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Betulinic acid (BetA) is a member of naturally occurring, plant derived 

triterpenoids with strong anti-cancer effects. Since the mid-90
th
 of the last century 

it has been extensively studied as a potential new anti-cancer and anti-HIV drug. 

However, whereas derivatives of BetA have already reached clinical trial phase for 

HIV indication, its development as anti-cancer drug is still in preclinical stage. The 

step towards patients is hindered by two complicating features of BetA, which 

clearly constitute the biggest challenge for its further development. Firstly, its 

unique and distinct mechanism of inducing tumor cell death that involves several 

pathways. Although this would by itself not preclude clinical development, the 

complicated interactions between those pathways in different tumor types 

combined with a currently undefined, but potentially antagonizing interaction with 

other commonly used treatments makes development difficult and will require 

better insight and identification of the initial intracellular target of BetA. Secondly, 

the highly lipophilic character of BetA is hampering in vivo studies and thus 

clinical development as well as applicability. Sophisticated formulation strategies 

are needed to reach therapeutic concentrations at the target location, namely the 

tumor tissue. These features of BetA and of its non-oxidized precursor Betulin are 

summarized and discussed in this chapter. 

 

The role of apoptosis in BetA-induced cell death 

BetA was initially described as an apoptosis-inducing compound specific for 

melanoma [1]. It was quickly thereafter established that tumor cells from 

neuroectodermal origin are sensitive and that the BetA-induced apoptosis pathway 

did not involve the death receptor CD95 and, importantly, was also not p53 

dependent [2]. Instead, loss of mitochondrial membrane potential (MMP) and 

cytochrome c release was observed in BetA-treated cells, indicating that the 

mitochondria are involved. Further analysis using isolated mitochondria indeed 

revealed that BetA directly affects mitochondria [3,4], in contrast to other known 

triggers of the mitochondrial pathway of apoptosis, such as doxorubicin, 

cisplatinum or etoposide, acting upstream of the mitochondria [4]. Results obtained 

with Bcl-2 over-expressing SHEP neuroblastoma cells led to a model in which 

BetA induces apoptosis in a fashion that is dependent on the Bcl-2 family of 

proteins [4]. However, subsequent studies employing other cell types did not lead 

to consistent results in regards of the role of the Bcl-2 proteins [5]. Furthermore, it 

became also clear that the effect of BetA is not restricted to cancer cells derived 

from melanoma and neuroectodermal tumors but that it has a much broader 

efficacy [5]. But again, partly conflicting results were obtained in different studies. 

For example, glioma cells were initially found to be resistant [1] whereas in 

subsequent studies glioma cells as well as other brain tumor cells were sensitive 

towards BetA [6,7]. Also lung cancer cell lines were resistant in initial reports [1,2] 

whereas another study found different lung cancer cell lines (as well as cells 

derived from ovarian carcinomas) to be sensitive towards BetA [8]. Furthermore, 

BetA-induced cytotoxicity data were not yet known for other prevalent cancer 
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types, like colon and breast cancer at the time (2003) the work for this thesis 

started. Thus, one of the important issues that needed to be addressed was the 

reason underlying the contradictory results in published studies and the tumor 

selectivity of BetA-induced cytotoxicity.  

We first revealed that findings regarding the sensitivity of tumor cells for BetA 

were highly dependent on the type of measurement used. Big differences were 

observed between results obtained with apoptosis readouts, overall cell death 

assays, MTT assay (measuring cell viability) and clonogenic survival (chapter 2). 

This explained why for example lung cancer cell lines were resistant when specific 

apoptosis was measured [2] but sensitive in an anti-proliferative assay (MTT) [8]. 

