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ABSTRACT 

The high levels of taurine in the heart are generally main

tained constant. Only in congestive heart failure has a significant 

elevation been found. Nothing is known about the mechanism by which 

the constant levels are maintained, or the causes for the increase in 

levels in heart failure. The purpose of this research was to deter

mine the relationship between cardiac hypertrophy and alterations in 

taurine levels, and to define the mechanisms involved in maintaining 

these levels. 

A number of animal models were examined for changes in taurine 

levels in the heart under stress. Taurine concentration in the hyper-

trophied heart of spontaneously hypertensive rats increased with age 

but did not differ significantly from normotensive control rats during 

the first 20 weeks after birth. Taurine, cysteamine, or 1 percent 

NaCl added to the drinking water had no effect on cardiac taurine 

levels. Weekly intravenous injections of adriamycin (2.5mg/kg) over 

a three week period did not induce congestive heart failure in rats as 

it does in man. Taurine concentration in the heart of these animals 

was slightly, but significantly lower than control. Two models were 

found where taurine levels increased. Isoproterenol (5mg/kg) admin

istered subcutaneously twice daily for 10 days produced a reversible 

cardiac hypertrophy. Taurine content increased with the increase in 

heart weight, then decreased following regression of hypertrophy. 

xi 
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A single intraperitoneal injection of reserpine (5mg/kg) resulted in 

a transient elevation in taurine concentration without altering heart 

weight. 

No change in the biosynthesis of taurine occurred as determined 

in vitro by measurement of cysteamine dioxygenase activity and in_ vivo 

by the appearance of radiolabeled taurine following intraperitoneal 

injection during isoproterenol or reserpine. treatment. A 70 percent 

increase in taurine influx rate occurred within 2 hours following 

initiation of isoproterenol treatment. After 24 hours influx had 

increased 3-fold. Taurine influx was also significantly stimulated 

within 4 hours of administration of reserpine. Alterations in taurine 

influx did not correlate with tissue growth as determined by the 

activation of ornithine decarboxylase, therefore, the stimulated influx 

occurs independently of processes involved in the development of hyper

trophy . 

In the isolated perfused rat heart taurine influx is mediated 

by a high affinity, saturable transport system. g-Alanine influx is 

also mediated by this system; however, a-amino acid (a-aminoisobutryic 

acid, leucine, and serine) influx is mediated by different systems. 

Isoproterenol (4*10-7M) and theophylline (1*10~3M) stimulated the rate 

of taurine influx. Propanolol (1X10_5M) blocked isoproterenol-

stimulated influx. Both Km and Vmax were increased for isoproterenol-

stimulated influx. The results are suggestive of a g-adrenergicly 

activated, cyclic AMP mediated mechanism controlling isoproterenol-

stimulated taurine influx. The rate of 3-alanine influx was 
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significantly stimulated by isoproterenol, whereas influx of a-amino 

acids was not affected. 

Hearts perfused with 8mM taurine took up more calcium and 

retained more following washout than controls, suggesting that taurine 

may increase the affinity of a subcellular component for calcium. 

Calcium binding studies with partially purified heart sarcoplasmic 

reticulum indicated that taurine did not increase the calcium affin

ity of this membrane system. 

In conclusion, taurine levels in the heart are maintained by 

a specific, high affinity, saturable uptake process, rather than by 

biosynthesis. Isoproterenol-stimulated influx appears to be mediated 

by cyclic AMP and may involve allosteric alterations in the membrane 

following its phosphorylation. The rapidly responding transport 

system which is stimulated independently of protein synthesis; in 

vitro specific stimulation in the rate of 6-amino acid influx; and 

increases in calcium uptake and binding in hearts perfused with taurine, 

indicate that this compound may be important in contractile performance 

of the heart. 



CHAPTER 1 

INTRODUCTION 

Taurine (2-aminoethanesulfonic acid) is an amino acid present 

in most tissues and body fluids of animals but is not a component of 

proteins (Jacobson and Smith, 1968). As shown in Fig. 1, the struc

ture of taurine differs from protein forming ct-amino acids in that 

taurine is a 0-amino acid containing the more acidic sulfonate func

tion (pK 1.5) rather than the carboxylic function. In solution taurine 
a 

exists largely as a zwitterion between ph 1.5 - 8.7. 

Tiedemann and Gmelin (1827) first reported the presence of 

taurine in ox bile, early in the nineteenth century. During the follow

ing decades evidence for the presence of this compound in tissues of a 

number of vertebrate and invertebrate species was reported (Cloetta, 

1855; Verdeil, 1851; Limbricht, 1865; Valenciennes and Fremy, 1857). 

Toward the end of the nineteenth century Krukenberg (1881) and von Furth 

(1903) produced extensive surveys on the chemical compositions of numer

ous animal tissues indicating a wide distribution of taurine. Succeeding 

reports repeatedly confirmed the ubiquity of taurine in animals (Astrup, 

Carlstrom, and Stage,' 1952; Awapara, 1956; Roberts et al., 1957). 

In contrast to the relative abundance of taurine in animals, 

there is a very limited distribution in plants (Jacobsen and Smith, 

1968). Taurine has been identified in a number of marine algae and in 

several genera of fungi (Ericson and Carlson, 1954; Close, 1960; Kelly 

1 
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NH2-CH2-CH2-SO3H 

Taurine 

Fig. 1. Structure of Taurine. 
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Weed, 1965). In higher plants, taurine has been found only in the 

pollen of several dicotyledonea (Marquardt and Vogg, 1952). The rela

tive absence of taurine in plants prompted Karas et al. (1964) to 

suggest taurine be used as a reference standard in chromatographing 

plant material extracts. 

Regulation of Tissue Taurine Content 

The concentration of taurine in many mammalian tissues is high 

compared to other amino acids (Jacobsen and Smith, 1968). The concen

tration can conceivably be maintained by either catabolism, biosynthesis, 

uptake, or a combination of these processes. Catabolism of taurine to 

isethionic acid (2-hydroxyethanesulfonic acid), its only proposed 

metabolite, has been reported to occur in dog heart slices (Read and 

Welty, 1962) and rat brain homogenates (Peck and Awapara, 1967). 

However, Huxtable and Bressler (1972) have found that the conversion 

of taurine to isethionic acid occurs at a rate much too slow to be an 

important regulatory route. 

A major obstacle in studying isethionic acid is the lack of a 

sensitive assay. Detection with ninhydrin or fluorescamine is not pos

sible since isethionic acid has no amino group. Its original detection 

in the heart depended upon crystallization and subsequent weighing of 

isethinate salt (Read and Welty, 1962). Peck and Awapara (1967) iden

tified isethionic acid as a taurine metabolite in rat brain on the 

basis of paper chromatographic analysis. The taurine metabolite had 

the same Rp of isethionic acid, and the compound migrated with carrier 
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isthionic acid on paper electrophoresis. Huxtable and Bressler (1972) 

reported the conversion of taurine in a number of tissues to a compound 

with the chromatographic properties of isethionic acid. Neither the 

crystallization nor chromatographic procedures offer much accuracy or 

sensitivity. Recently, Applegarth, Remtulla, and Williams (1977) 

developed a sensitive, analytical technique to measure isethionic acid. 

The method involves extraction, partial purification and methylation 

with diazomethane, followed by gas-liquid chromatography. With this 

sensitive technique, isethionic acid was not detected in rat or dog 

heart, and only 2 jig/g tissue was found in rat brain. These results 

provide additional evidence that taurine catabolism is not a regula

tory mechanism involved in maintaining taurine concentration. Indeed, 

the results suggest that isethionic acid may not be a metabolite of 

taurine. 

Taurine Biosynthesis 

The biosynthesis of taurine has been studied in a number of 

organs from various species of animals (Jacobsen and Smith, 1968). 

Although there is a great deal of species variation, the major path

way existing in many organs involves the intermediates cysteine 

sulfinic acid and hypotaurine. As illustrated in Fig. 2, cysteine is 

oxidized to cysteine sulfinic acid, decarboxylated to hypotaurine, 

then further oxidized to taurine. The enzymes involved in catalyzing 

the first two reactions are cysteine oxidase (EC 1:13:11:20) and 

cysteine sulfinic acid decarboxylase (EC 4:1:1:12). Little is known 



HS-CH2-CH-C02 H > (Coenzyme A) > HS-CH2 -CH2 —NH2 

NHj 

Cysteine Cysteamine 

HOjS—CHj—CH—C02 H >• HOjS-CH'-CHJ-NH 
I 
NH3 

Cysteine Sulfinic Acid Hypotaurine 

ho3s-ch2-ch-co2h > ho3s-ch7-ch2-nh 
I 
|MH2 Taurine 

Cysteic Acid 

Fig. 2. Taurine Biosynthetic Pathways. 
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about the oxidation of hypotaurine to taurine. One brief report has 

appeared on the enzymatic conversion of hypotaurine in rat liver 

(Sumizu, 1962). In this study the formation of taurine appeared to 

be catalyzed by a reductase since no uptake of occurred and the 

*4* 

reaction required NAD as a cofactor. Fiori and Costa (1969) were 

unable to reproduce Sumizu's (1962) results and suggested that hypo

taurine is oxidized by small amounts of hydrogen peroxide present in 

tissues. Oja, Karvonen and Lahdesmaki (1973), however, found that the 

conversion of hypotaurine to taurine in rat brain slices required NAD+ 

as a cofactor, thus providing further evidence for the enzymatic nature 

of the reaction. 

Figure 2 also illustrates biosynthesis of taurine involving the 

intermediate cysteic acid rather than hypotaurine. In this scheme, 

cystine sulfinic acid is furst oxidized to cysteic acid then decar-

boxylated to taurine. The enzymes involved in catalyzing these reac

tions are cysteine sulfinate dehydrogenase and cysteic acid decarbox

ylase. Although still disputed, the balance of evidence indicates 

that the decarboxylation of cysteine sulfinic acid and cysteic acid 

are catalyzed by the same enzyme (Jacobsen, Thomas, and Smith, 1964). 

However, under similar assay conditions the affinity of cysteic acid 

for the decarboxylase enzyme is one-eighth to one-half that of cysteine 

sulfinic acid in all tissues which have been examined (Bergeret, 

Chatagner, and Fromageot, 1955; Yamaguchi et al., 1973). This suggests 

sulfinic acid-hypotaurine pathway is preferred. 

Although the cysteine-cysteine sulfinic acid pathway is con

sidered to be the major route of taurine biosynthesis, the pathway is 
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absent in some tissues of various species, and absent in the heart of 

all species thus far examined (Jacobsen, Thomas, and Smith, 1964; 

Yamaguchi et al., 1973). The alternative pathway of taurine biosyn

thesis involving the intermediates cysteamine and hypotaurine has been 

reported in several tissues, including the heart, of a number of 

species [(Fig. 2) Dupre and De Marco, 1964]. This pathway is less 

understood than the previous pathways described, mainly because the 

metabolic origin of cysteamine is not known. Cysteamine is a product 

of cysteine metabolism (Huxtable and Bressler, 1976). However, no 

decarboxylase enzyme for cysteine has been found; consequently, it is 

unlikely that cysteine is directly decarboxylated to cysteamine. Cur

rently, the only known endogenous source of cysteamine is from the 

hydrolysis of coenzyme A (Cavallini et al., 1976). These authors 

have done much in elucidating the formation of cysteamine from 

cysteine through the synthesis and hydrolysis of coenzyme A. This path

way appears to be operative in a number of tissues from several species. 

However, evidence based on the work of Novelli, Schmetz, and Kaplan 

(1954) indicates that very little coenzyme A is hydrolyzed to produce 

cysteamine. In addition, if this pathway were a major source of cys

teamine, then the amount of cysteamine available for taurine synthesis 

would be directly dependent upon the turnover of coenzyme A, an unlikely 

possibility (Awapara, 1976). Some other unknown pathway from cysteine 

to cysteamine,involving a number of steps,probably exists. 

In contrast to what is known about the conversion of cysteine to 

to cysteamine, the oxidation of cysteamine to hypotaurine is well under

stood (Huxtable and Bressler, 1976). The enzyme involved in catalyzing 
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this reaction, cysteamine dioxygenase (EC 1:13:11:19) was first 

described in pig and horse kidney (Cavallini et al., 1961). Subse

quently the enzyme has been found in extracts of liver muscle and heart 

of rat, rabbit, mice, and guinea pig (Dupre and De Marco, 1964; Caval

lini et al., 1966; Huxtable and Bressler, 1976). In addition, the 

enzyme has been partially purified and the enzyme kinetics studied 

(Cavallini, Scandurra, and Dupre, 1965). 

The relative importance of this alternative pathway for taurine 

biosynthesis is not known. Clearly, the presence of enzymes which con

vert cysteine to cysteamine and oxidise cysteamine to taurine are only 

suggestive of an important route. However, the absence of other known 

pathways in certain tissues such as the heart, strengthen the putative 

role of this pathway. 

The ability of tissue from chicks and rats to fix inorganic 

sulfur with serine to form taurine has been described by Martin et al., 

(1972). This proposed pathway involves the enzyme phosphoadenosine 

phosphosulfate (PAPS) transferase (E.C. 2:8:2:-), and first requires the 

activation of sulfate to PAPS and the dehydration of serine to 

a-aminoacrylic acid. The sulfate from PAPS is then transferred to 

a-aminoacrylic acid forming cysteic acid. Decarboxylation of cysteic 

acid finally yields taurine. This pathway is illustrated in Fig. 3. 

The significance of taurine synthesis from inorganic sulfate 

is not known. This alternate route has been found by Martin et al., 

(1972) in only chick and rat tissues, and earlier reports concluded that 

non-bacterial incorporation of inorganic sulfate to taurine did not 



ATP + S04 
2 >APS + PPi 
ATP Sulfurylase 

(EC 2:7:7:4) 

APS + ATP ^ PAPS + ADP 
APS Kinase 

(EC 2:7:1:25) 

Serine ^ d-Aminoacrylic Acid 
Serine dehydrase 

(EC 4:2:1:13) 

PAPS + a-Aminoacrylic Acid Cysteic Acid + PAP 
PAPS transferase 

Cysteic Acid ^ Taurine + C02 

Cysteic Acid 
Decarboxylase 

Fig. 3. Taurine Biosynthetic Pathway from Inorganic 
Sulfate. 
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occur (Pearson, 1956; Fromageot and Chapeville, 1956; Dziewiatkowski, 

1954; Green and Robinson, 1960). The work of Martin et al. (1974) 

indicates that this route is not a significant source of taurine under 

most dietary circumstances since the pathway is inhibited in the presence 

of cysteine or methionine. The route may become important in conditions 

where suboptimal concentrations of cysteine or methionine exist (Sass 

and Martin, 1972). For example, individuals suffering from homocystin-

uria, a disease in which there is an enzymatic block at the cysta

thionine 3 synthetase step in the conversion of methionine to cysteine, 

have normal amounts of taurine but very low quantities of cysteine in 

body tissues and fluids. Based on the assumption that the PAPS route 

is functional in man, possibly the normal levels of taurine found in 

these individuals are derived from this pathway which bypasses the 

enzymatic block. 

Taurine Uptake 

Taurine tissue concentrations may also be controlled by uptake 

processes. Circulating taurine derived from synthetically active 

tissues or from dietary sources is distributed and taken up by various 

tissues throughout the body (Jacobsen and Smith, 1968). Intracellular 

concentrations are generally several orders of magnitude higher than 

extracellular concentrations, and it is unlikely that much taurine is 

sequestered within intracellular compartments (Jacobsen and Smith, 1968), 

suggesting that the gradient is maintained by an active transport process. 

Indeed, Kromphardt (1963) has shown that the uptake of taurine by Erhlich 

tumor ascites cells is inhibited by 2, 4 dinitrophenol and anoxia. 



