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Summary. The synthesis of taurine from N-acetylcysteine has been examined 
in rats in vivo and in rat hepatocyte suspensions in vitro. In rats in vivo, 
administration of N-acetylcysteine significantly increased urinary taurine (3 
fold) 24h after dosing and liver glutathione levels. Liver taurine was not 
increased significantly. In hepatocytes incubated in the presence of N- 
acetylcysteine, glutathione concentration increased to a maximum after 1 
hour but the increase was not dependent on the concentration of N- 
acetylcysteine. In contrast, after an initial lag phase, taurine synthesis in- 
creased in relation to the concentration of N-acetylcysteine and continued for 
3 hours. Glutathione synthesis seems to be preferential to taurine synthesis. 
Taurine synthesis from cysteine sulphinate was greater and from hypotaurine 
was greatest and maximal after 1 hour. Implications for the mechanism of 
protection by N-acetylcysteine are discussed. 
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Introduction 

The fl-amino acid taurine, occurs in high concentrations in most animal tissues 
(mM). It is often the most abundant free amino acid in cells and its' functions 
appear to vary depending on the tissue (Huxtable, 1992). Thus it conjugates 
bile acids in the liver, has an important role in the heart as a modulator of 
calcium levels and acts as an osmolyte and neuroinhibitor in the brain (Gaull, 
1989). It has also been shown to act as a protective agent both in vivo and in 
vitro (Timbrell et al., 1995). For example, the cardiotoxicity of isoprenaline 
and adriamycin can be ameliorated in rats by taurine administration (Azuma 
et aI., 1987); a deficiency of taurine has been shown to result in retinal 
degeneration and poor growth in cats (Sturman, 1993) and bleomycin-induced 
pulmonary fibrosis in hamsters can be ameliorated by a combination of 
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taurine and niacin (Wang et al., 1991). We have shown that there is a 
correlation between urinary and liver taurine and susceptibility to various 
hepatotoxicants (Waterfield et al., 1993a) and that depletion of liver taurine 
increases the susceptibility of rats to carbon tetrachloride hepatotoxicity 
(Waterfield et al., 1993b). Taurine can protect lymphoblastoid cells against 
retinoid damage (Pasantes-Morales et al., 1984) and isolated hepatocytes 
are partially protected from carbon tetrachloride, hydrazine and 1,4- 
naphthoquinone toxicity (Waterfield et al., 1993c). Therefore, taurine appears 
to have protective properties both as an endogenous compound and 
when administered therapeutically. Although taurine is obtained in the 
diet from animal products it is also synthesised by the oxidation of 
cysteine. Low intracellular levels of L-cysteine are maintained (30-250#M) 
as cysteine is one of the most toxic protein amino acids. Excess cysteine 
that is not required for protein or glutathione synthesis will be catabo- 
lised via pyruvate to CO2 and sulphate or to taurine (Weinstein et al., 
1988). 

The principal properties of N-acetyl-L-cysteine are related to its ability to 
act as a free radical scavenger and effective precursor for intracellular 
cysteine, the rate limiting amino acid in glutathione synthesis. Hence it is used 
routinely to treat paracetamol over-dose in patients (Prescott et al., 1977; 
Peterson and Rumack, 1977). There are also reports of N-acetylcysteine being 
effective in limiting liver injury after the acute ingestion of CO14 (Mathieson et 
al., 1985; Ruprah et al., 1985), as well as limiting the toxic effects of com- 
pounds as diverse as halothane, nitrogen oxides and zinc and in Amani ta  
phalloides poisoining. 

Not all of the protective properties of N-acetylcysteine are understood. 
The increased levels of glutathione, maintenance of protein thiols, direct 
binding to the toxic compound and the prevention of lipid peroxidation 
may all be involved (Miners et al., 1993). However, it is possible that 
some protection could be afforded by the increased synthesis of taurine 
from raised intracellular cysteine levels following N-acetylcysteine adminis- 
tration. Alternatively the excess cysteine may give rise to increased levels 
of sulphate. As excessive doses of paracetamol deplete sulphate, the pro- 
duction of sulphate from N-acetylcysteine may facilitate conjugation of 
paracetamol. 

