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Abstract 

Betulinic acid (BetA) is a naturally occurring triterpenoid with strong anti-cancer 

activity. It is effective against common cancer types and was shown to induce 

apoptosis via a direct effect on the mitochondria. This is largely independent of 

Bax and Bak, but can be inhibited by cyclosporin A, an inhibitor of the 

permeability transition pore. Importantly, blocking apoptosis does not rescue cells, 

indicating that alternative, caspase-independent cell death pathways such as 

necrosis or autophagy might be activated. Autophagy was initially discovered to 

act as a survival pathway, induced upon stress signals or starvation, but also plays a 

role in cell death. We hypothesized that upon BetA treatment autophagy is 

activated as a response to the mitochondrial damage. In agreement, mitochondrial 

concentric cristae are induced by BetA and preceded the formation of 

autophagosomal structures. Importantly, cyclosporin A prevented the induction of 

autophagy, suggesting that autophagy is activated as a response to the 

mitochondrial damage induced by BetA. However, autophagy-deficient cells 

showed enhanced BetA-induced cell death, which let us to conclude that autophagy 

is induced as a survival pathway rather than a cell death pathway. 
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Introduction 

BetA is a potent new anti-cancer agent with cytotoxic effects on cancer cells 

including cells derived from therapy resistant or relapsed tumors [1-5] whilst being 

non-toxic for healthy cells [6-8]. It was initially proposed to have a direct effect on 

the mitochondria and to induce Bcl-2 family of proteins-dependent apoptosis [9-

11]. However, we previously showed that even though Bcl-2 over-expression can 

provide short term protection, Bax/Bak double-deficiency does not protect cells 

from BetA induced apoptosis [12]. Moreover, caspase inhibition was not able to 

rescue BetA-treated Jurkat T leukemia cells from cell death. There was no 

difference observed in cell death as measured by PI exclusion in cells subjected to 

BetA in the presence or absence of the pan-caspase inhibitor zVAD.fmk. At the 

same time, caspase-3 and PARP cleavage were effectively blocked [4]. A separate 

study also concluded that treatment of SHEP neuroblastoma cells with BetA and 

TRAIL involves, next to caspase-dependent, caspase-independent mechanisms 

[13]. Despite the existence of multiple downstream cell death mechanisms, 

cyclosporin A (CsA), an inhibitor of the permeability transition pore, was able to 

protect BetA treated cells from cytochrome c release, apoptosis and cell death [12]. 

This suggests that apoptosis is not the sole cell death pathway in BetA-treated cells, 

but that cell death depends on mitochondrial insults that are counterbalanced by 

CsA. We therefore hypothesized that the mitochondrial damage induced by BetA is 

not compatible with life and that other cell death pathways apart from apoptosis are 

induced in BetA-treated cells. Alternative cell death pathways include necrosis, 

mitotic catastrophe and autophagic cell death [14]. Necrosis or necroptosis, a 

highly regulated form of necrosis, is induced upon strong cytotoxic insults, 

mechanical injuries of cells or simply when apoptosis is blocked for example in the 

presence of zVAD.fmk [15]. Typical features include swelling, rupture of organelle 

membranes as well as the outer cell membrane and as a result the cell contents are 

released, often causing inflammation in vivo [14,16,17]. Mitotic catastrophe – as 

the name suggests – is induced upon treatments resulting in impairment of mitosis. 

It typically occurs when cell-cycle checkpoints are defective [18] and it is 

morphologically characterized by the presence of enlarged, multinucleated cells 

[14].  

Autophagy is a highly conserved and complex process, which is activated typically 

during nutrient starvation. It involves several steps including sequestration, 

degradation and amino acid/peptide generation [19]. This is achieved via induction 

of an isolation membrane that surrounds cytoplasmic components including 

organelles (cargo) and formation of the so called autophagosome. The 

autophagosome is surrounded by a double membrane, which allows the subsequent 

fusion of the outer membrane with the lysosome to form the autophagolysosome. 

Lysosomal enzymes will then degrade the cargo to release monomeric units to the 

cytosol to be reused [19,20].  

Autophagy serves primarily as a survival pathway but in recent years autophagy 

formation has also been associated with programmed cell death [21].  
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Here we describe the formation of autophagosomal structures upon treatment with 

BetA and their role in BetA-induced cytotoxicity. The formation of these 

autophagosomal structures was prevented in the presence of CsA. Furthermore we 

show that the mitochondrial damage induced by BetA involves morphological 

changes of the mitochondria, namely the formation of concentric cristae.  