Also HT-29 colorectal carcinoma and MCF-7 breast carcinoma cells were initially 

found to be resistant when an apoptosis readout was used [2] whereas in other 

reports, including ours, these cell lines were found BetA-sensitive when 

clonogenicity was analyzed (chapter 2). MCF-7 cells are known to lack functional 

caspase-3 with the consequence that downstream apoptotic events in these cells are 

impaired [9]. As such, it is not surprising that in apoptosis-specific readouts MCF-7 

was not found to be sensitive to BetA. Thus, with the knowledge that different 

readouts lead to differential results the reports are not necessarily contradicting, but 

instead provide clues to the working mechanisms of BetA. Our finding that the 

pan-caspase inhibitor zVAD.fmk prevented BetA-treated cells from undergoing 

apoptosis, but on the other hand did not provide protection against cell death, 

prompted the idea that BetA-induced cytotoxicity does not depend on the 

downstream apoptosis machinery, including caspase activity (chapter 2, 4, Fig 1). 

Despite the often contradictory results, the central involvement of the mitochondria 

in BetA-induced cell death (and apoptosis) is uniformly agreed upon as is 

described below. 

 

The role of the mitochondria in BetA induced cytotoxicity 

In SHEP neuroblastoma cells BetA-induced cytotoxicity is clearly dependent on 

Bcl-2 because over-expression of this protein provided protection against BetA-

induced apoptosis as measured by caspase and PARP cleavage [2], mitochondrial 

permeability transition, cytochrome c release and DNA fragmentation [3,4].  

Subsequent studies with tumor cells over-expressing Bcl-2 derived from other 

tumors types (T-cell leukemia, melanoma) provided less clear results, because the 

protective effect of Bcl-2 over-expression was only limited [10,11]. Furthermore, 

when expression levels of different members of the Bcl-2 family were analyzed in 

tumor cells derived from various cancer types, ambivalent results were obtained 

[7,12-15].  Apoptosis induction that is dependent on the Bcl-2 family of proteins 

requires Bax and/or Bak for cytochrome c release and as such Bax/Bak deficient 

cells are rendered resistant to a range of apoptotic stimuli [16]. However, in 

chapter 4 we showed that murine embryonic fibroblasts and human colon cancer 

cells (HCT 116) lacking functional Bax and Bak are sensitive to BetA with 

apoptotic features being induced, including cytochrome c release. Bcl-2 was able to 
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provide limited and short term protection in Jurkat and MCF7 cells. This indicates 

that changing the Bcl-2 rheostat in favour of anti-apoptosis at best results in a delay 

of BetA-induced apoptosis. Interestingly, in all cases (including SHEP 

neuroblastoma cells) inhibition of the permeability transition pore using 

bongkrekic acid [4] or Cyclosporine A (chapter 4) prevented BetA-induced 

cytotoxicity. Together, these results indicate that classical Bcl-2-family-dependent 

cytochrome c release is dispensable in BetA-induced cytotoxicity, while the 

permeability transition pore appears to be crucial (chapter 4, Fig 1). 

The precise molecular target(s) of BetA in the mitochondria are still unknown and 

it is also not clear to date if the effects on the permeability transition pore are direct 

or indirect. Results of the MTT assay point to the fact that the enzymatic activities 

in the mitochondria are affected by BetA treatment. Even in normal cells, which 

are resistant to BetA-induced cell death, a considerable decrease in MTT dye 

conversion was observed (our unpublished results). If and how this is related to 

BetA-induced cytotoxicity remains to be identified. Also, electron microscopy 

pictures showed clearly altered mitochondrial structures resembling concentric 

cristae, which have previously been observed in patients with Barth syndrome [17] 

(chapter 5). This rare disease is characterized by a mutation in the tafazzin gene 

causing alterations in cardiolipin [18]. Cardiolipin, a phospholipid that is located 

mainly in the inner mitochondrial membrane, is involved in numerous 

mitochondrial processes, such as electron transport chain activity and apoptotic 

processes including mobilization of cytochrome c [19,20]. It is conceivable that 

BetA as a highly lipophilic molecule might either directly or indirectly affect 

cardiolipin or other lipophilic components in the mitochondria. In agreement, we 

observed a rapid change in cardiolipin upon BetA treatment that resembles the 

changes observed in Barth syndrome patients. That is, cardiolipin becomes more 

saturated in its fatty acid side chains and thereby loses flexibility and functionality 

[18]. As cardiolipin interacts with proteins that make up the PT pore, it is 

reasonable to assume that such a modification can result in pore opening and 

subsequently cell death. Although this is difficult to prove, the observation that 

addition of saturated fatty acids synergizes with BetA to modify cardiolipin and 

induces cell death at least indicates that this modification is of importance (chapter 

5, Fig 1). 

