Annu. Rev. Nutr. 1981.1:401-425. Downloaded from www.annualreviews.org
by Central College on 01/04/12. For personal use only

ANNUAL
<> Aens Further
Quick links to online content

Ann. Rev. Nutr. 1981, 1:401-25
Copyright © 1981 by Annual Reviews Inc. All rights reserved

TAURINE IN METABOLISM #1301

K. C. Hayes

Department of Nutrition, Harvard School of Public Health and the Nutrition
Division, New England Regional Primate Research Center, Harvard Medical
School, Boston, Massachusetts 02115

J A. Sturman

Developmental Neurochemistry Laboratory, Department of Pathological
Neurobiology, Institute for Basic Research in Mental Retardation, Staten
Island, New York 10314

CONTENTS
INTRODUCTION 402
TAURINE CHEMISTRY 402
TAURINE BIOSYNTHESIS 403
TAURINE METABOLISM 404
General Considerations 404
Brain 406
Pineal and Pituitary Glands 407
Retina 407
Bile 408
Heart and Skeletal Muscle 409
Other Tissues 410
TAURINE TURNOVER 410
TAURINE DEPLETION ......coooioiiiiriiieieirtrinetereieesieesenssesssssestsssssetsssssstessessnes 411
Taurine Deficiency in Cats 411
Retinal and Tapetal Degeneration 412
Taurine Deficiency in Primates. 413
Growth Rate Factor 413
Dietary Taurine Requirements 414
TAURINE AND BILIARY PHYSIOLOGY 415
TAURINE FUNCTION 416
CNS Function 416
Retinal Function 416
Heart Function 417

0199-9885/81/0715-0401$01.00



Annu. Rev. Nutr. 1981.1:401-425. Downloaded from www.annualreviews.org
by Central College on 01/04/12. For personal use only

402 HAYES & STURMAN

HORMONAL INTERACTIONS 417
Glucose and Insulin 417
Epinephrine 418

yroid Hormone 418
Renin-Active Hormone 418
Dietary Factors Influencing Taurine Metabolism . 418

CONCLUSION 419

INTRODUCTION

Taurine is rapidly emerging as one of the more interesting and ubiquitous
of the amino acids. Long referred to as an end product of sulfur amino acid
metabolism, it has become increasingly acknowledged as a factor involved
in the functional regulation of many mammalian organ systems, with appre-
ciable evidence accruing concerning its function in excitatory processes in
the central nervous system (CNS) and muscle. Furthermore, from the
nutritional point of view, an important role for taurine in biological systems
is emphasized by the fact that it has been identified as a nutrient essential
for at least one species, the cat, and apparently can be a limiting factor
during growth of nonhuman primates as well.

The purpose of this review is to orient the reader concerning the known
aspects of taurine in metabolism, with particular emphasis on the nutri-
tional aspects and implications for taurine depletion and deficiency. It also
underscores those aspects of metabolism where taurine has made promising
impact for future investigation. Several reviews are available that deal with
various aspects of taurine biochemistry and physiology (55, 124), as well as
specific areas of taurine involvement in development (127), the central
nervous system (9, 13, 37, 75), the eye (19, 86), and the heart (7, 11, 34,
53, 54).

TAURINE CHEMISTRY

Taurine (2-aminoethanesulfonic acid) has the amino group on the beta-
carbon, not the alpha-carbon typical of most other amino acids, and has a
sulfonic acid group in place of the more usual carboxylic acid group. It is
a colorless, relatively tasteless compound with a molecular weight of 125
and is water soluble, but almost insoluble in ethanol or ether (55). Taurine
derives its name from the fact that it was first isolated from ox bile (132),
where it is conjugated with bile acids (42).

It is distributed throughout the animal kingdom where it is ordinarily
encountered as a free amino acid. It is essentially absent in plants, with
small amounts found in lower plant forms. The concentration of taurine in
specific tissue and fluids varies widely; but at times, depending on the tissue
and stage of development, it can be in greater concentration than other
amino acids.
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TAURINE BIOSYNTHESIS

The biosynthesis of taurine theoretically can proceed via several enzymatic
processes linked to the metabolism of sulfur amino acids, involving the
enzymatic oxidation and conversion of dietary cysteine derived either di-
rectly or via conversion from methionine (5, 55). Although several possible
variations exist, extensive investigation has led to general acceptance that
the major pathway for taurine biosynthesis in mammalian tissues follows
that originating with methionine — cysteine - cysteinesulfinic acid -
hypotaurine — taurine (11, 124; see also Figure 1). Evidence has also been
provided for the possible formation of taurine via the fixation of sulfate with
serine by 3'-phosphoadenosine-5'-phosphosulfate (PAPS)-sulfotransferase
following activation of the sulfate to PAPS (11, 33), but this is not consid-
ered to be a significant pathway in most mammals. Sulfate conversion to
taurine could not be detected in taurine-supplemented or taurine-depleted
kittens (60).

