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Role of mitochondrial permeability transition in 
taurine deficiency-induced apoptosis
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Taurine is a beta-amino acid found in very high concentrations in 
excitable tissues (1). Although taurine was discovered more than 

100 years ago, only recently have studies explored its potential physio-
logical functions, which include osmoregulation, immunoregulation, 
modulation of ion transport, determination of energy metabolism and 
regulation of cholesterol metabolism (1-5). Many of these taurine func-
tions are mediated by taurine conjugation products (2,3,5). The most 
recently discovered conjugation product, 5-taurinomethyluridine-
tRNALeu(UUR), which is formed in the wobble position of tRNALeu(UUR), 
stabilizes U-G pairing in the anticodon loop of the transfer RNA 
(tRNA), resulting in efficient decoding of UUG (5,6). Thus, by dimin-
ishing the formation of 5-taurinomethyluridine-tRNALeu(UUR), taurine 
deficiency decreases the rate of UUG-dependent mitochondria-encoded 
protein synthesis, leading to impaired assembly of respiratory chain 
complexes. Through this series of events, taurine is a key determinant of 
oxidative phosphorylation and the rate of mitochondrial superoxide 
generation; the latter arises from the diversion of electrons from the 
respiratory chain to the acceptor oxygen (4,7).

The evidence supporting taurine as a cytoprotective agent has been 
accumulating (8). According to Lang et al (9), preloading Jurkat T 
lymphocytes with taurine significantly inhibits Fas-induced DNA frag-
mentation and apoptotic cell shrinkage. Because taurine loss contributes 
to cell shrinkage during apoptosis, Lang et al (10) suggested that taurine 
preloading prevents the apoptotic cascade from proceeding beyond the 
cell shrinkage step, implying that the cytoprotective actions of taurine 
are linked to its osmoregulatory function. However, taurine also modu-
lates calcium movement and superoxide generation, which are import-
ant determinants of cell survival (7,11,12). Therefore, the present study 
examined the involvement of reactive oxygen species and calcium 
movement in the initiation of cellular apoptosis of taurine-deficient 
cardiomyocytes.

Methods
Cardiomyocyte preparation
Neonatal cardiomyocytes were obtained from two- to three-day-old 
Wistar rats, as previously described by Grishko et al (13). Briefly after 
enzymatic homogenization, cells were preplated for nonmyocyte 

attachment. The unattached cells were then suspended in minimum 
essential medium, and supplemented with 10% newborn calf serum 
and 0.1 mM 5-bromo-2-deoxyuridine, before being plated and incu-
bated overnight. The serum-containing medium was replaced the next 
day with serum-substituted medium. The neonatal cardiomyocyte 
culture was maintained for two days at 37°C before treatment at vari-
ous time intervals with medium containing either 0 mM (control) or 
5 mM beta-alanine, which is a taurine transport inhibitor.

Cellular Ca2+ content
Control and beta-alanine-treated cardiomyocytes were loaded with 
2 µM Indo-1 for 20 min at 37°C. After rinsing, calcium transients were 
measured by confocal microscopy. Values for peak systolic intracellular 
calcium concentration [Ca2+]i, diastolic [Ca2+]i and the time required 
to achieve 90% relaxation are expressed as percentages of control. 
Data are expressed as the ratio of two wavelengths (F410/F490), which 
is proportional to [Ca2+]i.

Cellular taurine content and reduced/oxidized glutathione level 
analysis
Cells were homogenized in ice-cold perchloric acid (1 M) and 2 mM 
EDTA before being subjected to centrifugation, as described by 
Schaffer et al (14). The resulting supernatant was used to measure 
intracellular taurine content according to the Shaffer and Kocsis (15)  
method. Oxidized glutathione (GSSG) and reduced glutathione 
(GSH) levels were determined according to the glutathione assay kit 
(Cayman Chemical, USA).

