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Structure-functional changes in cells which die by apoptosis mechanism have systemic
character and occur at different levels of cell organization, namely, in plasma membrane,
cytoplasm, and nucleus. It should be noted that mitochondria play a dual role there. In
normal state, these organelles support most processes of cellular life with energetic
resources, while at the action of extreme agents (toxic substances, for example, anticancer
drugs, or x-ray irradiation) they turn to killers of self cells. Such dualism in mitochondria
effects is expressed in various forms. The mitochondrial membrane contains Bcl-2 and
Bcl-XL proteins whose increased level blocks apoptosis, while an elevation of the amount
of other proteins, like Bax and Bid related to Bcl-2, oppositely, facilitates the apoptosis.
Mitochondrial matrix contains cytochrome C which is vitally important for energy
generation by these organelles, while simple release of this protein from mitochondria to
cytoplasm is absolutely deadly for cells. It activates a cytosolic protein Apaf-1 whose
complex with cytochrome C further activates the proteolytic enzyme pro-caspase-9 which
gets a capability to split so-called effector caspases 2, 3, 6, 7 and 10. The last degrade the
intracellular proteins which are critically important for supporting cellular life processes.
The reactive oxygen species are important mediators for realization of apoptosis program,
and blocking their generators or neutralization of the action of those highly reactive
agents also suppresses apoptosis development. The article presents literature data, as well
as the results of studies of collaborators of the Department headed by the author,
regarding potentials of enhancing or inhibiting cell death by the apoptosis mechanism.

Keywords. Cell death, apoptosis, mitochondria, mechanisms, reactive oxygen species.

Up to recent time, investigation of the mechanisms of cell death did not attract big
attention of scientists, since cell death was considered only as a consequence of evident
cell damage or aging. Massive death of cells during development of multi-cellular
organisms was observed, however, switching mechanisms of that phenomenon were not
known, since not only old and impaired cells, but also «young» cells possessing high
potential to reproduction are dieing [1]. In this article, we have addressed the role of
specific cellular macromolecules and role of changes in functioning of energy generating
intracellular organelle, the mitochondria, in cell death mechanisms. It is accepted that
mitochondria is an ancient endosymbiotic organism which lost most of its genetic
apparatus during co-evolution with its host organism and has been specialized for energy
generation for host cell [2]. Since membrane potential of mitochondria is critical for its
functioning as cellular «electric power station», the ultra-structural and molecular events
in this organelle can affect processes of cell death.
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There are two principal ways of cell death — programmed and un-programmed [3].
The programmed cell death, also called apoptosis, is genetically determined, and the
protein products of specific genes are responsible for switching on processes of
destruction of specific macromolecules (proteins and nuclear DNA) and cell structures
(plasma membrane, cytosol, mitochondria, and nucleus). Autophagy is another form of
the programmed cell death that is accompanied by cellular self-digestion [3]. The un-
programmed cell death, also called cell necrosis, is mainly induced by the pathological
agents, and it is accompanied by the inflammation development, while the apoptosis is
not [3]. It should be noted that the apoptotic or necrotic effects strongly depends on
duration of action of stressing agent, as well as its dose. The pro-apoptotic agent acting
for a longer time and in higher dose can induce the necrotic effects in the same target
cells. Although apoptosis, opposite to necrosis, demands energy for its realization, if the
mitochondria functions are impaired, cell death processes are also enhanced. The reactive
oxygen species are among the most damaging agents affecting cellular structures and
functions [4], and mitochondria are both a generator of these agents and their target.

In this article, we have analyzed a dual role of mitochondria in apoptosis — as a
generator of energy needed for life processes, and as a source of bio-molecules that
participate in realization of cell death program.

Materials and Methods of Investigation

Reagents. Chelidonium majus L. alkaloids sanguinarine, chelidonine, chelerythrine
were prepared in our lab by Dr. Maxym Lootsik as described in [5]. Anti-caspase-8, anti-
caspase-9 antibodies were supplied by Beckman Coulter (Miami, FL), anti-Bcl-2, anti-
caspase-3 and cleaved PARP antibodies — Santa Cruz Biotechnology (USA), anti-actin
antibody — Sigma Chem. Co. (USA), anti-cytochrome ¢ antibodies — BD Pharmingen
(USA), anti-Bax — Immunotech (France), proteinase K — Fluka (Germany), RNase A —
Sigma Chem. Co. (USA), lauroylsarcosinate — Fluka (Germany), EDTA — Serva (Germany),
Trizma base — Sigma Chem. Co. (USA), NADP* (Reanal, Hungary), glucose-6-phosphate
dehydrogenase (Ferak Berlin, Germany), hexokinase (Ferak Berlin, Germany), epoxide
resin epon-812 (Fluka, Germany), cacodilate buffer Sigma Chem. Co. (USA), NP-40 —
Sigma Chem. Co. (USA), glutaric aldehyde — Sigma Chem. Co. (USA), protease inhibitor
mixture — Roche (Germany), ECL reagents — Sigma Chem. Co. (USA), N-acetyl-cysteine
(Sigma Chem. Co. (USA), cyclosporine A (Sigma Chem. Co. (USA).