Organs vary in their ability to synthesize taurine, as a function of both
species and age. For example, the liver from the adult dog and rat have a
high concentration of all enzymes required for taurine biosynthesis, whereas
the brain contains adequate cysteinesulfinic acid decarboxylase (CSAD)
activity, but tends to have limited activity of methionine adenosyltrans-
ferase and cystathionase. Liver from man, monkeys, and cats of all ages
exhibits extremely low activity of CSAD, thus limiting taurine biosynthesis.
Liver and brain from young animals demonstrate a lower synthetic capacity
as compared to these tissues in the adult (69, 124). Thus, younger animals
may depend more on dietary taurine and older animals may depend on
dietary cystine and methionine for adequate supply of taurine. This point
is reflected by differences in the degree of depletion of plasma and bile
taurine pools in kittens or adult cats fed different levels of sulfur amino acids
(83, 92).

Pyridoxal 5'-phosphate is required as coenzyme for cystathionine syn-
thase, cystathionase, and CSAD (see 118, 121); a dietary deficiency of
vitamin Bg has a depressing effect on taurine biosynthesis (29, 123, 141).
Such observations suggest that the fetus and newborn are dependent upon
the dam to a great extent for their supply of taurine. Recent experiments
have shown that 60% of the total taurine in rat pups at birth originated
from the mother, and that by weaning, this had decreased to 13%, including
7% derived from the milk (J. A. Sturman, unpublished observation). The
capacity for synthesis in liver tends to vary to a greater extent among species
than does the capacity for the synthesis by the brain. Within the nervous
system, taurine synthesis is restricted to the cell body and nerve terminals,
since no CSAD activity is present in axons (121). Some CSAD activity has



Annu. Rev. Nutr. 1981.1:401-425. Downloaded from www.annualreviews.org
by Central College on 01/04/12. For personal use only.

404 HAYES & STURMAN

been localized within the synaptomes prepared from brain homogenates
(95).

There is little correlation between CSAD activity, taurine concentration,
and taurine turnover in tissues of rats, rabbits, and guinea pigs. On the other
hand, hepatic CSAD activity and the proportion of bile acids conjugated
with taurine are highly correlated in those rodents (115). Such a correlation
does not pertain to cats and New World primates, which conjugate bile
acids almost totally with taurine (46, 92, 116), but with minimal CSAD
activity in liver (46, 60).

Hormonal influences on CSAD have been described. Males demonstrate
greater liver CSAD activity than do females, and estradiol injections de-
crease this activity (55). The implications of this sex difference have not
been resolved, but it is noteworthy that dietary taurine depletion had a more
pronounced detrimental effect on growth of female than of male monkeys
(46). In addition, women are more prone to gallstone formation than are
men, which may have implications concerning sex differences in taurine
requirements for bile acid metabolism (see below).

Thyroxine decreases CSAD activity, possibly by depressing CSAD syn-
thesis (55); and experimentally induced hypothyroidism results in increased
concentrations of taurine in brain, which are corrected by thyroxine (47).
In contrast, hydrocortisone increases CSAD activity (55), although the
same hormone decreases taurine conjugation of bile acids by human fetal
liver in vitro (38). From the opposite perspective, large oral doses of taurine
(375-8000 mg/day) result in a substantial elevation of growth hormone in
plasma of rats (76).

TAURINE METABOLISM

General Considerations

The only adequately documented metabolic reaction in which taurine par-
ticipates is conjugation with bile acids in the liver (42, 50). Earlier literature
refers frequently to isethionic acid and inorganic sulfate as mammalian
catabolic products of taurine, but more recent work has minimized the
importance of these reactions (26, 100, 105). The small amounts of these
compounds derived from taurine in the intact animal are the result of
bacterial metabolism. Thus, the functional role of taurine, including its
well-defined role in conjugating bile acids, is attributable to the molecule
itself and not to products of its metabolism.

From experiments in man (39) it does not appear that taurine synthesized
by liver, and perhaps other organs, is released into the plasma for transport
to other tissues. Presumably plasma taurine derived from the diet circulates
in modest amounts by comparison to most plasma amino acids (5-20
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Figure ! The metabolic pathway for sulfur amino acids indicates the route of taurine synthe-
sis from methionine. The scheme includes vitamin B¢-dependent enzymes required by the
pathway.

pmol/dliter). When measuring plasma taurine, one must be careful to
remove platelets since they represent an extremely rich source of taurine
and may serve to exaggerate plasma concentrations (13).

Taurine is readily excreted by the kidney and, like y-amino butyric acid
and B-alanine, is poorly reabsorbed by the proximal renal tubules of the rat,
presumably by a common transport system (20). Consequently the urine
usually contains a concentration of taurine equal to or greater than that of
plasma. Furthermore, depression in the plasma level leads to low or absent
urinary taurine (32, 60, 131), which can serve as a crude index of taurine
status. Rats deficient in vitamin Bg appear to increase their renal reabsorp-
tion of taurine as a conservation mechanism (123).

It is uncertain which factors control tissue concentrations of taurine. The
liver has the most variable taurine content, presumably because it is the only
organ in which taurine is metabolized and exported as a bile acid conjugate
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to aid fat absorption in the small intestine. This process is accelerated
during periods of food ingestion, reducing liver taurine content as it
becomes conjugated with bile acids. Rat liver regenerating after partial
hepatectomy has a low taurine concentration accompanied by an accumula-
tion of hypotaurine (120). This compound, the immediate precursor of
taurine, is rarely detected in mammalian tissue; neither the reason for its
accumulation after partial hepatectomy nor the mechanism of its normal
conversion to taurine have been adequately documented.

