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Abstract

The effect of dietary taurine on cholesterol metabolism and the distribution of lipoprotein-cholesterol in serum of rats fed a diet
containing polychlorinated biphenyls (PCB) was examined. Young male Wistar rats (60 g) were fed diets containing 0.2 g/kg diet of PCE
and/or 30 g/kg diet of taurine for 15 days. The experiment was performed as the 2 ¥PZBaurine) factorial design. The addition of
PCB elevated serum levels of total- and HDL-cholesterol and apolipoprotein A-1, which is a major apolipoprotein of HDL. Simultaneous
supplementation of taurine with PCB amplified the increase of the serum level of total- and HDL-cholesterol. Hepatic concentrations c
cholesterol and total lipids were significantly elevated by the supplementation of PCB, and taurine significantly amplified these increas
caused by PCB. PCB suppressed hepatic cholesterdlydroxylase (CYP7A1) gene expression, and taurine induced CYP7A1 gene
expression. Taurine also enhanced PCB-induced elevation of malic enzyme mRNA in the liver. These results suggest that taurine enhan
PCB-induced hypet-cholesterolemia and that taurine has a role in increasing HDL-cholesterol. © 2001 Elsevier Science Inc. All rights
reserved.
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1. Introduction rabbits [9]. Cholesterol is catabolized to bile acids in the
liver and then excreted in the bile after conjugation with
Taurine, 2-amino ethanesulfonic acid, is the major free glycine or taurine. It is known that the ratios of two types of
intracellular amino acid present in many tissues and hasconjugates with bile acids (glycine conjugates/taurine con-
various biological and physiological functions, including jugates; G/T) are different depending on the animal species.
cell membrane stabilization [1], antioxidation [2], detoxifi- G/T ratios in rats and mice are low and, in these animals,
cation [3], osmoregulation [4], neuromodulation [5], and taurine is a major precursor of the conjugation of bile acids
brain and retinal development [6]. Also, taurine plays an [12]. Therefore, we consider it pertinent to determine G/T
important role in lipid metabolism to produce the bile acid ratio to evaluate the cholesterol-lowering effect of taurine in
conjugates in the liver; that is, taurine increases the utiliza- several species.
tion of bile acid which is the degrading metabolite of cho- On the other hand, the information of the effect of taurine
lesterol and participates in fat absorption [7]. A number of on endogenous type of hypercholesterolemia induced by
studies concerned with the hypocholesterolemic action of feeding xenobiotics is limited, as compared with the exog-
taurine have been conducted using cholesterol-loading ani-enous type of hypercholesterolemia induced by feeding a
mals. Previous studies demonstrated that taurine had a chohigh cholesterol diet. Such xenobiotics as polychlorinated
lesterol-lowering effect in rats and mice [8—11], but not in biphenyls (PCB) and 1,1,1-trichloro-2,2-ljs¢hlorophe-
nyl)ethane (DDT) are widely distributed in the environ-
ment. We occasionally have 2¢i-tert-butyl-p-cresol (bu-
¥ Thi_s work was supported in part by a grant for scientific research tylated hydroxy toluene; BHT) and barbital derivatives as a
from Shizuoka Prefecture, Japan. food additive and drugs, respectively. We have designated
* Corresponding author. Tel.:-81-54-264-5559; fax:+81-54-263- - : ! A .
7079. these lipophylic compounds “xenobiotics”, which have rel-
E-mail addressyokogosi@fns1.u-shizuoka-ken.ac.jp (H. Yokogoshi). atively low molecular weights and induce drug-metaboliz-
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Table 1 elevated serum level of HDL-cholesterol in normocholes-

The composition of test diets terolemic rats [24]. Since the treatment of xenobiotics mag-

Ingredient Control  Taurine PCB  PCB nified the change of HDL metabolism, we speculated that

+ Taurine dietary taurine might increase serum level of HDL-choles-

g/kg terol in hypercholesterolemic rats induced by xenobiotics.