 

Material and Methods 

Chemicals/antibodies:  
Betulinic acid (BioSolutions Halle, Germany, ABBC'-,!# D5'E"&'9#&&$4<89'#%'FGHI'" 'J'31234'"%9'

stored at -80°C. Propidium iodide (PI), ionomycin, 3-Methyladenine (3-MA) and cyclosporin A were 

purchased from Sigma-Aldrich. C14-valine (CFB75-50uCi) was purchased from Amersham and 

rapamycin from VWR. Anti-LC3 antibody (51-11) and anti-cytochrome c (clone 6H2.B4) were 

obtained from MBL and BD respectively. 

 

Cells:  
Caspase-9 knockout (Casp-9 ko) and control mouse embryonic fibroblasts (MEFs) were from Dr. 

Richard Flavell (Yale, New Haven, USA) HeLa cells and MCF-7 cells were derived from the ATCC, 

while MCF-7 cells over-expressing LC3-GFP were generated as described [22]. ATG5 knockout and 

its control MEF were kindly provided by Noboru Mizushima [23] and the ATG7 knockout and their 

respective control MEF were obtained from Masaaki Komatsu [24]. All cells were cultured in IMDM 

supplemented with 8% FCS, 2 mM L-glutamine, 100 U/ml penicillin and 100 01234 streptomycin. 

 

Cell death analysis and cytochrome c release by FACS staining:  
Cells in suspension were incubated with 1 µg/ml PI prior to analyzing them via flow cytometry. 

Cytochrome c release was performed as previously described [12,25]. Briefly, after trypsinization, 

cells were incubated with 50 0g/ml digitonin in PBS with 100 mM KCl for 5-10 minutes. An aliquot 

of cells was used for trypan blue staining to monitor membrane permeabilization. Cells were fixed 

using 4% paraformaldehyde in PBS. After 30 minutes, cells were washed and incubated in blocking 

buffer (3% BSA, 0.05% saponin, 0.02% azide in PBS supplemented with normal goat serum, dilution 

1:200) for one hour at room temperature. Anti-cytochrome c staining was performed according to 

standard protocols and cells were subsequently analyzed by flow cytometry. 

 

LC3 fluorescence microscopy:  
MCF-7 cells over-expressing LC3-GFP were cultured in 24 well plates and treated with BetA and/or 

CsA for 20 hr. HeLa cells were transiently transfected with tandem fluorescent LC3 (mRFP-EGFP-

LC3, kindly provided by Yoshimori [26]) using Fugene 6 transfection reagent according to 

manufacturer’s instruction (Promega, Leiden, The Netherlands). 24 hours after transfection cells were 

treated with 10 µg/ml BetA. After treatment cells were fixed using 4% paraformaldehyde/PBS and 

subsequently analysed by microscopic analysis using a Zeiss Axiovert 200 fluorescent microscope.   

 

Western blot analysis:  
MCF-7 cells over-expressing LC3-GFP were lysed in Triton X-100 buffer and subjected to protein 

quantification using a BCA kit (PIERCE). 15 µg protein per lane were applied for SDS-PAGE. For 

subsequent blotting a PVDF transfer membrane (Amersham Biosciences) was used. Blocking of 

unspecific binding sites was performed overnight at 4°C in 5% low fat milk powder in PBS/0.2% 

Tween-20 (blocking buffer). Blots were then incubated with the primary antibody for 2 h at room 

temperature in blocking buffer. Membranes were washed and incubated again in blocking buffer with 

a secondary, HRP (horse radish peroxidase) labeled antibody. For chemiluminescent visualization, 

ECL (Amersham Biosciences) was used. 
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Degradation of long lived proteins:  
25000 MCF7 cells were seeded in 12 well plates. The next day cells were labelled with C-14 valine 

(50 µCi/ml 1:250 diluted in cell culture medium). After one day a cold chase using cell culture 

medium only was performed before adding BetA or rapamycin for various time points. Supernatants 

were collected separately from cells and both were precipitated for 30 minutes on ice in 10% TCA 

(trichloroacetic acid). Precipitates were collected via centrifugation for 10 minutes at 10000 rpm and 

subsequently dissolved in 0.5m NaOH. Radioactivity in supernatant and cell samples was measured 

and the ratio determined. The relative degradation ratio in the control cells was set to “one” and 

compared to the degradation ratio in BetA and rapamycin treated samples.  