Although the concentration of taurine in tissues varies somewhat from
species to species, certain tissues and fluids are noteworthy for their taurine
content (Table 1). These include bile, in those species that conjugate bile
acids with taurine, and retina, which maintains a considerably higher con-
centration than most tissues. Because of its total mass, muscle constitutes
the largest reservoir of body taurine, representing more than 75% of the
total body pool in rats. Cardiac muscle and brain have relatively high
concentrations. These data are particularly intriguing since taurine is rela-
tively inert and remains as the free amino acid in cells rather than being
incorporated into peptides or larger proteins by the process of protein
synthesis in contrast to most other amino acids.

Brain

In the CNS taurine is one of the major free amino acids, being highest in
concentration in the developing brain (4-20 umol/g) but second in concen-
tration (1-9 umol/g) to glutamic acid in the adult brain (128). The localiza-
tion of taurine in the CNS of different species follows a relatively uniform
regional pattern, with the possible exception of the olfactory bulb (128) and
optic nerve (119, 139).

Taurine is readily accumulated in the brain of the rat fetus, and in the
developing rat brain it has a slower rate of turnover (44-day half-life) than
does taurine in the adult brain (22-day half life). The latter has the advan-
tage of a matured enzymatic capacity for in situ biosynthesis and, thus,
assured availability of its taurine requirement. The brain of the newborn rat
contains 10% or more of the total body taurine pool, which falls by
maturity to 5% due to growth and expansion of the body muscle mass
(119). Certain of the dynamics of taurine uptake and metabolism by brain
of various species undoubtedly depend upon the relative maturity of the
brain. The immature brain from fetal and infant rhesus monkeys fails to
accumulate an injected dose of S¥-taurine as rapidly as the fetal rat brain
(129). Infant rat brains accumulate appreciable amounts of taurine (7% of
the total taurine present at 5 days after birth) from the high concentration
available in milk, especially at the beginning of lactation (126), indicating
that colostrum contributes to tissue taurine pools in newborn mammals,
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Table 1 Taurine concentrations in tissues of adult mammals2

Tissue (umol/g)

Plasma —_——

Species (umol/dliter) Liver Heart Brain Muscle
Human 8 2 6 2 5

Monkey

rhesus 10 3 11 2 4
cynomolgus (6 mo) 19 5 14 8 14
cebus (6 mo) 17 16 17 7 20
Cat 11 10 14 2 8
Rat 45 3 27 3 7
Dog — — 10 2 —
Rabbit — —_ 16 2 5
Mouse - - 43 "9 -

aAdapted from several references (34, 61, 124, 126, 129).

even in those species known to have substantial synthetic capacity. Unpub-
lished data (J. A. Sturman) indicate that of the total taurine content present
in rat brain at weaning, 12% originated from the mother while in utero, 5%
originated from the milk, and 83% was biosynthesized (not necessarily by
the brain).

Pineal and Pituitary Glands

The pineal and pituitary glands maintain relatively high concentrations of
taurine (9, 135). In the case of the pineal gland, taurine concentration has
been related to light exposure and is thought to be related to circadian
rhythms (35). Release of taurine from the pineal gland is stimulated by a
B-adrenergic mechanism (140), reminiscent of the 8-adrenergic influence on
taurine in cardiac muscle (6). The pituitary provides a definite link between
taurine and the neuroendocrine system. Increased hypothalmic levels of
taurine are associated with hypophagia, decreased water intake, and hypo-
thermia, whereas increased urinary taurine occurs during various forms of
stress associated with the release of ACTH from the pituitary. These rela-
tionships between taurine and endocrine function await further investiga-
tion.

Retina

Taurine is the most abundant free amino acid in the retina (3040 pmol/g),
where it tends to be concentrated in the outer segments of rods and cones,
the synaptic region of the inner plexiform layer, and the pigment epithelium
(56, 57, 84, 142). Unlike the brain, the taurine concentration of the retina
increases following birth, in conjunction with retinal development (124).
Presumably, an appreciable amount of taurine is sequestered from the
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plasma by the retinal pigment epithelium via active transport against a
concentration gradient (24, 65) and is transferred to inner aspects of the
retina (64, 84, 91) over a period of several days. Uptake of plasma taurine
occurs even though a mechanism for synthesis is presumably present in the
retina itself (70, 77). The retinal depletion of taurine, which occurs much
more slowly than other tissues and fluids, except bile, in the cat deprived
of dietary taurine (60), results in a dramatic retinopathy and blindness. This
process has recently been shown to be accompanied by tapetal disruption
and degeneration. Investigation of these degenerative processes has pro-
vided considerable insight into the possible function of taurine (see below).

Bile

Species vary in their conjugation of bile acids with taurine (42), the implica-
tions of which are interesting in terms of the biology and requirements of
taurine in different species. Vessey (136) has reviewed the biochemical
reasons for taurine or glycine conjugation of bile acids. The same enzyme
appears responsible for conjugation with either amino acid (38, 136). This
transfer enzyme seems to prefer taurine to glycine in most species, but in
certain species such as the cat (40, 43, 92) conjugation with glycine does not
occur, even when taurine is limiting. Thus, conjugation depends on two
factors, the relative hepatic availability of either taurine or glycine and the
enzymatic affinity for these two aminoacids. A case in point is the depressed
availability of taurine for bile acid conjugation brought about by vitamin
Bg deficiency (29).

