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ABSTRACT. Taurine is found in high concentrations in mammalian cells. Despite recognition of its role as an
organic osmolyte in the kidney, information regarding its effects on renal fluid and electrolyte excretion is sparse.
Thertefore, the objective of the first series of experiments was to determine the effects of taurine depletion on
renal excretory responses to a saline load. To induce taurine depletion, male Wistar-Kyoto (WKY) rats were
treated with tap water containing 3% B-alanine for 3 weeks. Taurine depletion reduced the initial rates of fluid
and sodium excretion after an intravenous saline load. This effect was attributed to taurine depletion since
maintenance of the taurine-depleted rats on tap water for 2 days to remove the effects of B-alanine yielded the
same pattern as the taurine-depleted rats exposed to B-alanine at the time of the experiment. Nonetheless, rats
exposed to short-term B-alanine treatment, which has no influence on kidney taurine content, demonstrated a
larger (~25%) natriuretic but not diuretic response to the isotonic saline load than either the control or
taurine-depleted rats. These data suggest that B-alanine-induced inhibition of tubular reabsorption of taurine
may result in subsequent excretion of taurine with actendant natriuresis early in the course of B-alanine
treatment. We also tested the hypothesis that taurine potentiates the renal excretory responses to an isotonic
saline load in WKY rats. Inclusion of taurine in the infusate significantly increased natriuresis and diuresis after
a saline load. This effect was greater in animals fed a basal than a high NaCl diet. Qur data support a role for

taurine as a natriuretic and diuretic agent. BIOCHEM PHARMACOL 54;5:619-624, 1997. © 1997 Elsevier Science

Inc.
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Taurine (2-aminoethanesulfonic acid) is the most abun-
dant free amino acid in the kidney [1]. Numerous physio-
logical roles have been attributed to taurine [1-5] including
an osmoregulatory function in the kidney [1]. However,
relatively little is known about its effect on fluid and
sodium homeostasis.

A major renal mechanism contributing to the regulation
of sodium and fluid excretion is the counter-current mul-
tiplier system. This system establishes an ionic gradient
along the corticomedullary axis, which results in a high
concentration of interstitial sodium. This high interstitial
sodium concentration (i.e. osmolality) not only promotes
reabsorption of fluid from the renal tubular system, thereby
concentrating urine, but it also exposes the renal tubular
cells to a high osmotic stress. The renal tubular cells, in
turn, adjust to this environment by accumulating the
organic osmolyte taurine [6—8]. Therefore, a reduction in
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intracellular taurine concentration would be expected to
adversely affect the ability of the kidney to regulate sodium
and fluid excretion. To test this idea, the present study
examined whether depletion of endogenous taurine stores
in rats affects renal excretory responses induced by the
administration of a saline load.

MATERIALS AND METHODS
Taurine Depletion Protocol

Six-week-old male WKY$§ rats were obtained from Harlan
Laboratories (Indianapolis, IN). All rats were maintained
two per cage at constant humidity (60 = 5%), temperature
(24 £ 1°), and light cycle (6:00 a.m. to 6:00 p.m.). Two
days after arrival, the animals were randomly assigned to
two groups: one group received drinking water containing
3% B-alanine (taurine-depleted group; N = 4) and the
control group (N = 4) received only tap water (Fig. 1).
B-Alanine inhibits cellular uptake of taurine, and its
administration in the drinking water is an acceptable
approach to reduce endogenous taurine stores [9—11]. Food
and drinking fluid were available ad Ib. throughout the
study.

Two days prior to examining the natriuretic and diuretic
responses to a saline load, each rat was instrumented under
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Six-week old male WKY rats
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(water)

Taurine-depleted
(3% B-alanine)

Implantation of femoral vessels and bladder
catheters at 9 weeks of age
2 days after
surgery Control Taurine-depleted
Determination of renal excretory responses to an isotonic

saline volume load in conscious animal

Crossover (2 days)
Control Taurine-depleted
(3% p-alanine) (water)

Determination of renal excretory responses to an isotonic
saline volume load in conscious animal

