that the healthy mitochondria ensure compensation for the injured ones in mammalian
cells after induction of apoptosis. But for organisms with single mitochondrion like L.donovani,
there is no possibility for the compensation of injured mitochondria and survival depends on
proper functioning of a single organelle. In the absence of proper functional mitochondria, cells
would cease to synthesize ATP from their mitochondrial source and cause a rapid decrease in
cellular ATP levels to the extent of 70% by 60 min. Our result is consistent with the study
reported earlier that the ATP level gradually decreases after the loss of A¥Ym during treatment

with H>O, (Mukherjee et al., 2002). But ATP is a key molecule for chromatin condensation,
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nuclear fragmentation and regulation, and maintenance of ion homeostasis during apoptosis. So
we can assume that the ATP levels generated before the loss of AWYm and ATP supplied by
glycolysis are sufficient to carry out these cellular activities and to propagate PCD in leishmanial
cells.

The depolarization of A¥Ym is due to inhibition of FOF1-ATP synthase activity, depletion
of ATP and generation of oxidative stress (ROS), which leads to the release of cytochrome c
from mitochondria into cytosol and activates caspase-like proteases. There are evidences that the
caspase-like proteases play important roles in the apoptotic cascade of unicellular kinetoplastid
parasites after induction of different stimuli (Das et al., 2001; Lee et al., 2002). Although
metacaspases (Moss et a., 2007) and some nucleases like endonuclease G (Gannavaram et al.,
2008) are known to be activated through apoptotic cascade in unicellular protozoan parasites, the
activation of CED3/CPP32 group of proteases and ICE family of proteases are well established
in leishmanial cells (Sen et al., 2004a; Sen et al., 2004b; Sen et al., 2007; Das et a., 2001).
Therefore, the possibility of the presence of caspase-like proteases in leishmanial cells cannot be
ruled out. In the present study, we have shown that ICE family of proteases were activated before
the activation of CED3/CPP32 group of proteasesin leishmanial cells, following DIM treatment.
In the presence of CED3/CPP32 group of protease inhibitor (VAD-fmk), downstream events of
caspase 3-like protease activation such as PARP cleavage and DNA fragmentation were
prevented, which suggest that the CED3/CPP32 group of proteases are involved in DIM-induced
PCD of leishmanial cells.

Finally, we have checked the effects of DIM on mtDDC to investigate the role of
mitochondria in DIM-induced PCD. It was found that mtDDC are insensitive to DIM and failed

to generate mitochondrial ROS and ATP depletion. Moreover, unlike healthy cells no apoptotic
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phenomenon like DNA fragmentation was observed during treatment with DIM to these
auxotrophic cells. Therefore, the above results strongly support the mitochondria dependent and
ROS-mediated DIM-induced PCD in leishmanial cells.

In conclusion, our study demonstrates for the first time that DIM inhibits mitochondrial
FoF1-ATP synthase and induces PCD in kinetoplastid parasites. The inhibition of FOF1-ATP
synthase by DIM likely represents an essential event responsible for the propagation of PCD and
can act as a central regulator of the apoptotic machineries. Moreover, it is worth mentioning that
formation of topoisomerase I-DNA suicidal complexes is responsible for DNA fragmentation
and is necessary to amplify the apoptotic process (Lee et al., 2002). Our study identified a further
important mode of action for the intriguing dietary component DIM that induces mitochondria
dependent PCD as the effects seen from treatment with DIM are a consequence of its inhibition
of the mitochondrial FOF1-ATP synthase in protozoan parasite L.donovani. The upstream events
of generation of ROS are different from other mechanistic pathways induced by DIM in different
cell lines (Xue et al., 2008). Mitochondrial membrane depolarization and ROS formation play
significant roles in modulating the response of the parasite to DIM. The mitochondrial DNA
depleted leishmanial cells do not undergo PCD after treatment with DIM. The occurrence of
these molecular events provide substantial evidences in support of the fact that the PCD
machinery in unicellular organisms like kinetoplastids may have evolved through a process of
horizontal gene transfer or evolutionary convergence. So understanding the molecular
mechanism of the cascade of programmed cell death (Fig. 11) provides the opportunities for
discovering and evaluating molecular targets for drug designing that might be exploited for the

therapeutic development against human leishmaniasis.
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Legendsfor Figures:

Figure 1. Microscopic analysis of in vitro cytotoxicity of DIM. (A). Log phase
promastigote cells (3 X 10°) were cultured for 12 h in M199 media supplemented with
10% FBS and treated with 1, 5, 10, 15 and 20 uM of DIM for 2, 4, 8 and 12 h. Percentage
of viable promastigotes was measured by MTT assay. (B). L.major, L.tropica and
L.tarentolae promastigotes were also cultured in the presence of 15 uM DIM for 2, 4, 8
and 12 h. The percentage of viable promastigotes was measured by MTT assay. All data
are expressed as percentage of live promastigotes and represent mean £ S.D. from three
independent experiments. (C). Calculation of ICsy of amastigotes. U937 macrophages
were alowed to adhere on cover slips on RPMI-1640 media supplemented with 10%
FBS before in vitro infection with L.donovani AG83 promastigotes, followed by further
incubation for 12 h a 37°C with increasing concentrations of DIM (1, 5, 10 and 15 pM).
The experiments were performed three times and representative data from one set of
these experiments are expressed as mean + SD.

Figure 2: Determination of downstream effects of caspase-like proteases in the presence
of DIM and CED3/CPP32 group of protease inhibitor. (A). Externalization of
phosphatidyl serine was detected in L.donovani promastigote cells. Annexin V labeling
of L.donovani promastigotes was measured after treatment with 0.2% DM SO (1), with
DIM (15 uM) for 4 h and 6 h (2 and 3), and with CED3/CPP32 group of protease
inhibitor (VAD-fmk) prior to treatment with DIM (4). Pictures are representative of one
of three similar results. (B). Apoptotic cells detected by flow cytometric analysis using
annexinV and Pl in FL-1 vs FL-2 channels. The cells were treated (1) without DIM, (I1)

with DIM (15 pM) for 2 h, (1) with DIM (15 uM) for 4 h and (1V) with DIM (15 pM)
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for 6 h as described in Material and Methods. The cells in the lower right quadrant
indicated apoptosis while in the upper right one represented post-apoptotic necrotic
population. FACS data are representative one of three similar experiments. (C). Bar
diagram showing the viable cells, apoptotic cells and necrotic cells as determined by
FACS analysis. The results depicted were performed three times and representative data
from one set of experiments are expressed as means = SD. Variations among different set
of experiments were <6%. ***p<0.001 compared to apoptotic cells with necrotic cells at
6 h.

Figure 3: Measurement of DIM-induced ROS generation. (A). Generation of peroxide
radicals within the mitochondria was measured after treatment with 0.2% DM SO, DIM
(15 pM), oligomycin (10 uM) and NAC (20 mM) treatment prior to the treatment with
DIM. In inset, generation of peroxide radicals within the cytosol was measured after
treatment with DM SO (0.2%) and DIM (15 pM) (B). Generation of intracellular peroxide
radicals was measured after treatment with 0.2% DM SO, DIM (15 uM), CPT (5 uM),
and with NAC, SB and mannitol separately prior to the treatment with DIM as described
in Materials and Methods. The experiments were performed three times and
representative data from one set of these experiments are expressed as mean + SD.
Figure 4: Determination of intracellular GSH level and leve of lipid peroxidation. (A).
Level of intracellular GSH in treated and untreated L.donovani promastigotes. The
intracellular GSH level was measured after treatment with 0.2% DM SO, CPT (5 uM),
DIM (15 pM) and oligomycin (10 pM) separately and with NAC (20 mM) prior to
treatment with DIM. Intracellular GSH level has been corrected and normalized

according to the number of viable parasites. (B). The level of fluorescent products of lipid
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peroxidation was measured after treatment of leishmanial cells with 0.2% DM SO, CPT (5
MM), DIM (15 puM), oligomycin (10 uM) and with NAC and BHT separately prior to
treatment with DIM. The experiments were performed three times and representative data
from one set of these experiments are expressed as mean = SD.

Figure 5: 3,3-Diindolymethane (DIM) inhibited mitochondrial FOF1-ATP synthase
activity. DIM inhibited FOF1-ATPase activity in 1% digitonin-solubilized mitochondria
isolated from L.donovani promastigote cells. The preparation of mitochondria and
PK/LDH-coupled ATPase assay was described in Materials and Methods. ***p<0.001
compared to 15 uM DIM treatment with 1 uM DIM treatment.