 

Electron microscopy:  
Cells were fixed overnight in 4% paraformaldehyde in 0.1M Na-cacodylate buffer (Ph 7.4). After 

fixation the cells were washed in 0.1M Na-cacodylate buffer (Ph 7.4) and osmicated for 1 hour in 1% 

OsO4 in distilled water and washed in distilled water. For contrast enhancement in the electron 

microscope, cells were block stained overnight in 1.5% aqueous uranyl acetate. Dehydration was 

done through a series of ethanol’s and embedded in epon LX-112 (ladd) and polymerized for 48 hours 

at a temperature of 60 °C. Ultrathin sections of 80 nm were cut on a Reichert EM UC6 with a 

diamond knife, collected on formvar coated grids and stained with uranyl acetate and lead citrate.  

Sections were examined with a Fei Technai-12 electron microscope.   
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Results 

Caspase-9 deficiency does not prevent BetA-induced cell death and 

cytochrome c release 

Our previous results showed that caspase inhibition with the chemical pan-caspase 

inhibitor zVAD.fmk did not provide protection from BetA-induced cell death 

despite clearly blocking apoptotic features such as caspase cleavage, PARP 

processing and DNA fragmentation [4]. BetA-induced apoptosis has been linked to 

the mitochondrial pathway of apoptosis [9-11]. The initiator caspase for this 

pathway is caspase-9, which is activated in a complex called the apoptosome. 

MEFs deficient for caspase-9 are able to resist BetA-induced caspase-3 and PARP 

processing [12]. Because zVAD.fmk only blocked apoptotic features, but not cell 

death in BetA-treated cells, we decided to investigate if cells deficient for APAF-1 

or caspase-9 die upon BetA treatment. We subjected wild-type, APAF-1 and 

caspase-9 deficient MEFs to BetA or serum withdrawal for 24 hours and 

subsequently analyzed cell death. Whereas the APAF-1 and caspase-9 deficient 

cells subjected to serum withdrawal were clearly protected from cell death, we 

observed no defect in BetA-induced cell death as measured by PI exclusion in 

these cells (Fig 1A). As expected, cytochrome c release was also still observed 

upon BetA treatment of caspase-9 and APAF-1 deficient MEFs (Fig 1B). These 

results suggest that the damage induced by BetA at the mitochondrial level is not 

capable of inducing apoptosis in apoptosome-deficient cells, but still is 

incompatible with life.  

 

Figure 1. Caspase-9 deficiency does not prevent from BetA induced cell death  

(A) Wildtype (wt), APAF-1 deficient (APAF ko) or caspase-9 deficient (casp-9 ko) mouse embryonic 

fibroblasts were subjected to 15 µg/ml BetA or FCS withdrawal for 24 hours. Cell death was assessed 
via PI exclusion. 

(B) Wildtype (wt), caspase-9 deficient (casp-9 ko) and APAF-1 deficient (APAF-1 ko) mouse 

embryonic fibroblasts were treated with various concentrations BetA for 21 hours and cytochrome c 

release was assessed.  
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BetA induces mitochondrial morphology changes 

To further evaluate the nature of the mitochondrial damage induced by BetA we 

analyzed BetA-treated cells via transmission electron microscopy (TEM). The 

mitochondria showed a typical structure in untreated HeLa cells with classic 

longitudinal cristae being observed. In contrast, in BetA-treated HeLa cells the 

mitochondria were more electron dense with a marked change in the inner structure 

of the mitochondria. Concentric instead of longitudinal cristae were observed 

concentric (Fig 2A). To rule out that the induction of concentric cristae is a cell 

type-specific effect, we also analyzed BetA-treated MCF7 cells and obtained 

similar results. TEM of control MCF7 cells displayed a less clear-cut mitochondrial 

morphology, but also in MCF7 cells BetA treatment disrupted the mitochondrial 

structure and induced the formation of concentric cristae (Fig 2B). Pre-treatment 

with CsA, which we reported to prevent BetA-induced death, only slightly 

weakened these effects on the mitochondria (Fig 2B), suggesting that it either is a 

to a large extent independent effect or upstream of the CsA inhibited step. 

 

Figure 2. BetA induces mitochondrial morphology changes  

(A) HeLa cells were subjected to 7.5 µg/ml BetA for 18 hours and analyzed via electron microscopy. 

