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Summary. This study followed the time course of urinary taurine and 
hypotaurine excretion after two-thirds hepatectomy in rats. The excretion 
of both taurine and hypotaurine was elevated during 18h following the 
hepatectomy, with maximal excretion during the first 6h. Twelve and 24h 
after partial hepatectomy, the hepatic hypotaurine concentration was in- 
creased but liver taurine did not differ significantly from controls. No changes 
were observed in hypotaurine and taurine concentrations of heart, kidney, 
lung, muscle tissue and spleen. We postulate that partial hepatectomy induces 
a rapid increase of hepatic (hypo)taurine synthesis from precursor amino 
acids. The increased (hypo)taurine concentrations spill over into urine. 
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Introduction 

Taurine (2-aminoethane sulphonic acid) constitutes the major free amino acid 
of many mammalian. Taurine is not incorporated into protein but remains 
free in the intracellular cytosol tissues (Chesney, 1985). 

In the rat, taurine is derived either from the diet or de novo synthesized. 
Synthesis of taurine from methionine or cysteine via cysteic acid or 
hypotaurine was reported for liver, brain, lung and muscle tissue (Pasantes- 
Morales et al., 1980; Sturman and Fellman, 1983; Tamura et al., 1984; Garcia 
and Stipanuk, 1992; Ensunsa et al., 1993; Sharma et al., 1995). In the liver, 
taurine is involved in many important physiological processes such as 
conjugation of bile acids and xenobiotics, calcium mobilisation and 
osmoregulation (Chesney, 1985; Wright et al., 1986; Gaull, 1989; Huxtable, 
1992; Brand et al., 1994, 1995b). The rat liver shows a diurnal variation in 
taurine concentration, which may be related to food intake of the animals 
(Waterfield et al., 1991). 

Administration of several hepatotoxic compounds (like carbon tetrachlo- 
ride, thioacetamide and galactosamine which all caused hepatic necrosis) 
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resulted in elevated urinary taurine levels in rats (Sanins et al., 1990; Timbrell 
et al., 1995; Timbrell and Waterfield, 1996; Waterfield et al., 1991, 1993a). 
Originally, it has been suggested that this increase resulted from leakage of 
taurine from damaged hepatocytes, and that the changes in urinary taurine 
would be useful as a non-invasive indicator of liver damage (Sanins et al., 
1990; Waterfield 1991, 1993c). However, the loss in liver taurine after expo- 
sure to most hepatotoxic compounds accounted only for a part of the increase 
in taurine in urine over the same time (Waterfield, 1991, 1993b), which sug- 
gests that simple leakage from damaged tissue is not the sole cause of the 
increased levels. Therefore, it has been suggested that the inhibition of 
protein synthesis by the hepatotoxicants raises the intracellular pool of 
cysteine and increases taurine synthesis, which would then overspill into the 
urine (Waterfield, 1993a; Timbrell et al., 1995; Timbrell and Waterfield, 1996). 
This hypothesis is supported by the observation that inhibition of protein 
synthesis by cycloheximide increases urinary taurine excretion in rats 
(Waterfield et al., 1993b, 1996). 

In rats, surgical removal of the median and left lateral lobe induces a rapid 
regenerative process in the remaining liver. Within two weeks, the liver has 
regained its original size and the regeneration is terminated (Higgins and 
Anderson, 1931). Two-thirds hepatectomy is a strong anabolic signal and 
during liver regeneration hepatic protein synthesis is increased (Scornik, 
1974; Luk, 1986; Murawaki et al., 1992; Okano et al., 1997). Because of the 
assumption that leakage of taurine from damaged hepatocytes after partial 
hepatectomy will contribute minimally to urinary excretion, since the liver 
tissue is surgically removed, we hypothesized that urinary taurine excretion 
will be reduced after two-thirds hepatectomy. However, by comparing urinary 
excretion of taurine and hypotaurine of rats during the first 24h after two- 
thirds hepatectomy with sham-operated animals we observed, unexpectedly, a 
significant increase in (hypo)taurine excretion. An alternative hypothesis for 
the increased urinary (hypo)taurine excretion will be brought forward. 