Figure 6: Measurement of cellular ATP level. (A). DIM depletes mitochondrial ATP
levels. Relative mitochondrial ATP level was determined at different times after
treatment with 15 uM DIM, 10 uM oligomycin, 5 mM 2-deoxy-D-glucose and 15 uM
DIM prior to treatment with 2-deoxy-D-glucose. (B). DIM depletes cytosolic ATP levels.
Relative cytosolic ATP level was determined at different times after treatment with 15
MM DIM, 10 pM oligomycin, 5 mM 2-deoxy-D-glucose and 15 pM DIM treatment
separately prior to treatment with 2-deoxy-D-glucose. Cellular ATP level has been
corrected and normalized according to the number of viable parasites. The experiments
were performed three times and representative data from one set of these experiments are
expressed as mean £ SD.

Figure 7: Fluorimetric analysis of mitochondrial membrane potential (A¥Ym). (A).
Changes of AYm after treatment with 0.2% DM SO alone (control) and with DIM (15
MM), uncoupling agent CCCP (1 uM) as positive control, NAC (20 mM), SB (20 mM),

mannitol (20 mM) as antioxidants, BHT (20 mM) as lipid peroxidation inhibitor, and
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VAD-fmk (10 uM) as protease inhibitor prior to the treatment with DIM (15 uM) for 15,
30, 45 and 60 min respectively. (B). Ratio of fluorescence intensity was measured at
590/530, which was plotted at y-axis with different concentration of drugs after treatment
for 60 min. ***p<0.001 compared to DIM treatment alone with NAC plus DIM
treatment. (C). Effects of treatments with CPT (5 uM) for 4 h as positive control, DIM
(15 uM) for 0.5 h and 1 h, oligomycin (10 uM) for 1h and oligomycin prior to the
treatment with DIM on the mitochondrial membrane potential of L.donovani
promastigotes as measured by fluorescence of JC1 a 530 nm. The experiments were
performed three times and representative data from one set of these experiments are
expressed as mean £ SD. **p<0.01, ***p<0.001 compared to control. Mitochondrial
membrane potential (A¥m) has been corrected and normalized according to the number
of viable parasites.

Figure 8: Determination of cytochrome c release, caspase-like proteases activity and
PARP cleavage in L.donovani promastigotes. (A). Western blot analysis to detect the
release of cytochrome c into the cytoplasm of differently treated cells. Lane 1, total level
of cytochrome c in untreated leishmania cells. Lane 2, control cells; lanes 3-4, cells
treated with DIM (15 pM) for 4 and 6 h respectively. Lanes 5-8, treated with NAC, SB,
BHT and VAD-fmk separately prior to treatment with DIM for 6 h. As loading control
cytosolic fractions from differently treated cells were analyzed for the presence of f-
tubulin by western blotting. (B). Activation of ICE group of proteases in the cytosol of
leishmanial cells was measured after treatment with 0.2% DM SO, DIM (15 puM) and with
LEHD-CHO inhibitor to DIM-treated cells as described in figure. (C). Activation of

CED3/CPP32 group of proteases inside the leishmanial cells was measured after
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treatment with 0.2% DMSO, DIM (15 uM) and with DEVD-CHO inhibitor to DIM-
treated cells as described in figure. Results are mean + SD. from three independent
experiments. (D). Western blot analysis to detect the cleavage of full-length PARP
protein after treatment with 0.2% DM SO (lane 1), with DIM (15 uM) for 4 hand 6 h
(lanes 2-3), and with CED3/CPP32 group of protease inhibitor (VAD-fmk) prior to
treatment with DIM (lane 4).