The direct modification of the mitochondria by BetA suggests that BetA is an ideal 

candidate for combination treatment or adjuvant therapy of cancer. Due to its 

distinct working mechanism it might prove useful as a chemosensitizing agent, 

especially in regards with its apparent lack of toxicity on normal cells. In vitro 

experiments testing anti-cancer effects of a combination of BetA with TRAIL [21], 

doxorubicin, etoposide [22] or irradiation [13] indeed gave promising results. Also 

entirely new treatment regimens can be envisaged by combining BetA with other 

new potential drugs targeting the mitochondria such as gossypol [23], chelerythrine 

[24] or ABT-737 (a BH3 mimetic) [25].  Even though all three compounds have 

been identified as inhibitors of Bcl-2 proteins, only ABT-737 was found to induce 

cell death via apoptosis. Chelerythrine and gossypol on the other hand are 
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associated with mitochondrial damage which includes cytochrome c release [26], 

similar to BetA. Considering that the mitochondria are crucial organelles, a 

combination of mitochondria damaging drugs with different specific targets might 

proof useful to induce mitochondrial damage that is not compatible with survival of 

the tumor cells. Especially when higher concentrations of the single compounds are 

not feasible or unreachable in vivo this approach could be envisaged.  

 

The role of autophagy in BetA-induced cytotoxicity 

Interestingly, we discovered that BetA-treatment led to a rapid and rather massive 

accumulation of autophagosomes or more specifically aggregation of LC3-GFP 

(chapter 5). This accumulation is the result of an enhanced level of autophagy and 

was inhibited in the presence of Cyclosporine A (chapter 5). These data indicate 

that the trigger for induction of autophagy is the mitochondrial damage induced by 

BetA and not a direct autophagy-inducing effect of BetA.  Initially, we 

hypothesized that autophagy might serve as an alternative cell death pathway in 

cells with impaired apoptosis. Such scenarios have been reported for example for 

etoposide and staurosporine [27]. Autophagy depends on lysosomal degradation 

and drug-affected lysosomes in turn have also been reported to be causative in cell 

death [28]. Therefore, it will be important to analyze whether such a lysosomal cell 

death mechanism is induced during BetA-treatment. By its lipophilic character, 

BetA may directly or indirectly influence the lysosomal membrane properties 

causing lysosomal membrane permeabilization or, alternatively, BetA may act as a 

lysosomotropic agent like siramesine. Siramesine is a lipophilic compound that 

shares some interesting features with BetA such as induction of p53-, Bcl-2- and 

caspase independent cell death and induction of cytoprotective autophagosomes 

[29-31].  

As is the case for siramesine, also for BetA we found autophagy to act as a survival 

pathway (Fig 1), as cells lacking the essential autophagy gene products (ATG5 or 

ATG7) were found to be even more susceptible to BetA-induced killing (chapter 

5). Especially when considering the potent cell death-inducing effects of BetA, it 

first seemed contradictory that in parallel a massive survival response is induced. 