11 

A number of iji vitro and iii vivo reports have considered the 

characteristics of taurine uptake. Much of the early in vitro work 

characterized taurine uptake in tumor cells because extremely high 

concentrati<?n gradients exist between intracellular and extracellular 

compartments. For example, the concentrations of taurine in the cell 

water of growing Erhlich tumor ascites cells and HeLa cells are approxi

mately 1000 and 7000 times greater, respectively, than the concentra

tion in the surrounding medium (Christensen, Hess, and Riggs, 1954; 

Piez and Eagle, 1958) 

Christensen (1964) first characterized taurine uptake in 

Erhlich tumor cells from detailed kinetic analysis of the uptake of 

various amino acids. Taurine uptake was inhibited by other structur

ally related g-amino acids such as g alanine, but unaffected by a-amino 

acids. g-Alanine uptake, however, was not appreciably inhibited by 

taurine, but effectively blocked by several a amino acids. Competition 

for uptake was also found between various amino acids. Christensen 

and Liang (1965) concluded that a-amino acid uptake was mediated by at 

least six transport sites, two of which mediated neutral amino acids 

and were designated alanine preferring (A) sites and leucine preferring 

(L) sites, and g-amino acid uptake was mediated by g-amino acid pre

ferring (B) sites. These sites were not completely specific for either 

a or g-amino acids since most ct-amino acids were readily taken up at 

all a-amino acid sites, and g-alanine was taken up at either A or B 

sites. The difference in uptake among the various amino acids was due 

to their affinities for specific sites. For example, the affinity of 
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0-Alanine was sixty times that for A sites (Km4xlO-ttM), however, its 

transport capacity of B sites was low, hence much of the 3-alanine 

entered the Erhlich cell at A sites. Also, the affinity of taurine for 

B sites was three times greater than 3-alanine (Kml. 5xlO-lfM). Presum

ably because of its sulfonate group, taurine was excluded from a-amino 

acid sites. 

Recent work by Gaut and Nauss (1976), in which taurine uptake 

was determined in human platelets, confirms and extends the earlier 

work of Christensen (1964). Gaut and Nauss (1976) reported that dini-

trophenol, sodium cyanide, and p-chloromercuribenzoic acid effectively 

suppressed taurine uptake, indicating taurine uptake is an active pro

cess. Competitive inhibition of taurine uptake by taurine congeners 

indicated that compounds such as g-alanine and hypotaurine, which con

tain a primary amine and a negatively charged acid function separated 

by two methylene groups, are effective inhibitors. Departure from these 

structural characteristics results in a decrease in competitive inhibi

tion of taurine uptake. For instance, 3-aminoethylphosphoric acid, 

which differs structurally from taurine in that it has two negative 

charges at pH 7.4 did not inhibit taurine uptake. N-propylamine, a 

"methyl for sulfonic" substitution, was also ineffective in blocking 

taurine uptake. Similarly, changes in the amine function, or increas

ing/decreasing the number of methylene groups nullified the inhibitory 

properties on taurine uptake. 

Lahdesmaki and Oja (1973) reported similar competitive inhibi

tion of taurine uptake by 6-alanine and hypotaurine in rat brain slices. 

Taurine uptake in rat heart and kidney slices has also recently been 

reported (Awapara and Berg, 1976). Results from these tissues are in 
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general agreement with those found in Erhlich cells, platelets and 

brain slices except for competitive inhibition. 3-alanine did not 

competitively inhibit taurine uptake in either heart or kidney. The 

lack of inhibition may suggest the uptake system is different from 

that in other tissues, or, more likely, the disagreement may reflect 

methodological differences. 

In vivo experiments in which [35S]-taurine was injected into 

rats indicated that the rate of taurine uptake varies from organ to 

organ but can generally be divided into organs which take up taurine 

rapidly and those which take up taurine slowly (Jacobsen and Smith, 

1968). Liver, pancreas and kidney are examples of organs belonging 

to the former group and skeletal muscle, heart and brain are represen

tative of the latter group. Sturman et al. (1976) injected humans 

with [35S]-taurine and determined pool sizes by kinetic analysis using 

radioactivities in plasma, urine and feces. Their results were consistent 

with other vivo studies involving rats and rabbits (Awapara and Manz, 

1957; Guinneboult et al., 1956). Two general pools for taurine were 

found. One pool was relatively small and turned over rapidly, the 

other was much larger but turned over at a much slower rate. 

The effect of starvation, sulfur deficient diets and vitamin 

deficient diets on taurine uptake, tissue concentrations and excretion 

in the rat have been determined by several investigators. Portmann and 

Mann (1955) found that taurine excretion was decreased in rats fed a 

low sulfur diet as compared to controls. In addition, following injec

tion of [35S]-taurine,specific radioactivities were higher in animals 

receiving the low sulfur diet. Awapara (1956) reported that taurine 
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concentrations in most organs in the rat do not significantly change 

following a 16-hour or 7 day starvation period. More recently, Sturman 

(1973) has reported an extensive analysis of taurine turnover in rats 

fed a vitamin Be deficient diet or a diet high in taurine. Vitamin B6 

is a required cofactor for the cysteine sulfinic acid decarboxylase 

enzyme in the taurine biosynthetic pathway, and its absence results in 

the inhibition of taurine synthesis. Animals receiving the vitamin 

deficient diet maintained normal tissue concentrations of taurine while 

the excretion markedly decreased. Turnover of injected [35S]-taurine 

decreased from 13 days to 220 days. Supplementation of the diet with 

taurine did not affect taurine tissue concentrations but did alter the 

elimination kinetics. Turnover of [35S]-taurine increased from 220 to 

32 days. These results indicate that taurine concentrations in most 

tissues are constant to within a few percent, even following dietary 

deficiencies or excesses, and only the excretion of taurine is altered. 

Physiological Functions of Taurine 

Bile Acid Formation 

The ubiquity of taurine, and the presence of synthetic pathways 

in most tissues have resulted in the implication of taurine in numerous 

physiological functions (Jacobsen and Smith, 1968). However, only its 

involvement in bile acid conjugation is firmly established. In most 

fishes, reptiles, and amphibians, bile acids are exclusively conjugated 

with glycine and taurine. The ratio of glycine to taurine conjugates 

is species specific and influenced by diet (Doisy, Daniels, and 
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Zimmerman, 1956; Haselwood, 1962). Generally, the ratio is higher in 

herbivores than carnivores. For example, eighty percent of rat bile 

is taurine conjugated as compared to rabbit bile,which is conjugated 

almost exclusively with glycine. 

The conjugated bile salts are important in the intestinal 

absorption of fat, contributing to the process of lipolysis, micelle 

formation and re-esterification of fatty acids with intestinal mucosal 

cells. Taurine conjugates are excellent digestive detergents because 

they are not precipitated at the low pH which generally exists in the 

proximal small intestine. In addition, they are completely ionized 

at physiological pH resulting in the maintenance of a high intraluminal 

concentration which facilitates solubilizing activity. It is of 

interest, therefore, that taurine conjugated bile salts are found in 

carnivores, whereas they are very low or absent in herbivores. 

Since bile acids are metabolites of cholesterol, conjugation 

of these acids with taurine (and glycine) results in the elimination 

of cholesterol from the body. If taurine (or glycine) were not avail

able for bile acid conjugation, cholesterol would not be metabolized, 

and elevations in serum cholesterol levels would develop. This 

hypothesis is supported by the work of Portmann and Mann (1955) in which 

hypercholesteremia and atherosclerosis were experimentally induced by 

feeding monkeys a diet high in cholesterol and low in sulfur amino 

acids. The hypercholesterolemia was easily reversed by adding methionine, 

cysteine or taurine to the diet. Similar results were obtained in rats 

and mice with experimentally induced hypercholesteremia (Fillios and 
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Mann, 1954; Herrmann, 1959). More recently, taurine has been added to 

the diet of man and hypercholestolemic rabbits in an attempt to lower 

serum cholesterol levels by increasing bile salt conjugation (Truswell 

et al., 1965; Burns and Self, 1969). In these studies, dietary taurine 

decreased the glycine to taurine ratio but was ineffective in lowering 

serum cholesterol levels. The results suggest that cholesterol metabo

lism is not affected by manipulations of bile acid conjugation in man. 

Osmoregulation 

An osmoregulatory function for taurine has been proposed for a 

number of marine invertebrates. These animals maintain a constant cell 

volume in media of different salinities by decreasing intracellular 

concentrations of various ions and amino acids. Krogh (1939) origi

nally pointed to a role for taurine in the regulation of osmotic pres

sure in marine animals because of high intracellular concentrations of 

this sulfonic amino acid. Subsequently, a close correlation was 

reported between intracellular concentrations of taurine and the salin

ity of the animals habitat (Simpson, Allen, and Awapara, 1959). Taurine 

was found in all marine species examined but absent in fresh water spe

cies. Changes in taurine concentration following transfer of aquatic 

animals from environments of different salinities has been reported in 

a number of species (Jeuniaux, Bricteaux-Gregoire, and Florkin, 1962; 

Schoffeniels and Gilles, 1972). Lange (1963) has suggested that the role 

of taurine in regulating cellular isotonicity may be an important sparing 

effect on the use of protein forming amino acids in osmoregulation. 



17 

Hoffman and Hendil (1976) reported that volume regulation in Ehrlich 

ascites tumor cells is accomplished in part by the regulation of taurine 

and other amino acid concentrations. This finding is very interesting 

since taurine concentration in these tumor cells is extremely high. 

Modulator of Neuronal Activity 

While taurine is present in nearly all tissues, concentrations 

are particularly high in excitable tissue such as brain, heart, and 

skeletal muscle (Jacobsen and Smith, 1968)„ A neuroinhibitory 

transmitter function has been proposed for taurine0 However, recent 

reports indicate that taurine actually functions as a neuromodulator 

of neuronal activity. The evidence supporting a neuronal function 

for taurine is presented below„ 

Curtis and Watkins (1965), noting an inhibitory effect of 

taurine on the rate of neuronal firing when applied iontophoretically 

to the vicinity of a neuron, proposed an inhibitory neurotransmitter 

role for taurine. These investigators also noted the structural 

similarities between taurine and another, more extensively studied 

inhibitory neurotransmitter, y-aminobutyric acid (GABA)„ Subsequent 

work extended the inhibitory transmitter concept of determining that 

taurine met the requirements of a chemical transmitter (Davison and 

Kaczmarek, 1971; Kaczmarek, 1976). The criteria are that: (1) the 

compound must be present at presynaptic sites; (2) it should be 

synthesized by the presynaptic cell; (3) it should be released into 

the synaptic cleft upon stimulation; (4) mechanisms should exist for 

the termination of action of the compounds, and (5) its effects when 
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applied exogenously should be identical to the action of the endogenous 

transmitter (Nermann, 1966). 

A high concentration of taurine has been reported within puri

fied synaptic vesicular fractions from brain (De Belleroche and Bradford, 

1973) and within the inner synaptic layer of retina of several species 

(Pasantes-Morales et al., 1972). Thus, taurine is ideally localized 

for a neurotransmitter. 

Numerous reports provide evidence for the presence of biosyn-

thetic machinery. Cysteine sulfinic acid decarboxylase, a key enzyme 

in the biosynthetic pathway is present in synaptic nerve endings 

(Davison, 1956; Peck and Awapara, 1967; Agrawal, Davison, and Kaczmarek, 

1971). In addition, Oja, Karvonen, and Lahdesmaki (1973) succeeded in 

increasing the activity of cysteine sulfinic acid decarboxylase by 

electrical stimulation of rat brain slices. They also reported enzy

matic conversion of hypotaurine to taurine in rat brain. 

The release of radiolabeled taurine from excitable tissue fol

lowing electrical stimulation has been reported by several investigators. 

Davison and Kaczmarek (1971) preincubated rat brain cortex slices with 

[35S]-taurine then transferred these slices into a taurine-free medium. 

Electrical stimulation greatly enhanced the release of [35S]-taurine 

from these slices. Similar results were found in rat spinal cord slices 

(Collins, 1974) and cat cortex iii vivo (Kaczmarek and Adey, 1974). 

Pasantes-Morales, Salceda, and Lopez-Colume (1976) reported the release 

of labeled taurine from isolated chicken retina following light or 

electrical stimulation. 
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Termination of action of taurine following its release appears 

to involve uptake processes rather than metabolism. A saturable, high 

affinity uptake system has been found in cortical slices (Kaczmarek 

and Davison, 1972), synaptosomes from rat brain homogenates (Hruska-

et al., 1976) and retina from several species (Pasantes-Morales et al., 

1972; Starr and Voaden, 1972). Metabolism of taurine to isethionic 

acid, on the other hand, proceeds at such a slow rate that it is probably 

not an important mechanism (Huxtable and Bressler, 1976). 

When injected iontophoretically, taurine exerts an inhibitory 

effect on most neurons which can be blocked by strychnine (Curtis and 

Watkins, 1965; Davison and Kaczmarek, 1971; Haas and Hosli, 1973). 

Taurine also exerts a powerful inhibitory effect on the bioelectrical 

activity of chicken retina (Pasantes-Morales et al., 1973) and suppresses 

epileptic convulsions in man and a variety of experimental models of 

epilepsy in animals (Izumi, Igisu, and Fukuda, 1974; Mutani et al., 1974; 

Derouaux, Puil, and Naquet, 1973; Thursby and Nevis, 1974). 

Although taurine fulfills the criteria of a chemical transmitter, 

some very important evidence suggests that taurine actually functions as 

a neuromodulator of membrane excitability rather than a neurotransmitter. 

Firstly, the uptake of taurine is not limited to neurons, but also occurs 

in glial cells (Ehinger, 1973). Secondly, neurotransmitter release is 

thought to be calcium dependent (Mulder and Snyder, 1974); however, Sieg-

hart and Heckl(1976) found that calcium suppressed potassium induced 

release of taurine from synaptosomal fractions of rat cerebral cortex. 

Lopez-Columbe, Erlij, and Pasantes-Morales (1976) reported that the 
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release of taurine from chick retina following light stimulation was 

calcium independent. Thirdly, Huxtable and Bressler (1973) found that 

taurine protected and maintained the integrity of skeletal muscle 

sarcoplasmic reticulum membranes in the presence of phospholipase C. 

The protective action of taurine is of particular interest in light 

of recent findings of Hayes (1976) in which the reduction of 

taurine in retina of cats to one-third to one-half the normal concen

tration precipitated retinal dysfunction. They also found that taurine 

was a necessary dietary requirement in cats, since a taurine deficient 

diet resulted in retinal degeneration. Finally, the concentration of 

taurine is known to be low in areas of epileptic foci in the brain of 

man and a number of experimental models (van Gelder, Sherwin, and Ras-

mussen, 1972; Koyama, 1972). Since the administration of taurine 

effectively suppresses seizure activity (van Gelder et al. (1972), 

taurine may be functioning as a modulator of membrane excitability, 

and its absence is responsible for the hyper-reactivity of cells in 

epilepsy. 

Modulation of Cardiac Function 

The concentration of taurine in the heart of most species is 

highest of any tissue, and, in addition, is very difficult to alter 

experimentally. Rats fed a diet deficient in pyridoxine maintain 

invariant concentrations of taurine (Sturman, 1973). A similar con

servation of taurine in the heart occurs in rats fasted for prolonged 

periods (Awapara, 1956). Supplementation of the diet with taurine 

also has no effect on cardiac taurine concentration; the additional 
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taurine is simply excreted in the urine and feces (Sturman, 1973). 

Only in advanced pathological states has an alteration in taurine 

concentration been found. Peterson, Mead, and Welty (1973) demon

strated an increase in taurine and methionine concentrations in the 

right ventricle of dog hearts in which right-sided congestive heart 

failure was experimentally induced. No change in amino acid concen

tration occurred in the non-hypertrophied left ventricle. Similar 

increases in taurine concentration were found in the left ventricles 

of humans dying of chronic congestive heart failure (Huxtable and 

Bressler, 1974). This increase was specific to the heart in that no 

increase in taurine concentration was found in aorta or skeletal 

muscle. The high, relatively constant concentrations of taurine in 

the non-stressed heart, and the observation that the concentration is 

significantly elevated in congestive heart failure, have led many 

investigators to seek a physiological function for taurine in the 

heart. Read and Welty (1963) have shown that taurine administered 

intraveneously to dogs prevented the development of epinephrine or 

digoxin-induced premature ventricular contractions. Larger doses of 

taurine were reported to be effective in reversing digoxin toxicity and 

establish normal sinus rhythm. These workers also demonstrated that 

taurine prevented the intracellular loss of potassium by dog heart 

slices exposed to epinephrine. They proposed that the antiarrhythmic 

properties of taurine derived from its conversion to isethionic acid, 

a strong anion resulted in intracellular retention of cations, such as 

potassium by charge neutralization. Huxtable (1976) has recently pre

sented a number of reasons why this simple theory is most unlikely. 
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The strongest evidence against this theory is suggested by recent work 

presented by Applegarth, Remtulla, and Williams (1977) in which iseth-

ionic acid could not be detected in dog heart. 

