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Summary. The effect of dietary sulfur amino acids on the taurine
content of rat blood and tissues was investigated. Three types of diet
were prepared for this study: a low-taurine diet (LTD), normal
taurine diet (NTD; LTD + 0.5% Met), and high-taurine diet (HTD;
LTD + 0.5% Met + 3% taurine). These diets had no differing effect
on the growth of the rats. The concentration of taurine in the blood
from the HTD- and NTD-fed rats was respectively 1,200% and
200% more than that from LTD-. In such rat tissues as the liver, the
taurine content was significantly affected by dietary sulfur amino
acids, resulting in a higher content with HTD and lower content with
LTD. However, little or no effect on taurine content was apparent in
the heart or eye. The activity for taurine uptake by the small intes-
tine was not affected by dietary sulfur amino acids. The expression
level of taurine transporter mRNA was altered only in the kidney
under these dietary conditions: a higher expression level with LTD
and lower expression level with HTD.

Keywords: Taurine — Sulfur amino acid — Transporter — Adaptive
response

Abbreviations: HTD, high-taurine diet; NTD, normal taurine diet;
LTD, low-taurine diet; TAUT, taurine transporter; CSA, cysteine
sulfinate; CDO, cysteine dioxygenase; CSAD, cysteine sulfinate
decarboxylase; PBS, phosphate-buffered saline; DIDS, 44'-
diisothiocyanostilbene-2’,2’-disulfonic acid

Introduction

Taurine is one of the most abundant free amino acids
in mammals and is required for a number of biological
processes, including antioxidation, osmoregulation,
and detoxification (Huxtable, 1992; Wright et al.,
1986). Taurine is especially essential to the fetus and
newborn for their development (Sturman, 1993). The
nutritional and physiological requirements for taurine
in mammals are partly supplied by dietary sources and
partly by biosynthesis. Dietary taurine is transported
into the animal body by the taurine transporter

(TAUT) in the intestinal epithelial cells, further trans-
ported to various tissues by the blood, and absorbed
into the cells by TAUT expressed in the tissues.
TAUT has been cloned and characterized from
various tissues such as the brain (Smith et al., 1992; Liu
et al., 1992), kidney (Uchida et al., 1992), thyroid
(Jhiang et al., 1993), and placenta (Ramamoorthy et
al., 1994). We have previously characterized human
intestinal TAUT by using the Caco-2 cell line as a
model of human intestinal epithelial cells (Satsu et al.,
1997; Shimizu and Satsu, 2000). TAUT is understood
to be regulated by dietary taurine or sulfur amino
acids in the rat kidney (Chesney et al., 1985; Han et al.,
1997) and by the concentration of extracellular taurine
in culture cell lines derived from various tissues (Satsu
et al., 1997; Jones et al., 1991; Jayanthi et al., 1995).
On the other hand, taurine biosynthesis has been
found to occur most in the liver, brain, and kidney, and
the taurine biosynthetic pathway has already been
determined (Tsuboyama-Kasaoka et al., 1999; Wu
et al., 1998); Cys is converted to cysteine sulfinate
(CSA) by cysteine dioxygenase (CDO), and CSA
is converted to hypotaurine by cysteine sulfinate
dacarboxylase (CSAD), hypotaurine finally being
non-enzymatically converted to taurine. Sulfur amino
acids such as Met and Cys are therefore necessary
materials for taurine biosynthesis. It has also been
reported that such taurine biosynthetic enzymes as
CDO and CSAD in the rat liver were regulated by
dietary sulfur amino acids (Ide et al., 1998).
Therefore, both the TAUT and taurine biosynthetic
enzymes are likely to be regulated by dietary sulfur
amino acids like taurine, Met, and Cys in animal
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Table 1. Composition of the HTD, NTD, and LTD diets

Ingredient LTD NTD HTD
%
Corn starch (wt/vol) 67.0 66.5 63.5
Corn oil (wt/vol) 5.0 5.0 5.0
Casein 20.0 20.0 20.0
Salt mix plus vitamin mix 8.0 8.0 8.0
Methionine (wt/wt) 0 0.5 0.5
Taurine (wt/wt) 0 0 3.0

The LTD, NTD, and HTD diets were specially prepared by Oriental
Yeast Industries, Tokyo, Japan

The composition of these diets was based mainly on the results of
Chesney’s work (Chesney, et al., 1986)

bodies. However, it has not yet been revealed whether
dietary sulfur amino acids actually affect the taurine
content in various tissues in vivo or not.

In the present investigation, we examined the effect
of a chronic treatment with rat diets containing differ-
ent amounts of sulfur amino acids on the growth of
rats, the concentration of free amino acids in the
blood, and the taurine content in various tissues.
The effect of this dietary treatment on the TAUT
activity in the small intestine and on the expression
level of TAUT mRNA in several tissues was also
investigated.