Man normally conjugates 25% of his bile acids with taurine and increases
this to more than 90% when fed supplemental taurine (31, 111, 125).
Human fetuses and newborn infants conjugate bile acids exclusively with
taurine and some time after birth convert primarily to glycine (16, 25, 38,
88, 138) when consumption of taurine declines. The conversion of glycine
conjugation is hastened when infants are fed synthetic formulas that contain
essentially no taurine compared to human milk, which has a considerable
concentration of taurine (15) (see Table 2). Plasma and urinary taurine
concentrations also decline in infants fed taurine-poor formulas (32, 101).
Glycine feeding has no effect on the glycine/taurine (G/T) ratio present in
bile acid conjugates (111). However, in the clinical circumstance of myx-
edema a markedly elevated G/T ratio exists that can be corrected by
thyroxine (48). This seems incongruous with the thyroxine-induced depres-
sion of CSAD activity (55). Adrenalectomy depresses taurine conjugation
of bile acids in the rat; activity can be restored by cortisone (49), presumably
due to the previously mentioned cortisone-induced stimulation of CSAD
activity.
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Table 2 Taurine concentration in milk of various species2

Concentration
Species (umol/dliter)
Taurine as the most concentrated amino acid
gerbil 595
cat 287
dog 264-191b
monkey (rhesus) 61-56b
mouse 75
Taurine as the second most concentrated amino acid
human 41-34b
chimpanzee 71-26Y
baboon 38
rat 63-15b
sheep 68-14b
Taurine not among the top four amino acids
rabbit 14
cow 31-1b
horse ~ 3
guinea pig 56

3 Adapted from Rassin et al (96).
Difference between early and late lactation

Heart and Skeletal Muscle

Although skeletal muscle contains the largest mass of body taurine, experi-
ments related to the metabolism and effect of taurine on muscle have
focused primarily on rodent cardiac muscle, where it is highly concentrated
(61). Despite long recognition and extensive investigations, definitive con-
clusion as to its mechanism of action has not been reached. Since the finer
points of taurine involvement in the heart are the subject of other reviews
(11, 34, 53, 54), only an overview of its cardiac involvement is provided.

The cardiac focus on taurine was sharpened by the observation that it
accumulates in heart muscle under conditions of stress (54). Thus, stress
encountered clinically in congestive heart failure (54), chronically induced
by exercise as in swimming (72), or experimentally induced by injection of
the ionotropic drug, isoproterenol, which stimulates calcium flux (18), all
increase the taurine content of cardiac muscle. This increase in taurine is
thought to result from adrenergic stimulation of cyclic AMP-dependent

- processes (73), resulting in a positive ionotropic effect and thereby enhanc-

ing intracellular calcium concentration or availability (17, 21, 23). These
changes also prevent premature ventricular contractions induced by
digoxin or epinephrine (30, 98). Curiously, in preliminary studies with
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taurine-depleted kittens, a five- to ten-fold reduction in cardiac taurine
concentration did not appear to render the heart more susceptible to elec-
trically induced preventricular fibrillation (K. C. Hayes, unpublished data).
This is in keeping with the observation that estimates of taurine in cardiac
muscle from several species cover a wide range of concentrations (Table 1),
leading to the conclusion that the normally encountered concentration in
muscle does not reflect the requirement for minimal function, i.e. muscle
must contain excess taurine.

The accumulation of taurine in heart muscle is thought to reflect the net
uptake from plasma and not result from in situ biosynthesis. In fact, the
heart is peculiar in that the synthetic pathway for taurine seems to be
limited by the absence of a major synthesizing enzyme, CSAD, even though
tracer doses of S33-cystine injected into the heart are converted to taurine.
Furthermore, the uptake of taurine by cardiac muscle occurs via a transport
mechanism specific to 8-amino acids (54) and generally proceeds against a
concentration gradient that may be as high as 400 to 1. Uptake appears
saturable at approximately 200uM (54).

Other Tissues

Like the endocrine glands in the brain, the adrenal gland has a high concen-
tration of taurine, which would suggest that taurine may play an important
functional role in this organ (79).

The liver ordinarily maintains a generous concentration of taurine in
most species that conjugate bile acids with taurine. This is generally asso-
ciated with high CSAD activity, indicating that synthesis is accommodating
that conjugating function. On the other hand, liver depletion resulting from
taurine-free diets tends to be rapid and almost total in species such as the
cat and nonhuman primate (46, 60) in which hepatic synthesis is relatively
poor. However, hepatic depletion of taurine appears to be without apprecia-
ble deleterious effect on that organ or on bile acid metabolism per se in those
species so far examined.

TAURINE TURNOVER

An injected dose of radioactive taurine exchanges with unlabeled taurine in
all tissues of every mammal examined to date (mice, rats, cats, primates).
The exchange process and subsequent elimination of the radioactive taurine
vary greatly from organ to organ. For example, parenchymal organs such
as liver, kidney, and pancreas exchange rapidly with injected radioactive
taurine; and the half-life of the taurine pool in these tissues is rapid (<1
day), whereas taurine in tissues such as heart, skeletal muscle, and brain
exchanges slowly with a slower half-life (<3 days) (114). In the rat the
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exchange of injected radioactive taurine with endogenous taurine of the
brain occurs rapidly in utero, suggesting that this ability for rapid taurine
uptake may be related to brain development (127).

