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Abstract--Taurine increases the calcium levels in guinea-pig ventricular strips at external calcium 
concentrations of 0.45, 0.9 and 1.8 mM. At 2.7 mM calcium, however, a decrease is observed. Analogous 
changes occur in contractile force. It is also seen that the superfusion of ventricular strips with 
taurine-free medium produces a decrease in taurine content at the end of 120 min superfusion. Taurine 
levels can be restored by superfusion with 10 mM taurine; a linear relationship exists between external 
taurine and internal taurine levels. 

In acute in vitro experiments, taurine exerts a pos- 
itive inotropic effect in guinea-pig hearts [1-5]. It 
has been proposed that the basic mechanism under- 
lying this taurine action is by increasing calcium 
affinity for some cellular components [3, 6]. Taurine 
also seems to protect rat heart against calcium par- 
adox* [7], while the effect of taurine on contractility 
in this animal is unclear; Dietrich and Diacono [2] 
in fact found a negative effect, and Schaffer et al. 
[8] a positive one. A taurine calcium interaction may 
be postulated from in vitro studies which show that: 
(1) the effect of taurine on contractility in guinea- 
pig hearts is more evident at low calcium concen- 
trations [1, 4, 5]; (2) taurine increases calcium bind- 
ing in heart [5] and calcium uptake in liver mito- 
chondria [9]; (3) taurine prevents the 'negative 
inotropic effect' of verapamil [10] and of D600 [11] 
at cardiac level; (4) taurine increases calcium content 
in guinea-pig hearts [3, 12]; (5) there are conflicting 
results for the interaction of taurine with calcium 
binding sites on cardiac sarcolemma; Azari and 
Huxtable [13] reported that taurine decreases 45Ca 
binding, while other authors [5, 6, 10] have found 
that taurine increases 45Ca binding. 

The possibility that taurine modulates heart cal- 
cium content, thereby influencing contractility, 
stimulated further in vitro research, the results of 
which are reported here. 

MATERIALS AND METHODS 

The experiments were performed on electrically- 
drive right ventricular strips from guinea-pig hearts. 
The animals (male, body wt 300-400 g) were killed 
by a blow on the head and bled. The hearts were 
quickly excised and two strips were dissected from 
the same right ventricle and washed in aerated 
bathing solution (for composition see below) at room 
temperature. 

* Calcium paradox is a phenomenon observed when the 
heart is perfused with zero calcium medium and reperfused 
with a medium containing calcium, leading to a massive 
calcium overload. 

Each ventricular strip was attached to a platinum 
stimulating electrode and suspended individually in 
a glass organ chamber for recording isometric 
contraction. 

The bathing solution containing (mM) NaC1, 115; 
KC1, 4.7; CaC12, 1.8; MgSO4, 1.2; KH2PO4, 1.2; 
NaHCO3, 25; and glucose, 10, was continuously 
gassed with 95% 02 and 5% CO2 and maintained at 
30°; the pH was 7.4. The solution flowed through 
the organ bath (volume 20 ml) at a constant rate of 
6 ml/min. The force of contraction was measured 
with a force displacement transducer (Marb model 
750) attached to a Marb recorder. The preparations 
were stimulated electrically with a constant current 
square wave pulse generator at 2 Hz and of 0.2 msec 
duration (Marb model 7/2/150); the intensity was 
twice the usual threshold current of 0 .3-0 .4mA. 
Before experiments were started, the preparations 
were allowed to equilibrate for 60 min in the bathing 
medium. After  equilibration the incubation fluid was 
changed; in fact one strip was exposed for 1 hr to a 
solution containing taurine and the other was 
exposed to a solution containing sucrose at equios- 
motic concentrations with taurine. Variation in 
osmolarity obtained with sucrose, added to mimic 
the variation in osmolarity due to taurine, did not 
influence internal calcium, taurine loss or the con- 
tractility. Calcium concentrations were varied as 
described in the results. After the experiment, the 
strips were wiped and rapidly frozen by liquid 
nitrogen. 

Calcium assay. The calcium levels in the heart 
were determined after digestion of tissue in concen- 
trated HNO3 with an atomic absorption spectropho- 
tometer (Perkin Elmer model 303) according to 
Dolara et al. [3]. 

Taurine assay. Taurine was determined with a 
Perkin-Elmer S3B liquid chromatograph after per- 
chloric acid homogenisation of the tissue following 
its reaction with dansyl-chloride according to Kruzs 
et al. [14]. 

Protein assay. This was performed according to 
Weichselbaum [15]. 