However, the latter phenomenon might simply reflect the amount of damage 

induced by BetA and may also explain why BetA-treated cells in general survive 

longer as compared to cells treated with other compounds, like etoposide or anti-

APO-1. It will be interesting to explore the amount of autophagy induced in 

healthy cells upon BetA-treatment, because these are much more resistant towards 

BetA as compared to tumor cells. In case autophagy would be also induced in 

resistant, healthy cells this would further substantiate that autophagy serves as an 

intracellular survival mechanism after treatment with BetA.  
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Figure 1: Model of BetA induced cytotoxic effects on tumor cells:  

BetA treatment of tumor cells leads to massive remodelling of the mitochondria which is possibly 

induced through changes in cardiolipin side chain saturation. BetA induced permeability transition 

(PT) pore opening and reduction of respiratory chain activity might also be indirect as consequence 

of cardiolipin modifications. PT pore opening in turn results in cytochrome c release and subsequent 

apoptotic and non apoptotic cell death as well as an increase in reactive oxygen species (ROS), 

reduction of the mitochondrial membrane potential (MMP) and enhanced autophagy. All PT pore 

opening related events can be inhibited in the presence of the PT-pore inhibitor Cyclosporine A 
(CsA). 

 

Differential effects of BetA on tumor and healthy cells 

A quite unique characteristic of BetA is its differential effect on tumor cells and 

healthy cells. Tumor cells are sensitive to BetA, largely independent of their origin, 

whereas healthy cells are to a large extent resistant (chapter 1) [8,12,13]. This 

hints to a scenario in which BetA – rather than targeting a specific pathway as is 

the case for other anti-tumor agents – hits a key-element that is vital for all tumor 

cells. Tumor cells are characterized by a number of alterations as compared to 

normal cells including virtually unlimited growth and replication, growth signal 
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autonomy and apoptosis- as well as anti-growth signal resistance [32]. Another 

major characteristic of tumor cells includes their changed metabolism. As was first 

shown by Otto Warburg, the glycolytic rate in tumor cells is much higher than in 

normal cells, even in the presence of oxygen [33]. Since the mitochondria are 

heavily affected by BetA and therefore likely also the metabolism is changed in 

BetA-treated cells, it is conceivable that this so-called Warburg effect may help to 

explain why healthy cells in contrast to tumor cells survive BetA-treatment. To 

prove this hypothesis, it needs to be established whether healthy cells are affected 

differently by BetA or if the initial response is the same but that healthy cells then 

manage to recover in a way that tumor cells cannot. The results of the MTT assay 

may point to the second scenario because also resistant cells show a sharp decrease 

in MTT conversion upon BetA-treatment (our unpublished results). Similar results 

were obtained when measuring ATP synthesis from glutamate/malate (our 

unpublished results) that appeared to be affected in BetA-resistant cells to an even 

greater extent than ATP synthesis in tumor cells (unpublished observation). 

Therefore, it can be hypothesized that in normal cells, pathways such as autophagy 

are activated which discard of damaged organelles (in particular mitochondria; 

coined as mitophagy [34]) and that these healthy cells, whilst being deprived of 

ATP remain in a “resting state” until energy becomes available again (e.g. through 

new mitochondria replacing damaged ones). Tumor cells, on the other hand, would 

initially keep proliferating with the extra energy-gain from enhanced glycolysis. 

Eventually, however, the energy requirements are not met any longer via glycolysis 

without sufficient support from the mitochondria and, thus, subsequently cells 

might die via a phenomenon that is called metabolic catastrophe. Metabolic 

catastrophe specifically describes the killing of tumor cells by means of inhibition 

of energy production or other modulations of tumor cell metabolism [35].  

Another difference between tumor cells and healthy cells is that the mitochondria 

of tumor cells contain highly elevated cholesterol levels as compared to normal 

cells [36]. Since BetA as a lipophilic molecule will likely co-localize with 

lipophilic parts of the cells such as mitochondrial membranes it is conceivable that 

the difference in cholesterol levels on mitochondrial membranes on cancer and 

healthy cells may also contribute to the differential effects of BetA. In case BetA 

would be specifically localized to cholesterol rich areas, membranes containing 

more cholesterol could be affected stronger e.g. via disturbed membrane fluidity 

[36] (see also in vivo section below, BetA liposome formulations with and without 

cholesterol) If that would be the case, one can speculate that the differential effect 

is already induced at the level of the plasma cell membrane. Of note, BetA and 

analogues have been reported to be effective as antimalarial agents via modifying 

erythrocyte membranes [37]. 