Two separate taurine pools, with a slow and fast turnover, have been
identified in the rat and in man (117, 125). In both species, the major route
of elimination is the urine, in which approximately 25% of the radioactivity
is present as inorganic sulfate, formed by the gut flora. Supplemental dietary
taurine is rapidly excreted in the urine. The only discernible metabolic effect
of excess dietary taurine is an increased rate of turnover of tissue taurine,
and an increased proportion of bile acids conjugated with taurine compared
to glycine. The slow turnover of the bulk of the taurine in mammals is a
property unique to taurine among the free amino acids.

TAURINE DEPLETION

Most mammals derive at least some taurine from their diet and the rest from
biosynthesis in vivo. The proportion derived from each source varies greatly
from species to species; and in some cases, taurine derived from biosynthesis
is limited by low activities of biosynthetic enzymes. Thus, rats maintained
on a taurine-free diet suffer no ill effects since they normally biosynthesize
the bulk of their body taurine. Other species, however, do not have such
a great biosynthetic capability and, when deprived of dietary taurine, re-
spond by decreasing the body taurine content.

Taurine Deficiency in Cats

The cat suffers a ten-fold reduction of taurine concentration in most tissues
within a few months of dietary deprivation (130). This species synthesizes
a limited amount of taurine from methionine or cystine (although not from
inorganic sulfate), but not enough to maintain tissue taurine pools (14, 60).
Some fluids and tissues resist depletion, noteably bile, retina and olfactory
bulb, suggesting that taurine may be more important for the functions of
these systems than it is for others (2, 60, 130). Eventually the retinal and
tapetum lucidum taurine concentrations decrease, resulting in the degenera-
tions described in more detail below.

The cat cannot respond to decreased taurine availability by conjugating
more bile acids with glycine, but it secretes an increased amount of unconju-
gated bile acids instead (92). This phenomenon was also observed during
infusion of sodium cholate into isolated, perfused livers. The liver of the rat
synthesizes sufficient taurine to conjugate the cholate and does not alter its
G/T ratio to accomplish this, whereas the liver of the cat is unable to meet
the increased demand for taurine (41). No adverse consequences of taurine
depletion in the olfactory bulb have yet been noted, although taurine admin-
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istered to the olfactory bulb is known to affect aggressive behavior in rats
(74). The role of taurine in olfaction may have far-reaching implications in
terms of taste and smell perception, as well as behavior.

Taurine-depleted cats manifest no overt neurological symptoms, and the
taurine remaining in brain distributes normally among the subcellular com-
ponents (97). One might expect selective conservation of taurine by the
synaptosomes if taurine plays an important role in excitatory function.
Furthermore, capacity of the brain to biosynthesize taurine, as measured by
activity of CSAD, is not altered by taurine depletion.

Retinal and Tapetal Degeneration

The consequences of taurine depletion in the cat retina have been carefully
documented. Cats, whether kittens or adults, fed a taurine-free casein diet
for periods ranging from 6 months to 2 years develop a granular, hyper-
reflective white zone in the area centralis of the normally yellow-green
tapetum lucidum. This lesion is associated with depressed or absent elec-
troretinograms (ERG) (14, 44, 107, 108), structural disintegration of the
photoreceptor cell outer segments (45), and depletion of retinal taurine.
These morphological changes are generally observed when the taurine con-
centration in retina has been decreased by a factor of 2 or more. Earliest
changes are detected in the cone ERG implicit time and in rod and cone
ERG amplitudes, which correlate with a depressed retinal taurine concen-
tration (14, 107, 108). The functional impairment of the visual system
caused by taurine depletion occurs before any structural alterations have
taken place.

Ultrastructural study of the tapetum lucidum has revealed disorganiza-
tion of the lattice arrangement of the tapetal rods in these same taurine-
depleted cats (139). Fragmentation of the membranes surrounding the rods
leads to their disruption associated with dissolution and loss of tapetal cells
as degeneration progresses. Compression and thinning of the tapetum oc-
curs in areas underlying the zone of photoreceptor cell degeneration and
loss. This recent observation is of special interest for two reasons. First, it
is the second example of the structural involvement of taurine with a
biological cell (the first being the photoreceptor cells in the retina). Second,
the decreased taurine content of cat tapetum during dietary taurine restric-
tion is accompanied by a loss in tapetal zinc. Both taurine and zinc are
located in the membrane surrounding the tapetal rods (J. A. Sturman,
unpublished data). This association between zinc and taurine has been
observed previously in the synapses of the mossy fiber system in the hip-
pocampus (78) and has been discussed in relation to epilepsy (8).
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Taurine Deficiency in Primates

Since the observation that deprivation of dietary taurine results in taurine
deficiency and retinal degeneration in the cat, the potential role of taurine
in nutrition of other species, especially in man, has received considerable
attention. Human infants, both pre-term and full-term, fed synthetic, tau-
rine-free formulae derived from partially purified cow’s milk proteins, have
progressively decreasing plasma taurine concentrations and excrete less
taurine in the urine than infants fed human milk (32), primarily because
man has a poor ability to biosynthesize taurine (55).