Material and methods 

Animals 

Experiments were performed on male Wistar rats (HSD, Zeist, The Netherlands) weigh- 
ing 317 _+ 4g at the time of surgery were housed in individual metabolic cages, starting 7 
days before the study to allow adaptation to this environment. Animals were maintained 
in a constant-temperature room (21 _+ 2°C) with a regular 12-h light-dark cycle (light on 
at 7:00 a.m., off at 7:00 p.m.). Unless otherwise stated, rats had free access to water and 
standard diet (RMH 1410, Hope Farms, Woerden, The Netherlands); food and water 
intake water were determined. 

Animal welfare was in accordance with institutional guidelines of the University of 
Amsterdam. 

Experimental groups 

The animals were randomly assigned to three experimental groups. The first group 
(NORM, n = 8) consisted of rats without previous surgery, in which plasma and tissues 
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were sampled after an overnight fast. In the rats of the second group (HP), a two-third 
hepatectomy was performed after an overnight fast (Higgins and Anderson, 1931). The 
median and left lateral lobes were removed under diethyl ether anaesthesia between 8.30 
and 9.30 a.m.. The abdominal cavity was closed after it was ensured that no bleeding 
occurred. After 12(HP 12, n = 8) or 24h (HP 24, n = 8), the hepatectomized rats were 
sacrificed. 

The third group were pair-fed, sham-operated rats (SHAM-PF 12, n = 8; SHAM-PF 
24, n = 8). Sham operations were performed in a similar fashion by externalising the same 
lobes and returning them to the abdominal cavity after a brief period of manipulation. 

Following surgery, water was provided ad libitum. Food intake in the individual HP 
animals was determined and matched with individual SHAM-PF animals. Consecutive 6- 
h urine collections were made over ice throughout the study period and urine volumes 
were determined gravimetrically. Urine samples were centrifuged (8,500 g, 4°C, 10 rain) to 
remove hair and food debris, and frozen (-70°C) in aliquots until analysis. 

Post mortem procedure and tissue processing 

Animals were anaesthetized with diethyl ether and exsanguinated from the abdominal 
aorta. Blood samples were collected in heparinized tubes (Becton Dickinson, Franklin 
Lakes NJ, USA) and centrifuged within 10rain (8,500g, 4°C, 10rain). One hundred 
microliters of plasma was deproteinized with 4 mg sulfosalicylic acid (BDH, Poole, United 
Kingdom) and stored at -70°C. 

Immediately after blood sampling liver, spleen, left kidney, heart, lungs and the right 
gastrocnemius muscle were rapidly excised, weighed, freeze-clamped with Wollenberger 
tongs (Wollenberger et al., 1960), put into liquid nitrogen (total procedure less than 
2min) and stored at -70°C until further analysis. 

Frozen tissue specimens were ground under liquid nitrogen with a porcelain mortar 
and pestle. Approximately 100mg of tissue powder was added to pre-weighed vials 
containing 400j~l of 5 % sulfosalicylic acid containing 500/~M norvaline internal standard 
(BDH, Poole, United Kingdom). The tissues fragments were further homogenized at 
-10°C with an Ultra Turrax (IKA-labortechnik, Staufen, Germany) (Dejong et al., 1992; 
Heeneman and Deutz, 1993). The homogenate was centrifuged (8,500rpm, 4°C, 10min) 
and the supernatant was used for amino acid analysis. 

Biochemical analysis 

Taurine and hypotaurine were measured in deproteinized plasma, tissue homogenates 
and diluted urine samples (1:4 with UHQ water) using a HPLC system after pre- 
column-derivatization with ortho-phthaldialdehyde (Sigma, St. Louis MO, USA) (van 
Eijk, 1988). Creatinine was measured in diluted urine samples (1 : 10 with UHQ water) in 
a Hitachi/BM 747 automatic analyzer using the appropriate kit (Boehringer Mannheim 
GmbH Diagnostica, Mannheim, Germany). Urine taurine and hypotaurine concentra- 
tions were expressed per mmol of creatinine, since creatinine clearance is identical in HP 
and SHAM-PF animals (Ohno et al., 1991; Lorenzi et al., 1993). 

