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With spent l iquors from the bleaching of k ra f t  pulp a wide var- 
iety of chlorinated organic substances are discharged into the 
environment (Holmbom 1980; Voss et a l .  1980). Of these compounds 
chlorinated phenolics are the most toxic to f ishes and other 
aquatic organisms. Interest ingly,  an increase in the number of 
chlorine atoms in phenolic molecules from one to f ive results 
in a hundredfold r ise in the acute lethal t ox i c i t y  to fishes 
(Voss et al .  1980). Generally speaking, at a given water pH, the 
differences in tox i c i t y  of substi tuted phenolics seem to be 
mostly accountable for  the i r  d i f fe rent  l i poph i l i t i e s  (Saarikos- 
ki and Viluksela 1982). 

With the exception of pentachlorophenol (PCP) there is very l i t t ! e  
information on the metabolic fate of various chlorophenols and 
other related phenolics, character is t ic  of bleached kraf t  pulp 
mi l l  ef f luents (BKME), in the f ish body. B i l i a ry  excretion af ter  
glucuronide conjugation seems to be a general detoxication mech- 
anism for  PCP in f ish (Kobayashi 1979). In the rainbow t rout  no 
other PCP metabolite other than glucuronide has been detected in 
the b i le  (Glickman et al.  1977). In the l iver  of goldf ish, on the 
other hand, both pentachlorophenyl-/5-glucuronide and pentachloro- 
phenylsulphate are synthetized (Kobayashi 1977). Also in th is  spe- 
cies, however, only the glucuronide is secreted in the b i le  the 
sulphate being eliminated branchial ly and renal ly (Kobayashi1979). 
Sulphate conjugation has been demonstrated in the soluble f ract ion 
of goldf ish l iver  in v i t ro  also for  some other phenols (e.g. 2,3, 
4,6-tetrachlorophe~l,---~-,~F,6- and 2,4,5-tr ichlorophenols,  and 2,4- 
dichlorophenol; Kobayashi 1977). In th is  study we investigated 
whether glucuronidation and sulphatation products are detectable 
in the b i le  of rainbow t rout  exposed to several chlorinated pheno- 
l ics in concert or to actual BKME. 

The physiological rat ionale of glucuronide and sulphate conjugation 
is to provide the hepatobil iary anion car r ier  with a suitable form 
of the xenobiotic molecule (Levine 1978; Chambers and Yarbrough 
1976). The concentration of xenobiotics as the i r  conjugates in the 
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gallbladder b i le  is therefore greatly amplified in respect to 
the i r  concentration in the blood plasma or in the surrounding 
water (Statham et al .  1976). This phenomenon can be of great u t i l -  
i t y  as a sensor of b io log ica l ly  detectable contamination of the 
aquatic environment by BKME pol lutants.  

MATERIALS AND METHODS 

Hatchery reared rainbow t rout  (Salmo gairdneri Richardson; Savon 
Taimen Inc.) were transported to the laboratory aquaria and 
allowed to recover there for at least 4 days before the s ta r t  
of experiments. During acclimatization to the i r  new surroundings 
t rout  were fed dai ly ad l ibi tum with pelleted fodder. The water 
02 concentration was kept at 8-9 mg/L, and a seasonal photoperiod 
was maintained using pa r t i a l l y  covered windows. There were three 
experimental groups (Tables I - 3 ) ,  the pr incipal  difference be- 
tween them being the qual i ty  of the i r  background water. In a l l  
the experiments a flow-through system was arranged in the poly- 
thene aquarium (300 or 500 L) to del iver a test  water mixture to 
the f ish .  