FIG. 1. General experimental protocol for control and taurine-
depleted rats. All rats were maintained on tap water containing
either no addition (control) or 3% P-alanine (taurine-depleted)
for 3 weeks. After completing the surgery, the first saline
infusion protocol was performed. Thereafter, a crossover was
initiated during which the control animals received 3% PB-
alanine while the taurine-depleted rats were given tap water for
2 days. The experiment concluded with a re-determination of
renal excretory responses to a saline load.

ether anesthesia with femoral arterial and venous catheters
(PE-10 fused with PE-50), and a bladder catheter as
described previously {12]. On the day of the experiment,
each rat was placed in an environmental conditioning unit
(Braintree, Braintree, MA); all rats had been conditioned
to the units for 5 days prior to testing. After flushing the
arterial and venous catheters with 0.3 mL of isotonic saline
containing 5 U/mL of heparin, the recording of mean
arterial pressure and heart rate was initiated. A baseline
urine sample (30 min) was obtained prior to intravenous
infusion of isotonic saline (equivalent to 5% body weight at
the rate of 0.5 mL/min). After initiation of the isotonic
saline infusion, urine samples were collected at 15, 30, 60,
and 90 min, and animals were returned to their home cages.
Urine volume was determined, and urinary Na* concen-
tration was measured by flame photometry.

After 3 weeks on B-alanine or tap water, the same rats
were subjected to a crossover protocol in which the taurine-
depleted group was maintained for 2 days on normal tap
water while the control group was treated with 3% B-
alanine for 2 days. They were then subjected to an i.v.
isotonic saline load as described above (see Fig. 1 for a flow
chart describing the protocol). Urine samples were col-
lected and both volume and Na™ concentration deter-
mined.

The extent of B-alanine-induced taurine depletion was
determined in a subset of animals that were not used in the
infusion studies. This was necessary in order to determine
the magnitude of taurine-depletion without the confound-
ing influence of the crossover protocol. This is an important
consideration since we have demonstrated that taurine
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repletion of B-alanine-treated rats restores renal taurine
content to the level of untreated control rats (data not
published). Kidneys from control (N = 4) and taurine-
depleted WKY rats (N = 4) that were on 3% B-alanine for
3 weeks were removed from the animals, rinsed in isotonic
saline, weighed, and stored in liquid nitrogen at —70° until
assayed. Renal taurine content was determined using ex-
tracts of freeze-dried tissue as we have described previously

[10].

Dietary NaCl Treatment

Ten-week-old male WKY rats were obtained from Harlan
Laboratories. Two days after arrival, the animals either
remained on a basal NaCl diet (1%; N = 9) or were placed
on a high NaCl diet (8%; N = 7) and housed as described
above. Dietary NaCl excess did not affect significantly body
weight, mean arterial pressure, or heart rate in WKY rats
[12]. Eight days after arrival, each rat was implanted with
femoral vessels and bladder catheters. Two days after
surgery, the arterial and venous lines were flushed with 0.3
mL of isotonic saline containing 5 U/mL of heparin, and
the mean arterial pressure and heart rate of the rats were
recorded. A basal urine sample was collected for 30 min
prior to the i.v. infusion of an isotonic saline load equiva-
lent to 2.5% body weight of the animal at the rate of 0.5
mL/min {phase I). Urine was collected for 45 min at 15-min
intervals. Thereafter, each rat was reinfused with isotonic
saline containing 1% taurine (2.5% body weight; 0.5
mL/min; phase II), and urine samples were collected for
three consecutive 15-min intervals. At the conclusion of
the experiment, the animals were returned to their home
cages. Two days later, each rat was given two successive
saline loads according to the above protocol; the second
saline load did not contain taurine. The data served as a
control by evaluating the effects of two consecutive saline
loads on natriuresis and diuresis. At the conclusion of the
infusion studies, the animals were killed with urethane.

Statistics Analysis

All data were analyzed by the analysis of variance (signif-
icance criteria of P < 0.05) with appropriate post-hoc tests
{(Newman—Keuls) to determine main effects and interac-
tions.