(B) MCF7-LC3-GFP cells were treated for 18 hours with 10 µg/ml BetA alone or in combination with 

5 µg/ml CsA and analyzed via electron microscopy.  



 

 

106 | P a g e  

 

BetA induces autophagy 

BetA induces severe mitochondrial changes (Fig 2), which implies that energy 

maintenance may be hampered as well and mitochondrial replacement and/or 

repair is required. Mitochondrial damage has been associated with autophagy, with 

the term mitophagy specifically describing the elimination or turnover of 

mitochondria via autophagy [27]. Autophagosome-formation requires two 

conjugation systems, one involving LC3-I (light chain-I) conjugation to 

phosphatidylethanolamine (PE). A common way to monitor autophagy is to 

analyze processing of LC3-I to PE-conjugated LC3-II via immunoblotting. The 

amount of LC3-II closely correlates with the number of autophagosomes, but it is 

important to note that LC3-II itself is also degraded during the process of 

autophagy, therefore results have to be evaluated with caution [28,29]. Ionomycin, 

a classic inducer of autophagy [22], resulted in enhanced LC3-II levels in MCF7 

cells as compared to the DMSO-treated control cells (Fig 3A). BetA had a similar 

effect on LC3 processing in these cells, but was clearly more potent than 

ionomycin (Fig 3A). For classic, starvation-induced autophagy, class III 

phosphoinositide 3-kinase (PI3K) is required [22]. In agreement, ionomycin-

induced autophagy, which is associated with this mTOR (mammalian target of 

rapamycin) regulated pathway, is prevented by 3-methyladenine (3-MA), an 

inhibitor of class III PI3K. BetA-treated cells on the other hand did not show a 

decrease in LC3-II in the presence of 3-MA (Fig. 3A), suggesting that BetA-

induced autophagosome-formation might be induced via a different pathway or is 

too potent to be inhibited by 3-MA.  

Conjugated LC3 (LC3-II) is associated with autophagic membranes and 

accordingly fusion of LC3 to green fluorescent protein (GFP) can be used to detect 

autophagosomes [29]. In untreated cells, LC3-GFP is evenly dispersed in the cells, 

with a slight preference for the nucleus, whereas in cells where autophagy is 

induced, LC3 translocation is evident [29] (Fig. 3B). In MCF7-LC3-GFP cells 

treated with BetA, autophagosomal structures were clearly distinguishable (Fig 

3B). However, LC3-translocation was only limited after 6 hours of BetA treatment, 

while treatment with the classic autophagy-inducer rapamycin, already caused a 

high level of LC3-translocation at this timepoint. After 20 hours on the other hand 

LC3-GFP punctuate staining was massive in the BetA-treated cells and even more 

pronounced than after treatment with rapamycin (Fig 3B).  

Both, detection of LC3-II via immunoblotting and LC-3-GFP translocation only 

resemble the amount of autophagosomes present at a certain time-point, but do not 

give information about the cause of this phenotype. It is possible that an increased 

number of autophagosomes is caused by an inhibition of the basal autophagic flux 

(e.g. via inhibition of fusion of autophagosomes with lysosomes or defective 

degradative function of lysosomes) rather than by induction of more autophagy 

[30].  Especially because 3-MA did not block BetA induced LC3 processing and 

because lysosomal cell death is an important alternative cell death pathway we 

analysed whether BetA acted as an inhibitor rather than as an inducer of autophagy. 
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To evaluate this possibility we measured degradation of long lived proteins, which 

are in part degraded by autophagy. Rapamycin clearly induced degradation of long 

lived proteins after both 6 and 20 hours (Fig 3C). For BetA-treated cells 

degradation of proteins appeared delayed after 6 hours, but at 20 hours it was more 

pronounced as compared to rapamycin-induced degradation (Fig 3C). This is 

consistent with the timing observed for the appearance of autophagosomes and 

indicates that activation of autophagy is likely the reason for an increased number 

of autophagosomes in BetA-treated cells. Because degradation of long lived 

proteins is not solely specific for autophagy and cannot discriminate between 

proteasomal- and autophagosomal degradation we verified our results by a more 

specific assay using tandem fluorescent LC3 tagged by RFP and eGFP [26]. As 

RFP is pH stable, it will remain fluorescent after fusion of the autophagosome with 

the lysosomal compartment, while GFP loses its fluorescent activity. This therefore 

allows detection of autophagic flux by simply observing the formation of red 

fluorescent lysosomes from green/red fluorescent autophagosomes. Using this 

approach we observed that BetA treatment induced a functional autophagic flux 

(Fig 3D). 
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Figure 3. BetA induces autophagy  

(A) MCF7-LC3-GFP cells were treated with either 5 µg/ml BetA  or 10 µM Ionomycin for 48 hours 

either alone or in combination with 10 mM Methyladenine (3-MA). For combination treatments cells 

were pre-incubated with 3-MA for 1 hour. LC3 processing was assessed via immunoblotting. Results 
for endogenous LC3 are shown.  