Caseirt 200.0 200.0 200.0 200.0 In the present study, we explored the effect of supple-

a-Corn starch 4253 4053 4252 4052 mentation of taurine to a diet containing PCB on serum

Sucrosé 2120 2020 2126 202.6 total- and HDL-cholesterol, apo A-I and liver cholesterol

Corn oil 50.0 50.0 50.0 50.0 ' :

AIN-93G mineral mixtur@  50.0 50.0 50.0 50.0 And we here found a new role of taurine increasing HDL-

AIN-76 vitamin mixturé 10.0 10.0 10.0 100 cholesterol in rats.

Choline choride 2.0 2.0 2.0 2.0

Cellulose 50.0 50.0 50.0 50.0

?ﬁirﬂ@“’m"” 1254 8 38‘0 %’2 3%'.% 2. Materials and methods

1 Supplied by Oriental Yeast, Tokyo.

2 Supplied by Nihon Nosan Co. Ltd., Yokohama.

3 Supplied by Mitsubishi Monsanto Co. Ltd., Tokyo.
4 Supplied by Taisho Pharmaceutical Co. Ltd., Tokyo. Young male rats of the Wistar strain weighing about 60 g

(Japan SLC, Hamamatsu, Japan) were maintained at 24°C
with a 12-h light (0700-1900 h) and dark cycle. To accus-
tom the animals to experimental conditions, they were ini-
tially fed a casein diet (control diet, 200 g/kg diet) for 2 days
ad libitum, then divided into four groups. The composition
of the control diet was (in g per kg diet) (Table 1): casein,
200; mineral mixture (AIN-93G [25]; Nihon Nosan, Yoko-
hama, Japan), 50; corn oil, 50; vitamin mixture (AINTY6

2.1. Experimental design

ing enzymes. The administration of xenobiotics to animals
causes many metabolic and pathologic changes [13]: a)
induction of hepatic drug metabolizing enzymes [14], b)
elevation of serum levels of HDL-cholesterol and apoli-
poprotein (apo) A-l [15,16], ¢) accumulation of liver lipids
[17,18], d) increase of ascorbic acid concentration in urine
and tissues [17,19]. Because PCB is known as the most ) i
powerful inducer of these xenobiotic-mediated phenomena, [261: Nihon Nosan, Yokohama, Japan), 10; choline chlo-
we used PCB for the induction of hypercholesterolemia "de, 1.5; and a mixture of sucrose ametorn starch (1:2, in
[20]. weight) to make a kg diet. For the _expe_rlmental diets, PCB
The hypercholesterolemia caused by PCB was shown to(0-2 9/kg diet; Arochlor 1254, Mitsubishi Monsant Co.,
be influenced by dietary nutrients such as protein [17] and Ltd., Tokyo, Japan) and/or taurine (30 g/kg diet; Taisho
sulfur-containing amino acids (S-AA). The supplementation Pharmaceutical Co., Ltd., Tokyo, Japan) were supple-
of methionine and cystine to a low soy protein isolate diet mented to the basal diet at the expense of carbohydrate. The
containing PCB significantly increased the serum choles- rats were individually housed and given free access to the
terol levels as compared with those of rats fed non-supple-experimental diets and water for 15 days. The rats were
mented diet [21,22]. These study also demonstrated thatkilled by decapitation at 1000 after 16 h of starvation on the
S-AA changed serum level of cholesterol mainly in HDL last day of the experimental period, and blood was collected
[23]. Moreover, we recently reported that dietary taurine from the cervical wound. The experimental procedures used

Table 2
Effect of taurine (30 g/kg diet) body weight gain, food intake, liver weight and liver lipids in rats fed a diet containing polychlorinated bipgh€Byls (
Arochlor 1254, 0.2 g/kg diet) for 15 days

Control Taurine PCB PCB- Taurine ANOVA?
PCB Taurine Interaction

Final body weight, g 137 5.3 1371 4.2 141+ 3.6 138+ 4.0 NS NS NS
Body weight gain, g/15 days 737 3.4 74.1+ 2.6 77.8+ 2.8 75.1+= 3.0 NS NS NS
Food intake, g on day 14 147 0.5 157+ 1.3 13.9+ 0.3 148+ 1.0 NS NS NS
Liver weight, g/100 g body weight 3.5t 0.07 3.45+ 0.04 5.06= 0.08° 7.07+0.2¢% 0.01 0.01 0.01
Liver lipids