Chazov et al. (1974) also reported that taurine exerted anti

arrhythmic properties in guinea-pig hearts and in_ situ dog hearts 

treated with strophanthin K. Taurine was shown to restore strophan-

thin K-induced abnormal S-T segment changes to normal, revert T-wave 

inversion, and eliminate disorders of conduction. The investigators 

also found that taurine uptake by isolated guinea-pig heart was 

increased in the absence of potassium. In addition, taurine aggravated 

arrhythmic abnormalities in hearts perfused with a potassium free 

medium. 

More recently, Hinton, Diaz-Souza, and Gillis (1975) repudiated 

the antiarrhythmic properties proposed for taurine after evaluating 

this compund in an established model of digitalis toxicity used for 

screening antiarrhythmic drugs. Taurine administered over a wide 

dosage range was ineffective in preventing digitalis arrhythmias, and 

actually aggravated the arrhythmias. Discrepancies between this report 

and findings by Read and Welty (1962) and Chazov et al. (1974) can be 

explained by difference in the severity of arrhythmia used to test the 

antiarrhythmic properties of taurine. Criteria used by Read and Welty 

and Chazov et al. in classifying arrhythmias were less severe than 

those accepted by Hinton, Diaz-Souza, and Gillis (1975). In addition, 

no control experiments were reported by Read and Welty or Chazov to 

indicate the duration of arrhythmia in the absence of taurine; thus 
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possibly the antiarrhythmic action observed for taurine was actually 

a reflection of the fact that the digitalis effect was wearing off. 

Taurine has also been reported to exert an inotropic effect 

(Dietrich and Diacono, 1971), and potentiate the inotropic effect of 

strophanthin K in guinea-pig auricles (Guidotti, Badiana, and Giotti, 

1971). In addition, Guidotti and Giotti (1969) have found that taurine 

antagonizes the negative inotropic effect of a low calcium medium in 

the same animal model. These results suggest that taurine may effect 

calcium fluxes. The study of Dolara et al. (1973) on the effect of 

taurine on calcium wash out kinetic from isolated guinea-pig hearts 

indicates that taurine is indeed involved in modulating calcium fluxes. 

Hearts were perfused with a Tyrode solution containing 2.7mM calcium 

in the presence or absence of 8mM taurine. Following a 15 minute per

fusion period the hearts were washed out with a calcium free medium. 

Taurine treated hearts showed a less marked decrease in contractile 

strength caused by a decreased loss of calcium from the heart. Kinetic 

analysis of the calcium washout indicated a three compartment system. 

Two of these compartments exchanged calcium readily whereas the third 

compartment exchanged calcium very slowly. Taurine treatment decreased 

the initial concentration of free calcium in the three compartments, 

but increased the total amount of calcium that could be washed from 

these compartments. Dolara et al. (1973) concluded that the additional 

calcium was found, but could exchange with free calcium to a certain 

extent. The results suggest that taurine may interact with intracellu

lar structures in such a way as to increase intracellular binding. 
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Dolara et al. (1976) have extended this work by studying the calcium-

taurine interaction in sarcoplasmic reticulum membranes using equili

brium dialysis. Calcium exchange was determined by measuring calcium 

influx and efflux in a dialysis bag containing sarcoplasmic reticulum 

vesicles from guinea-pig hearts in the presence and absence of taurine 

at various concentrations. Total calcium binding was increased by 

taurine, which was dose dependent, whereas calcium release was not 

affected by taurine. It was proposed that increased inotrophy, poten

tiation of digitalis action, and counteraction of negative inotropic 

effect of low calcium medium exerted by taurine are due to higher 

levels of reversibly bound calcium by sarcoplasmic reticulum. Using 

the Millipore technique, Huxtable and Bressler (1973) demonstrated 

that taurine increases calcium binding into sarcoplasmic reticulum 

of rat skeletal muscle. In addition, the yield of sarcoplasmic retic

ulum was increased when isolated in the presence of taurine. Taurine 

also slowed the rate of loss of calcium transport and ATPase activi

ties caused by phospholipase C. These results were interpreted as 

indicating that taurine was acting as a membrane stabilizer. 

Additional support for a membrane stabilizing action of tau

rine has been reported by Gruener et al. (1976), in which taurine was 

shown to modulate membrane behavior of frog and rat skeletal muscle, 

and lobster giant axon. The presence of taurine in the muscle incu

bation medium caused experimentally induced hyperpolarized or partially 

depolarized membrane potentials to stabilize near resting level. Stud

ies on the lobster giant axon indicated that taurine exerted these 
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stabilizing effects by causing a transient increased permeability to 

potassium and chloride but not sodium. 

Huxtable (1976) has recently proposed a general theory in an 

attempt to explain the effects of taurine reported on alterations in 

flux and cation affinity. He suggested that taurine interacts with the 

zwitterionic phospholipid structure of membranes, causing conformational 

changes by virtue of charge separation. This hypothesis was partially 

based on the structural resemblance between the zwitterion taurine 

and the zwitterionic functional groups of membrane phospholipids: phos-

phocholine, phosphoethanolamine and phosphoserine. 

Rationale and Objectives 

The mechanism by which the generally high, invariant levels 

of taurine in the heart are maintained is not known. It is also 

unknown if the increase in taurine concentration in experimentally 

induced right-sided congestive heart failure in dogs and chronic 

congestive heart failure in man is limited to a specific cardiac 

function; associated with the general increase in free amino acid 

content and protein synthesis which occurs in cardiac hypertrophy; 

or due to a defect in the mechanism involved in maintaining the constant 

levels of taurine. The purpose of this research was to determine how 

the levels of taurine are maintained in the heart, and to ascertain the 

effect of cardiac stress on this regulation. 

The first objective was to develop an animal model of cardiac 

hypertrophy in which alterations in cardiac taurine levels occur in 

order to obtain relationships between the hypertrophy and changes in 
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taurine levels, and determine if the alterations are associated with 

general amino acid alterations or independent of such alterations. 

The second objective was to determine in vivo and in vitro the rela

tive involvement of transport and biosynthetic processes in maintain

ing the levels of taurine in the hypertrophied and non-hypertrophied 

heart. 



CHAPTER 2 

METHODS 

Animals 

Spontaneously hypertensive rats (SHR) of the Okomoto-Wistar 

strain originally obtained from the National Institutes of Health 

(courtesy of Dr. Carl Hansen) were bred by the Division of Animal 

Resources, Arizona Health Sciences Center, in a room maintained at a 

constant temperature of 25°C, and under artificial illumination from 

6 a.m. to 6 p.m. daily. The rats were kept in 8x10 inch hanging cages 

with free access to food and water. Normotensive Wistar rats were 

obtained from Charles River Co. (Wilmington, MA) and maintained under 

the same conditions. Only male rats were used to avoid the potential 

variation among female rats which could result from hormonal fluctua

tions . 

Systolic Pressure and Heart 
Rate Determinations 

Systolic blood pressures were determined in unanesthetized 

rats by the tail cuff method (Tarver, Berkowitz, and Spector, 1971) 

using a Narco Bio-systems (Houston, TX) pulse transducer and sphygmo-

graph, and an Electronics in Medicine (White Plains, NY) VR-6 physio-

graph. Heart rates were determined from pulse fluctuations recorded 

on physiograph tracings. 

27 
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Diets 

Animals were generally fed Wayne Laboratory rat chow (Chicago, 

IL) containing 3.9ymole/g taurine. In some experiments the diet of 

SHR was supplemented by including 50mM taurine, 4mM cysteamine or 

4mM cysteamine and 1 percent NaCl in the drinking water for 12 weeks 

starting when the animals were 4 weeks of age. 

Adriamycin Treatment 

Adriamycin [2.5 mg/kg) Adria Laboratories, Wilmington, DE] was 

administered intravenously into the tail vein of SHR (125-200g) once a 

week for three weeks. Control SHR received an equal volume of 5 percent 

dextrose solution. Animals were sacrificed 1 week following the last 

injection. 

Reserpine Treatment 

Rats were given a single intraperitoneal injection of reserpine 

[(5mg/kg) Ciba Laboratories, Summit, NJ]. Controls were injected with 

an equal volume of 0.9 percent sodium chloride. Animals were sacrificed 

4 hours after reserpine administration. 

Isoproterenol Treatment 

Rats were injected' subcutaneously twice daily for 10 days (or 

until sacrifice) with 5 mg/kg D, L-isoproterenol hydrochloride (Sigma 

Co., St. Louis, MO). Controls were injected in a similar way with an 

equal volume of 0.9 percent sodium chloride. The rats were sacrificed 

in the morning, 12 hours after the previous injection of isoproterenol 

on days 1, 2, 3, 4, 5 and 10 following initiation of drug treatment, 
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unless indicated otherwise. Rats were also sacrificed on days 15 and 

18, having received isoproterenol for the first 10 days and no drug 

for the following 5 or 8 days. The injection schedule was arranged 

so that for any given experiment all animals were sacrificed on the 

same day. This procedure resulted in all animals being approximately 

the same age and weight when sacrificed. 

Taurine Determination 

Tissues were homogenized in 8 volumes of 5 percent Trichloroacetic 

acid by a Brinkman polytron at a setting of 4. The homogenate was 

centrifuged at 40,000 x g for 15 minutes in a Sorvall RC-2B centrifuge. 

One milliliter of resulting supernatant, was chromatographed on a column 

of AG 50 H+ cation resin (8 x 0.7cm). Two-tenths milliliter of eluate 

was analyzed on 60 x 0.9 cm of AA-15 cation exchange resin at 52° C on a 

modified Beckman 118 amino acid analyzer. The eluting buffer was 0.2 N 

sodium citrate, pH 2.2* at a flow rate of 70 milliliter/hour. 

Cysteamine Dioxygenase Activity 

Tissues were flushed free of blood with saline, and homogenized 

(3:1::V:W) in 10 mM Tris, pH 7.35. Aliquots of homogenate were incu

bated at 37° in a medium containing 10 mM Tris pH 7.35, 1 mM sodium 

sulfide (prepared fresh each day), and 0.1 mM cysteamine ({35S] cystea

mine 5 mCi/mM, Amersham/Searle, Arlington Heights, IL) in a total volume 

of 0.5 milliliter. After 20 minutes of incubation, the reaction was 

stopped by the additon of trichloracetic acid to a final concentra

tion of 5 percent. Carrier hypotaurine, 0.5 mg, was added at this stage 

and the incubation made 0.1 percent in dithiothreitol. Precipitated 
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protein was removed by centrifugation, and 0.2 milliliter of the 

supernatant chromatographed on a column of AG 1 CI anion exchange 

resin [6 x 0„7 cm) layered over AG 50 H+ cation resin (8 x 0.7 cm). 

The eluting buffer was 0.2 N sodium citrate, pH 1.5. One milliliter 

fractions were collected, and 0.5 milliliter aliquots counted by liquid 

scintillation. The hypotaurine peak was identified by its ninhydrin 

reactivity (Huxtable and Bressler, 1976). 

Ornithine Decarboxylase Activity 

Ornithine decarboxylase (ODCj L-ornithine carboxy-lyase, 

EC 4.1.1.17) was assayed by determining the liberation of ^C02 from 

D, L-[1-"^C] ornithine (Byus and Russell, 1974). Hearts from freshly 

sacrificed rats were homogenized in 5 volume of 0.05 M sodium phosphate, 

pH 7.2, 0.1 mM EDTA and 1.0 mM dithiothreitol. Fifty to 100 yliter of 

the 50,000 xg supernatant was incubated for 30 minutes in 0.05 M sodium 

14 
phosphate, pH 7.2, 0.05 mM L-ornithine (0.5 pCi D, L- [1- C] ornithine 

New England Nuclear, Boston, MA) and 20 yM pyridoxal phosphate in a 

total volume of 200 pliter. 

Conversion of Cystine to Taurine 

Rats were each injected intraperitoneally with 30 pCi of 

3 
L-[3,3'- H] cystine (2 Ci/mmole, New England Nuclear). Four hours 

later, the animals were decapitated and the heart, lungs, liver and 

kidneys removed. The organs were homogenized in distilled water 

(1:4::IV:V) containing 100 mg of recrystallized taurine as carrier. An 

equal volume of 10' percent trichloracetic acid was added and the samples 
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were centrifuged at (40,000 x g) for 15 minutes. Trichloracetic acid 

was removed by ether extraction, and radioactivity determined in 

the extracted supernatant. The supernatant was reduced in volume 

to approximately 2 milliliters and passed through a Pasteur pipet 

packed with AG 50 H+ cation exchange resin. Activity eluting in 

the void volume was measured, and the fraction was evaporated to 

dryness and the taurine obtained recrystallized to constant radioactivity. 

Taurine Influx In Vivo 

Net uptake of amino acid by the heart is the difference between 

the amount entering and the amount leaving the organ. These processes 

are termined influx and efflux, respectively. The in vivo technique 

employed in this study of radio-labeling circulating amino acids and 

measuring the appearance of radioactivity in the heart after a fixed 

period of time allows only the study of rate of influx, not uptake. The 

uptake of radiolabel in the organ over time periods that are a small 

fraction of the half life of turnover of amino acids is a function of 

the rate of entry. This study does not allow deductions concerning 

possible alterations in the rate of turnover. 

Rats were injected intraperitoneally with 2 yCi [1,2-^C] 

7 

taurine (5 mCi/mmole, New England Nuclear) or 10 pCi [ H]-taurine 

(77.5 mCi/mmole, New England Nuclear). Two or four hours later, animals 

were decapitated and the appropriate organs removed, homogenized and 

deproteinized as described above. The activity in the deproteinized 

supernatant which accounted for all the activity in the sample was used 

to calculate taurine influx. Preliminary experiments showed that 100 
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percent of this activity was present as taurine. Heart dry weight 

was determined from the acid precipitate after the latter had been 

dried for 1 week in a vacuum desiccator at 25°C. 

Influx of Other Amino Acids In Vivo 

Rats were injected with 2 uCi [1-^C] a-aminoisobutyric acid 

(10 mCi/mmole, New England Nuclear) and 10 yCi [3- H(N)] 3-alanine 

(30 Ci/mmole, New England Nuclear) or 2 yCi L-[3-^C] serine (40mCi/mmole, 

Amersham/Searle) and 10 yCi L-[4,5- H(N)] leucine (60 Ci/mmole, New 

England Nuclear). Two hours later the animals were decapitated and the 

heart, lungs, and kidneys removed. Influx of a-aminoisobutyric acid and 

g-alanine were determined in the deproteinized supernatant as described 

for taurine. Influx for serine and leucine was determined by combining 

the activity in the deproteinized supernatant with the activity in the 

precipitate following solubilization with Protosol (New England Nuclear). 

Activity in Plasma 

Three milliliters of blood were drawn from each animal immedi

ately following decapitation. The blood was centrifuged in heparinized 

tubes in a GLC-1 Sorvall clinical centrifuge at 1800 x g for 15 minutes. 

An equal volume of 10 percent trichloracetic acid was added to the plasma 

and the samples centrifuged in a Brinkman 3200 centrifuge at 1500 x g for 

5 minutes. The deproteinized supernatant was used to determine the 

activity/milliliter plasma. 
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Heart Perfusions 

Normotensive Wistar rats (200-300g) were anesthetized with 
p 

Nembutal (5mg/kg Abbott Laboratories; Chicago, IL) one hour following 

heparinization (2000 Iu heparin/kg, Sigma). The hearts were rapidly 

excised and placed in a beaker containing ice chilled 0,9 percent saline. 

