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Abstract. Juvenile starry flounder (Platichthys stellatus) maintained at 4 ~ 
or 12~ were forced-fed 3H-l-naphthalene. At 24 hr, after the initiation of 
exposure, significantly (p < 0.05) higher concentrations (2 to 15 times) of 
naphthalene were present in tissues of starry flounder at 4~ than those 
present in fish held at 12~ The influence of lowering of water temperature 
on naphthalene retention was even more marked after one week. At this 
time, muscle and liver offish at 4~ contained 26 and 34 times, respectively, 
more naphthalene than did muscle and liver of fish at 12~ Concentrations 
of total metabolites, in most tissues were not substantially higher at the 
lower temperature either 24 or 168 hr after the naphthalene-exposure. 

Thin-layer chromatographic separation of the metabolites revealed that 
at 24 hr, 1,2-dihydro-l,2-dihydroxynaphthalene (dihydrodiol) was the major 
component in liver (40 to 50% of extracted metabolites) and muscle (-80% 
of extracted metabolites) regardless of the temperature. Bile contained, 
primarily, conjugates (e.g., glucuronides), which yielded the dihydrodiol as 
the principal metabolite on enzymatic hydrolysis. From 24 to 168 hr, the 
concentrations of each metabolite class did not vary directly with the con- 
centrations of total metabolites. Accordingly, at 168 hr, the ratio of total 
metabolite concentrations in liver of fish at 4~ compared to 12~ was 1.6, 
whereas the ratios for the dihydrodiol, sulfate/glucoside conjugates and 
glucuronide conjugates were 4.5, 0.6 and 3.8 respectively. 

Generally, lowered water temperature increased tissue concentrations 
of the parent hydrocarbon and its metabolites. However, the magnitude of 
the increase was dependent upon the compound, the tissue, and the time 
after the initiation of the exposure. The results emphasize the importance of 
determining concentrations of individual metabolites together with parent 
hydrocarbons in tissues of fish when assessing effects of environmental 
parameters on xenobiotic toxicity. 

The ability to biotransform and dispose of potentially toxic compounds, such as 
polycyclic aromatic hydrocarbons (PAH), presumably contributes to the 
long-term survival of an organism threatened by petroleum pollution. A mul- 
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titude of endogeneous and exogeneous factors may affect this ability. For poi- 
kilotherms, the influence of environmental temperature should be of vital im- 
portance. At low temperatures, rates of evaporation and biodegradation of oil 
will be greatly reduced compared to those in a more temperate environment 
(Atlas et al. 1978). If an oil spill should occur in the colder regions, a greater 
possibility may exist for extended exposure of an organism to water-soluble 
and volatile components, such as naphthalenes. Naphthalenes are believed to 
be one of the primary components of oil causing mortality (Anderson et al. 
1973; Moore and Dwyer 1974). Studies with both marine invertebrates (Fucik et  
al. 1977; Harris et al. 1977) and fish (Collier et al. 1978) demonstrate that after a 
short term exposure (~<24 hr) to water-borne or dietary naphthalene an inverse 
relation existed between water temperature and retention of naphthalene. In 
these studies, the effect of temperature on the extent  of  naphthalene 
metabolism or on retention of individual metabolites was not examined. 

Pleuronectids, which contribute substantially to the demersal biomass of 
the continental shelf, are found in all regions of the northern Pacific Ocean and, 
therefore, can experience very low temperatures (Hodgins et al. 1977). For 
example, starry flounder (Platichthys stel latus)  residing near the mouth of the 
Columbia River can be exposed to water temperatures ranging from 3 ~ to 18~ 
within a twelve-month period (Durkin et al. 1977). In a two-part study, we 
examined the influence of time, mode of exposure, and temperature of  bio- 
transformation of naphthalene by juvenile starry flounder. The first part of this 
study (Varanasi et al. 1979) demonstrated that starry flounder extensively me- 
tabolized dietary naphthalene at 12~ Moreover, both the time-lapse after the 
naphthalene-exposure and the mode of naphthalene exposure significantly in- 
fluenced the retention of naphthalene and its metabolic products in tissues of 
fish. In the present report, we describe the influence of lowered water temper- 
ature (12~ vs 4~ on retention and metabolism of dietary naphthalene by 
juvenile starry flounder. We also determined the influence of environmental 
temperature on types and concentrations of metabolites accumulated in tissues 
of naphthalene-fed fish. 