Nine juveni le t rout  (110-145 g; Table I) were exposed for  30 days 
to 2% (v/v) solution of b io log ica l ly  treated BKME. Grab samples 
of BKME were collected 2 or 3 times per week, the sampling period 
covering 3-6 hours. The to ta l  concentrations of chlorinated phe- 
nolics in the undiluted BKME varied between 90 and 120 ug/L (3 
analyses), the corresponding level analysed from the test  aquarium 
being between 2.95 and 4.56 ug/L (four 3-day composite samples 
analysed according to Holmbom 1980). The actual d i lu t ion  of BKME 
was followed using water sodium analyses. During the exposure 
(loading density about 1.2 g/L per day), conducted in September- 
October, the water temperature was gradually lowered from 15-16 
~ to 11-12 ~ Water pH was 6.7 and i ts  hardness 20 mg CaCO3/L. 
The di luent  water used was taken from a location upstream rela-  
t ive to the mi l l  (southern Lake Saimaa, SE Finland). Apart from 
the last  4 days before sampling, the t rout  were fed a rat ion of 
0.5% f ish biomass twice a day. Samples from 3 f ish  were pooled 
for  one analysis. In the second experiment, ten t rout  (120-145g; 
Table 2) were s imi lar ly  exposed to BKME, but only for  10 days at 
a concentration of 0.6% (v/v)BKME. However, the water temperature 
remained at 14-16 ~ Bile samples from a l l  the f ish were pooled 
for  one ( t r i p l i ca te )  analysis. 

In the th i rd  experiment 4 t rout  (250-450 g, a l l  99; Tables 3 and 
4) were exposed for  6 days to a 7:10:4 mixture (wTTv) of 2,4,6- 
t r ichlorophenol,  2,3,4,6-tetrachlorophenol and PCP, respectively. 
The average to ta l  concentration was 150 ug/L. The animals studied 
were acclimatized in the dechlorinated tap water, used as the 
di luent  in th is  experiment, for  3 weeks. The water temperature 
was 11-13 ~ i ts  pH 7.3-7.4 and i ts  hardness about 80 mg CaCO3/L. 
The f ish were not fed during the exposure period. 
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At the end of the exposure, the f ish were stunned by a blow to 
the head, and a blood sample collected from the caudal vessels 
with a heparinized syringe. The blood was centrifuged immediate- 
ly. Bile was then aspirated from the gal l  bladder with a hypo- 
dermic needle. The samples were frozen in l iquid nitrogen and 
stored at -20 ~ unt i l  analysed. 

For determination of the chlorinated phenolics in b i le  (volumeO.5 
-1.5 mL) and plasma (vol. 1.5-2.5 mL) samples, the techniques out- 
l ined in our previous paper was followed (Oikari et al .  1984a). 
Samples were acid i f ied to a pH of 3.5-4 with di luted HgSOm and the 
internal standard (2,6-dibromophenol, p.a.;  2-10 ug/mL~ w~s added. 
Extraction was performed with three 3 mL portions of n-hexane: 
acetone (3:1 v/v, both red i s t i l l ed )  y ie ld ing a f ract ion of the 
"free" substance. The extract was evaporated to dryness in a flow 
of N 2 and s i ly la ted by 25 uL BSTFA ( = b i s ( t r i m e t h y l s i l y l ) - t r i f l u o -  
roacetamide, Merck; I h, 60 ~ The s i ly la ted sample was then 
analysed on a Varian 6000 GC equipped with 30m/0.3 mm i .d.  capi l -  
lary column coated with SE-30. The oven temperature was p r ~  
grammed at 80 to 270 ~ (4 ~ and the signal from the UONi- 
EC detector was automatically integrated. The integrated peak 
areas were fur ther  calculated into sample concentrations, by using 
appropriate correction factors for  the d i f fe rent  chlorophenols 
re lat ive to the internal standard. 

For determination of the to ta l  conjugated phenolics, af ter  the 
i n i t i a l  extract ion, the sample was fur ther  treated with an alka- 
l ine solut ion (0.5 M KOH in 90% ethanol at 70 ~ Before hydro- 
lysis the internal standard (100-500 ug/mL) was again added. Pre- 
liminary experiments showed that the 3 h hydrolysis time we used 
as the standard gave quanti tat ive recoveries. Final ly,  the sample 
was ac id i f ied to a pH of 3.5 and the chlorinated phenolics ex- 
tracted and analysed as previously described. 

The amounts of glucuronide acid conjugates of d i f fe rent  phenolics 
was analysed from another al iquot (0.2-0.6 mL di luted to I ml with 
d.w.) of the f i r s t  extraction residue. Besides the sample the in- 
cubation cocktai l  included 2mL acetate buffer (0.3 M, pH 3.8) and 
I mL/~-glucuronidase solution (3000 units/mL; Sigma type L - I I ) .  
Simi lar ly,  for  determination of sulphate conjugates, a th i rd  por- 
t ion of the f i r s t  extraction residue was incubated in the pres- 
ence of sulphatase (8 units/mL; Sigma type VI I I )  in acetate buf- 
fer  (pH 5) for  24 h at 37 ~ Controls without the addition of 
enzymes were included in each case. The l iberated phenolics were 
extracted, derivatized and measured as described above. 