While remaining in saline the aortas were canulated with a 16 gauge 

blunt, stainless steel needle, then perfused by the Langendroff technique 

in a nonrecirculating system with a Krebs-Henseleit Bicarbonate buffer 

(37°C) containing 5.5 mM glucose, continuously gassed with 95 percent 0^ 

5 percent equilibrated with water (37°C), at a perfusion pressure of 

60 mmHgo The Krebs-Henseleit buffer contained concentrations (mM) of 

the following salts: NaCl, 118; KC1, 4.7; CaCl2, 2.5; MgSO^, 1.2; and 

NaHCOg, 25. Following a five-minute washout period, the perfusion 

medium was changed to a Krebs-Henseleit buffer containing the radio

labeled amino acid under study. After various perfusion times of up 

to 15 minutes, the medium was changed back to the washout buffer for an 

additional two minutes to remove labeled amino acid from the vascular 

spaces o 

As appropriate, the radiolabeled perfusion medium also con

tained D, L isoproterenol (4 x 10~8 - 4 x 10"5M) D, L propanolol 

(1 x 10"3M) or theophylline (1 x 10 M). These agents were dissolved 

in such a volume of Krebs-Henseleit buffer that addition of 0.1 

milliliter to the prefusion medium resulted in the desired final 

concentration. Propanolol and theophylline were also perfused through 

the heart in the presence and absence of isoproterenol (4 x 10 7M). 
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In Vitro Amino Acid Influx 

3 Various concentrations of [ H]-taurine between 25 and 400 pM 

(1.4-0.1 mCi/mmole) were perfused through the heart after the 5 minute 

washout period and one-half or 1 milliliter fractions of perfusion 

medium eluting from the apex of the heart were collected and the 

activity in these fractions determined by liquid scintillation count

ing. The amount of taurine retained by the heart was determined from 

the difference between the activity perfusing into the heart and that 

eluting from the heart. The type of data obtained from this procedure 

is shown in Fig. 4. After establishment of the baseline, the perfusion 

was started. An initial drop in eluent activity indicated equilibra

tion of label with vascular spaces. A constant rate of influx followed 

until washout. Most of the label was removed with the first several 

milliliters of washout medium. Influx was also determined from the 

amount of taurine remaining in the heart following washout of the label. 

Hearts were homogenized and deproteinized as described for in vivo 

taurine influx. The activity in the deporteinized supernatant which 

accounted for all the activity in the sample was used to calculate 

taurine influx. Influx was determined in a similar manner for [ H]-

14 
3-alanine (50yM, lrnCi/mmole), [ C]-a-amino-isobutyric acid (50uM, 0.2 

3 3 
mCi/mmole), [ H]-L-leucine (50yM, 1 mCi/mmole) and [ H]-L-serine 

(50yM, lmCi/mmole). 

Initial experiments were done in which nonlabeled taurine at 

concentrations 50 times the labeled concentrations was added to the 

final washout buffer. The amount of taurine remaining was not reduced 
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• by the "cold" taurine, indicating the process was indeed influx and 

not non-specific binding of the label to vascular tissue. 

45 
Efflux of Calcium 

Hearts from Wistar rats (200-300g) were initially washed-out 

with the Krebs-Henseleit buffer for 5 minutes as described above, 

followed by a 15 minute perfusion with Krebs-Henseleit buffer contain-

45 
ing CaC^ (2 yCi/mmole, Amersham/Searle) in the presence and absence 

of 8 mM taurine. At the end of this period the medium was switched to 

a calcium free washout buffer, and 0.25 milliliter fractions of 

medium eluting from the apex of the heart were collected for 2 minutes 

and the activity in each fraction determined by liquid scintillation 

45 
counting. The amount of calcium retained by the heart following 

washout was determined from the activity in the deproteinized supernatant 

as described previously for taurine influx. 

In Vitro Calcium Binding to 
Cardiac Sarcoplasmic Reticulum 

Normotensive Wistar rats and SHR were decapitated at 6 weeks, 

16-24 weeks, and 30-40 weeks of age. The hearts from these animals were 

quickly removed, washed with ice cold 0.9 percent NaCl and homogenized 

in 6 volumes 10 mM NaHCO^, 5 mM NaN^, 15 mM tris-maleate buffer pH 6„8 

by polytron, setting of 4 for two 15 second intervals. The sarcoplasmic 

reticulum was isolated according to the procedure of Harigaya and 

Schwartz (1969) . The homogenate was centrifuged at 8700 x g for 20 

minutes in a Sorvall RC-2B centrifuge. The supernatant fluid was then 

centrifuged at 8700 x g for 20 minutes yielding a supernatant fluid 
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which was then centrifuged at 40,000 x g for 30 minutes. The pellet 

was resuspended in 4 volumes 0.6 M KCl, 20 mM tris-maleate pH 6.8 and 

centrifuged again at 40,000 x g for 30 minutes. The pellet obtained 

was resuspended in 50 mM KCl, 20 mM tris-maleate buffer pH 6.8. This 

final suspension was used in the assays. The complete isolation pro-

cedure was carried out at 4°C. 

The calcium binding assay was measured at 37°C in a reaction 

mixture which consisted of 100 mM, KCl, 10 mM MgC1 2, 20 mM tris-maleate 

(pH 6.8), 2 mM tris-ATP, 0.1 mM cac1 2 c45ca O.Ol~Ci/milliliter) and 

0.6 - 1 mg of sarcoplasmic reticulum suspension in a total volume of 

4 milliliters. A number of incubations also contained 20 mM taurine. 

The assay was started by adding the sarcoplasmic · reticulum suspension 

to the incubation medium warmed to 37°C, and aliquots were taken at 0.5, 

1, 2 and 4 minutes and filtered by the Millipore technique of Martonosi 

and Feretos (1964). Calcium binding was determined from the activity of 

45ca remaining in the filtrate. Ca++, Mg++ ATPase activity was determined 

in the filtrate by the amount of inorganic phosphate released from ATP 

according to the method of Huxtable and Bressler (1973). Determinations 

were performed by the method of Lowry et al. (1951) using bovine serum 

albumen as a standard. 

Liquid Scintillation Counting 

Radioactivity was determined on a Beckman LSC 250 Liquid 

scintillation counter. Data reported as cpm were counted at constant 

efficiency and data expressed as dpm were corrected for efficiency by 

the channel ratio method. 
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Calculations 

Statistical analyses were performed on a Wang Series 700 

Programmable Calculator. All values are expressed as means ± Standard 

Error of the Mean (SEM), and a difference with probability of < 0.05, 

as calculated by the unpaired Student 't' test, was considered 

significant. 

/ 



CHAPTER 3 

RESULTS 

Development of Animal Model 

A number of animal models were examined for changes in 

taurine levels in the heart following stress. No significantly con

sistent alterations were found in the hearts of spontaneously hypertensive 

rats (SHR) as compared to normotensive controls up to 20 weeks of age. 

Rats treated with adriamycin for three weeks had slightly lower cardiac 

levels of taurine than untreated animals. Pronounced alterations in 

heart taurine levels were associated with isoproterenol-induced cardiac 

hypertrophy in SHR and normotensive rats. The experimental results from 

these models are presented below. 

Taurine Concentration in Spontaneously 
Hypertensive Rats 

The SHR develops hypertension and cardiac hypertrophy within 

4 to 6 weeks after birth. This model of hypertension approximates 

essential hypertension in man in that the disease develops with age 

and cardiovascular lesions occuring in this model are similar to those 

occuring in human benign and malignant essential hypertension 

(Okomoto 1969). Huxtable and Bressler (1974) reported a significant 

elevation in ventricular taurine concentrations of SHR as compared to 

normotensive controls. Therefore, this hypertensive model initially 

appeared promising for correlating alterations in taurine concentrations 

with hypertension and cardiac hypertrophy. A number of comparisons 
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were made in screening this potential model (Tables 1 and 2 ). Up to 

10 weeks of age, SHR and controls weighed approximately the same. 

However, as the animals developed̂  the controls consistently gained more 

weight, so that by the twelfth week they were significantly heavier than 

SHR. The trend continued through the twentieth week. Heart weight of 

the SHR was already significantly greater than control by the second week, 

indicating some degree of hypertrophy. The hearts of SHR continued 

to be heavier than controls up until the fourth week. By the sixth week, 

heart weights were not significantly different between groups. However, 

controls grew faster, resulting in a consistently larger heart/body 

weight ratio for SHR, indicative of continued cardiac hypertrophy. 

Systolic blood pressure and pulse could not be accurately determined in 

2 to 6 week old animals, however, at 8 weeks the pressure was significantly 

elevated in SHR and remained elevated, increasing slightly (Table 2). 

The pulse rates, while not significantly different between SHR' and 

control, were consistently higher in SHR. Although the SHR maintained 

an elevated systolic pressure and developed cardiac hypertrophy as 

early as 2 weeks, no consistent difference in taurine concentration was 

found between groups during the 20-week period (Tables 1 and 2). A 

small but constant increase in taurine concentration in SHR occurred 

over the experimental period, whereas the concentration in normotensive 

rats was generally constant. 

Effect of Diet on Ventricular Taurine Concentration 
in Spontaneously Hypertensive Rats 

Attempts were made to alter taurine concentration in the 

hearts of SHR by providing taurine (50 mM) or the biosyntetic 



Table 1. Comparison between Hypertensive and Normotensive Rats 
between Two and Six Weeks of Age. 

Age Body Weight Wet Heart Weight Wet Heart Weight/ Taurine Concentration 
(Weeks) (g) (mg) Body Weight (g) (ymole/g wet heart weight) 

SHR 14 ± 0.9 92 ± 5* 6.25 ± .14* 12.8 ± 1.2 

2 NW 11 ± 0.3 57 ± 1 4.94 ± .12 15.1 ± 2.2 

3 

4 

6 

SHR 28 ± 0.7 191 ± 8* 6.79 ± .23* 26.4 ± 2.0 

NW 25 ± 0.9 110 ± 7 4.24 ± .16 20.7 ± 1.4 

SHR 55 ± 0.5 265 ± 10* 4.78 ± .05* 27.3 ± 1.1 

NW 50 ± 2.4 187 ± 9 3.68 ± 13 31.0 ± 2.4 

SHR 114 ± 5.8 560 ± 57 4.73 ± 72* 27.7 ± 2.3 

NW 133 ± 2.9 506 ± 11 3.81 ± 04 31.9 ± 0.5 

*P < 0.05. Body weight, heart weight and taurine concentration were determined in 
spontaneously hypertensive rate (SHR), normotensive Wistar Rats (NW) between 2 and 
6 weeks of age. Blood pressure and pulse could not be accurately determined 6 weeks 
of age and younger. Data was expressed as Mean ± SEM from 4-6 animals per group. 



Table 2. Comparison between Hypertensive and Normotensive Rats between 
Eight and Twenty Weeks of Age. 

Age Body Weight Heart Weight Heart Weight/ Systolic Pres- Pulse Taurine Concentration 
(Weeks) (g) (mg) Body Weight sure (mm Hg) Beat/min (yimole/g wet heart wt) 

SHR 171 ± 96 652 ± 38 3.80 ±.06* 161 ± 1.7* 380 ± 20 28.0 ± 1.5 
8 

NW 206 ± 1.0 683 ±13 3.31 ± .06 124 ± 6.0 380 ± 10 30.2 ± 0.5 

10 

12 

SHR 232 ± 9.0 928 ± 47 4.01 ±.10* 181 ± 1* 390 ± 30 31.1 ± 0.5* 

NW 268 ± 16.5 808 ± 77 3.00 ±.06 125 ± 1 360 ± 0 36.0 ± 0.1 

SHR 247 ± 2.0* 924 ± 11 3.74±.01* 187 ± 4* 420 ± 0 33.7 ± 1.3 

NW 325 + 16.0 950 ± 47 2.95 ±.05 131 ± 2 360 ± 0 34.2 ± 3.1 

SHR '• 277 ± 3.4* 1103 ± 117 3.96 ±.37* 168 ± 1* 390 ± 20 36.4 ± 1.7* 

NW 430 ± 6.0 1062 ± 10 2.47 ±.05 130 ± 1 360 ± 0 29.7 ± 0.8 

SHR 318 ± 1.5* 1240 ± 60 2.44 ±.ll* 196 ± 4* 390 ± 30 34.6 ± .7 

NW 456 ± 6.8 1127 ± 34 3.91 ±.17 132 ± 3 360 ± 0 31.2 ± .6 

*P < 0.05. Body weight, heart weight, systolic pressure, pulse and taurine concentration were 
determined in spontaneously hypertensive rats (SHR), normotensive Wistar rats (NW). Data are 
expressed as Mean ± SEM from 4-6 animals per group. 

16 

20 
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precursor, cysteamine (4 mM) in the drinking water of SHR for a 12-week 

period. During this period the animals receiving taurine consumed a 

daily average of 1.1 g/Kg, and those receiving cysteamine averaged 

13.8 mg/Kg. Body weight, blood pressure and pulse were determined at 

4-week intervals and taurine concentration determined at the end of 

12 weeks (Tables 3 and 4). Neither dietary taurine nor cysteamine 

affected body weight, systolic pressure or heart rate during the 12 

week treatment period. At the end of the 12 week period heart weights 

were not significantly different. In addition, taurine concentration 

was not altered in the hearts of animals treated with either taurine or 

cysteamine. 

Significant alterations in taurine concentration are probably 

associated only with advanced stages of the disease process. To test 

this hypothesis attempts were made to accelerate the disease in the SHR 

by adding 1 percent NaCl to the drinking water instead of waiting prolonged 

periods for the natural progression of the disease. Cysteamine (4 mM) 

was also added to the drinking water to provide a biosynthetic precursor. 

Similar parameters were determined as described above. The treated 

animals consumed twice as much water as the controls and cysteamine 

treated group. Consequently, the cysteamine plus NaCl group consumed 

29.2 mg/kg cysteamine daily. During the 12 week treatment period no 

difference in body weight, systolic pressure, or pulse existed between 

groups (Table 5). When the experiment was terminated heart weight and 

taurine concentration were not significantly different between treated 

and control groups. The 1 percent NaCl did not potentiate the disease 

in these animals as there was no difference in any parameter measured. 



Table 3. Effect of Dietary Taurine and Cysteamine on the Spontaneously Hypertensive Rat. 

Age (weeks) Body Weight (g) Systolic Pressure (mm/Hg) Heart Rate (beat/min) 
Taurine Cysteamine Taurine Cysteamine Taurine Cysteamine 

Treated 169 ±3 174 ± 8 158 ± 9 164 ±5 400 ± 14 400 ± 20 
8 

Control 173 ±2 174 ± 12 155 ±3 159 ± 8 392 ± 12 380 ± 20 

Treated 245 ±4 200 ± 7 184+1 183 ±1 415 ± 8 360 ± 0 
12 

Control 255 ±3 209 + 11 182 ±4 182 ± 4 400 ± 24 403 + 21 

Treated 303 ±3 271 ± 5 184 ± 6 170 ±4 382 ± 14 410 ± 10 
16 

Control 307 ±4 272 ± 9 194 ± 4 178 ±4 420 ± 21 380 ± 26 

Treated animals received either 50 mM taurine or 4 mM cysteamine in the drinking water for 
12 weeks beginning on the 4th week after birth. Treated and controls consumed approximately 
the same volume of water daily. There were 4-6 animals in each group. Data are expressed as 
the Mean ± SEM. 
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Table 4. Effect of Dietary Taurine and Cysteamine on 
Cardiac Taurine Concentration. 

Heart Weight 
(R) 

Taurine Concentration 
(jjmole/g wet heart wt) 

Taurine 1.2 ± 0.1 31.5 ± 0.9 

Control 1.3 ± 0.1 29.7 ± 1.1 

Cysteamine 1.1 ± 0.1 31.9 ± 0.6 

Control 1.1 ± 0.1 32.7 ± 2.1 

Taurine and cysteamine treated animals received the compounds 
in the drinking water at concentrations of 50 mM and 4 mM 
respectively. There were 4-6 animals in each group. Data are 
expressed as Mean ± SEM. 