Material and methods

Animals and dietary treatments

Male Wistar rats at 3 weeks of age were purchased from Japan
Material Center (Tokyo, Japan). The rats received ad libitum a
laboratory diet (MF; Oriental Yeast Industries, Tokyo, Japan) and
water for one week. The rats were then assigned to three taurine
groups of 6 rats each. The three taurine groups were respectively
fed ad libitum for 3 weeks on the low-taurine diet (L'TD), normal
taurine diet (NTD), and high-taurine diet (HTD). Each group had
free access to water. LTD, NTD, and HTD were specially prepared
by Oriental Yeast Industries to the compositions shown in Table 1
on the basis of Chesney’s work (Chesney et al., 1986).

Materials

[1,2-*H] taurine (specific radioactivity of 29 Ci/mmol) was purchased
from Amersham (Little Chalfont, UK), phosphate-buffered saline
(PBS) was purchased from Nissui Pharmaceuticals (Tokyo, Japan),
and Taq DNA polymerase was from Sigma (St. Louis, MO, U.S.A.).
All the other chemicals used were of reagent grade.

Measurement of free amino acids in the blood of the rats

Freshly drawn blood was separated by centrifugation for 5 min at
500 X g, and the serum was collected. The serum was mixed with an
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equal volume of 10% trichloroacetic acid and centrifuged for 10 min
at 10,000 X g. The amino acid content of the supernatant was
measured with an L-8500 high-speed amino acid analyzer (Hitachi,
Japan).

Measurement of the taurine content in various rat tissues

Six rats in each group were sacrificed and the rat tissues were dis-
sected out, washed with ice-cold PBS, immediately frozen with
liquid N, and stored at —80°C until needed for analysis. Each frozen
tissue sample was homogenized in PBS, and the homogenate
was mixed with an equal volume of 10% trichloroacetic acid and
centrifuged for 10 min at 10,000 X g. The taurine content of the
supernatant was measured with the L-8500 high-speed amino acid
analyzer.

Uptake experiment by everted sacs from the rat small intestine

Everted sacs were prepared by a modification of a previously
described method (Himukai and Hoshi, 1980; Lostao et al., 1998).
Six rats were sacrificed, and the entire small intestine was quickly
dissected out. The intestinal tract was washed with ice-cold PBS, and
then sacs, each approximately 3 cm long, were prepared from the
everted intestine (ten sacs were prepared from each rat). The sacs
were filled with an ice-cold potassium phosphate buffer (pH 7.4)
consisting of 140 mM potassium gluconate, 1.5mM calcium
gluconate, 1 mM magnesium gluconate and 5mM glucose (K
buffer) for use in the taurine uptake experiment. The uptake experi-
ment was performed at 37°C in 3 ml of the 3nM [*H] taurine-
containing uptake buffer, K buffer or Na buffer, the latter
containing 140 mM sodium chloride instead of 140 mM potassium
gluconate. At the end of the incubation period, the everted
sacs were carefully washed with the ice-cold K buffer, and the
radioactivity of the total sac was measured by a scintillation counter.
The uptake activity was estimated by comparing the uptake of
labeled taurine in two kinds of uptake buffer, the K buffer and Na
buffer.

RT-PCR experiments

Total RNA was extracted from rat small intestine, liver, and kidney
by using an Isogen RNA isolation kit (Nippon Gene, Japan).
Poly(A)* RNA was further purified from total RNA with an Oligo-
tex dT(30) poly(A)* RNA purification kit (Takara, Japan). A 1 ug
amount of poly(A)* RNA was reverse-transcribed with (dT)s
primers by using a first-strand cDNA synthesis kit (Pharmacia,
U.S.A.), and the polymerase chain reaction (PCR) was performed
with Tag DNA polymerase. The PCR primers were designed
on the basis of the sequence of rat TAUT (Smith et al., 1992):
forward primer, 5'-ccaccaaggagaagcttcaatgt-3'; reverse primer, 5'-
agcagtgaagtagacaaccttge-3'; and of rat S-actin: forward primer, 5'-
atggatgacgatatcgctg-3’; reverse primer, 5'-atggtagtctgtcaggt-3'.
The program consisted of 30 cycles of 1 min at 94°C, 1 min at 61°C,
and finally 1 min at 72°C. The PCR product was subcloned into
the pGEM vector (Promega, Japan), and its nucleotide sequence
was determined and compared with the sequence of rat TAUT and
rat -actin. The PCR product was electrophoresed, photographed,
and quantified with Image Quant (v.1.11, Molecular Dynamics,
US.A)).