The consequences of potentially depressed taurine concentrations in tis-
sues from human infants is unknown, but the possible implications of a
dietary taurine requirement for human infants have prompted studies of
depletion in developing primates. Two species were examined: cebus mon-
keys, which ordinarily conjugate bile acids only with taurine (and therefore
might be expected to respond in a similar fashion to the cat), and cynomol-
gus monkeys, which conjugate bile acids with glycine and taurine (and
therefore might be expected to respond in a fashion similar to man). Infants
of both species have extremely limited capacity to synthesize taurine and
suffered a decrease in taurine concentration in most tissues when fed a
taurine-free, soy protein infant formula; the retina revealed the smallest
decrease (46). As might be predicted, cebus monkeys continued to conju-
gate bile acids exclusively with taurine, even though the concentration of
taurine in liver was reduced dramatically to meet this demand. Cynomolgus
monkeys responded by increasing the proportion of bile acids conjugated
with glycine and experienced no change in their low concentration of
hepatic taurine. The most notable results of this study were a significant
growth depression (16%) in all monkeys fed the taurine-free diet (46) and
stability of the taurochenodeoxycholic acid pool (116). These results require
confirmation and longer term investigations are necessary before a meaning-
ful interpretation can be drawn.

Growth Rate Factor

In those species, including man, that possibly require dietary taurine, a
primary factor for determining that requirement may be body growth rate
and the demand imposed by an expanding muscle mass. Whereas cats (60),
humans (55), and nonhuman primates (46) are all limited in their ability
to synthesize taurine based on CSAD activity (Table 3), only cats have
developed the degenerative retinopathy. Although nonhuman primates sub-
stantially depress their plasma and tissue taurine concentrations when fed
a taurine-free diet, their rate of growth is less than that of kittens and the
associated decrease in whole body taurine is less severe. As a consequence,
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Table 3 CSAD activity in brain and liver of adult mammals2

Species Brain® Liver®
Human 7 <1
Monkey

rhesus 5 5
cynomolgus 1 0
cebus 2 2
Cat 59 4
Rat 63 468
Dog 54 412
Rabbit 25 14
Guinea pig 6 3

3 Adapted from several references (46, 55, 124).
bIn umol of CO,/mg of protein/h.

the decline in retinal taurine was less than 15% (46). In human infants fed
taurine-free milk formulas, taurine depletion of plasma and urine was even
less remarkable than that in nonhuman primates (32), suggesting that their
taurine pools, including retina, would be less stressed by the lack of dietary
taurine. Furthermore, an accelerated growth rate probably contributes to
risk only if the bile acids in a species are conjugated exclusively with taurine
that must be obtained from the diet.

Dietary Taurine Requirement

These diet manipulations indicate that the requirement for dietary taurine
is subject to qualifications of age and species. Taurine supply seems most
critical during development of the CNS and muscle, in which the largest
pools exist and presumably function. This point is emphasized by the high
concentration of taurine in the milk of early lactation (96). The dietary
requirement for mature mammals is different. The adult rat apparently
needs no dietary taurine, although it does normally receive taurine in its
diet. Similarly, adult human vegetarians have not been reported to suffer
from taurine depletion, but more extensive examination and documentation
of their taurine status is desirable. In its normal ecological niche a carnivore,
such as the cat, would not be compromised, since meat and fish are rich
sources of taurine. However, when fed a diet arbitrarily restricted by the
designs of man, including processed dog foods (1), this ecological niche can
be jeopardized and blindness can result. It is ironic that the most severe
retinal degeneration observed clinically in cats by one of us resulted from
a vegetarian owner making her cats consume a vegetarian diet (K. C. Hayes,
unpublished data).
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The amount of dietary taurine required to prevent retinal degeneration
in cats has not been established, but an accurate estimate of the requirement
should ultimately distinguish between a level that maintains a normal ERG
and one that simply prevents ophthalmascopically detectable degeneration
of the retina and tapetum. The latter roughly parallels the plasma taurine
profile. Dietary levels of methionine, cystine, and sulfate probably contrib-
ute to the dietary taurine requirement. Adult cats fed a diet with normal
amounts of sulfur amino acids (SAA = 1.55%) maintain greater plasma
taurine levels than cats fed a low level of SAA (0.78%) (83), and dietary
sulfate has a sparing effect on SAA oxidation and taurine excretion (67).
From the data currently available, the intake required to maintain a normal
plasma taurine level in kittens and cats probably lies between 500-1000 ppm
in the diet.

TAURINE AND BILIARY PHYSIOLOGY

The comparative relationship of taurine to bile acid and lipid metabolism
is of consequence to man since metabolism of cholesterol appears to be
associated with the G/T ratio in bile. Thus, herbivores, such as the rabbit
and guinea pig, which normally do not consume cholesterol, have a high
G/T ratio and a low level of hepatic taurine synthesis (115), whereas
omnivores, such as the rat, man, and monkey, which consume considerable
amounts of cholesterol, have appreciable pools of taurochenodeoxycholic
acid (taurochenic acid) and lower G/T ratios than herbivores. A large
taurochenic acid pool would appear to be an advantage for alleviating
lithogenic bile, since dietary chenic acid supplements prevent and dissolve
gallstones (51). Chenic acid also exerts a feedback inhibition on cholesteryl
ester formation (81), enhances biliary cholesterol secretion (90), and is
associated with less cholesterol absorption than cholic acid (93, 112). Fi-
nally, cholestyramine, an effective resin utilized for lowering serum choles-
terol, does so while preferentially removing taurochenic acid (3, 58), but
regularly induces gallstone formation in the process (3).