RESULTS

To produce a taurine-depleted animal, rats were main-
tained on tap water containing 3% B-alanine for 3 weeks.
Although this treatment had no effect on body weight,
mean arterial pressure, or heart rate (Table 1), it resulted in
a significant reduction in renal tissue taurine content
(44.5 = 1.3 vs 25.3 = 3.4 pumol/g dry weight for control
and 3% PB-alanine-treated rats, respectively; P < 0.05).
Three weeks of B-alanine treatment also increased the
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TABLE 1. Body weight, mean arterial pressure, and heart rate
of control and taurine-depleted rats

Mean arterial

Body weight pressure Heart rate
(g) (mm Hg) (beats/min)

Control 21t =6 126 £ 4 425+ 720
Taurine-depleted 207 +3 129 = 4 415 = 19

Values are means * SEM, N = 4 per group.

wet/dry weight ratio of renal tissue (4.13 = 0.15 vs 3.53 +
0.11).

Figure 2 reveals that baseline urinary outpur and Na*
excretion rates were similar between the untreated control
(maintained on tap water) and the taurine-depleted group
{maintained on B-alanine). Infusion of an isotonic saline
load resulted in a rapid, significant diuresis and natriuresis
in both groups. In these rats, the peak in urinary flow rate
and Na™ excretion rate occurred 30 min after initiation of
saline infusion. Thereafter, urinary fluid and Na™ excretion
returned towards the baseline level. Interestingly, renal
excretion of fluid and sodium was higher in the control
group than in the taurine-depleted group 15 min after
initiation of the saline load (Fig. 2).
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FIG. 2. Urinary flow rate (top panel) and sodium excretion rate
(bottom panel) in taurine-depleted and control WKY rats.
Values are the means + SEM of data from four control and four
taurine-depleted rats. Key: (*) P < 0.05 compared with other
groups.
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FIG. 3. Effect of short-term (2 days) 3% P-alanine treatment on
the percent of the saline load excreted 90 min after initiation of
a saline load. Values are the means + SEM of four rats treated
with B-alanine and four rats treated with tap water. Key: (*)
P < 0.05 compared with no treatment.

Since B-alanine is osmotically active and mediates cer-
tain biological effects [11, 13, 14], a crossover study was
performed to evaluate the effect of B-alanine independent
of cellular taurine content. In this study, control untreated
rats were maintained for 2 days on water containing 3%
B-alanine (short-term B-alanine exposure) while rats
treated for 3 weeks with 3% B-alanine were placed on tap
water for 2 days. The 2-day treatment with B-alanine
caused no significant change in renal taurine content while
rats maintained for 3 weeks on 3% B-alanine followed by 2
days on normal tap water exhibited reduced renal taurine
levels. These control animals were then subjected to the
standard saline loading protocol. Interestingly, the diuretic
and natriuretic responses of the taurine-depleted group
were not altered significantly by changing the drinking
fluid from 3% B-alanine to normal tap water for 2 days
(data not shown). Similarly, short-term B-alanine exposure
had no influence on fluid excretion. However, the sodium
excretion rate was significantly (P < 0.05) higher after,
compared with before, short-term (-alanine exposure (Fig.
3). Thus, while taurine depletion (long-term PB-alanine
treatment) significantly reduced fluid excretion (Fig. 2),
short-term B-alanine treatment increased sodium excretion
without altering fluid excretion (Fig. 3). Potassium excre-
tion was similar between all groups, either before or after
the crossover protocol (data not shown).

Since differential effects were noted between B-alanine-
treated animals containing lower intracellular taurine levels
and normal taurine content, the effect of acute taurine
exposure was examined. Figure 4 reveals an effect of acute
taurine exposure on both fluid and sodium excretion
following a saline load. In this experiment, the animals
were subjected to two consecutive saline challenges. The
initial saline challenge (phase 1) led to a smaller saline-
induced stimulation in fluid and sodium excretion than the
second challenge (phase II; Fig. 4). Inclusion of taurine in
the infusate potentiated the diuretic and natriuretic re-
sponses to the saline load during phase I, compared with
phase | (saline only, Fig. 4), further increasing the differ-
ences between the phase [ and phase II responses.
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FIG. 4. Urinary flow rate (top panel) and sodium excretion rate
(bottom panel) in response to an initial (phase 1) and a second
(phase I1) saline infusion protocol. Values are the means £ SEM
of nine rats. Key: (*) P < 0.05 compared with the saline group
at the same time point.