Statistical analysis 

Data are presented as means _+ S.E.M. Statistical analyses were performed using the 
SPSS/PC+ Statistical Software Package, version 5.0 (SPSS Inc, Chicago, USA). 

ANOVA (two-way procedure) was used for comparison of HP and SHAM-PF 
groups. Comparison of data from HP and SHAM-PF animals at individual time points 
was performed by Mann-Whitney U non-parametric tests. ANOVA (one-way procedure) 
was used for analysis of time effects within groups, followed by the Scheff6 procedure for 
individual group comparison where appropriate. A p value of <0.05 was considered 
statistically significant. 
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Results  

Urinary  taurine and hypotaur ine  excret ion following two-thirds hepa t ec tomy  
are compared  with those in sham-opera ted  pair-fed animals at each t ime 
point.  The  use of sham-t rea ted  animals is essential to act as controls  for 
diurnal  variations and for the  effects of anaesthesia  and surgery, i ndependen t  
of partial hepa tec tomy.  Water  intake and urine volumes were  not  significantly 
different  be tween  HP  and S H A M - P F  rats. 

The  effect of partial hepa t ec tomy  on urinary taur ine  and hypotaur ine  
levels, measured  at 6-hourly intervals, is p resen ted  in Table 1. Partial 
hepa tec tomy  induced  a significant increase in taur ine  excretion,  which is 
maximal  during the  first 6h  after hepa t ec tomy  (+474% compared  to SHAM-  
PF). The  urinary taurine excret ion r emained  elevated be tween  6-12 h and 12- 
18 h after h e p a t e c t o m y ( +  385 % and + 184%, respectively).  

Two-thirds  hepa t ec tomy  has an even more  p r o n o u n c e d  effect on  the  
ur inary excret ion of hypotaur ine:  during the 0-6 h and 6-12 h the  hypotaur ine  
excret ion increased +834 and +568%,  respectively. 

Partial hepa t ec tomy  reduced  the  a m o u n t  of liver tissue to 44% and 52% 
after 12 and 24h, respectively. No significant effects were  observed on the  
weights of heart ,  kidney,  lungs or spleen (Table 2). 

Taur ine  plasma concentra t ions  showed no significant changes (Table 3). 
Two-thirds  hepa tec tomy  has no significant effect on taur ine  concentra t ions  
in liver, heart ,  kidney,  lung, spleen and muscle tissue (Table 3). The  non-  
significant reduct ion  in taur ine  concent ra t ion  of the remain ing  liver tissue 12 h 
after partial hepa tec tomy,  accounted  for only a small p ropor t ion  (10%) of 
the increased ur inary taur ine  excret ion be tween  0 and 12h. The  changes in 
hepat ic  taur ine concentra t ions  in sham-opera ted  animals may  represen t  diur- 
nal variations. 

Significant increases of the in t rahepat ic  hypotaur ine  concent ra t ion  were  
observed 12 and 24h after partial hepa t ec tomy  (+389 and +255% vs. S H A M -  
PF, respectively) (Table 4). Partial hepa tec tomy  had no significant effect on 
hypotaur ine  concentra t ions  of heart ,  kidney,  lung, spleen and muscle.  

Table 2. Weight of tissues of normal rats after an overnight fast (NORM) and rats after 
two-thirds hepatectomy (HP) and sham-operated pair-fed controls (SHAM-PF) 

NORM HP12 HP24 SHAM-PF 12 SHAM-PF 24 

Liver* 2.86 _+ 0.07 1.39 +_ 0.055~ 1.52 _+ 0.045#~[ 3.17 + 0.05{ 2.91 +_ 0.065& 
Heart 0.39 +_ 0.01 0.39 _+ 0.02 0.45 +_ 0.025#q[ 0.40 + 0.02 0.39 _+ 0.01 
Kidney 0.40 _+ 0.01 0.43 + 0.02 0.40 _+ 0.01 0.41 _+ 0.01 0.39 +_ 0.01 
Lung 0.46 +_ 0.02 0.41 _+ 0.02 0.47 _+ 0.01#~ 0.43 _+ 0.03 0.46 _+ 0.01 
Spleen 0.21 _+ 0.02 0.20 _+ 0.01 0.22 + 0.01 0.21 +_ 0.01 0.20 +_ 0.01 

Values are g wet weight/100 gram body weight (mean + SEM, N = 8). ANOVA for group 
differences HP vs SHAM-PF: *p < 0.05. Mann-Whitney U for differences between HP 
and SHAM-PF: Sp < 0.05. ONEWAY procedure for time effects within groups: #p < 
0.05. Scheff6 comparison for differences within groups vs NORM: q[p < 0.05, vs T = 12: 
&p < 0.05. 