Interestingly, in cynomolgus monkeys undergoing depletion of their tis-
sue taurine pools during dietary deprivation of taurine, the chenic acid pool
maintains its taurine concentration even as the cholic acid pool shifts to
conjugation with glycine (116). The converse occurs in guinea pigs fed a
taurine supplement, i.e. they dramatically increase their bile acid synthesis,
decrease their G/T ratio, and increase taurochenic acid turnover (59). In
obligate taurine-conjugating rats and cebus monkeys fed diets containing
cholesterol and a low level of sulfur amino acids, an elevation in serum
cholesterol occurs that can be normalized by dietary supplementation of
cystine (89) or taurine (109). These observations suggest a prominent role
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of the taurochenic acid pool in regulating cholesterol metabolism and li-
thogenicity of bile, an implication that warrants further scrutiny since the
G/T ratio can be manipulated by dietary taurine in omnivores, such as man.

TAURINE FUNCTION

Clues concerning the function of taurine come from many quarters, but
most are consistent with the hypothesis that it acts as an inhibitory
neuromodulator, or neurotransmitter, of excitatory processes in the nervous
system and muscle. Of interest in general metabolism are reports that
taurine also has what may be considered an indirect, perhaps phar-
macologic, influence on hormonally controlled aspects of metabolism.

CNS Function

The relationship between taurine and brain function has been appreciated
for many years. Numerous studies indicate that taurine has a general
depressant effect on the CNS (7, 9, 13, 63, 75) and may even have adverse
effects on inhibitory or short-term, labile memory functions, but not on
established response patterns (87). In this capacity taurine exerts a general-
ized depressant activity on neural excitation. This effect has been utilized
in treatment of certain familial cases of human (9) and feline (134) epilepsy
or to demonstrate anticonvulsant activity in experimentally induced strych-
nine and cobalt seizures in animals (9).

Consideration of the taurine-CNS relationship has focused on whether its
depressant action is that of an inhibitory neurotransmitter or neuromodula-
tor (9, 63). The high affinity uptake of taurine by synaptosomal prepara-
tions, its release from CNS preparations via electrical stimulation, as well
as its potassium-induced depressant activity on various CNS neurons all
suggest a neurotransmitter function. However, whereas neurotransmitters
tend to be localized in the spinal cord or thalamic synapses, taurine appears
to be evenly distributed in these neural tissues. Thus, when viewed in terms
of its distribution, enhanced release by the nerve impulse, modulation of the
release of other neurotransmitters, and influence on calcium transport in
excitable tissues, taurine appears to modulate membrane excitability by
decreasing the intracellular calcium concentration (52) and inhibiting the
release of other neurotransmitting agents. Its influence on movement of
calcium ions helps to explain its anticonvulsant role. The possibility exists,
of course, that taurine functions as a neuromodulator in one set of circum-
stances and as a neurotransmitter in another, such as in the retina (7).

Retinal Function
Retinal taurine is concentrated in the photoreceptors where the process of
illumination causes its release. Its sulfonic acid moeity may function as a
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chelating agent to evoke changes in membrane permeability to certain ions,
specifically increasing calcium concentration in the photoreceptors preced-
ing their re-polarization. Calcium ion movement enhances taurine release,
and most neurotransmitters seem to be released by a calcium-dependent
process. Since calcium fluxes seem to increase excitability, concomitant
release of taurine may serve to dampen or balance the excitatory process
(102). In vitro experiments further suggest that retinal taurine specifically
regulates calcium fluxes in a dose-dependent manner related to osmotically
sensitive particles (85). In this sense, taurine qualifies as a neurotransmitter
for some investigators, whereas others consider it an inhibitory
neuromodulator of nervous excitability. The extremely large concentration
present in photoreceptors (of the order of 100 mM) suggests the possibility
of a structural function directly involving the photoreceptor membrane,

Heart Function

It has been suggested that taurine functions in cardiac muscle by interacting
directly with the membrane via a low-affinity sarcolemmal-binding protein,
which in turn secures the binding of calcium to the membrane. This calci-
um-binding process then mediates the action of taurine by an unknown
mechanism (53, 104).

HORMONAL INTERACTIONS

Glucose and Insulin

Taurine has been associated with the function of several hormones, even
though the specific relationship with each has not been established. For
example, the ability of taurine to alter glucose utilization was noted many
years ago (71), and at relatively high (200 mg/kg) intravenous or in-
traperitoneal doses taurine increases the insulin-like activity of plasma
while decreasing blood glucose and increasing hepatic glycogen stores. This
occurs in association with enhanced adenylate cyclase activity, suggesting
that the taurine influence on the insulin system may be mediated by cyclic
AMP (22). There is direct evidence that taurine exerts an action via cyclic
AMP in the slime mold, Dictyostelium discoideum (J. M. Ashworth, unpub-
lished data); and in Harmannella culbertsoni taurine stimulates the synthe-
sis of cyclic AMP (94). In addition, similar i.v. or i.p. doses of taurine or
a larger oral dose (300 mg/kg) administered to insulin-deficient alloxan
diabetic rats and rabbits restored liver glycogen and reduced blood and
urine glucose levels. These results suggest that taurine functions indepen-
dently of insulin, although it was found to possess an insulinogenic action
on fragments of isolated perfused pancreas (110). In other studies, taurine
has protected against streptozoticin-induced hyperglycemia (133), whereas
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the diabetic rat has developed elevated concentrations of taurine in cardiac
and skeletal muscles (99). The latter presumably represented an increased
taurine uptake, since synthesis and degradation in muscle is limited.