Western blot analysis
Cytochrome c levels were determined by Western blot analysis. 
Following the method described by Grishko et al (13), cells were lysed 
and homogenized in ice-cold isolation buffer (pH 7.25 at 4°C). The 
homogenate was centrifuged twice at 800 g and then at 16,000 g. The 
resulting supernatant was defined as the cytosolic fraction and used to 
determine cytochrome c content. Protein concentration was deter-
mined by the bicinchoninic acid method, using bovine serum albumin  
as the standard. Samples were mixed with an equal volume of 5× 
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It has recently been shown that taurine deficiency leads to impaired respira-
tory chain function, resulting in reduced ATP generation and enhanced 
oxidative stress. Because cardiomyopathy develops in taurine-deficient ani-
mals, the hypothesis that mitochondrial oxidative stress may contribute to 
the development of cardiomyocyte dysfunction and cell death was tested. 
Isolated neonatal cardiomyocytes incubated in medium containing the tau-
rine transport inhibitor, beta-alanine, lost nearly one-half of their cellular 
taurine content after 48 h. Accompanying the loss of taurine was a time-
dependent increase in apoptosis, which was prevented by the mitochondrial 

permeability transition inhibitor, cyclosporin A. Two taurine-dependent fac-
tors, oxidative stress and calcium overload, serve as important regulators of 
the mitochondrial permeability transition. Although taurine deficiency 
slowed the removal of calcium from the cytosol, it had no effect on diastolic 
calcium content and only modestly reduced systolic calcium content, sug-
gesting that calcium overload is not the trigger for mitochondrial permeabil-
ity transition pore formation. On the other hand, the glutathione redox ratio 
was significantly altered in the taurine-deficient cardiomyocyte, suggesting 
that oxidative stress is the primary initiator of mitochondrial permeability 
transition and apoptosis in the taurine-deficient cardiomyocyte.
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electrophoresis sample buffer, and were then subjected to one-
dimensional electrophoresis on a 12% sodium dodecyl sulfate poly-
acrylamide gel. The proteins were then transferred to nitrocellulose 
membranes and blocked before being incubated with the appropriate 
antibody. The Western blots were analyzed by the enhanced chemi-
luminescence reaction.

Annexin V and propidium iodide procedures
Cells were treated with either 0 mM (control) or 5 mM beta-alanine for 
48 h in the presence and absence of 200 nM cyclosporin A (CsA) – an 
inhibitor of the mitochondrial permeability transition (MPT) pore. The 
number of apoptotic cells were assessed using the TACS Annexin 
V-FITC kit (Trevigen, USA), as described by Ricci et al (16). 
Annexin V and propidium iodide staining were observed by fluores-
cence microscopy using an Olympus IX70 (Olympus America Inc, 
USA) inverted microscope. Five separate fields under the microscope 
were examined for bright green (apoptotic) and red (necrotic) nuclei.

statistical analysis
All results were reported as mean ± SEM. Statistical significance of 
the data was determined using Student’s t test for comparison within 
groups, and ANOVA combined with Tukey’s post hoc test for com-
parison between groups. P<0.05 was considered to be statistically 
significant.

Results
Incubation of isolated neonatal rat cardiomyocytes for 48 h with 
medium containing the taurine transport inhibitor, beta-alanine 
(5 mM), resulted in a 45% decline in cellular taurine levels. A time-
dependent increase in the number of apoptotic cells was associated 
with the loss of taurine (Figure 1).

Several pathways are believed to initiate the apoptotic cascade 
including receptor signalling coupled to caspase activation (17), endo-
plasmic reticular disruption (18) and two types of mitochondrial per-
meability changes (both of which release proapoptotic factors, such as 
cytochrome c, from the mitochondria) (19,20). Thus, to determine 
whether mitochondrial permeabilization is involved in beta-alanine-
mediated apoptosis, the release of cytochrome c from the mitochon-
dria was examined. As shown in Figure 2, taurine deficiency was 
associated with a fivefold increase in the amount of cytochrome c found 
in the cytosol of beta-alanine-treated cardiomyocytes. To determine 

which type of mitochondrial permeability event contributed to beta-
alanine-mediated apoptosis, the two types of mitochondrial permeabil-
ization were distinguished on the basis of their mechanism of 
permeabilization. In one type of permeabilization, referred to as MPT, 
a pore forms that spans the two mitochondrial membranes (20). In 
another mechanism, the outer mitochondrial membrane is permeabil-
ized by the oligomers Bax and Bak (19). To evaluate the importance of 
MPT in beta-alanine-mediated apoptosis, the effect of an MPT 
inhibitor, CsA, was examined. As shown in Figure 3, CsA com-
pletely prevented beta-alanine-mediated apoptosis, while having no 
effect on apoptosis in the control cells. Although cytochrome c also 
leaks from outer membrane permeabilized cells, Bax-mediated per-
meabilization does not appear to contribute to beta-alanine-mediated 
apoptosis, because the levels of phosphorylated Bad increase despite 
no alteration in the Bcl-2/Bax ratio (21). Cumulatively, these data 
suggest that activation of the MPT is a major initiating event in 
beta-alanine-mediated apoptosis.