Another procedure commonly used to alter renal fluid
and sodium excretion rates is to elevate dietary NaCl
content [12]. This effect is seen in Fig. 5 for rats that were
fed 1% (basal) or 8% (high) NaCl diet for 8 days prior to
determining renal responses to an acute intravenous saline
load. Baseline fluid and sodium excretion rates were signif-
icantly (P < 0.05) higher in the animals maintained on
the high, compared with the basal NaCl diet. Infusion of
the initial isotonic saline load (phase 1) resulted in a greater
increase in both diuresis and natriuresis in rats fed the high,
compared with the basal, NaCl diet. Following cessation of
the saline infusion, the diuretic and natriuretic responses
slowly returned towards the baseline level in the high NaCl
diet group, but there was a slight shift towards higher
excretion levels in the basal NaCl diet group (Fig. 5). The
second saline challenge (phase 11} resulted in significant
increases in fluid and Na™ excretion, which were greater in
animals maintained on the high, compared with the basal,
NaCl diet.

Despite the differences in sodium and fluid excretion
between the animals fed the 8% and the 1% NaCl diets, the
response to acute taurine exposure was qualitatively similar.
Figure 6 summarizes the natriuretic and diuretic responses
to a saline load expressed as the percent change in the fluid
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FIG. 5. Effect of dietary NaCl excess on urinary flow rate (top
panel) and sodium excretion rate (bottom panel) in response to
two successive saline loads (I and 1I). Values are the means *
SEM of renal function in nine 1% and seven 8% NaCl diet rats.
Key: (*) P < 0.05 compared with the zero minute time point in
the same group; and (**) P < 0.05 compared with the 45-min
time point in the same group.

and Na™ excretion in phase Il (46-90 min) compared with
phase I (0—45 min). Acute taurine exposure elevated both
fluid and sodium excretion in rats fed either the high or the
basal NaCl diet, although the elevation in fluid excretion
by acute taurine exposure was not significant in the high
NaCl group. The differences in the renal responses to the
high NaCl diet could not be attributed to either changes in
mean arterial pressure or heart rate since these parameters
were not affected by dietary NaCl excess. Moreover, the
infusion protocol also had no significant effect on either
hemodynamic parameter (data not shown).

DISCUSSION

The present study indicates that chronic B-alanine treat-
ment resulting in significant taurine depletion slightly
reduces urinary output in response to a saline load in WKY
rats. By contrast, short-term exposure (i.e. Z days of treat-
ment) of rats to B-alanine significantly increases the natri-
uretic response to a saline load. Since renal taurine trans-
port occurs via a sodium-gradient-dependent mechanism
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FIG. 6. Effect of taurine and dietary NaCl excess on phase I and
phase 11 renal excretion of fluid and sodium. Data are expressed
as the percent difference between the renal response to an initial
(phase I; 0~45 min) and a second (phase II; 46 -90 min) saline
load. Open and hatched bars represent fluid and sodium excre-
tion, respectively. Values are the means = SEM of renal
function in nine 1% and seven 8% NaCl diet rats. Key: (*) P <
0.05 compared with the saline-treated group on the same diet.

[8] and B-alanine inhibits renal reabsorption of taurine, the
natriuretic response to short-term B-alanine treatment
could be secondary to B-alanine-induced taurinuria. This
possibility was tested directly by determination of renal
responses to a saline load in the presence and absence of
taurine in the infusate. As shown in Fig. 6, acute adminis-
tration of taurine significantly increased the diuretic and
natriuretic responses to a saline load, and these effects were
more prominent in animals maintained on a basal, com-
pared with a high NaCl diet. Our data are in general
agreement with the hypothesis that taurine affects renal
fluid and electrolyte homeostasis and corroborates the
findings of Gentile and colleagues [15] who reported that
taurine causes significant improvement in renal excretory
responses in cirrhotic patients with ascites.