It was found that the lowering of the water temperature resulted in in- 
creases in both concentrations and residence times of naphthalene in starry 
flounder. Increases in concentrations at the lower temperature were much 
greater for naphthalene than for its metabolites. Lowering of the temperature 
also altered relative proportions of the individual classes of metabolites ac- 
cumulated in flounder tissues. Moreover, the results show that starry flounder 
biotransform naphthalene primarily into the dihydrodiol and its conjugates. 

Methods 

Starry f lounder (82 +_ 30 g) were obtained from the mouth  o f  the Columbia River  and acclimated to 
the experimental  tempera ture  (4 ~ or 12~ for one week prior to naphthalene-exposure .  The fish 
were not  fed three days prior to and  during the one week-exposure .  Fish were force-fed 56/.tCi (sp. 
act. 198 mCi/mMole) o f  3H-l-naphthalene (>99.8% purity) (Amersham-Sear le ,  Arlington Heights ,  
IL) 1 dissolved in 25/zl of  sa lmon oil. Four  to six fish were analyzed at 24 hr and another  group was 
analyzed at 168 hr after naphthalene exposure .  

1 Ment ion of  commercia l  products  is for information only and does not const i tute  endorsement  by 
the U.S,  Depar tment  o f  Commerce .  
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Samples of skin, muscle, liver, kidney, brain, gills, stomach, intestine, and bile were 
homogenized and subsequently analyzed for concentrations of naphthalene and total metabolites 
by a solvent partitioning method using hexane and sodium hydroxide; radioactivity in each sample 
was determined by liquid scintillation spectrometry (Roubal et al. 1977; Varanasi et al. 1978, 1979). 
Differences in values for naphthalene and metabolite concentrations in various tissues of fish at 4 ~ 
and 12~ were compared using the Student's t test (Norwich 1977). 

Details of extraction procedure for metabolites are given elsewhere (Varanasi et al. 1979). The 
metabolite classes in liver, muscle, and bile were characterized by thin-layer chromatography 
(TLC). Standards of non-conjugates (1- and 2-naphthol, 1,2-dihydro-l,2-dihydroxynaphthalene) 
and conjuates (1-naphthyl glucuronide, 1-naphthyl sulfate, 1-naphthyl glucoside) were co- 
chromatographed with the metabolite extracts as described earlier (Varanasi et al. 1979), The 
nonconjugates were separated by TLC with solvent system A (p-dioxane:benzene:glacial acetic 
acid, 25:90:4, v/v/v), and the conjugates were separated by TLC with solvent system B consisting 
of the upper phase of concentrated NH4OH: H~O:n-butanol (10:50:40, v/v/v). After determination 
of the position of various metabolites, the adsorbent was scraped from the plates in 5 mm bands and 
radioactivity in each band was measured, t-Naphthyl sulfate and 1-naphthyl glucoside had similar 
Rf values when solvent system B was used; therefore, this fraction was described as sulfate/ 
glucoside. Residual radioactivity in each sample was determined. The representative values for 
non-extractable radioactivity in liver, muscle and bile are given in Table 2, footnote b. 