Until now it is not clear if and how BetA enters a cell but it can be envisaged that 

lipid rafts may play a role. Lipid rafts are protein containing sphingolipid and 
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cholesterol enriched areas which function as signalling and trafficking platforms 

[38].  

BetA in vivo 

The application of BetA has currently not yet progressed into the clinic. However, 

a derivative of BetA, Bevirimat, which is active against HIV-1 by inhibiting virus 

maturation [39], has been tested in phase I and II trials (NCT00511368, 

NCT01097070, NCT00967187). Furthermore, of note, currently a phase I/II study 

in Illinois is recruiting participants to test the safety and efficacy of a 20% BetA 

ointment for topical treatment of dysplastic nevi (ClinicalTrials.gov Identifier: 

NCT00346502).  

The first in vivo application of BetA by Pisha et al. resulted in a complete 

inhibition of tumor growth as well as regression of established tumors in a 

melanoma xenograft mouse model. In this study, BetA was co-precipitated with 

polyvinylpyrrolidone (BetA-PVP) and applied i.p. at concentrations up to 500 mg 

per kg bodyweight without observing any signs of systemic cytotoxicity [1]. 

Remarkably, no follow-up studies using BetA-PVP were published (except for one, 

analyzing the pharmacokinetic properties as well as BetA tissue distribution [40]) 

which may indicate that the used BetA formulation was suboptimal for in vivo 

application. Other groups investigating the efficacy of BetA in vivo, applied BetA 

either i.p. (in an ethanol/Tween-80/water formulation) or orally (using corn oil as 

vehicle). Although these studies were less successful than the aforementioned 

study, they also demonstrated a favourable anti-tumor effect of BetA in vivo [8,41]. 

At the start of the currently discussed thesis project, the biggest challenge for 

treatment with the very lypohilic BetA was to find a suitable way for its in vivo 

application. As we failed to reproduce positive treatment effects with any of the 

reported BetA formulations we set out to investigate whether liposomes could 

function as a delivery vehicle for BetA. Liposomes are vesicles made up of a 

phospholipid bilayer and an aqueous core and are used as carrier for some 

lipophilic drugs such as doxorubicin [42]. Liposomes exist with different sizes, 

either large liposomes or small liposomes (0.1 – /6M'03), also referred to as long-

circulating liposomes. The latter class has distinct advantages because this type of 

liposomes is passively targeted to the site of tumor through enhanced permeability 

in the tumor blood vessels as compared to blood vessels in non-tumor tissue [43]. 

BetA incorporation in small liposomes turned out to be less efficient as hoped and, 

furthermore, the incorporation of BetA rendered liposomes more rigid as compared 

to control liposomes. Therefore, different types of liposomes were investigated for 

their BetA payload and rigidity upon BetA incorporation. We developed a suitable 

liposomal BetA formulation for in vivo application using large liposomes 

assembled without cholesterol. Normally, cholesterol is used to stabilize liposomes, 

but because BetA fulfils a similar role the liposomes could be assembled without 

cholesterol and were still stable. Thus the absence of cholesterol rendered the 

liposomes stable without being too rigid. Interestingly, both oral and i.v. 
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administration resulted in significantly reduced tumor growth, although under the 

current treatment regiments BetA could not prevent tumors growth completely. 

This indicates that an improvement of the current formulation is still necessary 

(chapter 3). In this context it will be interesting to also explore other approaches, 

such as use of cyclodextrins as a drug vehicle or the development of BetA-micelles 

or emulsions. Polymeric micelles are nano-assemblies of amphiphilic block co-

polymers that hold great promise as drug carriers for hydrophobic drugs [44]. 

Similarly, isotropic mixtures of oils called self-emulsifying drug delivery systems 

(SEDDS) might be an alternative approach for oral delivery of BetA [45]. Also 

cyclodextrins, which consist of oligosaccharides and have a broad application, 

including foods and cosmetics, should be tested as potential BetA delivery method 

to increase in vivo solubility [46]. 