Materials. Taurine was obtained from Merck 
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Table 1. Taurine levels (/~mole/g protein) of guinea-pig ventricular strips and effect of 
different external taurine concentrations after 2 hr of superfusion 

Ca 2÷ in External taurine (mM) 
medium 

(mM) 0 4 10 20 

0.45 21.6 _+ 1.7 25.8 -+ 3.9 53.5 -- 5.4¢ 109.9 _ 17.2+ 
0.9 21.0 + 2.2 36.8 - 3.0* 78.9 -+ 11.8+ 101.2 -+ 19.0+ 
1.8 21.9 + 2.4 27.3 -- 3.28 101.3 +- 6.6t 127.3 - 13.6+ 
2.7 19.7 -2_ 2.7 88.0 -+ 13.9~ 
3.6 20.3 -+ 1.5 67.9 -+ 10.5+ 

Taurine levels in right ventricular measured soon after dissection (control) were 
72.16 _+ 0.96 (n = 9). Results are means + S.E. of 4-8 experiments. 

P versus zero taurine in the external medium. 
* P <~ 0.05; -~P ~< 0.001. 

(Darmstadt ,  F .R .G . ) .  All other  chemicals were of 
analytical or best commercial  grade. Twice-distilled 
water  was used throughout.  

R E S U L T S  

Guinea-pig ventricular strips superfused in the 
absence of taurine 

Superfusion under  these conditions results in a 
significant decrease in taurine content  (about 70%) 
when measured at the end of the second hour. The 
residual taurine content  is not influenced by varying 
the external calcium concentrat ion (Table 1). 

The internal calcium content  is significantly influ- 
enced by external  calcium at least between 0.45 and 
2.7 mM (Table 2) a positive log- l inear  relationship 
exists be tween the log of the internal calcium levels 
and external calcium concentrat ions (Fig. 1). The 
variability be tween different hefirts does not  allow 
evaluation of the significance for the calcium con- 
centration of 3.6 raM. 

A linear relationship exists between contractility 
and external  calcium concentrat ions (Fig. 2). 

Taurine-treated guinea-pig ventricular strips 
The levels of taurine in the taurine-superfused 

strips are higher in comparison with those found in 

Table 2. Calcium content (~g/mg protein) in guinea-pig 
ventricular strips 

External calcium concentration (raM) 
0.45 0.9 1.8 2.7 

0.99 -+ 0.17 1.06 - 0.06 1.25 --+ 0.08 1.48 -+ 0.18 
(9) (20) (24) (23) 

The calcium contents were measured after 1 hr super- 
fusion with CaC12 (1.8 mM) and 1 hr incubation with the 
concentrations indicated above. 

Values in parentheses indicate the number of 
experiments. 

Results are means -+ S.E. 

the paired untreated strips (Table 1). In the presence 
of 20 M taurine the tissue level of this amino acid 
is increased to above control levels (Table 1). There 
is a positive linear relationship between internal and 
external taurine which is maintained at the various 
calcium concentrat ions (Fig. 3). 

When the logari thm of internal calcium levels is 
plotted against external calcium concentrat ions in 
the presence of  taurine,  a bell-shaped curve is pro- 
duced (Fig. 1). 

The t ime-course of the effect of 20 mM taurine on 
the contraction is shown in Fig. 4; the other  taurine 
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Fig. 1. Effect of external calcium on internal levels of this cation in the presence (A) or absence (©) 
of different concentrations of taurine. The experiments were performed in a parallel way as described 
in Materials and Methods. Results (means) are from 5-9 experiments. The statistical test used was the 

paired Student's t-test (0). 0.01 <~ P ~< 0.001. 
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Fig. 2. Effect of different CaC12 concentrations on the 
contractile force of guinea-pig ventricular strips in the 
absence of taurine in the superfusion medium. Each point 
was the mean of all experiments performed at each calcium 

concentration. 

concentrat ions have the same kinetics. It may be 
seen that the t ime-course of taurine activity is depen- 
dent on external calcium concentrations.  In fact at 
0.45 m M  taurine reaches a steady state after 10 min. 
A t  0.9 m M  it is possible to observe an initial decrease 
in contractile force followed by a complete  recovery 
after 40 min. A t  1.8 and 2.7 m M  the taurine effect 
reaches a maximum after 30--40 min, respectively. 
In the presence of external taurine the contractility 
at each calcium concentrat ion from 0.45 to 1.8 mM 
is higher than in the taurine non-t reated strips. The  
positive inotropic effect is particularly evident at 
0.9 mM calcium; in fact at this calcium concentrat ion 
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Fig. 3. The effect of different external taurine concentra- 
tions on internal levels. The straight lines were obtained 
by plotting data presented in Table 1 for each external 
calcium concentration. (- .- .-) ,  1.8mM CaCI2; ( ), 