Statistical analysis

Each value is expressed as the mean * S.E., Student’s t-test being
used to compare the means and ranges.
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Results

Comparison of the body weight, diet consumption,
and water consumption of the rats fed with HTD,
NTD, and LTD

The body weight of the rats respectively fed with
HTD, NTD, and LTD for 3 weeks was measured.
Figure 1 shows that there was no significant difference
in body weight among the HTD-, NTD-, and LTD-fed
rats. This suggests that the dietary sulfur amino acids
have no differing effect on the growth of the rats.
Furthermore, neither the diet intake nor water drunk
varied among the rats fed with HTD, NTD, or LTD
for 3 weeks (data not shown).

Concentration of amino acids in blood from the rats
fed with HTD, NTD, and LTD

The concentration of free amino acids in blood from
the HTD-, NTD-, and LTD-fed rats was measured and
compared. As shown in Fig. 2, the concentration of
taurine differed greatly among the HTD, NTD, and
LTD rats: the respective concentration of taurine in
the HTD and NTD groups was 1,200% and 200%
higher than that in the LTD group. The concentration
of Met differed similarly to that of taurine, but to a
lesser extent, although the concentration of other
amino acids was not significantly different among
the three taurine groups. This result shows that only
the taurine concentration was strongly affected by the
dietary sulfur amino acids.

240
220
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180
160
140
120
100

80

Body weight (g)

0 5 10 15 20 25
Feeding time (days)

Fig. 1. Effect of dietary sulfur amino acids on the body weight of
rats. The body weight of the rats was measured 4, 9, 14, and 20 days
after dietary administration of HTD (OJ), NTD (@), and LTD (A).
Each value is the mean * S.E. (n = 6 different rats)
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Fig. 2. Concentration of free amino acids in the blood from rats fed
with HTD, NTD, and LTD. Rats were fed with HTD, NTD, or LTD
for 3 weeks, before blood was withdrawn from the HTD- (), NTD-
#2), and LTD- (O) fed rats. The concentration of amino acids in
the blood was measured as described in the Materials & methods
section. Each value is the mean * S.E. (n = 6 different rats)

Effect of dietary sulfur amino acids on the taurine
content of rat tissues

The small intestine, liver, kidney, muscle, brain, heart,
lung, spleen, and eye were dissected from rats in the
HTD, NTD, and LTD groups, and the taurine content
in each of these tissues was measured. The taurine
content of the liver was markedly different among the
groups: in the HTD- and NTD-fed rats, the taurine
content was about 1,300% and 500% more than that in
the LTD-fed rats, respectively (Fig. 3A). A significant
difference in the taurine content was also observed in
the small intestine, kidney, and muscle of the three
groups (Figs. 3B, C and D). The taurine content of the
brain, lung, spleen, and heart also differed similarly
among the groups, although to a lesser extent (Figs.
3E, F, G and H). No difference between groups was
apparent with the eye (Fig. 31).

Effect of dietary sulfur amino acids on the activity
of taurine uptake by everted sacs from the rat
small intestine

We measured the uptake activity of taurine by using
everted sacs from the HTD-, NTD-, and LTD-fed rats
to reveal whether or not the dietary sulfur amino acids
affected the taurine uptake activity in the small intes-
tine. First, the time dependence of taurine uptake was
evaluated, the uptake activity being linear for at least
10 min under these experimental conditions (Fig. 4).
Thereafter, we determined that the uptake of taurine
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Fig. 4. Time dependence of the taurine uptake in everted sacs from
the rat small intestine. Everted sacs were prepared from the rat
small intestine as described in the Materials & methods section.
These everted sacs were used for measuring the activity of taurine
uptake with different incubation times (2.5, 5, 10, and 15 min, re-
spectively). Each value is the mean = S.E. (n = 6 different rats). The
value for one rat is the mean from 7 everted sacs

by the everted sacs would be measured after 8 min of
incubation. The activity of taurine uptake was then
measured in everted sacs from the HTD-, NTD-,
and LTD-fed rats, but no significant difference was
apparent (Fig. 5).

Fig. 5. Effect of dietary sulfur amino acids on the activity for taurine
uptake by everted sacs. Everted sacs were prepared from the small
intestine of HTD- (W), NTD- (), and LTD- (O) fed rats, and
uptake experiments were performed at 37°C for 8 min as described
in the Materials & methods section. Each value is a percentage of
the HTD value and is the mean = S.E. (n = 6 different rats). The
value for one rat is the mean from 7 everted sacs

Expression level of TAUT mRNA in the small
intestine, liver, and kidney of rats fed with HTD,
NTD, and LTD