Cells and their culturing. CEM T-leukemia human cells (obtained from cell
collection at the Institute of Experimental Pathology, Oncology and Radiobiology NASU,
Kyiv, Ukraine) were cultured in suspension in RPMI-1640 medium (Sigma Chem. Co,
USA) supplemented with 10 % fetal bovine serum (Sigma Chem. Co, USA) in 5 %
CO, — 95 % air atmosphere at 37 °C and 100 % humidity. Cells were grown in 35 mm
plastic culture dishes and their growth and viability was measured after staining dead
cells with 0.1 % trypan blue.

Determination of cell death and apoptosis. Cells were stained with propidium
iodide for study the membrane integrity and with Hoechst 33342 — for study of cell
nucleus intactness. Cell suspension was transferred to Eppendorf tube, Hoechst 33342
(final concentration 1.5 uM) and propidium iodide (final concentration 1 pg/ml) were
added for 15 min at 37 °C, and fluorescent microscopy using blue and red excitation
filter at magnification x400 was applied. Digital images were captured using the digital
camera.
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DNA isolation and electrophoresis. Isolation of DNA from the apoptotic cells and
DNA electrophoresis were performed according to Gong et al [6]. Briefly, cells were
centrifuged at 2,000 rpm for 5 min, washed with PBS and fixed in 70 % ice-cold ethanol.
Then the cells were centrifuged at 2,000 rpm for 5 min, and cell pellet was resuspended
in 40 ul of phosphate-citrate buffer (pH 7.8) for 30 min at room temperature. After
centrifugation at 3,000 rpm (5 min), supernatant was transferred to the Eppendorf tube
and 3 pl of 0.25 % NP-40 solution and 2 pl of RNase A (10 mg/ml) were added. After
1 h incubation at 37 °C, 5 pl of proteinase K (1 mg/ml) was added and the mixture was
incubated for 1 h at 37 °C. Separation of apoptotic DNA fragments was performed for 2
hat4 V/cm in 1.5 % agarose gel supplemented with 0.5 pg/ml ethydium bromide. DNA
was visualized in UV-transilluminator and photographed by digital camera.

DNA comet assay. DNA comet assay was performed at moderate alkaline conditions
as described [5]. Briefly, cells were pelleted by centrifugation, and re-suspended in PBS.
Cell suspension was gently mixed with low melting point agarose and pipetted on
microscope slide. Then slides were immersed in cold (4 °C) lysis buffer (0.5 M EDTA,
2 % lauroylsarcosinate, 0.3 mg/ml proteinase K, pH 7.5) for 60 min at 4°C. The cells
were lysed for 20 h at 37 °C and then were transferred into the electrophoretic chamber
filled up with freshly prepared electrophoresis buffer (90 mM tris, 90 mM boric acid, 2
mM EDTA, pH 8.5). Electrophoresis was performed at 0.6 V/cm for 25 min [77].
Samples were stained with 2 pg/ml ethydium bromide. The DNA impairment was
evaluated by a visual score using an arbitrary scale ranging from 0 (no DNA damage) to
3-4 (intensive DNA damage), which was based on the length of comet tail and relative
proportion of DNA in the comet head and tail [88]. Minimally 300 cells were evaluated
in each sample at magnification x200.

Determination of intracellular level of ATP. The ATP concentration was determined
enzymaticaly using hexokinase and glucose-6-phosphate dehydrogenase. Produced
NADPH was measured spectrophotometricaly at 340 nm. Briefly, cells were cultured
with alkaloids, washed twice with ice-cold PBS and 20 pl of 0.6 M ice-cold perchloric
acid was added to 10° cells. Perchloric acid was neutralized with 2 M KOH and pellets
were removed by centrifuged at 10,000 rpm for 5 min. For enzymatic reaction, sample
were mixed with buffer (0.2 M Tris-HCI (pH 7.5), 1.4 MM NADP", 8 MM MgCl,, 65 MM
glucose, glucose-6-phosphate dehydrogenase). In 5 min the absorption E; at 340 nm was
measured using the NanoDrop spectrophotometer. Then hexokinase suspension was
added and left for 30 min at 37 °C. Finally, absorption E, at 340 nm was measured and
calculated value E, — E; was used for determination of ATP concentration from the
calibration curve.