Epinephrine

Massive oral doses of taurine (4-7 g/kg/day) have affected the stress re-
sponse of rats exposed to cold by preventing the decline of epinephrine in
the adrenal gland. Both in vivo and in vitro taurine inhibited the release of
epinephrine from adrenal medullary granules, whereas the stress-induced
rise of plasma corticosterone was not affected by taurine. These observa-
tions suggest that taurine pharmacologically blocks the stress-induced rise
in blood glucose by inhibiting epinephrine release, presumably by stabilizing
the medullary granule membrane (79).

Thyroid Hormone

With the observation that the brain taurine concentration was increased in
animals with hypothyroidism (47), it was proposed that the depressed
metabolism associated with this condition might be due to an exaggerated
inhibitory action of taurine on the CNS. An attempt was made to explore
this hypothesis indirectly in hypothyroid, euthyroid, or hyperthyroid hu-
mans using the taurine concentration of blood platelets as a possible indirect
measure of the corresponding brain synaptosomal taurine concentration.
Surprisingly, in antithesis to the hypothesis, platelet taurine levels directly
reflected the thyroid status rather than being inversely correlated (12).

Renin-Active Hormone

A relatively recent observation that requires further substantiation is the
report that glutaurine (y-L-glutamyl-taurine) has been isolated from the
bovine parathyroid gland. It has been suggested as a putative hormone that
increases plasma renin concentration and renin activity in rats and dogs. It
has been hypothesized that this taurine-containing peptide elicits an in-
creased membrane lability of juxtaglomerular cell granules in the kidney
(27). This observation is of interest in light of the fact that dietary taurine
has been shown to lower the elevated blood pressure of certain spontane-
ously hypertensive rats (80). Whether these two disparate observations are
related remains to be determined.

Dietary Factors Influencing Taurine Metabolism

The relationship of zinc to the taurine modulation of epileptic seizures has
been mentioned (8, 9). Zinc is incorporated in the enzyme glutamate dehy-
drogenase, which is involved in the synthesis of glutamic acid and is the
probable neurotransmitter mediating hippocampal control of epileptic foci.
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Not to be overlooked is the fact that oxidation and mobilization of taurine
from tissues as well as urinary excretion of taurine are increased during zinc
deficiency (4). It appears likely that the structural integrity of the zinc-rich
membrane surrounding the tapetal rods in the feline tapetum lucidum is
stabilized by a zinc-taurine interaction (J. A. Sturman, unpublished data).
This association between zinc and taurine, functioning again at the mem-
brane stabilization level, is a promising avenue for further investigation of
the role of taurine in membranes. In this context it is of note that taurine
has been reported to bind to calf brain synaptic membranes (62) and to
membranes of the amoebae Harmanella culbertsoni (94).

Cognizant of the link between the metabolism of vitamin A and zinc
(113), it is of special interest that vitamin A deficiency has been associated
with excessive urinary excretion of taurine (66). The mechanism has not
been revealed, but vitamin A deficiency in chicks increases oxidation and
excretion of sulfur amino acids (103). Accelerated oxidation of sulfur com-
pounds also occurs following whole-body irradiation where the urinary
excretion of taurine is elevated (55).

Furthermore, vitamin E protects against radiation damage, while vitamin
E deficiency in chicks produces so-called nutritional muscular dystrophy
and is associated with increased taurine excretion. The association is note-
worthy because it has been hypothesized that taurine is involved in the
pathogenesis of hereditary muscular dystrophy in man and animals (10, 36).
Whether or not these relationships are real and causal or simply represent
secondary associations awaits further investigation.

Already discussed are the importance of vitamin Bg, folic acid, and
adequate dietary SAA in the synthesis of taurine. In a similar vein, disrup-
tion of the SAA metabolic pathway due to inborn errors of metabolism (28)
can depress synthesis of taurine. Fortunately for tissue function, restricted
availability of taurine by whatever means leads to extraordinary conserva-
tion of the available taurine pool, particularly by those tissues that appear
to have the greatest requirement (130).

CONCLUSION

It is apparent from the foregoing discussion that taurine is involved in a
wide range of metabolic responses. These include its ascribed functional role
in membranes, calcium flux, and possibly even cAMP activity. Thus, eluci-
dation of the degree of dependency upon dietary supply assumes substantial
importance, especially in view of its demonstrated role in certain organs,
species, and ages. The potential metabolic ramifications involve structural
changes in some species of such magnitude that blindness may result. Its
involvement in other sensory faculties is only now being explored. Careful
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dissection of the complicated metabolic interrelationships in which this
sulfonic amino acid is involved will ultimately determine its place among
dietary essentials for mammals, including man.
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