Conjugated metabolites present in bile were further characterized by enzymatic hydrolysis 
(Dodgson et al. 1953). Sulfate/glucoside and glucuronide fractions were scraped off the plates and 
extracted 3 • with 5 ml of HzO. Methanol (30 ml) was added to aqueous extracts to prevent foaming 
and to facilitate evaporation. The samples were concentrated (1 to 2 ml) under reduced pressure. 
The aqueous extracts containing either glucuronide or sulfate/glucoside fractions were incubated 
for 48 hr at 37~ with /3-glucuronidase from Helix pomatia (Sigma G 0751), which contained 
significant aryl sulfatase activity. The reaction medium consisted of 4 ml of 0.5 M sodium acetate 
(pH = 5.0), the metabolite fraction in 4 ml of water and 1.0 ml of/3-glucuronidase (1 mg/ml). After 
hydrolysis, the solution was extracted 3 x with 5 ml of ethyl acetate (EtAc). The EtAc extract was 
concentrated and spotted on a silica gel 60 (E. Merck) plate. The plate was first developed up to 
about 6 cm from the origin with EtAc and then allowed to dry. Then, the plate was redeveloped 
with solvent system C (toluene:EtAc, 100:3, v/v). This solvent system, which was originally devel- 
oped by J. Schnell and M. Uyeda (personal communication), yielded a much better resolution of 
1-naphthol, 2-naphthol, and the dihydrodiol derivative than did solvent system A (Figures 1 and 2). 
For example, when ~4C-l-naphthol was chromatographed by this procedure, less than 3% of total 
radioactivity was associated with the 2-naphthol band. 

Resu l t s  

At 24 hr, after  the in i t ia t ion  of  exposure ,  naph tha l ene  was  wide ly  d i s t r ibu ted  in 
t i ssues  and  body  fluids of  fish held at 4~ (Table  1). Values  for na ph t ha l e ne  and  
metabol i te  c o n c e n t r a t i o n s  in t i ssues  of  fish at 12~ f rom this s tudy  were  re- 
por ted  p rev ious ly  (Varanas i  e t  al .  1979), and  are used  here on ly  for compar i -  
son.  At  24 hr, t i ssue concen t r a t i ons  of  naph t ha l e ne  in fish held at 4~ were  1.6 
to 15 t imes grea ter  than  those  in co r r e spond ing  t issues  of  fish at 12~ The  
largest  d i f ferences  were  obse rved  for l iver,  s tomach ,  and  in tes t ine .  At  24 hr, 
large a m o u n t s  of  naph tha l ene  ( > 3 0 %  of  the admin i s t e red  dose) were  p resen t  in 
the gas t ro in tes t ina l  (G.I . )  t racts  of  the fish at 4~ whereas  less than  3% of  the 
dose  was re ta ined  in the G.I .  t racts  of  fish at 12~ As with fish at 12~ t issue 
concen t r a t i ons  of  naph tha l ene  at 4~ were  m u c h  lower  at 168 hr than  a~ 24 hr; 
however ,  the decl ine  in naph tha l ene  concen t r a t i ons  f rom 24 to 168 hr was m u c h  
grea ter  at 12~ than  that  at 4~ resul t ing  in even  larger  d i f ferences  b e t w e e n  
naph tha l ene  c o n c e n t r a t i o n s  in mos t  t i ssues  of  the two groups  of  fish at 168 hr 
(Table  1). 
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Fig. 1. Metabolite profiles in liver and muscle of naphthalene-fed starry flounder at 4~ 

Concentrations o f  metabolites  in t issues o f  fish after 24 hr were  not sub- 
stantially larger at the lower  temperature (Table 1). Whereas ratios o f  values for 
naphthalene concentrat ions  in most  t issues o f  fish at 4 ~ vs 12~ increased 
markedly from 24 to 168 hr, such a marked increase was  not observed for the 
metabolite concentrat ions.  After one  week ,  metabolite concentrat ions  in most  
t issues o f  fish at 4~ were  not much greater than those  at 12~ (Table 1); 
except ions  were the blood and muscle  o f  fish at 4~ which contained substan- 
tially higher concentrat ions  o f  metabol i tes  than blood and musc le  o f  fish 
at 12~ 
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At both 4 ~ and 12~ the dihydrodiol derivative (same Rf value as 1,2- 
dihydro-l,2-dihydroxynaphthalene) was the major metabolite (39.7-80.9% of 
total extractable metabolites) present in liver and muscle of starry flounder at 
24 hr after feeding of naphthalene (Table 2). At 24 hr, naphthols represented 
from 1.5 to 10.7% of the total extracted metabolites in liver, muscle or bile of 
fish at 4 ~ and 12~ (Table 2). The 1- and 2-naphthols were not clearly resolved 
when solvent system A was used (Figure 1). The peak X4 in chromatograms 
(Figure 1) was tentatively identified as 1,2-naphthoquinone. Glucuronides, 
sulfates/glucosides and mercapturic acids were also present in liver, muscle, 
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and bile from the naphthalene-exposed starry flounder (Table 2) at both 4 ~ and 
12~ At 24 hr, no marked differences were observed in the proportions of most 
metabolite classes in liver of fish at 4 ~ and 12~ 