Total lipids, mg/g liver 50.2+ 2.6 47.0+ 1.8 122+ 7.7 166+ 15* 0.01 0.05 0.05

Cholesterol,umol/g liver 6.09+ 0.33 6.04+ 0.49 17.9+ 3.3 28.5+ 2.0 0.01 0.05 0.01

I Values are means SEM, n= 6.

2 Statistical significance of differences among values were analyzed by two-way ANOVA. When the interaction was sigRifican®%), Student's t
test was performed. NS: not significaft & 0.05).

3The values differed significantlyP(< 0.001) from the value of control group.

4 These values differed significntly?(< 0.001) from the value of PCB group.
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Fig. 1. Effect of dietary taurine on (A) serum total cholesterol, (B) serum HDL-cholesterol and+MDDL-cholesterol, (C) serum triglyceride and

phospholipid, and (D) serum apo A-I level in rats fed PCB. Rats were killed at 1000 after 16 h-starvation. Values are means and SEM for six rats in eac

dietary group. Statistical significance of differences among values was analyzed by two-way ANOVA. When the interactiod (ROBne) was
signigicant, Student's t-test was performed. Results of ANOVA are inset in each graph. Superscript b indicates that the values differedysfgmificantl
Control group using Student's t tef® £0.01).Superscript a indicate that the values differed significantly from PCB group using Student's$ +€8tQ1).

in this study met the guidelines of the Animal Care and Use  Total RNA was isolated from the liver according to the

Committee of the University of Shizuoka. method described by Chomcynski and Sacchi [30], and 15
wng of total RNA was subjected to Northern blot hybridiza-
2.2. Biochemical analyses tion. The cDNA clones of rat apo A-l [31], rat cholesterol

7a-hydroxylase (CYP7AL) [32], rat malic enzyme [33], and

The serum lipids (total cholesterol, HDL-cholesterol, mouse apo E [34] were labeled with Megaprime DNA
phospholipid and triglyceride) were enzymatically deter- labeling system (Amersham, Tokyo, Japan) for hybridiza-
mined by using a commercial kit (Cholesterol C-test, HDL- tion. Specific hybridization was quantified with an image
cholesterol-test, phospholipid-test and Triglyceride G-test; analyzer (BAS 2000lIl, Fuji Film, Tokyo, Japan). Because
Wako Pure Chemical, Osaka, Japan). Cholesterol level inthe apo E mRNA level was not affected by any treatment
VLDL plus LDL fractions was obtained after subtracting [20,33,35], we used it as a normalization standard.
HDL-cholesterol level from total cholesterol level. Liver
lipids were extracted by the method of Folch et al. [27], and 2.3. Agarose gel electrophoresis of serum lipoproteins
then the concentrations of cholesterol were determined by
the method of Peason et al. [28] Hepatic total lipids were  Agarose gel electrophoresis was carried out by using
determined gravimetrically. Serum apo A-l was analyzed by Corning Universal Film from Corning (Palo Alto, CA).
non-reducing sodium dodecy! sulfate polyacrylamide gel After the agarose gel was run, lipoprotein-cholesterol was
electrophoresis (SDS-PAGE) according to the method of stained with Co-Cholest-A (Nippon Chemiphar, Tokyo, Ja-
Walsh et al. [29]. pan).
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Fig. 2. Agarose gel electrophoresis of serum lipoproteins from control rats fed the control diet (Control), rats fed taurine (Taurine), ratsHeBR@Bd
rats fed PCB plus taurine (PCBlaurine). Lipoprotein-cholesterol was stained enzymatically using Co-Cholest-A.

2.4, Statistical analysis

Agarose gel electrophoretograph of serum lipoprotein-
cholesterol is shown in Figure 2. As we demonstrated before

Statistical significance of the differences among values [15,18], a-migrating lipoprotein-cholesterol was increased

was analyzed by two-way analysis of variance (ANOVA).
When interaction (PCEX taurine) was significanf(< 0.05),
Student’s t test was performed.