Western blot analysis. Cells were treated with lysis buffer containing 20 mM Tris-
HCI (pH 7.4), 1 % Triton X-100, 150 mM NaCl with freshly added protease inhibitor
mixture for 30 min at 4 °C and supernatants with protein samples were collected after
centrifuged at 12,000 g for 15 min. Protein concentration was determined by Peterson
method [9]. Equal amounts of protein (30-40 pg) were subjected to electrophoresis in
12 % polyacrylamide gel with 0.1% SDS. The proteins were transferred by electro-
phoresis onto the nitrocellulose membrane. The membranes were blocked by 5% nonfat
dry milk in PBS containing 0.05% Tween 20 at 20 °C for 1 h, and then probed with an
appropriate dilution of primary antibody overnight at 4 °C. The blots were washed twice
for 5 min with PBS-Tween-20 and incubated with a 1:5,000 dilution of horseradish
peroxidase-conjugated secondary antibody (Amersham Life Science, Inc., Arlington
Heights, IL) in 5 % milk/PBS-Tween 20 at 4 °C for 1 h. After washing twice in PBS-
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Tween 20 for 5 min, the proteins were visualized by the ECL reagents. The following
primary antibodies were used: anti-caspase-8, anti-caspase-9; anti-Bax (1:1,000; mouse
monoclonal); anti-caspase-3, anti-cleaved PARP, anti-Bcl-2 (1:1,000; rabbit polyclonal).
For each immunoblot, equal loading of protein was confirmed by stripping the blot, and
its reprobing with anti-actin antibody (1:300; rabbit polyclonal).

Measurement of cytosolic and mitochondrial cytochrome c, Bax, and Bcl-2. After
treatment with the alkaloids, cells were washed twice with cold PBS, collected by
centrifugation at 1,500 g for 5 min, and incubated for 5 min in ice-cold buffer (250 mM
sucrose, 70 mM KCIl, 100 pg/ml digitonin in PBS) according to [1010]. Then the cells
were pelleted for 5 min at 1,000 g, and the supernatant was collected, as a cytosolic
fraction. Mitochondria fraction was prepared by lysis of the pellet in the immune-
precipitation buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM EDTA, 2 mM
EGTA, 0.2 % Triton X-100, 0.3 % NP-40 with freshly added complete protease inhibitor
cocktail from Roche). 20 ug of cytosolic or mitochondrial proteins, as determined by
Lowry protein assay, were loaded onto a 12 % SDS-polyacrylamide gel. Proteins were
transferred onto the nitrocellulose sheets as described above. Cytochrome ¢, Bax, and
Bcl-2 were detected with appropriating antibodies, and then re-probed with anti-p-actin
antibody. After incubation with 1:5,000 dilution of horseradish peroxidase-conjugated
anti-mouse g, the blots were developed by ECL.

Rhodamine-123 accumulation in mitochondria. To check intactness of cellular
mitochondria, the cells were loaded with rhodamine-123 fluorescent dye used for
measuring mitochondrial membrane potential (MMP) [11]. Cells were cultured for 30
min with rhodamine-123 (1 pg/ml). After incubation, the cells were centrifuged for 3
min at 2,000 rpm, resuspended in PBS to final concentration 3-10° cells per ml, and
photographed under fluorescent microscope using green excitation filter at magnification
x400.

Electron microscopy. Cells were fixed with 1.5% glutaraldehyde in 0.2 M cacodilate
buffer (pH 7.2) for 1 h at 4 °C. Samples were washed with cacodilate buffer and
additionally fixed for 1 h at 4 °C with 2 % OsOysolution in cacodilate buffer. Then, they
were washed out of the fixating solutions, dehydration was carried out using increasing
ethanol concentrations (50, 70, 90 and 100 %). Additionally, samples were dehydrated in
propylene oxide and transferred in epoxide resin epon-812. Sections were prepared,
contrasted for 15 min with 2 % uranil acetate, and then treated with lead citrate, according
to Reynolds [12]. The sections were analyzed with electron transmission microscope
PEM-100, and photographed on digital camera.

Statistical Analysis. All experiments were repeated three times. The results are
presented, as mean + standard deviation. Differences were considered statistically
significant, when P was less than 0.05.