Figure 9: DIM-induced DNA fragmentation, cell cycle arrest and inhibition of DNA
synthesis. (A). Relative percentage of DNA fragmentation measured by cell death
detection ELISA kit in L.donovani promastigote cells treated with DIM (15 uM), with
VAD-fmk and NAC separately prior to treatment with DIM and with VAD-fmk and
NAC together prior to treatment with DIM at the concentrations mentioned above. The
experiments were performed three times and representative data from one set of these
experiments are expressed as mean = SD. (B). DIM-mediated G; cell cycle arrest in
L.donovani AG83 promastigote cells. Histograms of distribution of DNA content with
flow cytometry in Leishmania cells. Cell cycle arrest was analyzed after treatment with
0.2% DM SO as control, and with DIM (15 uM) for 2 h, 4 h and 6 h. Cells were then
stained with propidium iodide, and nuclei were analyzed for DNA content by flow
cytometry with a Coulter Elite Laser. A total of 20,000 nuclel were counted from each
sample. The percentages of cells within different cells stages were determined as
described in the Materials and Methods. (C). Incorporation of [*H] thymidine (5uCi/ml)
into DNA of L.donovani (AG83) cells. Incorporation was monitored at different times
after addition of [°H] thymidine and 0.5% DM SO followed by the addition of DIM at 10,

20, 50 and 100 uM to the cell cultures (6.5 X 10° cells) at zero time. Aliquots of 50 ul
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each were withdrawn from the cultures at the indicated time intervals and processed to
determine the incorporation of label into acid-precipitable DNA. The experiments were
performed three times and representative data from one set of these experiments are
presented as means + SD. Variations among different set of experiments were <5%.
Figure 10: Mitochondrial DNA depleted leishmanial cells (mtDDC) are insensitive to
PCD in presence of DIM. (A). Cells were treated with 20 uM berenil for 24 h, washed
with PBS and resuspended in M199 growing media in presence of 100 pg/ml pyruvate
and 50 pg/ml uridine (mtDDC+P+U). These cells were alowed to grow for 12 h in
presence of 0.2% DM SO (m) and 15 uM DIM (A). Wild type cells were treated with 15
MM DIM for 12 h (#). Percentage of viable parasites was measured by MTT assay. (B).
Intracellular ATP level in mitochondrial DNA depleted parasites in presence (m) and
absence (e) of pyruvate and uridine. The cells (mtDDC+P+U) were allowed to grow for
16 h in presence of 15 uM DIM (A). (C). Intra-mitochondrial ROS generation in wild
type parasites (WT) and mtDDC in presence of 15 uM DIM. (D). Fluorimetric analysis
of mitochondrial membrane potential (A¥m) in WT and mtDDC in presence of 15 uM
DIM. The experiments were performed three times and representative data from one set
of these experiments are expressed as mean + SD. ***p<0.001 compared to WT plus
DIM treatment with mtDDC plus DIM treatment.

Figure 11: Proposed model for DIM-induced programmed cell death in Leishmania

parasites.
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Table 1: Effect of DIM on Specific Activity of Respiratory Complexes

Mitochondrial Complexesof | Control Specific Inhibitors of DIM Treatment (15 uM)
Electron Transport Chain (Untreated) | ETC (30 min)

30 min 120 min
Complex | activity 82.36+9.2 | 251+0.7 81.92+6.6 |6283+5.7
(nmol NADH (Rotenone, 10 uM)
oxidized/min/mg protein)
Complex Il 31.28+27 |545+138 30.81+31 | 3205+£26
(Succinate-CoQ reductase (TTFA, 10 uM)
activity/min/mg protein)
Complex 111 95.72+94 |6.12+05 9526+ 6.6 |9491+7.2
(Cytocrome c-CoQ reductase (Antimycin A, 10 uM)
activity/min/mg protein)
Complex IV activity 5344 +31 |459+1.6 53.82+35 |5294+37
(nmol reduced cytocrome c (Cyanide, 10 uM)
oxidized/min/mg protein)
Complex V 58.63+7.4 |9.96+22 09.98+19 | 05.98+0.6
(ATP synthase (Oligomycin, 10 pM)
activity/min/mg protein)
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Table 2: Specific Activity of Respiratory Complexes on mtDDC

MOL # 50161

Mitochondrial Complexes of
Electron Transport Chain

LDWT

mtDDC

Complex | activity
(nmol NADH
oxidized/min/mg protein)

83.22+3.8

2.33+0.9

Complex Il activity
(Succinate-CoQ reductase
activity/min/mg protein)

3212+ 3.3

30.27+29

Complex Il activity
(Cytocrome c-CoQ reductase
activity/min/mg protein)

93.28+9.2

5.89+04

Complex IV activity
(nmol reduced cytocrome c
oxidized/min/mg protein)

5294+ 29

512+15

Complex V activity
(ATP synthase
activity/min/mg protein)

58.32+6.5

922+1.2
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