MPT is highly regulated, with elevated [Ca2+]i and oxidative stress 
being key initiators of the process (22-24). The Ca2+ binding sites that 
serve as triggers of MPT face the mitochondrial matrix. Calcium-
mediated damage to the mitochondria is generally associated with the 
accumulation of large amounts of Ca2+ in both the mitochondria and 
the cytosol. Because [Ca2+]i fluctuations in the mitochondria and 
cytosol of the neonatal cardiomyocyte are broadly similar (24), insight 
into the effect of taurine deficiency on mitochondrial-free Ca2+ can be 
obtained by examining Ca2+ transients of taurine-deficient and 
taurine-replete cardiomyocytes. Figure 4 shows that the major effect 
of taurine depletion on the Ca2+ cycle is prolongation of the relaxa-
tion phase, as reflected by the 260% increase in the time required to 
achieve 90% relaxation. While [Ca2+]i remained elevated throughout 
much of the relaxation phase of the taurine-deficient cell, diastolic 

Figure 2) Cytosolic levels of cytochrome c (cyt c) in taurine-deficient cells. 
Cardiomyocytes were incubated for 48 h in medium containing or lacking 
(control) 5 mM beta (β)-alanine. The cells were then harvested and the 
cytosolic fraction was isolated. Cyt c content of the cytosol was determined 
by Western blot analysis. Upper panel: A representative gel of cytosolic cyt c 
and beta-actin content of control and beta-alanine-treated cells. Lower 
panel: Average levels of cyt c in the cytosol of control and beta-alanine-
treated cells. The cyt c data, which were normalized relative to beta-actin 
content, represent the mean ± SEM of three different cell preparations. 
*Significant difference between the control and beta-alanine-treated cells 
(P<0.05)

Figure 1) Relationship between cellular taurine content and apoptosis. Rat 
neonatal cardiomyocytes were incubated for various time intervals, in a 
medium containing the taurine transport inhibitor beta-alanine (5 mM). At 
each time interval, some cells were harvested and examined for taurine con-
tent. The number of apoptotic cells was also examined in other cell prepara-
tions. Cells incubated for 48 h with the normal medium contained identical 
taurine levels to cells forgoing the 48 h incubation (the zero-point control). 
Values shown represent the mean ± SEM of four to five different cell prep-
arations. *Significant difference between the control (zero time point) and 
the beta-alanine-treated group (P<0.05)
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Ca2+ content was unchanged, while systolic Ca2+ content was actually 
decreased by 14% relative to the control cell. Because some cells 
underwent apoptosis despite minor changes in diastolic and systolic 
[Ca2+]i, Ca2+ overload is unlikely to represent the major cause of MPT 
in the taurine-deficient cell. Therefore, it was examined whether 
mitochondrial oxidative stress might predispose the mitochondria to 
MPT pore formation (23). As shown in Figure 5, taurine deficiency 
was associated with a 45% decrease in the GSH/GSSG state. Because 
the MPT pore forms at very low GSH/GSSG ratios (25), it is likely 
that oxidative stress is the major trigger for the onset of apoptosis in 
the taurine-deficient cardiomyocyte.

disCussion
Cardiomyopathy develops in cats fed a taurine-free diet (26,27) and in 
taurine-deficient rats lacking the taurine transporter (28). The mech-
anism underlying the development of cardiomyopathy is poorly under-
stood. Based on results observed in the present study, it appears that 
apoptosis contributes to the development of myocardial dysfunction in 
taurine deficiency (29).