RESULTS AND DISCUSSION 

In th is  study we investigated phase I I  metabolites (conjugates) in 
the b i le  of t rout  by hydrolysing them with a strong base and with 
specif ic enzymes. I t  is important to remember, however, that cer- 
ta in chlorinated phenolics character is t ic  to BKME may become bio- 
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Table I .  Concentrations (ug/mL) of free and conjugated chlorinated 
phenolics in the bi le of rainbow trout  exposed for 30 days 
to 2% v/v solution of b io logical ly  treated kraf t  pulp 
mi l l  eff luent. 

Phenolic compound Concentration in bi le Percentage 
Free Conjug. conjugated 

2,4,6-trichlorophenol 
2,3,4,6-tetrachlorophenol 
3,4,5-tr ichloroguaiacol 
4,5,6-tr ichloroguaiacol 
3,4,5-tr ichlorosyr ingol 
3,4,5,6-tetrachloroguaiacol 
Pentachlorophenol 

0.07-+ 0.03 # 40.8~ 12.6 99.8 
0.15-+0.03 19.4-6.2 99.2 

ND 49.8 + 4.8 100 
+_NDo.03 # 5.6 -+ 0.5 100 

24.1 + 7.8 99.5 O. 11 
0.41+ 0.15 63.9-10.1 99.3 
0.32+0.12 7.8+0.9 96.1 

Total (7 compounds) 1.06• 211• 40 96.1- 100 

Mean • SD, n :  3 sample pools from 9 f ish 
ND = not detectable (< 0.02 ug/mL) 
#= includes one sample pool expressing ND 

transformed before phase I I  metabolism (cf. Ahlborg et al. 1978). 
In case of metabolism of PCP in f ish,  at least, th is seems not to 
happen (G1ickman et al. 1977; Kobayashi 1979). As far as chlor in- 
ated guaiacols and other chlorinated phenols are concerned there 
are no relevant studies yet available. Further, as is typical for  
phenolics in BKME, the situation may become extremely complicated 
with respect to possible interactions both in the water and inside 
an organism (e.g. competition for a common carr ier  in hepatocytes). 
We tested the possib i l i ty  of chlorinations/dechlorinations of BKME 
phenolics by treating our GC cal ibrat ion mixture (6 phenolics)with 
KOH just  as we did our samples, but no changes were observed. 
Therefore, our results (Tables I-3) demonstrate that a l l  major 
chlorinated phenolics, except the more hydrophil ic chlorocatechols, 
are metabolically conjugated in the t rout  l iver  and excreted to 
the bi le.  To our knowledge, phase I I  metabolism of t r i -  and te t ra-  
chloroguaiacols has not been reported before. 

In the bi le of t rout  exposed for 30 days to a low concentration of 
microbiologically treated BKME, the degree of conjugation ap- 
proached hundred percent (Table I ) .  The amount of conjugated PCP 
(96 %) corresponds well with ear l ier  observations (Kobayashi 1977; 
Glickman et al .  1977), a l l  other phenolics rank s t i l l  higher. Thus, 
by l iberat ing the conjugated phenolics with hydrolysis and analysing 
them with GC we have a tool hundreds of times more sensitive than 
the "d i rect"  extraction of the sample. Furthermore, the concentra- 
t ion of free chlorophenols in the bi le of rainbow trout  is known to 
be higher than in some other tissues (Oikari et at. 1984b). 