3. Results

Body weight gains and food intake of rats fed the diets
supplemented with taurine and/or PCB did not differ from
those of Control group fed the control diet (Table 2). In rats
that were not treated with PCB, dietary addition of taurine
had no effect on relative liver weight. However, the treat-
ment of PCB to the control diet significantly increased the
weight of liver (Student’s t test; Control group vs PCB
group, P < 0.001), andtaurine further increased liver
weights (Student’s t test; PCB group vs P€Burine
group,P < 0.001).

The concentrations of total- and HDL-cholesterols and
phospholipid in the serum were significantly higher in PCB
group than in Control group (Student’s t teBt,< 0.001)
(Figure 1A, B, C). In the PCB-treated groups, the addition
of taurine significantly amplified the increase of total- and

by PCB. Taurine further amplified the PCB-induced in-
crease in thex-lipoprotein-cholesterol.

Hepatic concentration of total lipids and cholesterol were
significantly elevated by PCB (Student’s t test; Control
group vs PCB group? < 0.001), andaurine significantly
amplified these increases caused by PCB (Student’s t test;
PCB group vs PCBtaurine groupP < 0.001)(Table 1).
Hepatic levels of mRNA for apo A-I, CYP7A1 and malic
enzyme were then measured (Figure 3). Hepatic level of apo
A-1 mRNA was increased by PCB (ANOVAR < 0.05)
(Figure 3A) [20]. The dietary addition of taurine tended to
increase apo A-I mRNA level in rats fed PCB like serum
apo A-l level (Figure 1D and 3A). CYP7A1 mRNA level in
the liver was lower in rats fed PCB than in rats that were not
treated with PCB (ANOVAP < 0.05) (Figure 3B). Di-
etary taurine increased CYP7A1 mRNA level (ANOVA, P
< 0.05), as reported recently [11]. As we demonstrated
before [20,36], NADPH-generating enzymes, which are
thought as lipogenic enzymes, were induced by PCB in the
liver. Although the increase in malic enzyme mRNA by
PCB was not significant (Student’s t test, Control group vs.

HDL-cholesterols and phospholipid in the serum (Student's t PCB group,P > 0.05), the increased mRNA level by PCB

test, PCB group vs PCBtaurine groupP < 0.001). In our
previous study (Mochizuki et al. 1998), dietary addition of
taurine increased serum level of HDL-cholesterol in normo-
cholesterolemic rats. Although dietary taurine tended to
increase serum level of HDL-cholesterol in normocholes-
terolemic rats (Figure 1B), it was not significant in this
experiment (Student’s t test, Control group vs Taurine
group, P > 0.05). Serum triglyceride level was not af-
fected by the supplementation of PCB and/or taurine (Fig-
ure 1C). As reported previously [16], serum apo A-l con-
centrations were significantly elevated by dietary PCB
(ANOVA, P < 0.01) (Figure 1D). Dietary taurine tended
to increase serum level of apo A-l, but it was not significant
(ANOVA, P > 0.05).

was amplified by dietary taurinéd®(< 0.01) (Figure 3C).

4. Discussion

The hypocholesterolemic effects of taurine are observed
in the rats with hypercholesterolemia induced by feeding a
high cholesterol diet, and this hypocholesterolemic action of
taurine is mainly due to the enhancement of cholesterol
degradation and the excretion of bile acid [10,11,37]. The
reduction was found in the fractions of VLDL and LDL. On
the other hand, we recently demonstrated that taurine in-
creased the serum HDL-cholesterol concentration without
any change in total cholesterol level in normocholester-
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A PCB, alteration of HDL-cholesterol by dietary manipulation
was emphasized in rats fed PCB [22]. Therefore, we sup-

3 posed that regulation of HDL-cholesterol metabolism by
Tomne Na' dietary taurine could be pursued by using xenobiotic-treated

Interaction NS

rats.