Apoptosis is also a common feature of the mitochondrial disease – 
MELAS (mitochondrial encephalomyopathy, lactic acidosis and 
stroke-like episodes) (30). In most MELAS cases, a mutation in the 
D-loop of tRNALeu(UUR) reduces the post-translational modification 
of a uridine moiety located in the wobble position of the tRNA. 
Because the post-translational modification of tRNALeu(UUR) stabil-
izes U-G pairing in the anticodon loop of tRNALeu(UUR), MELAS is 
associated with inefficient decoding of UUG, impaired synthesis of 
UUG-dependent mitochondria-encoded proteins and reduced res-
piratory chain activity (31). Although impaired ATP generation is a 
widely recognized consequence of reduced respiratory chain complex 
activity, oxidative stress also increases because electrons are diverted 
from the electron transport chain to the acceptor oxygen, forming a 
superoxide anion in the process. Thus, MELAS and taurine defi-
ciency are both associated with enhanced superoxide generation. 
However, in the case of taurine deficiency, the availability of the 
substrate (taurine) for the post-translational modification of 
tRNALeu(UUR) to 5-taurinomethyluridine-tRNALeu(UUR) is reduced; 
while in MELAS, a mutation in tRNALeu(UUR) alters the structure of 
the tRNA, resulting in a defect in the post-translational modifica-
tion of the wobble position uridine by taurine.

Mitochondria are highly sensitive to oxidative damage (16,25). 
Among the key targets of oxidants in the mitochondria is mitochondrial 
DNA (mtDNA). Although a DNA repair system is present in the mito-
chondria to restore mtDNA, the repair system can be overwhelmed, 
causing severe mtDNA oxidative damage that triggers mutations or 
impairs transcription of mitochondria-encoded proteins. Because 
reduced expression of mitochondria-encoded proteins can further 
reduce electron transport flux, a vicious cycle of increased oxidative 
stress and impaired mitochondrial protein synthesis can ensue. Invariably, 
this sequence of events leads to the initiation of the MPT and apoptosis 
(16). Also, the oxidation of key proteins promotes MPT and apoptosis 
in oxidatively stressed cells. Key proteins include adenine nucleotide 
translocase, which appears to regulate the formation of the MPT pore 

Figure 3) Initiation of mitochondrial permeability transition in beta 
(β)-alanine-treated cells. Cardiomyocytes were incubated for 48 h with 
either no addition (control), 200 nM cyclosporin A (CsA), 5 mM 
β-alanine, or 200 nM CsA and 5 mM β-alanine (β-alanine plus CsA). 
The percentage of apoptotic cells was determined by the annexin V and 
propidium iodide method. Values shown represent the mean ± SEM of five 
different cell preparations. *Significant difference between the β-alanine-
treated group and the other three groups (P<0.05)

Figure 4) Effect of taurine deficiency on Ca2+ transient. Cells were incu-
bated for 48 h with medium containing or lacking 5 mM beta-alanine. The 
cells were then loaded with the fluorescent Ca2+ probe, Indo-1. Each Ca2+ 

transient parameter is expressed as a percentage of control. Values shown 
represent mean ± SEM of four to five different cell preparations. *Significant 
difference from the control value, which was fixed at 100%. [Ca2+]i 
Intracellular calcium concentration; TR90 Time required to achieve 90% 
relaxation

Figure 5) Reduction in reduced glutathione (GSH) and oxidized glutathi-
one (GSSG) ratio in taurine-deficient cells. Cardiomyocytes were incubated 
for 48 h in medium containing or lacking 5 mM beta (β)-alanine. After 
harvesting the cells, GSH and GSSG glutathione content was determined. 
The GSH/GSSG ratio was expressed as a percentage of control. Values 
shown represent the mean ± SEM of three to four cell preparations. 
*Significant difference between the control and β-alanine-treated cells 
(P<0.05)
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In the present study, the glutathione redox state served as a meas-
ure of oxidative stress in taurine-deficient cardiomyocytes. However, 
recent studies reveal that the glutathione redox ratio (GSH/GSSG) is 
not only a measure of oxidative stress, but also a determinant of oxida-
tive stress (25). According to Aon et al (25), the GSH/GSSG ratio is 
directly coupled to both cellular membrane potential and the mito-
chondrial NADH/NAD ratio. At very low GSH/GSSG ratios, the 
cellular membrane potential collapses and MPT is initiated. In this 
regard, it is significant that overexpression of glutathione peroxide 1 in 
the mitochondria is cytoprotective (35). A key element of the cyto-
protective activity of GSH and glutathione peroxidase is the scaven-
ging of toxic oxidants. These data are consistent with the present 
finding that reductions in the GSH/GSSG ratio are associated with 
the onset of the MPT, the release of cytochrome c from the mitochon-
dria and the onset of the apoptotic cascade.