 

Anti-cancer activity of Betulin:  

Betulin, the precursor molecule of BetA, is due to its broad availability in the plant 

kingdom considered as an important source for the latter one [47]. Conflicting 

results were obtained previously with regards to its efficacy against cancer cells 

[48-52]. We found it to be effective against various cancer cell lines using PI 

exclusion assay (chapter 6). A recent report also demonstrated sensitivity of 

various cancer cell lines to Betulin via MTT assay [53].  However, our unpublished 

results suggest that similar to BetA, also for Betulin this readout is not consistent 

with other apoptosis or cell death readouts. Interestingly, as a serendipitously 

acquired observation, the presence of cholesterol strongly enhanced the 

cytotoxicity induced by Betulin. Importantly, such a phenomenon was not observed 

when cells were co-treated with BetA and cholesterol, although the mechanisms of 

tumor cell death induction by both compounds are very similar. Bcl-2 over-

expression or Bax/Bak double-deficiency had no protective effects whereas the 

presence of Cyclosporine A provided complete protection from 

Betulin/cholesterol-induced apoptosis and cell death (chapter 6). It is important to 

analyze in future experiments the effects of Betulin in combination with cholesterol 

on healthy cells. In this context it will be critical to establish in vivo models to test 

the safety and efficacy of Betulin. Especially harmful with regards to safety might 

be the strong cytotoxic-enhancing effects of cholesterol, which may also be 

induced by cholesterol present in blood plasma in animals and humans. An 

advantageous application of Betulin and cholesterol as compared to BetA, on the 

other hand, could be envisaged by using cholesterol-containing liposomes as a 

carrier for Betulin. Because of the strongly enhanced cytotoxicity in the presence 

of cholesterol, the Betulin concentrations reached might be sufficient for effective 

tumor growth inhibition.  
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Relevance and outlook 

A major problem for treatment of oncology patients are adverse events induced by 

anti-cancer treatments. These can often be severe and have a huge impact on the 

quality of life for the patient. Therefore it is crucial to find new therapies with less 

severe adverse drug reactions. BetA being non-toxic might be the perfect 

candidate, although in itself it has only moderate anti-tumor effects in vivo in 

formulations suitable for human treatment. The reason for that is likely that a high 

concentration is required as compared to other chemotherapies and that such a high 

concentration is difficult to reach in vivo. As such BetA might be an ideal addition 

in chemotherapy regimens or suitable as an adjuvant or neo-adjuvant therapy due 

to its unique anti-cancer properties. These importantly include lack of cytotoxicity 

in healthy cells in vitro [8,12,13,54] as well as in vivo [1] whereas at the same time 

BetA or BetA-derivatives exert very strong anti-tumor effects, even in cells derived 

from therapy resistant and refractory tumors [8,10,41,55-57]. Because of its non-

toxicity, adding BetA to the treatment regimen will likely not pose an extra health 

disadvantage to patients whereas it should significantly increase the effectiveness 

of the treatment.  

Although we made several important steps as discussed in this thesis, one of the 

most important challenges still is the unraveling of the precise molecular target(s) 

of BetA in order to fully understand those unique anti-cancer mechanisms. This 

will help to pre-clinically develop BetA itself. Based on that knowledge it may be 

possible to design entirely new anti-cancer drugs or BetA derivatives in a precise, 

targeted way. The advantage of potential new drugs in comparison to BetA and 

Betulin could be enhanced solubility and therefore easier in vivo application. Also 

for the development of combination therapies, with either BetA itself or drugs 

derived from it, it will be important to understand the pathways involved in order 

to predict if effects will be more likely synergistic/additive or antagonistic.  

In cancer treatment, the specificity of the therapy is the cornerstone making a drug 

or treatment attractive. Therefore, deciphering how healthy cells manage to escape 

the effects of BetA whilst tumor cells cannot remains a prime goal and, once 

discovered, will be a huge step towards exposing the Achilles heel of cancer. 
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