We used soy protein as a protein source in previous
studies [21-23]. As the sulfur-containing amino acid (S-
AA) such as methionine is the first limiting amino acid in
SPI, we in this study examined the effect of taurine on
cholesterol metabolism using casein for the protein source.
In general, the excess administration of S-AA to animals

Control Taurine PCB PCB+Taurine caused a severe toxicity [38]. However, taurine is an end-

product of S-AA metabolism. Also it is known that taurine

3 is a non-essential amino acid for animals, except for cats.
005 Therefore, in this study, we supplemented a considerable
Ieragion NG amount of taurine (30g/kg diet) to the control diet, because
toxicity of excessive taurine was not detected [10,11]. The
results in the present study showed that dietary addition of
taurine further enhanced the increase of serum level of total-
and HDL-cholesterol caused by feeding the PCB diet, as the
same manner reported by Oda et al. [21] who used methi-
onine and cystine.

It was suggested that the hypercholesterolemia induced
by PCB was caused by a significant enhancement of hapatic
cholesterol synthesis, accompanied by the induction of the

Apo A-l mRNA, arbitrary units

ANOVA
PCB

CYP7A1 mRNA, arbitrary units

10 ANOVA a activity of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
g Tame 2% CoA) reductase [20,39]. On the other hand, it was reported

that dietary PCB reduced the activity of CYP7AL, the rate
limiting enzyme in the conversion of cholesterol to bile
acids in the liver, and thereafter depressed the excretion of
fecal bile acids [22]. Therefore, the supplementation of
taurine to a diet containing PCB might affect the activities
of HMG-CoA reductase and CYP7AL for cholesterol me-
- tabolism, and also might cause the changes in the excretion
Control Taurine  PCB  PCB+Taurine of bile acids in feces. Although HMG-CoA reductase ac-
Fig. 3. Effect of dietary taurine on hepatic gene expression of apo A-I A), tivity was not measured in the present study, it was shown
CYP7AL (B) and malic enzyme (C) in rats fed PCB. Rats were killed at yq t4,rine increased this enzyme activity in the spontane-
1000 after 16 h-starvation. Values are means and SEM for six rats in each .
dietary group. Statistical significance of differences among values was ously hypertensive rats [37]. Moreover, we found tendency
analyzed by two-way ANOVA. When the interaction (PCB Taurine) of the enhancement of cholesterol biosynthesis by taurine in
was significant, Student's t-test was performed. Results of ANOVA are rats fed phenobarbital, another xenobiotic [40]. Therefore,
?nset in each graph. Superscript a indi_cates that the value differed signif- \ya speculated that the enhancement of cholesterol biosyn-
icantly (P < 0.01) from PCB group using Student's t test. thesis by taurine might be responsible for the increase of
serum level of cholesterol. Dietary PCB reduced CYP7Al
olemic rats [24]. That study suggested that taurine might mRNA level (Figure 3B). Although CYP7A1 mRNA levels
regulate HDL-cholesterol metabolism. were increased by taurine in both control and PCB groups,
Administration of xenobiotics to rats causes an increase the degree of the induction of CYP7A1 gene expression was
in serum level of cholesterol, urinary ascorbic acid, and the lower in rats fed PCB than in control rats. This smaller
activity of liver microsomal mixed function oxidase system induction of CYP7A1 by taurine might be also explain the
[13,17]. Dietary PCB, a powerful xenobiotic, markedly in- increase of serum level of cholesterol by taurine in rats fed
creased serum level of HDL-cholesterol and apo A-1 [16]. PCB.
Changes in serum cholesterol level induced by PCB was As our previous report [16], the treatment of PCB in-
modified by dietary manipulation [21,23]. We showed that creased serum level of apo A-l, which is a major apoli-
supplementation of methionine to soy protein isolate (SPI) poprotein of HDL. In rats fed PCB, taurine increased the
enhanced PCB-induced hypefeholesterolemia, although serum level of HDL-cholesterol, and tended to increase
methioinine alone tended to increase HDL-cholesterol level serum level of apo A-I (Figure 1). Hepatic apo A-l mMRNA
[22]. Since HDL-cholesterol level was increased in rats fed level was also increased by PCB, and taurine tended to