From 24 to 168 hr, there was a significant (p < 0.05) decrease in the 
proportion of the dihydrodiol fraction and an increase in sulfate/glucoside frac- 
tion in both liver and muscle of fish at 4 ~ and 12~ (Table 2). Moreover, the 
proportion of the glucuronide fraction also increased with time in liver, muscle, 
and bile of fish at 4~ Individual metabolite classes in liver and muscle of fish 
at 4 ~ and 12~ did not vary directly with the concentrations of total metabolites; 
ratios of concentrations of total metabolites (Table 1) at 4 ~ and 12~ for the liver 
and muscle at 168 hr were 1.6 and 3.6, respectively, whereas ratios for the 
dihydrodiol at this time were 4.5 and 8.3, respectively (Table 2). 

Metabolites in bile from both groups of fish (4 ~ or 12~ at 24 and 168 hr 
were characterized by high percentages (>85%) of the conjugates, of which 
glucuronides were the major components (Table 2). Analyses of bile from fish 
at 8 hr after exposure at 12~ also showed the glucuronides to be the major 
components (Table 2, footnote e). Very small proportions (<10%) of the non- 
conjugates (dihydrodiol and naphthols) were present in bile of starry flounder 
from 8 to 168 hr. 

Enzymatic hydrolysis of glucuronide fractions isolated from the bile re- 
vealed that these derivatives were formed primarily by conjugation with the 
dihydrodiol of naphthalene (Table 3, Figure 2). Smaller amounts of naphthols 
(1- and 2-isomers) were also present in the hydrolysis products from the gluc- 
uronide fraction. At 24 hr, patterns of hydrolysis products from biliary glucuro- 
nides from fish at 4 ~ and 12~ were similar (Table 3), even though the propor- 
tions of unhydrolyzed fraction were 28 and 56%, respectively. 

The sulfate/glucoside fraction was a minor component of biliary metabo- 
lites; therefore, there was not sufficient radioactivity in most samples to permit 
analysis of hydrolysis products. Only one fraction isolated from the bile of fish 
held at 12~ was treated with aryl sulfatase; greater than 50% of the total 
radioactivity was released into the hydrolysis products. Hydrolysis of the sul- 
fate fraction yielded primarily the dihydrodiol derivative together with a small 

T a b l e  3. E t h y l  a c e t a t e - s o l u b l e  h y d r o l y s i s  p r o d u c t s  o f  c o n j u g a t e d  m e t a b o l i t e s "  i s o l a t e d  f r o m  bile  

o f  n a p h t h a l e n e - f e d  s t a r r y  f l o u n d e r  

Time Hydrolysis products a 
after % of conjugate 

Temp feeding dihydrodiol b 1-naphthol b 2-naphthol b fraction 
(~ (hr) Conjugates (%) (%) (%) unhydrolyzed 

12 8 glucuronides 62 8 30 45 
12 24 glucuronides 71 7 22 28 
12 168 glucuronides 89 4 7 28 
4 24 glucuronides 74 6 20 56 

12 168 sulfates/ 78 5 17 45 
glucosides 

a Metabolite fractions were incubated with /3-glucuronidase from Helix pomatia which contained significant 
amounts of aryl sulfatase for  48 hr at 37~ (pH = 5.0) 
b characterized by Rf values of TLC standards 
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amount of naphthols, of which 2-naphthol was once again the major isomer 
(Table 3). 