(B) MCF7-LC3-GFP cells were treated with 10 µg/ml BetA or 1 µM rapamycin and after 6 and 20 
hours cells were analyzed under a fluorescence microscope.  

(C) MCF7 cells were treated with indicated concentrations of BetA or rapamycin and after 6 and 20 
hours degradation of long lived proteins was measured. 

(D) Transiently transfected HeLa cells were treated with 10 µg/ml BetA for 20 hours and analyzed by 
fluorescence microscopy. 
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Autophagy serves as a rescue pathway, not as an alternative cell death 

pathway in BetA-treated cells 

Autophagy, even though initially regarded as a cell survival pathway, has a role in 

dying cells as well and has been suggested to serve as a balancing mechanism 

between cell survival and cell death [20]. We hypothesized that an over-response in 

autophagy could explain the cell death observed after BetA treatment in cells 

deficient in the execution of apoptosis. 

Autophagy is detectable already at low, non-toxic BetA concentrations (5 µg/ml) 

and we reasoned that it is primarily induced as a rescue pathway, but that at higher 

BetA concentrations autophagy is induced beyond a certain threshold and shifts the 

balance from cell survival to cell death [31]. To test this theory we used mouse 

embryonic fibroblasts (MEFs) deficient for either ATG5 or ATG7, two crucial 

regulators of autophagy and treated them with various concentrations of BetA. 

Interestingly, in the absence of autophagy BetA-induced cell death was even more 

enhanced (Fig 4A, B), indicating that autophagy serves primarily as a survival 

pathway in BetA-treated cells and does not play a role as an alternative cell death 

pathway. Also zVAD.fmk, a pan-caspase inhibitor could not prevent enhanced cell 

death in autophagy-impaired MEFs (Fig 4A, B). These results suggest that BetA-

treated cells ultimately die via an autophagy as well as caspase -independent 

mechanism.  

 

 

Figure 4. Autophagy serves as a rescue pathway, not as an alternative cell death pathway in BetA 

treated cells 

Mouse embryonic fibroblasts lacking either ATG5 (A) or ATG7 (B) and their respective control cells 

were subjected to different concentrations of BetA for 24 hours in the presence or absence of 20 µM 
zVAD.fmk and cell death was measured via PI exclusion. 
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Cyclosporin A blocks BetA induced formation of autophagosomes 

Typical inducers of autophagy include rapamycin, a direct inhibitor of mTOR 

(mammalian target of rapamycin), nutrient starvation and free cytosolic calcium 

[22,32] whereas 3-methylalanine (3-MA), wortmannin and PI3 kinase inhibitors, 

can block autophagy induced by afore mentioned triggers. BetA-induced 

autophagy, however, could not be blocked by 3-MA (Fig 3A) and wortmannin 

(data not shown). Previously, we have shown that cyclosporin A (CsA) is able to 

prevent BetA-induced cytochrome c release and apoptosis [12]. To test whether 

BetA-induced autophagy is also prevented by CsA we treated MCF7-LC3-GFP 

cells with BetA alone or in combination with CsA. Autophagosome formation was 

clearly inhibited in the presence of CsA (Fig 5), suggesting that BetA-induced 

autophagy is a consequence of the BetA triggered mitochondrial damage. 

 

 

Figure 5. CsA blocks BetA-induced autophagosome formation  

MCF7-LC3-GFP cells were treated with 10 µg/ml BetA for 24 hours in the presence or absence of 5 

µg/ml cyclosporin A (CsA) and analyzed under a fluorescence microscope. 
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Discussion 

BetA has been found to be a promising anti-cancer agent with apoptosis-inducing 

effects, which are independent of Bax and Bak but dependent on the permeability 

transition pore [12]. Here we show that BetA-induced cellular responses are 

complex and we reveal autophagy as a phenomenon induced by BetA (Fig 3). 