Rat hepatocytes, incubated with cysteine will synthesise taurine, although 
the percentage catabolised through the taurine pathway varies according to 
the diets on which rats are fed as well as other factors (Stipanuk et al., 
1992a,b). N-acetylcysteine is also able to increase intracellular cysteine and 
taurine plus hypotaurine levels in hepatocytes but glutathione synthesis is 
preferential to taurine synthesis during 60 minute incubations (Banks and 
Stipanuk, 1994). 

Thus de novo synthesis of taurine from N-acetylcysteine and from the 
metabolic intermediates cysteine sulphinate and hypotaurine has been inves- 
tigated in vitro in relation to glutathione synthesis over 3 hours to assess the 
possibility of protection by NAC in isolated suspensions via synthesis of 
taurine. The effect of N-acetylcysteine on taurine and glutathione levels in 
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vivo has also b e e n  inves t iga ted .  T h e  doses  and  c o n c e n t r a t i o n s  u sed  w e r e  those  
r e l evan t  to the  use  of  N-ace ty lcys te ine  as an an t i do t e  ( 1 . 8 4 m m o l . k g  -1 over  
20h)  ( E l l e n h o r n  and  Barce loux ,  1988). 

Materials and methods 

Reagents 

The following compounds were supplied by the Sigma Chemical Company (Poole, Dor- 
set, U.K.): collagenase type IV, HEPES, N-acetyl-L-cysteine, hypotaurine, taurine, 
cysteine sulphinate, o-phthalaldehyde (OPA; HPLC grade), taurine (cell culture tested), 
Dowex resins, fire fly lantern extract, NADH, pyruvic acid, DTNB (5,5'-dithiobis-2- 
nitrobenzoic acid) for measurement of total non-protein sulphydryls (TNPSH) and 
glutathione. Mercaptoethanol, sodium hydroxide (Aristar), sulphosalicylic acid and boric 
acid were obtained from Merek Ltd., (Lutterworth, Leicestershire, U.K.); methanol 
(HPLC grade) from Rathburn (Wakeburn, Scotland, U.K.). Water was of ultra high 
quality, prepared using an Elgastat water purifier. 

In vivo study 

Animals and treatment 

Eight male rats (Sprague-Dawley stock, Glaxo Research and Development), weighing 
230-290g, were acclimatised for 10 days after delivery. During the experiment animals 
were housed in individual metabolism cages designed to separate and collect faeces and 
urine (Techmate Ltd, Milton Keynes, U.K.) and given powdered diet (691 diet, Quest 
Nutrition Ltd, Wingham, Kent, U.K.) and water ad libitum. Lighting was controlled to 
give a regular 12h tight-dark cycle (7 am on - 7 pm off); room temperature was main- 
tained at 21 _+ 2°C. Three pre-dose 24h urine collections were made. Four animais were 
given N-acetylcysteine (4mmol. kg -1 i.p.) in phosphate buffered saline (PBS, 8ml.kg -1, 
pH adjusted to 7.4), controls were given PBS alone. A 24h urine collection was made after 
dosing and analysed for taurine (see below). All urine samples were collected over ice and 
then diluted to 25ml, centrifuged and stored (-80°C) in aliquots for future analysis. The 
body weight and general condition of animals were monitored daily; food and water 
intake were measured. 

Animals were post-mortemed 24 h after dosing by exsanguination from the abdominal 
aorta under anaesthesia. Blood samples were put into Microtainers (Beckton Dickinson 
and Co., Rutherford, N.J., U.S.A.) for the separation of serum and subsequent taurine 
measurement. The liver was removed, weighed and the right lobe frozen in liquid nitro- 
gen and stored at -80°C for analysis of taurine and total non-protein sulphydryls 
(TNPSH). 

Biochemical measurements 

Taurine and total nonprotein sulphydryls (TNPSH) 

Taurine was extracted from diluted urine (25#1) using Dowex resins using a method 
similar to that previously described (Waterfield, 1994). Taurine and TNPSH were mea- 
sured in the supernatant prepared from liver samples (300mg) homogenised in sul- 
phosaIicylic acid (4ml, 0.2M, 4°C). Samples of supernatant were applied to Dowex 
columns for taurine extraction (25/A) or assayed for TNPSH (Ellman, 1959). As reduced 
glutathione (GSH) constitutes >95% of TNPSH in the liver, this was used as a measure 
of GSH (De Master et al., 1987; Potter and Tran, 1993). Taurine was measured in the 
eluates from the Dowex ion exchange columns using HPLC with fluorometric detection 
(Waterfield, 1994 modified from Larson et al., 1980). 
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Statistical analysis 

Urinary levels of taurine in samples taken from the same animal on different days were 
compared with predose values for each animal using a paired "t" test. A Student's "t" test 
was used to compare treated animals with control animals for other parameters. 