Taurine is believed to function as an osmoregulator in
the kidney [1]. This concept originates from the recognition
that renal tubular cells are exposed to an increased external
salt gradient along the corticomedullary axis. Therefore, an
intracellular buildup of taurine in the tubular cells serves to
maintain intracellular osmolality. B-Alanine treatment can
be expected to elicit a physiological adaptive mechanism(s)
related to the reduction in renal taurine content. One
possibility could involve a greater rate of synthesis and/or
sequestration of other organic osmolytes, i.e. glycine and
betaine in lieu of taurine. Alternatively, there could be an
adjustment of the interstitial osmolality, which would
involve greater tubular reabsorption of fluid into the inter-
stittum, thereby reducing interstitial osmolality. An inves-
tigation of the renal mechanism(s) of physiological adap-
tation to taurine depletion was not the subject of the
current study. However, it is noteworthy that the wet/dry
weight ratio of the kidneys from taurine-depleted rats was
significantly higher than that of the control rats, indicating
greater renal tissue water content. If B-alanine-induced
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taurine depletion results in greater tubular reabsorption of
water (and attendant sodium reabsorption), this could
explain, at least in part, the reduction in the diuretic
response of taurine-depleted rats to a saline load. Since
B-alanine-induced taurine depletion did not affect systemic
arterial pressure, it is unlikely that a pressure-diuresis-
natriuresis mechanism contributed significantly to the renal
responses of the B-alanine-treated rats.

Another noteworthy finding of the present study is the
demonstration that when WKY rats were given two con-
secutive saline loads, the natriuretic and diuretic responses
to the second stimulus were stronger than the previous one
(see Figs. 4 and 5). Despite the larger diuresis and natriure-
sis during the second saline load, taurine-induced potenti-
ation of these responses still persisted during the second
phase of the infusion protocol. Isotonic saline-induced
renal excretions of fluid and sodium are mediated by
integrated responses that involve decreased renal sympa-
thetic nerve activity, suppression of the renin-angiotensin-
aldosterone axis [see Ref. 16], and increased secretion of
ANP [17-19]. Therefore, a likely contributor to the aug-
mented renal responses to the second saline load, as well as
the taurine-induced modulation of these responses, is ANP.
In support of this view, Dlouha and McBroom [20] dem-
onstrated that atrial extracts from taurine-treated hamsters
increase renal excretion of Na™ and fluid in rat, suggesting
an association between taurine and ANP.

Taurine-induced potentiation of diuresis and natriuresis
is more prominent in animals fed a basal, compared with a
high, NaCl diet. Dietary NaCl supplementation in WKY
rats is accompanied by a significant increase in basal
excretion of Na® and fluid, as well as greater diuretic and
natriuretic responses to a saline load [12]. Therefore, it is
likely that the taurine-mediated improvement in dispensing
of the saline load is partially masked in the animals
maintained on a high NaCl diet. This accounts for the
smaller taurine effect in the high NaCl diet group (Fig. 6).

The demonstration of the influence of taurine on renal
handling of fluid and Na™ should be considered in the
overall context of the effects of taurine on the cardiovas-
cular system. In a recent double-blind randomized crossover
clinical trial, Azuma [21] found that taurine therapy bene-
fited patients with congestive heart failure. The same group
[22] also found that taurine treatment decreases the cumu-
lative mortality rate in rabbits with congestive heart failure
induced by aortic regurgitation. Two mechanisms may
contribute to these phenomena. First, taurine has been
shown to mediate a positive inotropic effect in rabbits with
experimentally induced chronic aortic regurgitation [23].
This action of taurine represents a direct effect on the
compromised heart, either involving improved calcium
transport [24] or increased sensitivity of the muscle proteins
to calcium [25]. The present study raises another potential
mechanism of taurine action. By promoting diuresis and
natriuresis, taurine therapy may decrease sodium and fluid
retention and minimize the expansion of extracellular fluid
and edema formation. Thus, taurine may combine the
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beneficial effects of diuretics and positive inotropic agents,
thereby serving as an effective drug in the treatment of
congestive heart failure.

In conclusion, taurine depletion mediated modest
changes in renal responses to a saline load. However, acute
administration of taurine caused significant increases in the
diuretic and natriuretic responses to an isotonic saline
volume load. Taurine is a safe compound with no adverse
metabolic effects. Therefore, further investigation of its
potential usefulness in conditions with compromised car-
diovascular and renal function is warranted.

This study was supported, in part, by a grant from the American Heart
Association (Georgia affiliate) and the Taisho Pharmaceutical Co. of
Japan.
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