Results and Discussion

It is known that mitochondria play a decisive role in apoptotic cell death due to a
release of cytochrome C and switching on caspase cascade [13]. We have applied different
alkaloids of Chelidonium majus L. medicinal plant as inducers of apoptosis in human T-
leukemia CEM cells. While sanguinarine and chelerythrine rapidly and directly damaged
mitochondria structure by impairing their functioning, the effect of structurally related
chelidonine towards mitochondria was considerably delayed and, probably, a secondary
and indirect one [14]. We have analyzed which could be the role of mitochondria in
defining rate and intensity of apoptosis. It was demonstrated that apoptosis induction is
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accompanied by following principal changes in mitochondria: 1) a decrease in the anti-
apoptotic proteins of Bcl-2 family; 2) an increase in the pro-apoptotic proteins of this
family (ex. Bax); 3) an elevation of intra-mitochondrial Ca®*; 4) a drastic decrease in
trans-membrane potential (wAm) and, as a result, a decrease in generated ATP; 5) a release
of mitochondrial protein — cytochrome C [3]. In most effects listed above, the action of
sanguinarine and chelerythrine was very fast (for example, these alkaloids induced a
release of cytochrome C from mitochondria to cytosol as soon as in 2 min after the start
of cell targeting), the action of chelidonine which is known from literature as the
cytoskeleton inhibitor [15] was significantly delayed and observed in 12-24 hrs [14].

While sanguinarine and chelerythrine (1 pg/ml, 3 h) caused drastic changes in the
ultra-structure of mitochondria (marked disordering of cristae and intra-mitochondrial
vacuolization) of CEM T-cells, chelidonine was un-effective there even in 4 pg/ml dose
[14]. These morphological changes are in agreement with the results of measuring the
mitochondrial trans-membrane potential estimated as amount of Rhodamine-123
accumulation in mitochondria. It should be noted that chelidonine did not affect that
indicator in 6 hrs, however, in longer terms (12 and 24 hrs) this alkaloid inhibited dye
accumulation in mitochondria. These data also correlate well with the effect of alkaloids
on the parameters of oxidative phosphorylation in the isolated mitochondria: there was a
significant inhibition of oxidative phosphorylation under the action of sanguinarine and
chelerythrine, while chelidonine was ineffective there. Finally, the differential effect of
studied alkaloids towards mitochondrial structure and functions can be well seen when
measuring of ATP content was conducted in human T-leukemia cells of CEM line.
There were no statistically significant changes at 1 hr time point of alkaloids’ action,
however, in 3 hrs ATP level decreased by approximately 60 % at the action of
sanguinarine and chelerythrine, while chelidonine did not affect ATP level in the treated
T-leukemia cells.

As noted above, the reactive oxygen species (ROS) can be an important player in
apoptosis scenario, particularly when the mitochondria are involved. For measuring the
effect of specific alkaloids on ROS production dihydroethidium reagent was used, and
the product was measured by FACS on FL3-H channel. It is know that N-acetyl-cysteine
(NAC) is an effective scavenger of ROS [16], and, thus, it was used for defining if the
alkaloids under study can realize their pro-apoptotic effects via induction of ROS
generation. We found that NAC was capable of blocking most effects of sanguinarine
and chelerythrine mentioned above, namely, a release of cytochrome C, activation of
caspases, DNA damage, level of mitochondrial trans-membrane potential, while this
ROS scavenger was not effective towards chelidonine induced proapoptotic effects. The
effect of sanguinarine and chelerythrine on ROS production was time and dose
dependent, and 30 min pretreatment of cells with NAC (5 mM) suppressed significantly
the effect of following 60 min treatment of cells with sanguinarine or chelerythrine.
Chelidonine did not induce rapid generation of ROS, and its very late effects here could
be secondary ones.