In vitro investigations 

Taurine synthesis 

Rat hepatocytes were isolated by two step collagenase perfusion (Moldeus et al., 1978) 
and used if the viability was 87% or more as measured by the exclusion of Trypan blue 
(0.2%). Cells were pre-incubated for l h  (in order to allow recovery from the isolation 
procedures) in Krebs Henseleit buffer under humidified O2: CO2, (95:5 %) in 50 ml round 
bottomed flasks (1.5 × 106 cells, m1-1, 15 ml). This system rotates the flasks which are open 
to the atmosphere and are gassed continuously (Moldeus et al., 1978). Samples were 
taken to measure LDH leakage into the supernatant ( lml aliquots, centrifuged 13,000g, 
10sec) by a modification of the method of Bergmeyer (1965). The pellet was washed twice 
with Krebs Henseleit buffer (4°C) and intracellular reduced glutathione (GSH) was 
determined in the pellet and after the addition of 6.5% TCA (Hissen and Hill, 1976). A 
second aliquot of cell suspension (0.5ml) was added directly to TCA (0.5ml, 4°C) for the 
measurement of ATP. This method utilises a fire fly lantern extract with a computer 
controlled Thorn EMI photon detection system with an air cooled photomultiplyer tube 
(Stanley and Williams 1969). Cellular and extra-cellular taurine levels were measured in 
acid precipitated cells and medium as previously described (Waterfield, 1994). Cells were 
then incubated with different concentrations of N-acetylcysteine (added in lml  of incuba- 
tion buffer) to give final concentrations of 0, 0.5, 1.0 or 5.0mM. Incubations with No 
acetylcysteine (2mM), cysteine sulphinate (2mM) or hypotaurine (2mM) were carried 
out for 3h and samples for taurine, ATP and GSH measurements and LDH leakage were 
taken after 1, 2 and 3 h. Trypan blue uptake was assessed after 0 and 3 h. 

Wet weight of hepatocytes per 106 cells was calculated as 6.5mg.106 cells < (wet 
weight) by the method of Berry et al. (1991). This figure was also used for conversion of 
published values for comparison. 

Statistical analysis 

Levels of N-acetylcysteine metabolites in incubations at the start of experiments were 
compared with samples taken from the same flasks at later time points using a paired "t" 
test. This was done as there was variation between taurine levels for each isolation making 
statistical analysis between individual experiments difficult. Dunnett's test was used for 
comparison of multiple treatments with a single control for all other comparisons. 

Results 

In vivo 

T h e r e  were  no  effects  de t ec t ed  on  body  weight ,  food  or  wa te r  in take  in 
animals  dosed  with N-ace ty lcys te ine  (da ta  no t  shown).  

An ima l s  dosed  with  N-ace ty lcys te ine  had  significantly h igher  levels of  
T N P S H  in the  liver t han  cont ro l  animals  (8.8v 8 .0#mol .  g-1 wet  weight  tissue) 
but  the  d i f fe rence  in t au r ine  con ten t  in the  liver was not  significant (9.3v 
7.6/~mol.g -1 we t  weight)  (Fig. 1). U r i n a r y  levels of  t aur ine  (0 -24h)  were  
significantly ra ised (3 × )  in those  animals  dosed  with N-ace ty lcys te ine  (Fig. 2). 
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Fig. 1. Liver taurine and TNPSH levels in rats 24 after the administration of N- 
acetylcysteine (NAC; 4mmol.  kg-1); [] taurine; [] glutathione. Results are means _+ SEM, 

n --4. *p < 0.05 (Student's "t" test) 
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Fig. 2. Mean 24hr urinary taurine excretion in rats before and after treatment with a 
single dose of N-acetylcysteine (4mmol.kg -1) on Day 0, II. [] control group dosed only 

with vehicle. Results are means _+ SEM, n = 4. ***p < 0,001 (paired "t" test) 

This  inc rease  in u r ina ry  t au r ine  r e p r e s e n t e d  abou t  15% of  the  N- 
ace ty lcys te ine  dose  on  a m o l a r  basis. 