378 H.S .  Brand et al. 

T a b l e  3. Taurine concentration in plasma and tissues of normal rats after an overnight 
fast (NORM) and rats after two-thirds hepatectomy (HP) and sham-operated pair-fed 

controls (SHAM-PF) 

NORM HP12 HP24 SHAM-PF 12 SHAM-PF 24 

Plasma 204 -+ 20 193 -+ 28 177 _+ 22 145 -+ 20 182 _+ 21 
Liver 2.85 _+ 0.41 3.91 -+ 0.52 3.68 _+ 0.90 5.46 _+ 0.88q[ 2.66 _+ 0.62#& 
Heart 26.69 _+ 0.86 26.53 _+ 1.45 26.97 _+ 0.95 25.61 _+ 1.09 29.76 _+ 1.10#& 
Kidney 9.35 -+ 0.44 8.72 -+ 0.24 11.67 _+ 0.44#~[& 9.8l -+ 0.35 10.89 _+ 0.74 
Lung 15.37 _+ 0.50 14.36 _+ 0.45 13.33 _+ 0.46 10.71 _+ 0.52 14.22 _+ 0.45 
Muscle 17.80 _+ 0.56 17.11 _+ 0.82 16.77 _+ 0.45 15.37 _+ 0.96 16.87 _+ 0.69 
Spleen 16.33 ± 0.56 17.58 _+ 0.33 17.46 _+ 0.76 16.44 + 0.77 16.91 _+ 0.60 

Values are ~mol/L or ¢tmol/g wet weight tissue (mean -+ SEM,  N = 8). For significance 
symbols, see Table 2. 

Table 4. Hypotaurine concentration in tissues of normal rats after an overnight fast 
(NORM) and rats after two-thirds hepatectomy (HP) and sham-operated pair-fed con- 

trols (SHAM-PF) 

N O R M  HP12 HP24 SHAM-PF 12 SHAM-PF 24 

Liver* 0.11 + 0.01 0.39 _+ 0.11 0.39 _+ 0.075# 0.08 _+ 0.01 0.11 _+ 0.01 
Heart 0.24 + 0.03 0.22 _+ 0.02 0.21 _+ 0.02 0.27 + 0.02 0.22 _+ 0.02 
Kidney 0.22 _+ 0.03 0.14 + 0.01q[ 0.13 _+ 0.01#~[ 0.17 _+ 0.01 0.15 _+ 0.01 
Lung 0.15 __+_ 0.03 0.17 -+ 0.01 0.11 _+ 0.01#~[ 0.11 _+ 0.01 0.12 _+ 0.01#~[ 
Muscle 0.08 + 0.01 0.07 _+ 0.01 0.06 + 0.00 0.07 _+ 0.00 0.05 + 0.01 
Spleen 0.29 _+ 0.04 0.33 _+ 0.02 0.24 _+ 0.02 0.30 _+ 0.01 0.25 _+ 0.02 

Values are/~mol/g wet weight tissue (mean _+ SEM, N = 8). For significance symbols, see 
Table 2. 