Thus, a multi-target action of specific alkaloids as apoptosis-inducing agents was
demonstrated. Blocking mitochondria as principal energy generating machine of cell is
leading to a start of apoptosis scenario expressed via different actions, such as
morphological changes in mitochondrial ultra-structure, various effects leading to a drop
of trans-membrane potential and a decrease in oxidative phospholyration and ATP level,
a release of cytochrome C and Ca?* flow into mitochondria. Altogether, these changes
lead to cell death. A principal question appears — why the eukaryotic cell entrusted its
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ancient endosymbiont — the mitochondria which is not capable of independent life —
diagnosing cell death and, moreover, cell killer role?
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PE3IOME

Poctucias CTOMKA

SAK MITOXOH/IPISI HEPETBOPIOETHCS 13 EHEPITOI'EHEPATOPA KJIIITUHU
Y BBUBIIO KJIITUHA

Incmumym 6ionoeii knimunu HAH Yxpainu,
eyn. [lpacomanosa 14/16, 79005 Jlvsis, Ykpaina
e-mail: stoika@cellbiol.lviv.ua

CTpyKTypHO-(YHKIIOHAIBHI 3MiHH B KIITHHAX, [0 THHYTH OUIIXOM allONTO3Y, MAIOTh CUCTEMHHI XapaKTep
i BiZOYBaIOTHCS HA Pi3HHUX PIBHAX KIITHHHOI OpraHizamii, a came B IUIa3MaTHYHIA MeMOpaHi, [IMTO30Ii, MiTO-
XoHIpisX 1 szapi. Ilpu mpoMy HEOOXiZHO BiI3HAYUTH, IO MITOXOHIpIi BiAIrpaloTh TYT IBOSKY pOJb. 3a
HOPMAJIbHUX YMOB IIi OpraHeiy 3a0e3MeuyloTh eHEPreTHYHHMHU PECYpPCamMi OUIBIIICTb MPOLECIB KUTTEJiSIIBHOCTI
KJTITUHY, TOAIL SIK 32 Jii eKCTpeMalbHUX YMHHHKIB (TOKCUYHI PEUYOBHHH, y T.d. MPOTUITYXJIHMHHI IperapaTH, U
PEHTTeHIBChbKE BUIPOMIHIOBAHH) BOHU CTAIOTh «BOMBIIIMID BIAaCHHUX KIITUH. Lleil xyanmism y il MiTOXOHApiH
MPOSIBIIETBCS Y Pi3HUX (opmax. J[o ckiaxy MiToxoHzapianbHOi MeMOpaHu BXomsth Oinku Bcl-2 i Bel-XL,
MiJIBUIICHUI PIBEHD SKUX MPOTHUJIE aroNTo3y, TOAI SK IepeBakaHHs TaM iHImMX OinkiB, Bax i Bid, criopigne-
Hux 10 Bel-2, HaBnaku, cnpusie anmonto3y. Y MaTpUKCi MiTOXOHPiH MicTHTBCS LUTOXpoM C, KUl € )KUTTEBO
Ba)KIMBUM IS 3IHCHEHHS MK OpraHeqaMu (YHKIII eHepro3abe3HneueHHs KIITHHY, i B TOH ke Jac IpocTe
«BUTIKAQHHS» LBOTO OlNka 3 MITOXOHAPIH y LHUTOIUIA3My cCTa€ abCOMIOTHO CMEPTEIbHHM JUIsl KITITHH.
AxTuByIOuH B IuTomuiasMmi Oinok Apaf-1, #oro xomruiekce i3 muroxpomom C y IMomanbIIOMy aKTHBYE Ie i
MIPOTEOTITUYHUH €H3UM IpoKacmasy-9, sika IpH [OMY HaOyBae 31aTHOCTI PO3MIEILIIOBATH TaK-3BaHI e(eKTOpHI
kacmasu 2, 3, 6, 7 i 10. OcranHi pyHHYIOTh BHYTpPIIIHbOKIITHHHI OLIKH, SKi € KPUTHYHO BXKITUBHMHU IS
3a0e3meueH s KUTTENSUIBHOCTI KIiTHH. Cepell MOoCepeHUKIB y peamizamii IporpaMu armonTo3y € aKTHBHI
tdopmu kucHO. Tomy OJI0KyBaHHS il iXHIX TeHEPATOPIB UM 3HEIIKOHKEHHS CAMHX IHX CIONYK i3 BUCOKOIO
peaKIifHOI0 3MaTHICTIO TAKOXK raJbMye€ IPOSIB O3HAK anonTo3y. Y poOOTi HaBeeHi AaHi JIiTepaTypH i pe3yib-
TaTH JOCIIPKEHb CIIIBPOOITHHKIB BiUIiTy, KEPOBAHOTO aBTOPOM, IIO0 MOXIIMBOCTEH BIUIUBY (CTHMYJIFOBAHHS
Y1 raJlbMyBaHHs) Ha BIIMUPAHHS KJITHH [IUIIXOM aronTosy.

Knrouosi croBa. CMepTh KIIITHHH, allONTO3, MITOXOH/PIs, MEXaHI3MH, aKTUBHI CIIOJIYKH KHUCHIO.
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