In vitro 

Lac ta t e  d e h y d r o g e n a s e  l eakage  and  A T P  levels 

T h e r e  was no  significant  increase  in L D H  l eakage  in any of  the  flasks (Fig. 3). 
A T P  levels w e r e  m a i n t a i n e d  t h r o u g h o u t  the  i n c u b a t i o n  p e r i o d  at a level  
above  2 5 n m o l .  106 cells -~ or  3 . 5 # m o l . g  -1 cells (Fig. 4). 
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Fig. 3. Lactate dehydrogenase leakage (% of total) in hepatocytes incubated with no 
additions ; N-acetylcysteine (2mM) - - - - ;  cysteine sulphinate (2mM) - - - ;  and 

hypotaurine ..... ; values are means _+ SEM from 4 separate incubations 
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Fig. 4. ATP levels in hepatocytes incubated with no additions - - ;  N-acetylcysteine 
(2mM) - - - - ;  cysteine sulphinate (2mM) . . . .  ; and hypotaurine ...... ;values are means 

_ SEM from 4 separate incubations 

Glu ta th ione  synthesis 

Celluar G S H  was raised by all concent ra t ions  of N-acetylcysteine to levels 
which cor respond  to maximal  levels found  in livers of control  rats, i.e. 
40nmol .106 cells -1 or approximate ly  6.2/~mol-g -1 wet  weight  of tissue. The  
levels r eached  were  i n d e p e n d e n t  of the  concent ra t ion  of N-acetylcysteine in 
the  incubat ion  med ia  (Fig. 5). This observat ion  is in ag reemen t  with Thor  et 
al. (1979). Also,  the  m a x i m u m  level was reached  in the  first hour ,  with no 
significant increase after this t ime. The  average rate of synthesis for all three  
concent ra t ions  used was 15 .6nmol .h- l .106 cells < (account ing for 3% of 
0.5 m M  N-acetylcysteine).  Cont ro l  levels r ema ined  constant  t h roughou t  the  
3 h incubation.  
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Fig. 5. Glutathione levels in isolated hepatocytes incubated with various concentrations 
of N-acetylcysteine (mM); 0 ; - - - -0 .5 ;  - - -1 .0 ;  . . . . . .  5.0. Results are means -+ SEM of 

3 separate incubations; ***p < 0.001 (paired "t" test) 

Taurine synthesis 

Taurine synthesis increased in relation both to N-acetylcysteine concentration 
and incubation time over the three hour incubation period. There appeared to 
be an initial lag phase in the synthesis of taurine, then the rate of synthesis 
increased (Table 1, Figs. 6 and 7). Thus the intra-cellular concentrations of 
taurine increased over the 3 h incubation period (Fig. 6) and during this time 
taurine also appeared in the medium, although the increase apparent 3 h after 
the addition of N-acetylcysteine (Fig. 7) was not significant. The ratio of 
taurine in the cells to that in the buffer after 3 hours was between 2.1 and 2.3 
to 1 for all three N-acetylcysteine concentrations. After a 3 h incubation with 
N-acetylcysteine (5 mM), a total of 53 nmol. m1-1 of taurine could be measured 
in both cells (106 cells) and media, representing a conversion of 1.6% of the N- 

Table 1. Taurine synthesis in hepatocyte suspensions from N-acetylcysteine 

Total taurine synthesised per hour measured in cells 
and medium (nmol. 106 cells -1. h -1) 

Concentration 
N-acetylcysteine (raM) 0-1 h 1-2 h 2-3 h 

0 -0.48 ± 0.39 0.44 + 0.22 1.05 ± 0.49 
0.5 1.61 + 0.83 4.35 ± 1.40 4.68 ± 1.60" 
1.0 3.02 _~ 1.58 7.19 + 2.09 9.19 _+ 2.43# 
5.0 8.19 ± 2.68# 13.25 _+ 4.82*# 20.94 _ 2.79**### 