Although BetA has clear cell death inducing capacities, the autophagic response is 

induced as a survival pathway and not as an alternative cell death pathway (Fig 4A, 

4B). This might explain why BetA-treated cells can withstand cell death for a 

longer period of time than typical apoptosis-inducers like CD95 activation or 

etoposide treatment. The latter two cause clear apoptotic features in Jurkat T 

leukemic cells already after 12 hours or earlier, whereas the first evidence of 

apoptosis/cell death upon BetA treatment is occurring only after 24 hours in these 

cells [4,33].  

Even though our results suggest that autophagy does not primarily serve as a cell 

death pathway it is conceivable that it does play an indirect role in the toxicity 

exerted by BetA. Autophagy is already induced at low, non-toxic BetA 

concentrations (5 µg/ml, Fig 3A and data not shown), again hinting to a survival 

rather than a cell death-inducing function for autophagy. At such low BetA 

concentrations autophagy may succeed in re-establishing cell homeostasis with the 

outcome that cells survive [31]. At higher BetA concentrations, however, 

autophagy may keep the balance up for a limited period of time, after which the 

damage induced by BetA is too massive to be successfully counteracted by 

autophagy and results in cell death. The definite role of autophagy in this context 

still has to be unravelled, but autophagy is likely not crucial for BetA-induced cell 

death because cells deficient for ATG5 or ATG7 are not protected and are in fact 

even more sensitive to BetA-induced cell death (Fig 4).  

An interesting connection between BetA-induced apoptosis and autophagy is the 

fact that both are efficiently inhibited by CsA, an inhibitor of the permeability 

transition pore (Fig 5) [12]. This hints to a scenario in which both pathways are 

triggered by a common upstream event that is related to the function of CsA. At 

this stage the precise molecular targets of BetA are not known but the mitochondria 

have been clearly shown to be involved. Interestingly we found that in BetA-

treated MCF7 cells the mitochondrial structure is strongly affected (Fig 2B). 

Combined with the lipophilic nature of BetA, this might indicate an effect of BetA 

on mitochondrial membranes. Of note, it has been reported previously that BetA-

induced damage is possibly associated with mitochondrial damage because alpha-

DL-tocopherol (vitamin E), a lipophilic antioxidant was able to prevent tumor cells 

from BetA-induced apoptosis [34]. In contrast, hydrophilic antioxidants such as L-

ascorbic acid (vitamin C) and N-acetyl-L-cysteine (l-NAC) did not provide 

protection against BetA induced cytotoxicity [34]. Here we show that the inner 

structure of the mitochondria was completely remodeled upon BetA treatment with 

the formation of concentric cristae (Fig 2A, 2B). How these concentric cristae 

relate to BetA-induced apoptosis and autophagy is not yet clear but such structures 
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have been associated with mal-functioning mitochondria, for example in patients 

with Barth syndrome [35]. Barth syndrome is characterized by a mutation in the 

tafazzin gene. Tafazzin is an important cardiolipin remodeling enzyme [36]. 

Cardiolipin is a crucial structural mitochondrial lipid that orchestrates oxidative 

phosphorylation. Moreover, it is involved in opening of the permeability transition 

pore and release of cytochrome c from the mitochondria [37]. Our preliminary 

observations indicate that BetA indeed modifies cardiolipin (data not shown), 

which may thus be an important trigger for the observed changes in the 

mitochondrial structure, contributing to the opening of the permeability transition 

pore and the subsequent release of cytochrome c. Mitochondrial damage would in 

that scenario first be expected to activate autophagy (mitophagy) in order to 

eliminate damaged mitochondria, but if the damage is too massive and can’t be 

controlled by autophagy anymore, it would result in release of cytochrome c to the 

cytosol, activation of the caspase cascade and apoptosis. In cells with impaired 

apoptosis the mitochondrial damage would then also not be compatible with life 

and cells would die via other, caspase-independent mechanisms. Importantly, CsA, 

a specific inhibitor of PT-pore opening did not appear to sufficiently prevent the 

structural changes in the mitochondria, although it quite effectively blocked cell 

death and autophagy. This suggests that mitochondrial changes precede PT-pore 

opening and that the detrimental effects can be prevented when the pore is kept in a 

closed conformation. Further experiments are needed to prove this hypothesis, but 

our current data do provide compelling evidence for a non-classical, but central 

role of the mitochondria in BetA-induced cell death. 
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