0.9 m M  CaCI2; ( -  - - ) ,  0.45 m M  CaC12. 

all taurine doses tested produce a significant dose- 
dependent  increase in contraction (Fig. 5), while at 
0.45 and 1.8 mM calcium only 20 mM taurine pro- 
duces a significant increase in contractility. At  cal- 
cium concentrat ions over  1.8 mM the taurine effect 
is reversed. The overall  effect of each taurine con- 
centration is therefore to produce a bell-shaped curve 
which crosses the zero line. 
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Fig. 4. Time-course of the effect of 20 mM taurine on cardiac contraction in guinea-pig ventricular 
strips in the presence of different calcium concentrations. The results are expressed as percentages of 
the initial contractile force during superfusion with normal medium. Each result is mean -+ S.E. of 

6--8 experiments. 
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Fig. 5. Effect of different taurine concentrations in the presence of different calcium concentrations on 
the contractile force of guinea-pig ventricular strips. After a stabilization period of 1 hr with normal 
medium containing 1.8 mM CaClz, the strips were superfused with a media containing different calcium 
concentrations. The results are expressed Bs difference observed in the parallel strips. Using the paired 
Student's t-test the difference observed at 0.9 mM CaC12 with all taurine concentrations was statistically 
significant (0.05 ~< P ~< 0.01), while at 0.45 and 2.7 nM CaC12 only 20 mM taurine produced a statistical 
difference (0.01 ~< P ~< 0.001). At 3.6 mM CaCI2, 10 and 20 mM taurine produced a statistically significant 

difference (0.01 ~< P ~< 0.001). Results are the means from 5-9 experiments. 

DISCUSSION 

That the positive inotropic effect of taurine in 
guinea-pig heart is a function of calcium in the 
medium or of cellular internal calcium has previously 
been demonstrated by Dolara et al. [3] and Dietrich 
and Diacono [2]. In fact Dolara et al. [3] found that 
calcium is taken up more extensively in the 
taurine-treated heart than in the control experi- 
ments; while Dietrich and Diacono [2] demonstrated 
that the positive inotropic effect was particularly 
striking in a low calcium medium. 

The negative inotropic effect has been found in 
rat heart by Dietrich and Diacono [2], but it is known 
that the rat heart behaves differently in several 
respects (e.g. negative rate staircase, insensitivity to 
cardiac glycosides) [16] from other mammalian 
hearts. Moreover Bers et al. [17] suggested that the 
contractility in adult rat hearts depends on the 
greater amount of calcium release from sarcoplasmic 
reticulum, rather than on calcium binding to sar- 
colemma as in other species. 

Our findings confirm the relationship between 
taurine's effect on contractility and calcium; they 
also provide the first demonstration that in a single 
species, the inotropic action of taurine may be pos- 
itive or negative according to the calcium concen- 
tration in the external medium. The calcium levels 
found in the tissue after taurine offer an explanation 
of the variation of taurine effect on contractility 
relative to the external calcium concentration. In 
fact, in the presence of taurine, the log-linear rela- 
tionship obtained by plotting log calcium content 
versus calcium concentration disappears, and a 
bell-shaped curve is obtained. In the taurine-treated 
strips maximum contractility and cellular calcium is 
reached around 1.8mM, in the taurine-untreated 

strips around 3.6. Measurement of calcium levels at 
3.6 mM are omitted because at this calcium concen- 
tration a big increase in variability is seen both in 
treated and untreated strips. 

A biphasic effect of taurine has also been described 
on calcium binding. Chovan etal .  [6, 10] and Khatter 
etal .  [5] found that taurine increases calcium binding 
to cardiac sarcolemma when the calcium concentra- 
tion in the medium is below 0.9mM; Azari and 
Huxtable [13] found that taurine decreases calcium 
binding when the calcium concentration in the incu- 
bation medium is 2.5 mM. Chovan et al. [10] further 
demonstrated that taurine interacts with low-afffinity 
calcium binding-sites which are important for con- 
tractility [18]. 

The experiments presented here do not allow elu- 
cidation of the mechanism by which taurine exerts 
its effect. They do however show that restoration of 
the taurine content which is lost during superfusion 
is parallel to an increase in cellular calcium and 
contractility, almost as if the cellular taurine regu- 
lated the excitation-contraction coupling mechanism 
at calcium concentrations of or below 1.8 mM. 