Table 5. Effect of Dietary Cysteamine plus NaCl on the Spontaneously Hypertensive Rat. 

Age 
(Weeks) 

Body Weight 
(g) 

Systolic Pressure 
mM/Hg 

Pulse 
(Beat/min) 

Heart Weight 
(g) 

Taurine Concentration 
ymole/g wet heart wt. 

Treated 
8 

Control 

155 ± 2 162 ± 14 450 + 17 - -Treated 
8 

Control 152 ± 6 152 ± 6 413 ± 6 - -

Treated 
12 

Control 

208 ± 2 

236 ± 1 

177 ± 6 

179 ± 8 

410 ± 10 

420 + 0 -

-

Treated 
16 

Control 

249 ± 2 

264 ± 5 

191 ± 2 

194 ± 3 

420 ± 20 

435 ± 15 

1.19 ± 0.10' 

1.23 ± 0.10 

31.80 ± 1.00 

31.76 ± 2.00 

Treated animals received cysteamine (4 mM) plus 1 percent NaCl in the drinking water for 12 weeks 
starting on the 4th week after birth. There were 4-6 animals in each group. Data expressed as 
Mean ± SEM. 

4* ON 
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Effect of Adriamycin on Ventricular 
Taurine Concentration 

Adriamycin is a relatively new antineoplastic antibiotic use

ful in treating leukemia and solid tumors (Blum and Carter, 1974). A 

serious side effect of the drug in total doses exceeding 550 mg per 

square meter of body surface area is irreversible cardiac failure. 

Attempts were made to utilize this toxic effect in accelerating the hyper

tensive disease process in SHR. Animals were administered adriamycin 

(2.5 mg/kg) intravenously at weekly intervals for 3 weeks. The experi

ment was terminated 1 week following the last injection. During the 

experimental period the treated animals were anorexic and lost weight. 

They remained in one position for hours, indicative of depressed 

motor activity. Several animals had pronounced ascites. When the 

experiment was terminated, treated animals were significantly lighter 

(Table 6). Heart weight between groups was not significantly different 

suggesting that adriamycin was not effective in precipitating congestive 

heart failure at the experimental dosage regimen employed. Taurine 

concentration expressed on either wet weight or dry weight basis was 

slightly, but significantly, lower in the treated animals. 

Isoproterenol-induced Cardiac Hypertrophy 

Stanton, Brenner, and Mayfield (1969) reported that twice 

daily subcutaneous injections of isoproterenol in doses greater than 

1 mg/kg produced a cardiac hypertrophy which was reversible on 

discontinuation of the drug. To produced a similar pharmacological 

stress in SHR and normotensive Wistar rats, isoproterenol (5 mg/kg) 

was administered subcutaneously, twice daily, for ten days. 
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Table 6. Effect of Adriaaycin on Taurine 
Concentration in the Heart. 

Body Weight Heart Weight Taurine Concentration 
(g) (g) ymole/g wet wt. ymole/g dry wt. 

Adriamycin 145 ± 3* 0.56 ± 0.01 28.8 ± 1.0* 102.2 ± 7.0 
Treated 

Control 169 ± 6 0.69 ± 0.06 33.8 ± 0.3 114.7 ± 0.2 

*P < 0.05. Adriataycin (2.5 mg/kg) was administered intravenously 
for 3 weeks. Animals were sacrificed 1 week following the last 
injection. There were 4 animals in each group. Data are expressed 
as Mean ± SEM. 
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Animals were sacrificed at various times during the 10 day period and 

5 and 8 days following the last dose of isoproterenol„ Organ weight 

and body weight determinations were made at the time of sacrifice and 

are presented in Fig. 5. Isoproterenol produced a similar cardiac 

hypertrophy in SHR and normotensive Wistar rats first apparent as a 

weight increase within 24 hours of initial drug treatment. Heart 

weight/body weight rates continued to increase becoming 70 percent 

greater than control by day 10. Following discontinuation of the drug 

on the 10th day, the heart to body weight ratio decreased smoothly, so 

that by the 18th day the ratios for the treated animals were no different 

from control. Over the 18 day experimental period no alteration in 

organ to body weight ratio for the lung or kidney occurred, but the 

ratio for the liver was significantly depressed during the period of 

drug administration (Fig. 5). 

Taurine levels were determined in the kidney, liver, lung and 

heart of these animals during the periods of hypertrophy and regression. 

No alterations in taurine levels expressed as ymole/organ or ymole/g 

organ occurred in kidney, liver, or lung. In the heart, taurine con

tent increased steadily with the increase in heart weight over the 

ten day period (Table 7). After day 10, the hypertrophy began regres

sing, However, content remained elevated through day 15 before starting 

to decrease. As a result taurine concentration, though relatively 

stable, was higher on day 15, indicating that changes in taurine levels 

are not simple responses to changes in heart weight. 
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Fig. 5. Changes in Organ to Body Weight Ratio 
during and after Isoproterenol Treatment. 

The symbols represent the following: 
a—a ,• heart; o—o , lung; A—A , kidney; 
V—V , liver; e=a , duration of isoproterenol 

administration. Control organs weighted 0.92 ± 
0.04g, heart; 1.2 ± O.lg, lungs; 1.3 ± 0.06g, 
kidneys; 10.4 ± 0.4g, liver. Control body weight 
was 270 ± 12g. Data reported as Mean ± SEM were 
derived from 4 to 7 animals per point. 
*p < 0.05. 
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Table 7. Cardiac Taurine Levels during the Development and 
Regression of Isoproterenol-induced Cardiac Hypertrophy. 

Taurine Content Taurine Concentration 
Days umole/heart ymole/g heart 

Control 30 + 1 33.6 + 1.0 

5 52 + 1* 31.0 + 1.2 

10 56 + 3* 34.0 ±- 2.2 

15 58 + 3* 42.7 + 7.0 

18 54 + 2* 36.6 + 1.0 

*P < 0.05. Isoproterenol (5 mg/kg sc) was administered to rats 
twice daily for 10 days or until sacrificed. There were 3 
animals in each group. Data reported as Mean ± SEM. 
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Taurine Biosynthesis and Influx 

Besides correlating taurine levels with the development and 

regression of cardiac hypertrophy, the relative importance of biosynthetic 

and uptake processes in maintaining taurine concentration during stress 

was also determined in the isoproterenol-induced cardiac hypertrophy model. 

Taurine Biosynthesis Jin Vivo and In Vitro 

An indication of the overall rate of taurine biosynthesis in 

the heart during hypertrophy and regression was obtained by measuring 

the in vivo conversion of radiolabeled cystine to taurine over a 4 hour 

period (Table 8)„ No significant change'was found in the specific con

version (i.e., per g heart) of cystine to taurine over the 18 day experi

mental period. The activity of cysteamine dioxygenase, an enzyme involved 

in taurine biosynthesis (Huxtable and Bressler, 1976) was determined in vitro 

during various stages of hypertrophy (Table 8). Alterations in the 

specific activity of cysteamine dioxygenase did not correlate with 

changes in taurine content (Table 8). 

Taurine Influx Iii Vivo 
i  

The transfer of radioactivity into the heart over a two hour 

period after intraperitoneal administration of [3H] or [̂ C]-taurine 

was taken as a measure of taurine influx. The half life of taurine 

turnover in the heart is in excess of 3 days, so release of 

radioactivity by the heart was assumed to be negligible over the 

course of the experiment. Analysis of selected hearts by 

column chromatography and isotopic dilution revealed that 

radioactivity in the heart was present solely as taurine. No 



Table 8. Taurine Biosynthesis during the Development and Regression 
of Isoproterenol-induced Cardiac Hypertrophy. 

Taurine Synthesis Cysteamine Dioxygenase Activity 
Days dpm/g heart nmoles hypotaurine/mg protein/hr 

Control (7) 2090 ± 220 (4) 1.1 ± 0.4 

5 (3) 2370 ± 60 (4) 0.8 ± 0.2* 

10 (3) 2250 ± 490 (5) 1.3 ± 0.3 

15 (3) 2280 ± 310 (5) 1.8 ± 0.4* 

18 (3) 1790 ± 460 (6) 1.3 ± 0.1 

*p < 0.05. Isoproterenol (5mg/kg S.C.) was administered to rats twice daily for 10 days 
of until sacrificed. Rats were then administered 30 pCi[%] cystine I.P. 8 hours following 
previous isoproterenol injection, except for days 15 and 18 where radiolabeled amino acid 
was administered 5 and 8 days following the last isoproterenol injection, respectively. 
Animals were sacrificed 4 hours later. The conversion of cystine to taurine and 
cysteamine dioxygenase activity were determined. Parentheses indicate number of animals 
or organs at each time point. Data reported as Mean ± SEM. 
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radioactive isethionic acid was detectable, despite the report of 

Read and Welty (1962) on the conversion of taurine to isethionic acid 

in dog heart slices. 

The stimulation in taurine influx as a function of isoproter

enol dose is presented in Fig. 6. Four injections of isoproterenol 

at 12 hour intervals were administered, and influx determined 12 hours 

following the final injection. No alteration in taurine influx 

occurred at a dose of 0.005 mg/kg. However, as the dose was increased 

a dose dependent influx resulted, stretching over 3 orders of magnitude. 

Maximum stimulation of taurine influx occurred at 50 mg/kg. Higher 

doses did not result in greater stimulation and were associated with 

high mortality. 

Isoproterenol also caused a dose-dependent cardiac hypertrophy 

(Fig. 7). No hypertrophy occurred following 4 injections of isoproter

enol 0.05 mg/kg. However, as the dose increased, hypertrophy increased. 

A linear relationship was also found between the degree of hypertrophy 

and taurine influx (Fig. 7). At a dose of 0.05 mg/kg, no hypertrophy 

occurred and influx was not stimulated. As the degree of hypertrophy 

increased, there was a corresponding elevation in taurine influx up to 

50 mg/kg. 

The general time course of taurine influx rate over the period 

of hypertrophy and regression is shown in Fig. 8. A maximum three-fold 

increase in influx rate occurred ift the heart after two injections of 

isoproterenol (Fig. 8). Influx was still elevated at day 10 and 

returned to the rate found in control animals by day 15. A similar 
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Fig. 6. Dose Response Curve for the Rate 
of Taurine Influx. 

Four injections of isoproterenol at 
the indicated dosages were given at 
12 hour jLntervals and influx determined 
12 hours following the final injection. 
Taurine influx in animals administered 
0.9 percent saline was the same as those 
administered 0.005mg/kg isoproterenol. 
Data are reported as Mean ± SEM which 
was derived from 3 SHR per point. 



56 

CE 

fi 250i 
X 

50mg/kg 

o) 
*»» 

o 
5mg/kg 

200-x 

q 

x 
CO 

0.5mg/kg X 
3 
_J 
ll. 
z 

150-

LU 
Z 
DC 

£ 

,05mg/kg 
100-

4.5 4.0 3.5 

HEART WT.(mg) / BODY WT.(g) 

Fig. 7. Relationship between the Rate of Taurine Influx 
and the Degree of Cardiac Hypertrophy. 

Four injections of isoproterenol at the indicated 
dosages were given at 12 hour intervals and influx 
determined 12 hours following the last injection. 
Square represents data obtained from hearts of 
animals administered 0.9 percent NaCl. Data are 
expressed as Mean ± SEM from 4 animals each point. 
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stimulation in taurine influx occurred in the submaxillary salivary 

gland as shown in Table 9. Isoproterenol stimulated cell growth in 

this tissue similar to that observed in the heart. Tissue weight was 

significantly greater than control by day 5 and was two-fold greater 

by day 10. Following cessation of the drug, tissue weight slowly 

regressed. The rate of taurine influx increased more than two-fold 

following 2 injections of isoproterenol and prior to the observed 

increase in tissue weight. Influx remained significantly elevated 

throughout the period of drug administration and was still elevated 

5 days after the drug had been discontinued. The large change in 

taurine influx was specific to tissues undergoing rapid growth since 

only slight effects were seen in lung, kidney, and liver (Fig. 8). 

Stimulation in influx occurred prior to the development of 

hypertrophy. Over the two hour period following the first injection 

of isoproterenol there was a 63 percent stimulation in rate, which 

persisted until the second injection at 12 hours. This was determined 

by influx experiments over two hour periods terminating at 2, 4, 8, 

and 12 hours, following one isoproterenol injection (Fig. 9). 

The stimulation of taurine influx appears to be independent 

of processes involved in the development of hypertrophy as shown by 

the lack of correlation between influx and ornithine decarboxylase (ODC) 

activity (Fig. 9). The specific activity of ornithine decarboxylase, 

an enzyme intimately involved in the regulation of growth processes, 

increases rapidly in response to stimuli which preceeds RNA and protein 

synthesis (Byus and Russell, 1974). Figure 9 illustrates the time 
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Table 9. Effect of Isoproterenol on Taurine Influx in the Rat 
Submaxillary Salivary Gland. 

Taurine Influx 
Wet Weight (g) Dry Weight (g) dpm/g 

Control 0.45 + .03 0.14 + .01 55,180 + 3,410 

1 0.41 + .03 0.13 + .01 152,760 + 14,400* 

5 0.79 + .03* 0.23 + .01* 129,100 + 5,300* 

10 1.21 + .11* 0.37 + .03* 120,840 + 7,700* 

15 0.72 + .10* 0.26 + .04* 106,275 + 8,000* 

*P < 0.05. • Rats were injected with isoproterenol (5mg/kg) twice 
daily for 10 days or until sacrificed. Ten hours following the 
previous isoproterenol injection, radiolabeled taurine was adminis
tered IP (except for day 15 where radiolabeled taurine was 
administered 5 days following the last isoproterenol injection) 
and the animals were sacrificed 2 hours later. Data reported as 
Mean ± SEM from 4 animals each point. 
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Fig. 8. Alterations in Taurine Influx during and after 
Isoproterenol Treatment. 

The symbols represent the following: n—u , heart; 
o—o , lung; A—A , kidney; V—V , liver; 
12ZZZJ , duration of isoproterenol administration. 
Data are expressed as percent change from control 
in taurine influx (dpm/g heart). Data reported 
as Mean ± SEM were derived from 3 animals each 
point. 
*p < 0.05. 
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Fig. 9. Alterations in Taurine Influx and Changes in 
Ornithine Decarboxylase (ODC) Specific Activity 
in the Heart Following One Injection of Isoproterenol. 

Squares represent taurine influx determined by 
injecting animals with [%]-taurine intraperitoneally 
at 0, 2, 6 and 10 hours following one injection of 
isoproterenol and sacrificing the animals two hours 
later. Circles represent ODC specific activity 
determined at 0, 2, 4, 6, and 8 hours following one 
injection of isoproterenol. Data are expressed as 
percent change from control in taurine influx (dpm/g 
heart) or pmoles-'-̂ C02/30 minutes/mg protein in ODC 
activity. Data reported as Mean ± SEM were derived 
from 3 to 4 animals per point. 
*p < 0.05. 
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course of taurine influx and alterations in ornithine decarboxylase 

activity following a single injection of isoproterenol. In contrast 

to the maximal stimulation in taurine influx at 2 hours, ODC activity 

was only slightly elevated at 2 hours and a maximum eight-fold stimula

tion did not occur until 4-6 hours. 

There was also no direct correlation between the increase in 

taurine influx and the duration of isoproterenol stimulation. In 

rats, isoproterenol (5 mg/kg s.c.) has a duration of action of about 

6 hours (Stanton, Brenner, and Mayfield, 1969). However, a marked 

increase in the influx rate of taurine is still observed after 36 hours 

(Table 10). 

Influx of Other Amino Acids In Vivo 

Influx rates of a-aminoisobutyric acid, (3-alanine, serine and 

leucine during the hypertrophy and regression phases were also examined 

(Table 11). Expressed as a distribution ratio (dpm/g heart to dpm/ 

milliliter plasma) there was a two-fold increase in the distribution 

for a-aminoisobutyric acid, g-alanine and leucine at day 1, 

indicating a marked increase in influx. The ratio was still elevated 

by day 5, but had returned almost to control value by day 10. The 

serine distribution ratio was also significantly elevated at days 1 

and 5, but not to the degree of the other amino acids examined. Taurine 

influx expressed as a distribution ratio is also shown in Table 11. 