Table 5. Methionine concentration in tissues of normal rats after an overnight fast 
(NORM) and rats after two-thirds hepatectomy (HP) and sham-operated pair-fed con- 

trols (SHAM-PF) 

N O R M  HP12 HP24 SHAM-PF 12 SHAM-PF 24 

Liver* 0.05 _+ 0.00 0.03 + 0.00$q[ 0.05 _+ 0.00#& 0.05 + 0.00 0.05 _+ 0.00 
Heart 0.03 _+ 0.00 0.02 + 0.00 0.03 _+ 0.01 0.03 -+ 0.00 0.03 _+ 0.00 
Kidney 0.04 + 0.00 0.05 + 0.01 0.04 _+ 0.01 0.05 _+ 0.00 0.05 + 0.00 
Lung 0.02 _+ 0.00 0.03 4- 0.00 0.03 + 0.00 0.02 _+ 0.00 0.02 + 0.00 
Muscle 0.03 _+ 0.00 0.03 + 0.00 0.05 _+ 0.01 0.03 _+ 0.00 0.03 _+ 0.01 
Spleen 0.08 _+ 0.01 0.08 + 0.01 0.07 _+ 0.01 0.08 -+ 0.01 0.07 _+ 0.01 

Values are/~mol/g wet weight tissue (mean _+ S E M ,  N = 8).  For significance symbols, see 
Table 2. 

A s igni f icant  d e c r e a s e  in i n t r a h e p a t i c  m e t h i o n i n e  c o n c e n t r a t i o n  was  ob-  

s e r v e d  1 2 h  a f t e r  t w o - t h i r d s  h e p a t e c t o m y  ( T a b l e  5). N o  c h a n g e s  w e r e  ob-  

s e r v e d  in t he  m e t h i o n i n e  c o n c e n t r a t i o n  o f  hea r t ,  k i d n e y ,  lung,  s p l e e n  a n d  

m u s c l e  t issue.  



Urinary taurine and hypotaurine excretion after hepatectomy 379 

Discussion 

During the last decade, several studies have demonstrated that administration 
of hepatotoxic compounds to rats resulted in elevated urinary taurine levels 
(Sanins et al., 1990; Timbrell et al., 1995; Timbrell and Waterfield 1996; 
Waterfield et al., 1991, 1993a). After administration of carbon tetrachloride, 
only a small proportion (8%) of the increase in taurine lost in the urine could 
be accounted for by loss of liver taurine (Waterfield et al., 1991). However, 
several hepatotoxic compounds may adversely affect renal tissue and there- 
fore kidney damage may contribute to the increased urinary taurine excretion 
(Ogawa et al., 1992; Fleck et al., 1988; Zimmermann et al., 1983). 

The data from the present study demonstrate that urinary taurine excre- 
tion also increased during the first 18h after partial hepatectomy (Table 1). 
After hepatectomy, a similar small proportion (10%) of the increase in 
urinary taurine excretion during the first 12 h could be due to the decrease in 
taurine concentration of the remnant liver tissue over the same time. This loss 
of hepatic taurine may result from simple leakage from damaged hepatocytes 
due to the surgical procedure and/or the induced cell swelling after partial 
hepatectomy. The volume of hepatocytes increases rapidly after partial 
hepatectomy (Grisham et al., 1975) and it has been shown that isolated rat 
livers release taurine during periods of cell swelling (Brand et al., 1994, 
1995b). 

In the rat, most tissues contain high levels of taurine (Chesney, 1985). 
Potentially, release of taurine from extrahepatic sources may contribute to the 
increase in urinary taurine after two-thirds hepatectomy. However, the 
taurine concentration in the organs investigated was not decreased by partial 
hepatectomy (Table 3). In addition, the concentration of taurine in the brain, 
which also contains high levels of taurine, was unaltered after partial 
hepatectomy (Sturman and Fellman, 1982). This suggests that urinary ex- 
creted taurine is not just merely released from these tissue sources after 
partial hepatectomy, but de novo synthesised. 

In rats, the liver is the major site of taurine biosynthesis (Garcia and 
Stipanuk, 1992; Ensunsa et al., 1993). Although synthesis of taurine has also 
been reported for brain, lung and muscle tissue of the rat (Pasantes-Morales 
et al., 1980; Sturman and Fellman, 1983; Sharma et al., 1995), the taurine 
synthetic capacity of liver tissue is more than 10 times as great as the synthetic 
capacity of the whole body skeletal muscle tissue (Ensunsa et al., 1993). 