Malic enzyme mRNA, arbitrary units
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increase the level of apo A- mRNA in the liver (Figure 2). [11] Yokogoshi, H., Mochizuki, H., Nanami, K., Hida, ., Miyachi, F.,
Although the effect of taurine on hepatic apo A-lI gene and Oda, H, Dietary taurine enhances cholesterol degradation and

- - - duces serum and liver cholesterol concentrations in rats fed a
expression was not so great, taurine would stimulate apo A-I re
P . . 9 . P high-cholesterol diet, J Nutr, 129, 1705-1712 (1999).
gene expression in the liver [24].

[12] Stephan, Z., Armstrong, M., and Hayes, K, Bile lipid alterations in

The addition of taurine to a diet containing PCB ?n' taurine-depleted monkeys, Am J Clin Nutr, 34, 204—210 (1981).
creased not only serum level of cholesterol but also liver [13] Conney, A. H. and Burns, J. J, Stimulatory effect of foreign com-
lipid (Table 1). It was demonstrated that PCB elevated pounds on ascorbic acid biosynthesis and on drug-metabolizing en-
lipogenic enzyme activities and their gene expression [36]. ~ zymes, Nature, 184, 363-364 (1959).

PCB-induced fatty liver might be caused by the increased 14! Poland, A. and Knutson, J. C, 2, 3, 7, 8-Tetrachlorodibgnziixin
and related halogenated aromatic hydrocarbons, Annu Rev Pharmacol

synthesis of liver lipid not by the impairment of VLDL Toxicol, 22, 517554 (1982).

_Secretion [18]. A Iipogenic_ enzyme, ma"(? €nzyme, Was [15] oda, H., Matsushita, N., Hirabayashi, A., and Yoshida, A, Hyperli-
induced by PCB, and the induction was significantly am- poproteinemia in rats fed polychlorinated biphenyls, J Nutr Sci Vi-
plified by dietary taurine (Figure 3c). These suggested that taminol, 36, 117-122 (1990).

dietary taurine enhanced the increased lipid synthesis by[lG] Oda, H. and Yoshida, A, Effect of feeding xenobiotics on serum high
PCB in the liver density lipoprotein and apolipoprotein A-l in rats, Biosci Biotechnol
' Biochem, 58, 1646-1651 (1994).

In conclusion, we here first demonstrated that taurine had [17] Kato, N., Tani, T., and Yoshida, A, Effect of dietary level of protein

a Sigmﬁ_cant hypef_"'ChC"eSterC’lemiC action. On the other on liver microsomal drug-metabolizing enzymes, urinary ascorbic
hand, dietary taurine reduced serum level of VLDL- and acid and lipid metabolism in rats fed PCB-containing diets, J Nutr,
LDL-cholesterol in rats fed a high cholesterol diet [10,11]. 110, 1686-1694 (1980).

Therefore, the treatment of taurine would have a beneficial [18] Oda, H., Matsushita, N., Hirabayashi, A., and Yoshida, A, Choles-

effect on some diseases relating to the serum level of cho- terol-rich very low density lipoproteins and fatty liver in rats fed
lesterol such as atherosclerosis polychlorinated biphenyls, Biosci Biotechnol Biochem, 58, 2152—

2158 (1994).

[19] Horio, F. and Yoshida, A, Effect of some xenobiotics on ascorbic acid
metabolism in rats, J Nutr, 112, 416—-425 (1982).

[20] Oda, H., Suzuki, Y., Shibata, T., and Yoshida, A, Glucocorticoid-
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We thank Drs. Noshiro, S. Tajima and J.I. Gordon for Biochem, 10, 644653 (1999).
their generous giftS of cDNAs. [21] Oda, H., Matsuoka, S., and Yoshida, A, Effects of dietary methionine,

cystine and potassium sulfate on serum cholesterol and urinary ascor-
bic acid in rats fed PCB, J Nutr, 116, 1660—-1666 (1986).
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