The effect of dietary sulfur amino acids on the expres-
sion level of TAUT mRNA in the small intestine,
liver, and kidney was also examined. Figure 6 shows
that the expression level of TAUT mRNA was not
significantly affected by the different diets in the small
intestine and in the liver (Figs. 6A and B). On the
other hand, the expression level of TAUT mRNA in
the kidney was affected by dietary sulfur amino acids,
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Fig. 6. Effect of dietary sulfur amino acids on the expression level of
TAUT mRNA in the small intestine, liver, and kidney. Total RNA
was extracted from the small intestine (A), liver (B), and kidney (C)
of rats that had been fed with HTD (H), NTD (%), or LTD (OJ) and
used for an RT-PCR experiment as described in the Materials &
methods section. The expression level of TAUT mRNA has been
corrected by the expression level of S-actin mRNA. Each value is a
percentage of the HTD value and is the mean = S.E. (n = 6 different
rats). *Significantly different (p < 0.01) from the value for NTD

giving a lower expression level with HTD, and higher
expression level with LTD than that with NTD (Fig.
6C), in agreement with Han’s work (Han et al., 1997).

Discussion

The present study examined the effect of dietary sulfur
amino acids on the taurine content in rat blood
and tissues. The effect of this dietary supplement on
TAUT was also investigated.

The effect of the dietary supplement on the taurine
content was different among the rat tissues as shown
in Fig. 3. The effect on the taurine content by dietary
supplementation was most marked in the liver, at least
among the tissues examined in this study. On the other
hand, little or no effect was apparent in the heart or
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eye. It remains to be elucidated why the effect of
dietary supplementation on the taurine content had
this variable effect on different tissues, although this
result may suggest the physiological significance and
importance of taurine in the eye and heart. It has been
reported that taurine is of great importance in the
eye for maintaining the structure and function of the
photoreceptors on the retina and in the heart for
modulating myocardiac muscle contraction by regulat-
ing the calcium concentration (Huxtable, 1992). It is
thus presumed that the taurine content in those tissues
for which taurine has the more vital functions is regu-
lated so as not to be affected by a change of extra-
cellular conditions such as dietary supplementation.

In the liver, the taurine content was extremely
changed by dietary supplementation, the similar
phenomenone being also reported by Sturman
(Sturman, 1973). Sturman also reported that feeding a
vitamin B-6-deficient diet resulted in a significantly
decrease of taurine content in rat liver and kidney. So
it may be hypothesized that the taurine content in the
liver is most affected by a change of extracellular con-
ditions such as dietary condition.

To reveal the different response to dietary sulfur
amino acids in various tissues, a more detailed investi-
gation at the cellular level is necessary. At the cellular
level, the intracellular taurine content is likely to be
determined by three factors: the first is taurine absorp-
tion into the cells by TAUT; the second is taurine
biosynthesis from Met and Cys by such taurine
biosynthetic enzymes as CDO and CSAD; and the
third is taurine efflux from within the cells. TAUT has
already been cloned and characterized, and the tau-
rine biosynthetic pathway has already been identified
as already described. However, the taurine efflux
pathway has not yet been identified. One candidate
molecule involved in taurine efflux is the chloride
channel. Sanchez-Olea et al. (Sanchez-Olea et al.,
1996) have reported that the efflux of taurine was in-
hibited by 4,4'-diisothiocyanostilbene-2',2'-disulfonic
acid (DIDS), a blocker of the chloride channel. We
have also examined the effect of DIDS on taurine
efflux by using human hepatoma HepG2 cell lines.
The taurine efflux in HepG?2 cells was partly inhibited
by DIDS, but not completely (unpublished data).
Similar results have also been reported (Sanchez-Olea
et al., 1993), suggesting that the chloride channel was
involved in taurine efflux, but other unknown
molecules are also involved in taurine efflux. It is thus
necessary to identify the taurine efflux pathway to
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reveal the mechanism for regulating the intracellular
taurine content, and further the mechanism for regu-
lating the taurine content in tissues.

Han et al. (Han et al., 1997) have reported that the
activity of TAUT in the kidney was regulated by
dietary sulfur amino acids. The expression level of
TAUT mRNA and protein was also regulated, this
same regulation also being shown in our results (Fig. 6-
C). In these results, renal epithelial TAUT, which
is involved in the reabsorption of taurine, was up-
regulated by LTD and down-regulated by HTD. This
adaptive response seems to serve to maintain the
amount of taurine in the whole body of rats. We there-
fore hypothesize that intestinal epithelial TAUT also
shows a similar adaptive response to that of renal epi-
thelial TAUT. However, the activity of taurine uptake
in the small intestine was not altered by dietary sup-
plementation (Fig. 5), nor was the expression level of
intestinal TAUT mRNA changed (Fig. 6-A). It is
therefore likely that the amount of taurine in the
whole body of rats is maintained by the adaptive
response of renal TAUT.

In conclusion, we found that dietary sulfur amino
acids affected the taurine content in the blood and in
several tissues, the response to dietary supplementa-
tion being very different among the tissues. This tissue
specificity to dietary supplementation with sulfur
amino acids may suggest the physiological significance
and importance of taurine in each tissue.
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