Taurine has been implicated in various patho- 
logical heart states. High myocardial taurine levels 
have been found both in patients who have suffered 
from congestive heart failure [19] and in experi- 
mental models of cardiac hypertrophy [20, 21]. Dur- 
ing heart anoxia and ischemia a net efflux of taurine 
was observed which led to a net loss of tissue levels 
[22, 23]. Low taurine levels have also been found in 
a human syndrome characterized by mitral value 
prolapse and fibrosis of papillary muscle [24]. Besides 
their possible physiological relevance these results 
clearly illustrate the need to distinguish the phar- 
macological effects of taurine administered under 
conditions leading to restoration of the physiological 
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cellular con ten t ,  f rom the  ones  ob ta ined  with a high 
dosage,  which  may  in ter fere  wi th  the  exc i ta t ion-  
con t rac t ion  coupl ing mechan i sm.  

Acknowledgements--This investigation has been supported 
by CNR and MPI grants. We are grateful to Silvana 
Romanelli for technical assistance and to Miss Susan Charl- 
ton for revision of the manuscript. 

REFERENCES 

1. A. Guidotti, G. Badiani and A. Giotti, Pharmac. Res. 
Commun. 3, 29 (1971). 

2. J. Dietrich and J. Diacono, Life Sci. 10, 449 (1971). 
3. P. Dolara, A. Agresti, A. Giotti and G. Pasquini, Eur. 

J. Pharmac. 24, 352 (1973). 
4. R. Bandinelli, F. Franconi, A. Giotti, F. Martini, G. 

Moneti, I. Stendardi and L. Zilletti, Br. J. Pharmac. 
67, 115P (1981). 

5. J. C. Khatter, P. L. Soni, R. J. Hoeschen, L. E. Alto 
and N. S. Dhalla, in The Effect of  Taurine on Excitable 
Tissues (Eds. S. W. Schaffer, S. I. Baskin and J. J. 
Kocsis), p. 281. MTP Press Ltd, Lancaster (1981). 

6. J. P. Chovan, E. C. Kulakowski, B. W. Benson and 
S. W. Schaffer, Biochim. biophys. Acta 551,129 (1979). 

7. J. H. Kramer, J. P. Chovan and S. W. Schaffer, Am. 
J. Physiol. 240, H238 (1981). 

8. S. W. Schaffer, J. P. Chovan and R. F. Werknamm, 
Biochem. biophys. Res. Commun. 81,248 (1978). 

9. P. Dolara, P. Marino and F. Buffoni, Biochern. Phar- 
mac. 22, 2085 (1973). 

10. J. P. Chovan, C. E. Kulakowski, S. Sheakowski and 
S. Schaffer, Molec. Phrmac. 17,295 (1980). 

11. F. Franconi, I. Stendardi, F. Martini, L. Zilletti and 
A. Giotti, J. Pharm. Pharmac. 34,329 (1982). 

12. H. Iwata and S. Fujimoto, Experientia 32, 1559 (1976). 
13. J. Azari and R. Huxtable, Eur. J. Pharmac. 61, 217 

(1980). 
14. J. C. Kruzs, Z. V. Kendrick and S. I. Baskin, in Aging 

and Non Human Primate (Ed. D. Bowden). Raven 
Press, New York (1978). 

15. T. E. Weichselbaum, Am. J. clin. Path. (Tech. Sec.) 
10, 40 (1946). 

16. J. C. Allen and A. Schwartz, J. Pharmac. exp. Ther. 
168, 42 (1969). 

17. D. M. Bers, K. D. Philipson and G. A. Langer, Am. 
J. Physiol. 240, H576 (1981). 

18. D. M. Bers and G. A. Langer, Am. J. Physiol. 237, 
H332 (1980). 

19. R. Huxtable and R. Bressler, Science 184, 1187 (1974). 
20. M. B. Peterson, R. J. Mead and J. D. Welty, J. molec. 

Cell Cardiol 5, 139 (1973). 
21. W. H. Newman, C. J. Frangakis, D. S. Grosso and R. 

Bressler, Physiol. Chem. Phys. 9, 259 (1977). 
22. M. F. Crass III, and J. B. Lombardini, Life Sci. 21, 

951 (1977). 
23. M. F. Crass III, and J. B. Lombardini, Proc. Soc. exp. 

Biol. Med. 157, 486 (1978). 
24. J. R. Darsee and S. B. Heymsfield, New Engl. J. Med. 

304, 135 (1981). 