The distribution ratios for 0-alanine and taurine were considerably 

higher than the ratios for a-aminoisobutyric acid, serine and leucine, 

indicating the possibility of different influx sites for a- and g-amino 
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Table 10. Duration of Taurine Influx Following 
Isoproterenol Administration. 

N dpm/g Heart 

Control 3 106,450 ± 4,400 

12 hour 3 253,000 ± 16,000* 

24 hour 3 179,400 ± 10,900* 

36 hour 3 170,900 ± 17,700* 

*p < 0.05. Rats were injected with isoproterenol twice daily for 
2 days. Ten, 22 and 34 hours following the last injection of 
isoproterenol the animals were pulsed with [%] taurine and 
sacrificed two hours later. Data represent Mean influx ± SEM. 



Table 11. Effect of Isoproterenol on Amino Acid Influx. 

(dpm/g heart)/(dpm/ml plasma) 
a-Aminoisobutyric 

Days Acid Serine Leucine 3-alanine Taurine 

Control 3.3 ± 0.5 

o
 

+1 •
 3 1.4 ± 0.1 10.8 ± 1.1 8.3 ± 1.9 

1 7.6 ± 0.1* 6.2 ± 0. 4* 3.3 ± 0.1* 20.4 ± 0.7* 27.0 ± 5.6* 

5 6.8 ± 1.0* 5.7 ± 0. 7* 3.5 ± 0.2* 18.2 ± 1.5* 22.3 ± 3.8* 

10 3.4 ± 0.3 5.2 ± 0. 6 2.8 ± 0.3 13.8 ± 0.8 14.0 ± 1.1* 

15 3.3 ± 0.3 4.6 ± 0. 3 2.9 ± 0.4 12.7 ± 1.7 10.7 ± 0.4 

*p < 0.05. Isoproterenol (5mg/kg S.C.) was administered to rats twice daily for ten days 
or until sacrificed. Rats were administered I.P. radiolabeled amino acid 10 hours 
following the previous isoproterenol injection, except for day 15 where radiolabeled 
amino acid was administered 5 days following the last isoproterenol injection. Influx 
was determined in the heart two hours later. Four rats were in each group. Data 
reported as Mean ± SEM. 

ON 
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acids. Stimulation of influx of a-aminoisobutyric acid, S-alanine, 

serine and leucine was specific to the heart in that no change in influx 

from control was found in lung and kidney (Tables 12 and 13). 

Plasma Activity 

The activity in plasma was determined during taurine, 

a-aminoisobutyric acid, 0-alanine, serine and leucine influx. No sig

nificant difference was observed in plasma activity throughout the 

experimental period for any of the amino acids examined. Table 14 

illustrates plasma radioactivities of taurine, 3-alanine, a-amino

isobutyric acid, leucine and serine. The relatively constant plasma 

radioactivity of all five amino acids during cardiac hypertrophy 

and regression indicate that the increased influx observed was not due 

to poor absorption of the labeled amino acids following intraperitoneal 

injection. During isoproterenol-induced hypertrophy there is an increase 

in extracellular fluid (Stanton, Brenner, and Mayfield, 1969). In these 

experiments this could not account for the increased influx observed, 

since intracellular activity was generally three-fold or greater than 

plasma or extracellular activity. 

Effect of Reserpine on Taurine Concentration 
in the Heart 

Iwata, Akemichi, and Yukio (1976) recently reported a transient 

increase in tairrine concentration in the heart of rats 4 hours follow

ing the intraperitoneal injection of reserpine (5 mg/kg). Whether this 

increase was a result of increased synthesis and/or influx was not 

determined. Similar experiments were done in which a mild but 



Table 12. Effect of Isoproterenol on Amino Acid Influx in Rat Lung. 

dpm/g Lung 
[14]-a-amino-

Day f H]-3-alanine isobutyric acid f Hi-leucine f C]-serine 

Control 88,660 + 7,730 18,150 + 6,900 22,490 + 7,100 2,140 + 140 

1 116,930 + 770 20,880 + 4,800 30,310 + 3,100 3,360 + 860 

5 90,190 + 10,140 15,650 + 3,650 31,760 + 4,400 2,142 + 110 

10 86,800 + 4,140 9,950 + 815 32,650 + 2,900 1,930 + 165 

15 108,200 + 12,700 17,112 + 2,900 32,900 + 1,640 1,990 + 70 

Isoproterenol (5mg/kg S.C.) was administered to rats twice daily for ten days or 
until sacrificed. Rats were administered radiolabeled amino acid 10 hours following 
the previous isoproterenol injection, except for day 15 where radiolabeled amino acid 
was administered 5 days following the last injection of isoproterenol. Influx was 
determined 2 hours later. There were 4 rats in each group. Data are expressed as 
Mean ± SEM. 



Table 13. Effect of Isoproterenol on Amino Acid Influx in Kidney. 

dpm/g Kidney 

ri4rl [ C]-a-amino-
Day [ H]-3-alanine isobutyric acid [ H]-leucine f C]-serine 

Control 444,360 + 145,187 125,050 + 6,600 51,600 + 12,380 7,370 + 3,400 

1 357,820 + 28,000 105,304 + 10,700 60,830 + 6,400 16,100 + 2,200 

5 294,960 + 20,830 73,300 + 3,400 58,100 + 3,100 16,700 + 740 

10 360,630 + 32,100 119,360 + 14,700 54,400 + 5,800 . 15,370 + 920 

15 601,210 + 59,000 133,370 + 22,240 54,500 + 2,300 12,600 + 440 

Isoproterenol (5mg/kg S.C.) was administered to rats twice daily fot ten days or 
until sacrificed. Rats were administered radiolabeled amino acid 10 hours following 
the previous isoproterenol injection, except for day 15 where radiolabeled amino acid 
was administered 5 days following the last injection of isoproterenol. Influx was 
determined 2 hours later. There were 4 rats in each group. Data are expressed as 
Mean ± SHM. 



Table 14. Effect of Isoproterenol on Amino Acid Radioactivities in Plasma. 

dpm/m/plasma  ̂
2 3 [ C]-a-amino-  ̂ 14 

Days [ H]-taurine [ H]-g-alanine isobutyric acid [ H]-leucine [ C]-serine 

Control 9,900 ± 1,100 7,960 ± 400 5,640 ± 800 26,800 ± 2,900 790 ± 41 

1 7,700 ± 550 8,030 ± 940 5,835 ±650 . 27,200 ± 2,400 728 ± 55 

5 7,540 ± 190 8,040 ± 760 5,100 ± 850 24,200 ± 3,500 929 ± 11 

10 10,300 ± 815 8,150 ± 1,000 5,320 ± 530 27,100 ± 4,000 782 ± 83 

15 7,750 ± 650 7,390 ± 390 5,635 ± 220 23,650 ± 3,600 810 ± 146 

Animals were administered isoproterenol (5 mg/kg S.C.) twice daily for ten days or until 
sacrificed. Ten hours following the previous injection of isoproterenol, the animals were 
injected I.P. with the radiolabeled amino acid indicated, and sacrificed two hours later. 
Three ml of blood were drawn from each animal immediately following decapitation. The 
plasma was separated and the activity/ml plasma determined. Four rats were in each group. 
Data reported as Mean ± SEM. 
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significant increase in cardiac taurine concentration occurred within 

4 hours of reserpine administration (Table 15). There was no alteration 

in the overall rate of conversion of cystine to taurine in the hearts 

of reserpinized animals ijî  vivo and no alteration was seen in cardiac 

cysteamine dioxygenase activity in vitro. The increase in taurine 

concentration in the heart, therefore, was not due to increased syn

thesis of taurine, but to an increase in taurine influx. The increase 

was not specific to the heart in that it also occurred in kidney and 

lung as shown in Table 16. 

In Vitro Characterization of Taurine Influx 

In vivo results in both isoproterenol and reserpine treated 

animals indicated that changes in taurine levels are associated with 

changes in influx rather than biosynthesis. This process was further 

characterized in the isolated perfused rat heart. 

Taurine Influx 

The rate of taurine influx was linear for at least 15 minutes 

in the perfused heart (Fig. 10). Times in excess of 15 minutes were 

not examined. However, taurine is probably taken up at a constant rate 

for much longer periods. Awapara and Berg (1976) reported linear rate 

of uptake in rat heart slices for at least 180 minutes. 

Taurine influx determined over a concentration range of 25-400yM 

was saturable at a concentration of about 200 pM. A Lineweaver-Burk 

plot of the influx kinetics is shown in Fig. 11. The Michaelis con

stant (Km) of 45 pM indicates that taurine influx is mediated by a 
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Table 15. Effect of Reserpine on Taurine Metabolism in 
the Heart. 

Control Reserpine 

I. Taurine concentration 
(ymole/g protein) 114 ± 3 135 ± 3* 

II. Cysteamine dioxygenase 
(nmole hypotaurine 
formed/hr/g protein) 774 ± 118 769 ± 170 

III. Taurine biosynthesis 
from cystine (dpm/g 
wet weight 6,740 ± 910 4,970 ± 640 

IV. Taurine influx (dpm/g 
wet weight 107,900 ± 6,900 134,000 ± 660* 

*p <0.05. Reserpine (5 mg/kg I.P.) was injected simultaneously with 
30 )iCi[3H]-cystine and 2 yCi[14c] taurine, and the animals sacrificed 
4 hours later. Controls were injected with an equal volume of 0.9 
percent NaCl. Taurine concentration, cysteamine dioxygenase activity, 
taurine biosynthesis and taurine influx were determined in the heart. 
Three to five rats were used per group. Data reported as Mean ± SEM. 



Table 16. Effect of Reserpine on Taurine Transport and Biosynthesis. 

Taurine biosynthesis 
(dpm/g) 

Organ Control Treated 

Lung 11,710 ± 2,500 10,060 ± 2,260 

Kidney 36,560 ± 5,920 • 21,370 ± 1,540 

Liver 8,470 ± 3,730 22,000 ± 8,460 

Taurine Influx 
(dpm/g) 

Control Treated 

208,700 ± 20,900 281,100 ± 17,900* 

307,900 ± 34,100 587,200 ± 38,600* 

562,500 ± 107,600 726,000 ± 15,800 

3 
*p < 0.05. Reserpine (5 mg/kg I.P.) was injected simultaneously with 30 pCi[ H]-cystine 
and 2 yci[14c] taurine and the animals were sacrificed 4 hours later. Controls were 
injected with an equal volume of 0.9 percent NaCl. Taurine biosynthesis from cystine 
and taurine influx was determined in the organs indicated. Three to five animals were 
used in each group. Data reported as Mean ± SEM. 
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10. In Vitro Taurine Influx. 

Hearts were perfused with Krebs-Henseleit 
buffer containing pH]-taurine for 5, 10 and 
15 minutes. Line was derived from a linear 
regression analysis of the data. Each point 
is expressed as Mean ± SEM from 4 hearts. 
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Fig. 11. Lineweaver-Burk Plot of Taurine Influx. 

Hearts were perfused with taurine for 6 minutes 
over a concentration range of 25 to 200uM. Line 
was derived from a linear regression analysis 
of the data. Each point represents Mean ± SEM 
from 4 hearts. 
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transport process of relatively high affinity. This value is in agree

ment with a Km of 40 yM reported by Awapara and Berg (1976) in rat heart 

slices. 

Effect of a and 3-amino Acids on Taurine Influx 

The specificity and inhibition of taurine influx was examined 

by perfusing hearts with radiolabeled taurine in the presence of a 5-

fold greater concentration of the non-labeled test amino acid (Fig. 12) . 

g-Alanine, which is structurally similar to taurine, inhibited taurine 

influx approximately seven fold, whereas the a-amino acids; a-amino-

isobutyric acid, leucine and serine did not markedly alter taurine 

influx. These results indicate that at least two types of influx sites 

for amino acids exist in the heart, one site mediating 3-amino acid 

influx and the other a-amino acid influx. The slight depression in 

taurine influx by competing a-amino acids may indicate that a small 

percentage of taurine influx is mediated by a-amino acid sites. 

Effect of Isoproterenol on Taurine Influx 

The saturability and specificity of taurine influx, in addition 

to influx inhibition by structurally similar compounds, indicates that 

taurine influx occurs by a mediated transport process (Lehninger, 1975). 

This type of process involves a number of steps. First, taurine binds 

to an active-carrier site on the membrane. Then translocation of the 

taurine-carrier complex occurs, followed by taurine release from the 

carrier. 

Isoproterenol added to the perfusion medium stimulated the 

mediated transport process as shown in the dose response curve for 
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Fig. 12. Inhibition of Taurine Influx by a and 3-amino Acids. 

Hearts were perfused with lOOyM. -taurine 
0.4mCi/mMole control or lOOyM [3HJ-taurine and 500yM 
of unlabeled 3-alanine (B-ALA), a-aminoisobutryic 
acid (AIB), leucine (LEU) or serine (SER) for 6 
minutes. Values represent the Mean ± SEM from 4 
hearts. 
*P < 0.05. 
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taurine influx (Fig. 13). A maximum stimulation in the rate of taurine 

influx occurred at an isoproterenol concentration of 4x10"7M. Concen

trations beyond 4x10-7M resulted in a decreased stimulation in influx, 

probably associated with general cellular derangements which occur fol

lowing large doses of isoproterenol (Nirdlinger and Bromante, 1974). 

Isoproterenol (4*10"7M) stimulated the rate of taurine influx 

at concentrations between 25 and 200 yM. Kinetic analysis of the data 

indicated isoproterenol increased both Km and Vmax (Fig. 14). The 

elevation in Km and Vmax suggests two possibilities: (1) the disso

ciation of the taurine-carrier complex in enhanced (increased Vmax), 

which results in a stimulated turnover of carrier. An increased carrier 

turnover would be similar to a greater number of carrier sites 

(increased Km); (2) there is actually an increase in the number of 

carrier sites available for taurine transport, and the dissociation of 

the taurine-carrier complex is increased. 

A possible mechanism which may explain the observed kinetics 

entails the interaction of isoproterenol with a plasma membrane 

g-adrenergic receptor causing the activation of adenylate cyclase and 

subsequent formation of 3',5'-adenosine monophosphate (cyclic AMP). 

The cyclic AMP in turn activates a protein kinase causing an increase 

in phosphorylation of a specific membrane protein. As a result of 

membrane phosphorylation, conformational changes occur in the membrane 

facilitating more rapid influx. 
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Fig. 13. Dose Response Relationship between Isoproterenol 
and Taurine Influx. 

Hearts were perfused with 25 yM -taurine 
1.4 mCi/mMole) and concentrations of 
isoproterenol between 4xl0"8 and 4xl0~5 for 
6 minutes. Each point represents Mean ± SEM. 
*p < 0.05. 
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Fig. 14. Lineweaver-Burk Plot of Non-stimulated and 
Isoproterenol-stimulated Taurine Influx. 

Hearts were perfused with taurine over a con
centration range of 25 to 200 pM in the presence 
and absence of isoproterenol. Lines were derived 
from a linear regression analysis of the data. 
Each point represents Mean ± SEM from 4 hearts. 



78 

Effect of Propanolol on Taurine Influx 

To test this hypothesis, the effect of the S-adrenergic 

antagonist, propanolol, on non-stimulated and ~soproterenol-stimulated 

taurine influx was determined (Fig. 15). Propanolol had no ·effect on 

taurine influx at a concentration of lxl0- 5M. However, it effect-

ively blocked the stimulatory action of isoproterenol (4xl0- 7M) on 

taurine influx. These findings indicate that alterations in taurine 

influx are associated with S-adrenergic activation. 

Effect of Theophylline on Taurine Influx 

Involvement of cyclic AMP was inferred by a significant 

increase in the rate of taurine influx in hearts perfused with the 

phosphodiesterase inhibitor, theophylline [(lxlo- 3M), Table 17]. 

This increase was not as great as that for isoproterenol (lxlo- 7M). 