Total taurine was measured in l m l  aliquots of cell suspension after precipitation of 
proteins with SSA. Values have been calculated from a mean starting value in the 
incubations of 10.0nmol.106 cells 1. Values are means _+ SEM of the taurine synthesised 
in a i hour period; 4 separate hepatocyte preparations. *p < 0.05, **p < 0.01 increase over 
initial values; #p < 0.05, ###p < 0.001, Dunnett 's  test. 
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Fig. 6. Intracellular taurine levels in hepatocytes incubated with various concentrations 
of N-acetylcysteine (mM); 0; - - - -  0.5; - - -  1.0; . . . . . . . .  5.0. Results are means _ SEM 

of 4 separate incubations. *p < 0.05; **p < 0.001 (Paired "t" test) 
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Fig. 7. Taurine concentrations in the incubation buffer from hepatocytes incubated with 
various concentrations of N-acetylcysteine (raM) - -  0; ----0.5; . . . .  1.0; . . . . . . . .  5.0. 

Results are means _ SEM of 4 separate incubations 

acetylcysteine present  whereas  4.5% of the  N-acetylcysteine present  in the  
med ia  was conver ted  to taur ine  when  the  concent ra t ion  of N-acetylcysteine 
was l m M .  The  synthesis of taur ine  was concent ra t ion  d e p e n d e n t  (Fig. 8). 

Af te r  1 h incubat ion  with hypotaur ine ,  levels of taur ine  were  maximal  in 
hepa tocytes  ( = 2 5 0 n m o l .  m1-1 incubat ion  containing 1.5 × 106 cells or approxi-  
mate ly  12% of the  hypotaur ine) .  This r ep resen ted  an intracellular concentra-  
t ion of taur ine  of = 2 3 m M .  Metabol i sm of cysteine sulphinate  to taur ine  
con t inued  to increase over  the  three  hour  incubat ion  per iod,  reaching 
108nmo1-1.5 × 106 cells -1 (approximate ly  5% of the  cysteine sulphinate) .  
A l t h o u g h  the  rate of accumula t ion  of taur ine  intracellularly was decreased  by 
3 h incubat ion,  an intracellular  concent ra t ion  of 1 1 m M  was achieved after 3 h. 
W h e n  the  me tabo l i sm of  N-acetylcysteine to taur ine  is c o m p a r e d  to that  of 
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Fig. 9. Comparison of taurine synthesis measured in cells and medium over 3h from 
taurine precursors; • control; - - A  N-acetylcysteine (2 raM) ; - - -T  . . . .  
cysteine sulphinate (2mM) and...l~...hypotaurine (2mM). Values are means from 

4 separate incubations 

the  taur ine  precursors  the  difference in the  rate of taur ine  synthesis is clear 
(Fig. 9). Thus  the  synthet ic  rate adjus ted for 106 cells.m1-1 over 3 hours  
f rom hypo taur ine  was 51nmol .h - l . 106  cells -1 f rom cysteine sulphinate  
2 4 n m o l . h  -~. 106 cells -1 and 4 . 7 n m o l . h  -1.106 cells -~ f rom N-acetylcysteine.  

D i s c u s s i o n  

It is likely that  the  raised levels of  ur inary taur ine  found  in animals t rea ted  
with N-acetylcysteine were  the result  of  an increased intracellular  cysteine 
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concentration (generated by N-acetylcysteine) being catabolised to taurine. 
In the situation presented here, there were no extra demands made on GSH 
in the rats as no toxic or GSH depleting agents were administered to the 
animals and the animals were fed ad libitum. N-acetylcysteine would have 
been metabolised primarily to cysteine which would then have been incorpo- 
rated into glutathione or protein or catabolised. However, as liver levels of 
GSH should have been normal at the time of N-acetylcysteine administration 
any excess cysteine would have been catabolised to pyruvate, sulphate and 
taurine (De La Rosa et al., 1989), excess taurine and sulphate being excreted 
into the urine. 

Levels of GSH in livers used for hepatocyte isolation would also have been 
uncompromised (approximately 6-7mM) although there was some loss of 
GSH at the time of isolation as 23 nmol. 106 cells represents 3.5ktmol. g-1 wet 
weight of liver. Levels were raised within the first hour of incubation with 
N-acetylcysteine (approximately 40nmo1.106 cells -1) and then maintained. 
These results are similar to the observations reported by Banks and Stipanuk 
(1994). After this time excess cysteine would have been metabolised to 
pyruvate, sulphate and taurine. 