Comparison of the amounts hydrolysed by KOH and p-glucuronidase 
(Tables 2 and 3) reveals that 68-90% of the chlorinated phenolics 
measured in t rout  bi le occur as glucuronides. This seems to be at 
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Table 2. Hydrolysis of bile-accumulated conjugates of chlorinated 
phenolics by KOH and by /~-glucuronidase. Fish were 
exposed for  10 days to 0.6%v/vsolut ion of b io logica l ly  
treated kraf t  pulp mi l l  ef f luent~ 

Phenolic compound 
Total = 

alkal ine Hydrolysis Percentage 
hydrolysis by/~-GU glucuronides 

2,4,6-tr ichlorophenol* 9.6 
2,3,4,6-tetrachlorophenol 13.0 
3,4,5-tr ichloroguaiacol  37.0 
4,5,6-tr ichloroguaiacol  5.6 
3,4,5- t r ich lorosyr ingol  9.5 
3,4,5,6-tetrachloroguaiacol 19.1 

8.6 90 
9.0 69 

28.0 75 
4.6 82 
6.5 68 

13.0 68 

Total (6 compounds) 93.8 69.7 

Pool of 10 f ish ,  concentrations given as ug/mL 

68- 90 

odds with ear l ie r  observations on rainbow t rout  (Glickman et al.  
1977), which found the only conjugate of PCP in the b i le  to be 
the glucuronide. Results from our th i rd  experiment, with three 
chlorophenols (including PCP), support the idea that some other 
conjugate is also involved in the b i l i a r y  excretion of the chlor- 
inated phenolics typical  of BKME. In fact  i t  is logical to sup- 
pose, in a s i tuat ion where the f ish is simultaneously exposed to 
many chlorinated phenolics, that  the synthetized sulphate anion 
(Kobayashi 1977) is also secreted in the b i le .  

Table 3 indicates that the separate hydrolysis with sulphatase 
yields quite well the amount of the nonglucuronide conjugation 
(the sum glucuronides + sulphates not being s t a t i s t i c a l l y  d i f -  
ferent from the t o ta l ) .  As there is a f a i r l y  big variat ion be- 
tween the individuals, the present analysis does not conclusive- 
ly exclude the poss ib i l i t y  of addit ional types of conjugates. 

The concentrations of free chlorophenols in the blood plasma were 
about half  of those in the b i le  (Tables 3 and 4). These rat ios 
are very much in accordance with ear l ie r  observations (Oikari et 
al.  1984b). In re lat ive terms, tetrachlorophenol being an in ter -  
mediate reference, i t  can be noted that  the level of t r i ch lo ro -  
phenol in the plasma is much lower (I /10) and that of PCP much 
higher (6 -7x )  than that in the surrounding water. This is in 
accordance with the i r  d i f ferent  l i poph i l i t i es ,  i .e .  with the i r  
d i f ferent  absorption rates from the water to the f ish (Saarikos- 
ki and Viluksela 1982). On the other hand, the ra t io  of free sub- 
stance in the plasma to i ts  conjugate in the b i le  (Tables 3 and 4) 
indicates that the net ef f ic iency of the excretion of 2 ,4 ,6 - t r i -  
chlorophenol from the plasma to the b i le  is much higher than that 
for  PCP. Final ly,  the presence of chlorophenol conjugates in 
the plasma (Table 4) is in keeping with the idea that some of 
molecules conjugated in the hepatocytes re-enter the c i rculat ion 
and are then excreted ei ther via the kidneys or the g i l l s  (Kobay- 
ashi 1979). 
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Table 4. Concentrations (ug/mL) of free and total  conjugated 
chlorophenols in the plasma of rainbow trout  exposed 
for 6 days to a 7: 10:4  mixture of three phenols 
( total  conc. 150 ug/L; cf. Table 3). 

Phenolic compound Free Conjugated 

2,4,6-trichlorophenol 0.7 • 0.5 3.3 • 2.3 
2,3,4,6-tetrachlorophenol 9.7 ~ 3.1 16.3 • 13.7 
Pentachlorophenol 26.0 • 12.1 27.0 • 17.0 

Mean • SD, n= 3 f ish 

Research on the toxicokinetics of complex mixtures of organic 
xenobiotics has been f a i r l y  unpopular up to the present time. 
However, we cannot avoid the rea l i t y  that most industr ial  waste 
waters are of th is type. In the present study we have showed 
that even at very low environmental concentrations of BKME 
(0.6- 2% BKME ~ 5 ug/L the phenolics measured) the phenolics ab, 
sorbed s t i l l  are almost wholly metabolized before hepatic dis- 
position. The situation may be representative of that caused by 
the chronic aquatic pol lut ion adjacent to kraf t  pulp mi l ls.  
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