Isoproterenol and theophylline together had a stimulatory effect on 

taurine influx but again, not to the same extent as isoproterenol 

alone. Hearts perfused with these two agents exhibit~d frequent 

i~regular rhythms, suggesting a . synergistic_.effect which possibly 

resulted in harmful overstimulation similar to that observed with high 

concentrations of isoproterenol (Table 17). 

Effect of Isoproterenol on Influx of 
a and S-amino Acids 

Isoproterenol (4xlo 4

•

7M) specifically stimulated the influx of 

S-amino acids during the first 6 minutes of perfusion (Table 18). 

Taurine and S-alanine influx was increased 30 and 23 percent respect-

ively, whereas the influx for a-aminoisobutyric acid, leucine and 
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Fig. 15. Effect of Propanolol on Taurine Influx. 

Hearts were perfused with a Krebs-Henseleit 
buffer containing SO yM taurine, 1x10"5 M 
propanolol, 4xi0-7 M isoproterenol, or propanolol 
and isoproterenol. Data are expressed as Mean ± SEM 
from 3 to 4 hearts per group. 
*p < 0.05. 
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Table 17. Effect of Theophylline and Isoproterenol 
on Taurine Influx. 

Taurine Influx 
unmoles/g dry weight/min percent of control 

Control 20.0 + 0.4 100 + 2 

Isoproterenol 24.0 + 0.8* 119 + 4 

Theophylline 22.8 + 0.3* 112 + 1 

Isoproterenol 
+ Theophylline 22.5 + 1.2* 112 + 6 

*p < 0.05. Hearts were perfused with Krebs-Henseleit buffer 
containing lx10-ltM [3H]-taurine and 4xlO"7M isoproterenol, 1><10~3M 
theophylline or isoproterenol and theophylline together. Each group 
consisted of 4 hearts. Data are expressed as Mean ± SEM. 



Table 18. Isoproterenol-stimulated Amino Acid Influx. 

Taurine e--Alanine a-Aminoisobutyric Acid Leucine Serine 

Control 15.1 ± 1.0 16, .1 ± 1.3 13.4 ± 1.3 28.5 ± 3.8 53.3 ± 3.5 

Isoproterenol 
Stimulated 19.2 ± 0.2* 19, .7 ± 1.0* 12.3 ± 0.5 30.6 ± 0.8 57.3 ± 1.3 

'*p < 0.05. Amino acid influx is expressed as nmole/g dry weight/minute. Concentration of 
each amino acid in perfusion medium was 50yM (lmCi/mMole). . Isoproterenol was dissolved 
in such a volume of Krebs-Henseleit buffer that addition of 0.1 milliliter to the perfusion 
medium resulted in a final concentration of 4x10-7M. Hearts were perfused for 6 minutes. 
Each value represents Mean ± SEM from 4 hearts. 
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serine was not significantly altered. This early specific stimulation 

in a-amino acid influx by isoproterenol suggests that a and g-amino 

acid influx is regulated by different mechanisms. 

Interaction between Taurine and Calcium 

Taurine has been reported to exert an inotropic effect and to 

potentiate the inotropic effect of strophanthin K in guinea pig 

auricles (Guidotti, Badiani, and Giotti, 1971; Dietrich and Diacono, 

1971). In addition, taurine antagonizes the negative intropic effect 

of low concentration of calcium in heart perfusion medium (Guidotti 

and Giotti, 1969). These findings suggest the involvement of taurine 

in calcium fluxes. 

Effect of Taurine on Calcium Efflux Iii Vitro 

Results presented in Fig. 16 indicate that taurine affects 

45 calcium movement. Hearts were perfused with calcium for 15 minutes 

in the presence and absence of 8 mM taurine. Washout with a calcium 

free medium followed, during which one-half milliliter fractions were 

collected as the eluent dropped from the apex of the heart. Calcium 

efflux in taurine treated hearts was consistently greater. Based on 

45 the assumption that calcium equilibrated with intracellular calcium 

during the 15 minute period, the amount of calcium washed from the 

heart, and that remaining following washout, was significantly larger 

in the taurine treated hearts (Table 19). The data indicate that 

taurine increases the amount of calcium taken into the heart and that 

most of the calcium is tightly bound, since a significant amount 

remained following washout. 
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Fig. 16. Calcium Efflux in Hearts Perfused in the Presence and 
Absence of Taurine. 

Hearts were perfused for 15 minutes with Krebs-Henseleit 
buffer containing 2.5mM 45calcium chloride (8y 
Ci/mMole)in the presence (open circles) and absence 
(closed circles) of 8mM taurine. Following the 15 minute 
perfusion period the hearts were perfused for an additional 
2 minutes with a calcium-free medium. One-half milliliter 
fractions of medium eluting from the heart were collected 
during the washout period and the activity determined by 
liquid scintillation counting. 
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Table 19. Effect of Taurine on Calcium Efflux from 
the Perfused Heart. 

Control 

Taurine 8 mM 

Calcium Efflux 

yimole 

3.1 ± .1 

3.7 ± .2* 

Calcium Retained 

ymole/g dry weight 

0 . 6  ±  . 1  .  

1 . 2  ±  . 1 *  

*p < 0.05. Hearts were perfused for 15 minutes with Krebs-Henseleit 
buffer containing 2.5 mM CaCl2 (8yCi/mMole) in the presence 
and absence of 8 mM taurine. Washout with a calcium free buffer 
for 2 minutes followed. The total amount of calcium washed from 
the heart and the amount remaining following washout was determined. 
Data are derived from 4 hearts in each group, Data are expressed as 
Mean ± SEM. 
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Effect of Taurine on Sarcoplasmic Reticulum 
Calcium Bindings 

The sarcoplastic reticulum is a specialized membrane system 

involved in calcium tranport in muscle. The release of calcium by 

this system initiates contraction, and binding of calcium is associated 

with relaxation. Possibly the increased uptake of calcium by hearts 

perfused with taurine (8mM) was a result of increased binding of cal

cium to sarcoplasmic reticulum. The effect of taurine on calcium 

binding and Ca+* Mg+-activated adenosine triphosphatase (Ca ,Mg++ATPase) 

activity was thus examined in partially purified sarcoplasmic reticulum 

vesicles from hearts of SHR and normotensive rats. Maximum calcium 

binding occurred within 2 minutes, followed by a slow leaking over the 

next 2 minutes (Fig. 17). Calcium binding to sarcoplasmic reticulum 

from SHR and normotensive rat hearts was similar. Taurine (20 mM) had 

no effect on calcium binding to sarcoplasmic reticulum from either animal 

group when added to the incubation mixture (Fig. 17). 

Hydrolysis of ATP, which is an indication of Ca+* Mg++ATPase 

activity in these experiments, was linear during the 4 minute period 

(Fig. 18). No difference in activity was found between the two 

groups. Further, taurine (20 mM) when added to the incubation medium, 

had no effect on enzyme activity. These results indicate that the 

increased calcium binding in perfused hearts treated with taurine is 

not due to calcium binding to sarcoplasmic reticulum. 
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Fig. 17. Effect of Taurine on Calcium Binding 
to Cardiac Sarcoplasmic Reticulum. 

Open circles and triangles represent cal
cium binding to sarcoplasmic reticulum in 
the absence of taurine from spontaneously 
hypertensive rats and normotensive rats, 
respectively. Closed circles and triangles 
represent calcium binding in the presence 
of 20 mM taurine. Each point represents 
2 determinations from 3 to 4 rats. Data 
are expressed as Mean ± SEM. 
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Fig. 18. Effect of Taurine on Ca++, Mg++ ATPase from 
Cardiac Sarcoplasmic Reticulum. 

Open circles and triangles represent ATPase 
activity of sarcoplasmic reticulum in the absence 
of taurine from spontaneously hypertensive rats 
and normotensive rats, respectively. Closed 
circles and traingles represent enzyme activity 
in the presence of 20 mM taurine. Each point 
represents 2 determinations from 3 to 4 rats. 
Data are expressed as Mean ± SEM. 



CHAPTER 4 

DISCUSSION 

Development of Animal Model 

A number of animal models were screened in order to find a 

model of cardiac hypertrophy in which alterations in taurine levels 

occur. The SHR exhibited a significant hypertrophy by two weeks of 

age. However, taurine levels were no different from Control up to 

20 weeks after birth. Neither dietary manipulation nor feeding the 

SHR a 1 percent NaCl solution affected taurine levels or the progres

sion of the disease. Administration of adriamycin to SHR (an agent 

which causes an irreversible cardiac failure in man when the total 

dose exceeds 550 mg per square meter body surface area) did not induce 

failure or a greater cardiac hypertrophy, but made the animals severely 

ill. Throughout the treatment period the animals were anorexic and 

consequently lost weight. Taurine levels were'mildly but signifi

cantly lower and probably reflected the animals catabolic state. 

Repeated injections of isoproterenol induced a rapid and reversible 

hypertrophy in SHR and normotensive rats. Significant alterations in 

taurine levels occurred during the development and regression of hyper

trophy, providing a useful model for determining relationships between 

cardiac hypertrophy and taurine levels, and defining mechanisms 

88 
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involved in maintaining the levels. A single intraperitonal injiection 

of reserpine resulted in a transient increase in taurine concentration in 

the rat heart. Although reserpine does not cause cardiac enlargement, 

this agent was useful in studying the mechanisms responsible for the 

observed changes in taurine concentration. A discussion of the results 

from each model follows. 

Spontaneous Hypertensive Model 

The SHR develop hypertension and cardiac enlargement within 4 

to 6 weeks of age. This model most nearly approximates essential hyper

tension in man. It is useful therefore in studying physiological, par

alogical and biochemical changes which occur during the progression of 

hypertensive disease. Farmer et al. (1974) have classified the develop

ment of cardiac hypertrophy in SHR into four stages: developing cardiac 

hypertrophy (0-12 months, relative stable hypertrophy (12 months), rela

tive cardiac atrophy (17 months), and presumably, failure (>17 months). 

This model initially appeared ideal for studying changes in 

taurine levels and determining the mechanisms responsible for such 

changes during the development of hypertrophy and eventual failure. 

Further support for using this model was obtained from preliminary 

findings in which elevations in taurine concentration were found in 

ventricular samples from SHR supplied by Mead Johnson Laboratories 

(Huxtable and Bressler, 1974). Subsequently, a colony of SHR was 

established in the Animal Resources Department of the Arizona Health 

Science Center. 
i 

i 

i 

i 
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Initial experiments involved monitoring body weight, systolic 

pressure, heart weight and taurine concentration as the animals developed 

(Tables 1 and 2). Normotensive Wistar rats grew consistently faster than 

SHR and were larger at maturity, which agrees with other reports (Farmer 

et al. 1974; Manger, Werner and Duft'on, 1973). SHR were significantly 

hypertensive by 8 weeks of age, and although heart weights were similar 

for the two groups by 8 weeks, the smaller SHR had significantly larger 

heart/body weight ratios indicating hypertrophy. Taurine concentrations 

between groups were not considerably different up to 20 weeks of age. 

Their finding differs from the elevation in taurine concentration in 

12-16 week SHR reported by Huxtable and Bressler (1974). Comparisons 

are difficult, however, since the animals came from different colonies, 

were fed different diets, and were subjected to different treatments. 

In addition, taurine concentration was determined in hearts with only 

atria and aorta removed, whereas Huxtable and Bressler (1974) determined 

taurine concentration in random frozen samples of ventricular tissue. 

Possibly alterations in taurine concentration do not occur 

in the hearts of SHR until very late in the disease process, for instance, 

until after stage 3, cardiac atrophy. The gradual increase in taurine 

concentration found in the hearts of SHR over the 20 week period would 

support such a theory (Tables 1 and 2). To extend the study for larger 

periods of time, however, would have become an expensive and time 

consuming endeavor. Consequently, attempts were made to alter taurine 

concentration in the heart of SHR by providing taurine or the 
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biosynthetic precursor, cysteamine, in the diet for 12 weeks. As 

shown in Tables 3 and 4, dietary manipulation had no effect on taurine 

concentration in the heart of SHR. These findings are consistent with 

reports in which starvation, excess taurine in the diet, or pyridoxine 

deficient diets did not appreciably alter taurine concentration 

(Awapara, 1956; Sturman, 1973). 

Attempts were also made to accelerate the disease processes in 

SHR by providing the animals with 1 percent NaCl in the drinking water 

for 12 weeks (Table 5). There was no difference in any parameter mea

sured between the control and treated SHR. A 1 percent NaCl solution 

which is effective in inducing hypertension in normotensive rats was 

ineffective in stimulating a greater degree of hypertension in SHR. 

Pharmacological Models 

Adriamycin is a relatively new antineoplastic agent which has 

been found to produce an irreversible cardiac failure in man when the 

total dose exceed 550 mg per meter of body surface area (Blum and 

Carter, 1974). Induction of a similar type of failure was attempted 

in SHR by administering adriamycin (2.5 mg/kg) intravenously at weekly 

intervals for 3 weeks. Instead of inducing failure or further hyper

trophy in the SHR, adriamycin at the dose administered exerted a general 

toxic effect. Within several hours, and continuing for five days fol

lowing each injection, the animals were anorexic, their motor activity 

depressed, and several developed ascites. At the time of sacrifice, 

the treated animals were significantly lighter than controls (Table 6). 
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Taurine concentration was slightly, but significantly lower in treated 

animals. This decrease was probably due to the catabolic state of 

the animal which was a result of the general toxicity of the drug. 

Bertazzolli et al.C1972) reported similar toxic effects of 

adriamycin when administered to rabbits and dogs on a chronic basis. 

Congestive heart failure did not occur in either dog or rabbit. How

ever, the animals exhibited: weight loss, alopecia, enterocolitis, 

total depression of hemopoiesis, renal damage and hyperproteinemia. 

These effects were due to general inhibition of cellular reproduction 

thought to result from adriamycin binding to DNA and intercalating 

between base pairs, thereby disrupting transcription (Calendi et al., 

1965). In man, adriamycin causes a somewhat specific toxic effect 

to heart tissue. A similar effect does not appear to occur in rats. 

Therefore, no further work using this agent to precipitate a compar

ative cardiac failure was attempted. 

Isoproterenol (5 mg/kg) administered subcutaneously twice a 

day to SHR and normotensive rats for 10 days produced a significant 

cardiac hypertrophy, which is reversible upon discontinuation of the 

drug (Stanton, Brenner and Mayfield, 1969; Chubb, Huxtable and Bress-

ler, 1975). The development of hypertrophy is a compensatory reaction 

to the severe adrenergic activation produced by isoproterenol and this 

is somewhat similar to the hypertrophy which develops in hypertension 

disease states, with the experimental advantage of occurring over a 

short period of time. Isoproterenol-induced cardiac hypertrophy at 

a dose of 5 mg/kg is associated with some degree of microscopic 
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infarction. However, the lesions are generally mild, consisting of 

histiocytes localized in the subendocardial portions of the apex and 

papillary muscles (Stanton, Brenner, and Mayfield, 1969). The reversi

bility of the induced cardiac enlargement indicates no serious fibrotic. 

lesions result from the treatment. A major advantage of this model 

of hypertrophy is that it is easily and reproducibly induced. 

Alterations in taurine levels occurred during the development 

and progression of isoproterenol - induced cardiac hypertrophy. As the 

heart enlarged the total content of taurine increased, so that concentra

tion was not significantly different from control (Table 7). Upon 

discontinuation of the drug, heart weight returned to control value over 

an 8 day period (Fig- 5)* Taurine content also decreased but at a slower 

rate. By day 18, content remained significantly elevated,indicating that 

alterations in taurine levels are not simple responses to changes in the 

tissue mass. Possibly the delayed drop in taurine content is associated 

with the minor damage the heart sustained (characterized by microscopic 

lesions) following repeated administration of isoproterenol. In this 

situation taurine may be providing a protective or stabilizing action 

on the heart, which is compatible with the proposed function for taurine 

(Huxtable, 1976; Gruener et al. 1976). 