We observed an increase in the concentration of hypotaurine in the 
remnant liver tissue at 12h after partial hepatectomy (Table 4). Previous 
studies have shown that the hepatic hypotaurine concentration increases 
within 4h after hepatectomy (Sturman, 1980; Sturman and Fellman, 1982, 
1983). The increase in hypotaurine concentration and the concomitant 
decrease in methionine concentration are specific for liver tissue and not 
observed in other tissues (Table 4). This suggests that the excreted 
(hypo)taurine originates from the liver. However, we can not completely 
eliminiate a role of extrahepatic tissues as potential sources of the increased 
urinary taurine excretion. 
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Recently, it has been suggested that administration of hepatotoxic com- 
pounds may inhibit protein synthesis, which will result in an accumulation of 
amino acids, including cysteine. The excess cysteine may be metabolised to 
taurine and excreted in urine (Waterfield 1993a, 1993b, 1996; Timbrell et al., 
1995; Timbrell and Waterfield, 1996). However, during the first 24h after two- 
thirds hepatectomy the hepatic protein synthesis is increased (Scornik, 1974; 
Luk, 1986; Murawaki et al., 1992; Okano et al., 1997). 

Other possible explanations for increased levels of taurine precursors after 
partial hepatectomy, like a reduced synthesis of glutathione, a reduction in the 
synthesis of cysteine-rich proteins or a reduced production of taurine- 
conjugated bile-acids are also very unlikely. The hepatic glutathione concen- 
tration level is increased after partial hepatectomy (Cockerill et al., 1983; 
Tsuboi et al., 1992; Teshigawara et al., 1995; Akaza et al., 1996) and the 
synthesis of metallothioneins, a group of cysteine-rich proteins, in the rem- 
nant liver is dramatically increased (Tohyama et al., 1993; Margeli et al., 1994; 
Tsujikawa et al., 1994). The production of bile is increased during the first 
hour after partial hepatectomy and is normalized after 6 h (Perez-Barriocanal 
et al., 1990; Sainz et al., 1997). In addition, bile collected from hepatectomized 
rats during this period contained an increased percentage of taurine- 
conjugated bile acids (Garcia-Marin et al., 1990). 

In the plasma membrane of hepatocytes, the activity of the amino acid 
transporter system A and system ASC increased extensively within 6h after 
hepatectomy (Le Cam et al., 1979; Fowler et al., 1992; Martinez-Mas et al., 
1993). Since these two amino acid transporters are capable of transporting 
methionine and cysteine, respectively (Meijer et al., 1990), this may increase 
the concentration of these precursors of taurine. Measurement in vivo of 
the hepatic amino acid-fluxes after two-thirds hepatectomy supports this sug- 
gestion. Two-thirds hepatectomy induces a specific two- to threefold increased 
net hepatic uptake of the amino acids alanine and glycine, which both can be 
transported by the amino acid transport system A/ASC (Brand et al., 1995a). 

Another possible source of amino acid precursors is endocytosis of serum 
albumin. Within 30 minutes after two-thirds hepatectomy, serum albumin is 
actively taken up into the liver cells by endocytosis. In the lysosomal compart- 
ment, the albumin is rapidly digested to yield free amino acids (Ryoo et al., 
1997). 

In summary, these data suggest that the increased urinary excretion of 
hypotaurine and taurine after partial hepatectomy is associated with in- 
creased synthesis of these amino acids, probably in the remnant liver tissue. 
These changes in urinary excretion seem not to be related to a reduced 
hepatic protein synthesis. Therefore, we postulate that this increase is due to 
activated import of precursor amino acids into the remnant liver, needed for 
regenerative protein synthesis. This hypothesis might also be an alternative 
explanation for the increased taurine excretion after damage of liver cells by 
hepatotoxic compounds (Sanins et al., 1990; Timbrell et al., 1995; Timbrell 
and Waterfield, 1996; Waterfield et al., 1991, 1993a), as such damage is 
another strong trigger for liver regeneration (e.g. Holtta et al., 1973; Nakata 
et al., 1985; Sasaki et al., 1989; Clawson et al., 1991). 



Urinary taurine and hypotaurine excretion after hepatectomy 381 

Therefore,  measuring urinary taurine excretion does not seem to be a 
specific (non-invasive) me thod  for monitoring alterations in protein synthesis 
(Waterfield et al., 1996). 
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