The values for the synthetic rates of taurine are very similar to those 
reported by Stipanuk et al. (1992a,b) and Banks and Stipanuk (1994) for the 
synthesis of taurine directly from cysteine and N-acetylcysteine. They found 
that the % of casein in the diet had a profound effect on the partitioning of 
cysteine to taurine and sulphate, high casein diets favouring taurine synthesis. 
After l h of incubation with N-acetylcysteine ( lmM) Banks and Stipanuk 
(1994) measured a total of 18pmol.min-l .mg cells (wet wt) -a taurine and 
hypotaurine synthesised by hepatocytes. In the studies discussed here, 
2.8nmol.h-~.106 cells -~ (7.2pmol.min-~.mg cells) taurine were synthesised 
in the first hour of incubation increasing to 7.2nmol.h-~.106 cells -1 
(18.5pmol. rain -~.mg cells) during the second hour of the incubation (Table 
1). The increased rate of taurine synthesis may have been due to the increased 
cysteine available as glutathione levels were maintained at 40nmol-106 cells -1 
after the first hour of incubation. Alternatively this may have been due to 
accumulation of precursors. Whether the raised levels of taurine would have 
been sufficient to have any protective effect against a toxic insult can only be 
speculated at the present time. It is also likely that compounds such as para- 
cetamol which deplete GSH would result in the diversion of cysteine synthesis 
away from taurine in favour of GSH, resulting in lower percentage of N- 
acetylcysteine being metabolised to taurine. 

There is clearly a major difference between the synthesis of glutathione 
and taurine in hepatocytes in vitro. The intracellular GSH concentration 
reached a plateau within one hour which was independent of the N- 
acetylcysteine concentration. Taurine synthesis, however, continued, for at 
least 3 hours and was dependent on the N-acetylcysteine concentration. The 
increasing rate of taurine synthesis over the 3 h incubation period was prob- 
ably the result of an initial preferential metabolism of N-acetylcysteine to 
GSH via cysteine (Banks and Stipanuk, 1994) which continued until levels of 
GSH were maximal. Taurine synthesis did not appear to reach maximal levels 
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within the 3h incubation period, although proportionally more taurine ap- 
peared in the incubation buffer as the incubation time continued. The taurine 
in the medium was unlikely to be the result of cells dying during the incuba- 
tion period as cell death was minimal as indicated by LDH leakage. However, 
the rate of synthesis from N-acetylcysteine was lower than that reported by 
Stipanuk et al. (1992) from cysteine, 48-52pmol.min-l .mg cells -1, at 1raM, 
(with bathocuproine disulphonate included in the incubation). 

Also of importance in the rate of taurine synthesis is the possible variation 
in synthetic rate due to initial glutathione levels and the predominant lobular 
origin of the hepatocytes at the time of isolation. Thus Pentilla (1990) found 
significant differences in taurine synthesis between periportal and perivenous 
hepatocytes; 16 and 117pmol-min-l.mg cells -~, in periportal and perivenous 
hepatocytes respectively. 

Synthesis of taurine from both cysteine sulphinate and hypotaurine was 
greater than from N-acetylcysteine. This could be because alternative path- 
ways are available for N-acetylcysteine catabolism or simply reflect the posi- 
tion of the intermediates in a linear sequential series of reactions. Similarly, 
synthesis from hypotaurine was greater than that :from cysteine sulphinate and 
again there is an alternative pathway for the latter although it precedes 
hypotaurine in the sequence. The rate of uptake of the precursors may also be 
a factor but was not monitored in this study. 

In conclusion, the data shows that taurine synthesis is increased by N- 
acetylcysteine both in vivo and in vitro in hepatocytes. Other pathways for 
metabolism of N-acetylcysteine such as synthesis of glutathione are also op- 
erative as GSH levels were raised in both systems in the presence of N- 
acetylcysteine. Catabolism of N-acetylcysteine to sulphate will also occur. 
Thus only a small proportion of the N-acetylcysteine is metabolised to 
taurine. However, it is not known whether this is sufficient to account for 
some of the protective properties of N-acetylcysteine which are reported in 
vitro and in vivo and warrants further investigation. 
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