Single introperitoneal injections of reserpine (5 mg/kg) have 

been reported to cause a transient increase in the concentration of 

taurine in the rat heart without any change in the heart weight 

(Iwata, Akemichi, and Yukio, 1976). A similar increase in taurine 
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concentration four hours after the administration of reserpine is 

shown in Table IS. Iwata, Akemichi and Yukio (1976) did not suggest 

a possible mechanism for the observations. Reserpine is known to 

deplete catecholamine stores, particularly at high doses (Nickerson 

and Collier, 1975). Therefore, the increase in taurine concentration 

is probably due to a temporary sympathomimetic affect resulting from 

displacement of catecholamines, from storage granules. If such is the 

case, then reserpine probably alters taurine levels in the heart by a 

mechanism similar to that of isoproterenol. 

Mechanisms Involved in Maintaining Taurine 
Levels in the Heart 

Taurine concentration in the rat heart can conceivably be 

controlled by three mechanisms: catabolism of taurine to its only 

proposed metabolite, isethionic acid; endogenous biosynthesis from 

cysteine involving the intermediate cysteamine; or uptake of taurine 

from circulating tissue. Huxtable and Bressler (1973) reported that 

taurine is converted to isethionic acid at a very slow rate. Recently, 

Applegarth, Remtulla, and Williams (1977) found evidence to indicate 

that taurine may not even be metabolized to isethionic acid. There

fore, it is unlikely that catabolism is a mechanism involved in main

taining taurine levels in the heart. 

Biosynthesis and Influx 

In vivo and in vitro determinations of taurine biosynthesis 

during the hypertrophy and regression stages following isoproterenol 

administration (Table 8) were unchanged, indicating the alterations 
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in taurine levels were notdue to biosynthetic processes. Influx 

processes in_ vivo, however, were significantly stimulated by isopro

terenol at doses greater than 0.5 mg/kg (Fig. 6). Also the rate of 

taurine influx was significantly elevated during the period of hyper

trophy, and returned to the rate found in control by day 15 (Fig. 8). 

Influx processes are therefore important in maintaining levels in the 

heart. These findings are supported by similar results obtained in 

the reserpine model. The transient increase in taurine concentration 

found 4 hours following the administration of reserpine was accompanied 

by a stimulation in the rate of influx without alteration in biosyn

thesis (Table 15). 

Isoproterenol-induced cardiac hypertrophy and submaxillary 

salivary gland hyperplasia were associated with an increase in the rate 

of taurine influx (Fig. 8 and Table 9). An increased influx rate for 

taurine was not found in organs in which isoproterenol did not stimu

late growth (Fig. 8). Also, a linear correlation between increase in 

heart to body weight ratio and percent stimulation in taurine influx 

was found (Fig. 7). These results imply that an increase in taurine 

influx and tissue growth are both stress responses to isoproterenol 

stimulation. 

The time course of taurine influx in the heart following one 

injection of isoproterenol indicates that the rate of influx is not 

directly linked to a general increase in protein synthesis since 

maximum stimulation in ornithine decarboxylase activity occurred two 

hours following the maximum increase in taurine influx (Fig. 9). In 
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this study, ornithine decarboxylase activity was used as an indicator 

of subsequent tissue growth because an increase in its activity gener

ally preceeds DNA, RNA and protein synthesis (Byus and Russell, 1974). 

Most likely, the stimulation in taurine influx and the increase in 

tissue growth represent separate and perhaps coordinated increases in 

several systems that are important responses to stress. 

The results indicate a close connection between an increase 

in sympathomimetic activity and initiation of increased influx, 

g-adrenergic activation apparently serves as a trigger that initiates 

a series of events leading to increased taurine influx. The stimulated 

influx is proportional to the degree of sympathomimetic activation 

over an isoproterenol dose range of 0.05 mg/kg to 50 mg/kg (Fig. 8). 

Having been stimulated, the increase in influx persists independently 

of the pharmacological action of isoproterenol. Arterial blood pres

sure and heart rate return to normal within 6 hours of administering 

isoproterenol to rats (Stanton, Brenner, and Mayfield, 1969), while 

an elevated taurine influx continues for in excess of 36 hours 

(Table 8). 

In vivo isoproterenol-stimulated influx was not specific for 

taurine. The influx rates for B-alanine and a-amino acids: ct-amino-

isobutyric acid, leucine and serine, were also increased (Table 11), 

indicating that isoproterenol exerts a general stimulating effect on 

amino acid influx in vivo. In a number of tissues other than the heart, 

transport systems have been described for a and 3-amino acids. For 

example, up to six transport systems for a-amino acids with overlapping 
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specificities have been described in Ehrlich tumor ascites cells 

(Christensen and Liang, 1965) and mouse brain (Blasberg and Lajtha, 

1965). Christensen (1964) characterized two neutral a-amino acid sys

tems in Ehrlich cells; an alanine preferring system which also mediated 

a-aminoisobutryic acid and serine uptake, and a leucine preferring sys-

ten. 3-Amino acid uptake systems were also described in these tissues. 

If such systems exist in the heart, the results presented in Table 19 

indicate that isoproterenol stimulates both neutral and a-amino acid 

influx rates. 

Characterization of Influx Process 

Taurine influx was characterized in the isolated perfused rat 

heart. Many of the in vivo variables, such as changes in blood flow, 

and blood composition, amino acid recycling, absorption and metabolism, 

were eliminated by using this system. In addition, the system enabled 

steady state conditions to be obtained within 30 seconds after starting 

the perfusion with radiolabel. Through utilization of a 

non-recirculating system, the concentration of labeled amino acid 

perfusing the heart was readily held constant throughout the perfusion 

period. 

The findings indicate that the high concentration of taurine 

in the rat heart is maintained by an active transport process since 

taurine influx satisfies the criteria of such a process. The criteria 

are: (1) saturability; taurine transport sites have a high affinity, 

but low capacity for taurine (Fig. 11); (2) specificity; a-amino 

acids are not transported to any significant degree at taurine sites 

(Fig. 12); (3) inhibition by structural analogs; g-alanine inhibits 
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taurine influx (Fig. 12). The process of taurine influx in the rat 

heart is similar to the systems described in Erhlich tumor ascites 

cells (Christensen, 1964) human platelets (Gaut and Nauss, 1976) and 

rat brain slices (L&hdesmaki and Oja, 1973). In each of these systems 

a high affinity, low capacity transport process has been described for 

taurine. In addition, a similar competition between taurine and 

structural analogs, but not a-amino acids was found. 

The rate of taurine influx in the perfused heart was maximally 

stimulated by isoproterenol at a concentration of 4x10"7M'(Fig. 13). 

Higher concentrations of isoproterenol resulted in less stimulation which 

was probably associated with electrolyte cha: ges, anoxia and mito

chondrial disruption which occur following high concentrations (Nird-

linger and Bromante, 1974). 

Isoproterenol (4*10~7M) also stimulated the rate of g-alanine 

influx during the first 6 minutes of perfusion without alteration in 

the rate of a-amino acid influx (Table 18). The effect of isopro

terenol on a-amino acid influx was not examined beyond 6 minutes. 

However the in vivo data in which influx was determined 12 hours fol-

loweing the administration of isoproterenol indicated that a-amino 

acid influx was also stimulated. If the perfusion period had been 

extended for longer periods, possibly an increased influx rate for 

a-amino acids might have occurred. Others have shown that longer 

perfusion periods with adrenergic agents result eventually in stimu

lation of a-amino acids. Isaksson and Kallfelt (1973) reported 

increases in a-aminoisobutyric acid influx by epinephrine at the end 
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of a 15 minute perfusion period. However, the early stimulation in 

3-amino acid influx by isoproterenol suggests that a and B-amino 

acid influx by isoproterenol suggests that a and f3-amino acid influx 

are regulated by different mechanisms. 

Taurine influx in the heart has been found to be mediated by 

an active, saturable process. Active transport processes are gener

ally thought to contain membrane protein molecules (carriers) capable 

of reversibly binding specific substrates, and of transporting them 

across the membrane to be released intracellularly. Also in such 

processes, the rate of binding of the substrate on the outside of the 

membrane, its transport across the membrane, and its release on the 

other side can set an upper limit to the rate of transport. The 

process is analogous to the Michaelis-Menten relationship of enzyme 

kinetics. Schematically, the process can be represented as follows: 

Taurine . + Carrier -*• Taurine Carrier -*• Taurine. + carrier out m 

Isoproterenol (4xlO~7M) stimulated taurine influx over the 

physiological range for taurine in plasma (25-200yM). A Lineweaver-

Burke plot of non-stimulated and isoproterenol-stimulated influx 

resulted in lines with constant slopes (parallel lines), Fig. 14. 

Isoproterenol increased Km and Vmax. Based on the assumption that 

at any given concentration of taurine the rate limiting step in 

transport is the dissociation of the taurine-carrier complex, the 

increased Km and Vmax suggest that isoproterenol stimulates taurine 

influx by increasing the rate of taurine-carrier complex dissociation. 
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Since the taurine-carrier complex dissociates at a more rapid rate, 

Vmax increases, and the availability of carrier increases, hence Km 

also increases. An alternative explanation is that the taurine-carrier 

complex dissociation rate is enhanced and an actual increase in the 

number of carriers also occurs. 

Many of the pharmacological actions of isoproterenol are 

mediated by cyclic AMP. Possibly isoproterenol stimulates the rate 

of taurine influx through this intermediate. A model illustrating 

a possible mechanism for isoproterenol-stimulated taurine influx is 

shown in Fig. 19. In this model, isoproterenol activates membrane 

bound adenylate cyclase, leading to the formation of cyclic AMP. 

Cyclic AMP in turn activates a membrane bound protein kinase, causing 

the phosphorylation of a specific membrane protein. As a result of 

membrane phosphorylation, allosteric changes occur in the membrane 

which facilitate increased transport. How membrane conformational 

changes may increase taurine-carrier complex dissociation is not 

known. Such changes could, however, be responsible for uncovering 

inactive carrier sites. Similar models have been proposed for 

P-adrenergic stimulation of cation transport in amphibian bladder 

(DeLorenzo et al., 1973) and avian erythrocytes (Greengard, 1975). 

The observation that propanolol, a competitive S-adrenergic 

antagonist, blocks isoproterenol-stimulated taurine influx suggests 

that isoproterenol is exerting its effect on taurine influx via an 

adrenergic mechanism (Fig. 15). 
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Fig. 19. Model of Proposed Mechanism by Which 
Isoproterenol Mediates Membrane Phosphorylation. 
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The concentration of propanolol (1x10"SM) which completely 

blocked isoproterenol-stimulated influx had no effect on basal rates 

of influx. Since adrenergicly innervated tissues are generally under 

some degree of adrenergic activation, the finding that propanolol does 

not lower basal influx rates suggests the presence of two components 

or influx sites for taurine; one which is independent, and the other 

dependent of 3-adrenergic activation. 

Theopylline, an agent which increases endogenous cyclic AMP 

levels by. inhibiting the conversion of cyclic AMP to 5'-AMP when per

fused into hearts,significantly stimulated the rate of taurine influx, 

though not to the same extent as isoproterenol stimulated influx 

(Table 17). These results provide further support for the involve

ment of cyclic AMP in isoproterenol stimulated influx. 

Cyclic AMP has been reported to stimulate amino acid uptake 

into a variety of other tissues including bone' (Phang, Downing, and 

Weiss, 1970), kidney cortex (Weiss, Morgan, and Phang, 1972), myo

metrium (Griffin and Szego, 1968), liver (Tews, Woodcock, and Harper, 

1970), and intestine (Kinzie, Grimme, and Alpers, 1976). In some 

cases the cyclic-AMP'associated amino acid uptake merely reflected 

altered intermediary metabolism of amino acids. For example, in 

liver slices incubated with cyclic AMP the uptake of some amino acids 

decreased while others increased (Tews, Woodcock, and Harper, 1970). 

In other cases the changes were related to enhanced electrolyte 

transport, especially in kidney and intestine, and reflected altered 

electrochemical gradients across the cell. Amino acid transport is 
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dependent upon extracellular sodium,and the higher the external sodium 

concentration the greater the capacity of transport systems to trans

port amino acids. It is generally thought that the driving force for 

amino acid transport is derived from the energy inherent in the down

ward gradient of sodium into the cell (Wisemann , 1968). Therefore, 

alterations in sodium fluxes may be responsible for stimulated amino 

acid influx. 

Since isoproterenol exerts inotropic and chronotropic effects 

on the heart, ultimately resulting in an elevation of metabolic 

activity, neither increased intermediary metabolism nor enhanced 

electrolyte transport can be excluded as possible causes of increased 

taurine influx. However, the fact that taurine and g-alanine are 

essentially non-metabolized, non-protein forming amino acids, and are 

taken up at sites different from ot-amino acids, suggests their 

stimulated influx is not simply a result of increased metabolic 

activity. Enhanced electrolyte transport also seems an unlikely 

cause of increased taurine influx since increased sodium flux would 

cause a general stimulation in amino acid influx. However, in vitro 

isoproterenol was found to stimulate 3-amino acid influx rates speci

fically. Presently the mechanism which best fits the available 

evidence is the cyclic-AMP-membrane phosphorylation hypothesis. More 

rigorous work, however, is required before the exact mechanism which 

controls taurine influx can be defined. 
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Possible Function for Taurine 

The relative abundance of taurine in heart tissue, a rapidly 

responding, specific transport system involved in maintaining taurine 

levels, and findings which indicate taurine possesses cardiotonic 

properties, suggest a role for taurine in heart function. Experiments 

45 in which hearts were perfused with calcium in the presence and 

absence of taurine indicated that taurine increased the amount of 

calcium taken up by the heart (Fig. 16). The results also 

indicated taurine increases the amount of tightly bound calcium, 

45 sxnce a significant amount of calcium remained in the heart follow

ing washout (Table 15). Similar findings were reported by Dolara et 

al. (1973) in guinea-pig hearts. 

Based on kinetic washout analysis, there are three pools of 

calcium in the heart; two which exchange calcium rapidly, and a third 

which exchanges calcium slowly (Bailey and Sures, 1971). Dolara et 

al. (1973) have assigned cellular locations to the pools. The rapidly 

exchanging pools correspond to calcium in the vascular spaces and 

calcium associated with the contractile elements. The third pool, 

which exchanges calcium slowly, corresponds to calcium in the sarco

plasmic reticulum. Since taurine increases the amount of tightly 

bound calcium, it must affect calcium binding capacity and affinity 

of the third pool. 
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Calcium binding experiments in partially purified cardiac 

sarcoplasmic reticulum from SHR and normotensive rats in the presence 

and absence of taurine indicated that taurine was ineffective in 

altering calcium binding (Fig. 17). These findings do not agree with 

those recently reported by Dolara et al. (1976) in which taurine 

increased calcium content of cardiac sarcoplasmic reticulum from 

guinea-pig. The differences may be due to sarcoplasmic reticulum 

isolated from different species or different techniques. Dolara et 

al. (1976) used equilibrium dialysis and measured the disappearance 

of radiolabeled calcium from the external solution. More likely, 

however, is the difference in procedures used in isolating sarcoplasmic 

reticulum. Dolara et al. (1976) used the method of Lee, Tanaka, and 

Yu (1965) which results in a preparation highly contaminated with 

mitochrondria and plasma membrane (Harigaya and Schwartz, 1969). 

Consequently, the increased binding observed by these authors may have 

been due to the presence of other cellular fragments. 

If taurine does not increase calcium binding to sarcoplasmic 

reticulum, then the third pool does not correspond to the sarcoplasmic 

membrane as suggested by Dolara et al. (1973). Some other cellular 

fraction may be involved. Since the mitochondria sequester relatively 

large amounts of calcium possibly this membrane system corresponds 

to the slowly exchanging pool. One report . found that taurine was 

ineffective in increasing calcium binding to liver mitochondria 

(Dolora et al., 1973). No studies on heart mitochondria, however, 

have been made. 
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The results indicate that taurine increases calcium binding 

to some intracellular structure. Some of the bound calcium is 

probably available for excitation-contraction coupling which would 

explain the inotropic action of taurine. In addition, the bound 

calcium may function as a reserve source which is mobilized under 

stressful conditions. However, the exact nature of this binding, or 

the cellular entity to which calcium is bound, is not known. 
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