D i s c u s s i o n  

The present results show that the decrease in water temperature resulted in 
retention of substantially higher concentrations of naphthalene in tissues of the 
naphthalene-exposed starry flounder. These results agree with the findings with 
clams, Rangia cuneata (Fucik et al. 1977), copepods, Calanus helgolandicus 
(Harris et al. 1977) and coho salmon, Oncorhynchus kisutch (Collie, r et al. 
1978). The differences observed in naphthalene concentrations in tissues of 
starry flounder at 4 ~ and 12~ could be due to several factors: Differences in 
rates of absorption of the ingested dose, differences in rates of excretion of 
naphthalene from tissues, and differential rates of biotransformation of 
naphthalene at these two temperatures. 

Environmental temperature is known to have a marked effect on the activ- 
ity of the alimentary canal of fish; both the rate of passage of food and the rate 
of its absorption are much slower in fish at lower temperatures (Barrington 
1957). The present results indicate that both absorption and elimination of the 
ingested dose from the alimentary canal were slower for fish at 4~ than at 
12~ Thus, during the period of 24 to 168 hr, as much as one-third of the 
ingested dose was still in the digestive tract and potentially available to fish at 
4~ compared to less than 3% of the dose in the tracts offish at 12~ This may 
explain the slower decline in naphthalene concentrations from 24 to 168 hr in 
tissues of starry flounder at the lower temperature. 

It is also likely that t l~ lowering of water temperature significantly influ- 
enced the rate of elimination of naphthalene from tissues of fish. For example, 
Collier et al. (1978) did not observe any effect of lowered water temperature on 
the retention of ingested naphthalene in the gut of coho salmon, but did report 
significantly higher concentrations of naphthalene in tissues of fish at 4~ com- 
pared to those at 10~ 

The effect of decreased temperature on metabolite concentrations was not 
as marked as that observed for the naphthalene concentrations, thereby sug- 
gesting that a much smaller proportion of naphthalene was biotransformed by 
liver of starry flounder held at the lower temperature. However, such a result 
may also be due to altered rates of excretion of naphthalene and its metabolites 
at the lower temperature. Nevertheless, when considering consequences 
(e.g., toxicity) of increased concentrations and increased residence times of 
naphthalene in cold-accl imated fish, the decreased bioconversion of 
naphthalene to its metabolic products should be taken into account. 

A change in environmental temperature is known to alter activities of 
certain enzymes in fish (Hochachka and Somero 1971). Stegeman (1979) re- 
ported that in vitro activities of hepatic benzo[a]pyrene hydroxylase and 
NADPH cytochrome C reductase measured at 25~ were significantly greater 
forFundulus heteroclitus maintained at 6.5~ than those at 16.5~ Moreover, a 
change in the environmental temperature of a fish also brings about changes in 
structural (membrane) and depot lipids (Hazel 1979a, 1979b), which may result 
in altered rates of absorption and excretion of lipophilic PAH and their metabo- 
lites. Thus, environmental temperature can alter both types and concentrations 
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of individual metabolites retained in tissues of fish exposed to PAH. Our results 
show that a decrease in water temperature brought about marked changes in 
individual metabolite classes, which would have gone unsuspected if only total 
metabolite concentrations were determined. Virtually no information is avail- 
able on the toxicity of different metabolites of naphthalene on fish. However, it 
is known that phenols and dihydrodiols of certain PAH (e.g. benzo[a]pyrene) 
are more toxic to mammals than the parent compound, and some of these 
metabolites also interact with cellular macromolecules (DNA, RNA protein) 
(Sims and Grover 1974; Brookes 1977; Burke et al. 1977; Kapitulnik et al. 
1977). Certain hydroxylated metabolites of naphthalene also bind irreversibly 
to cellular protein (Hesse and Mezger 1979). Accordingly, the results showing a 
significant increase in the concentrations of the dihydrodiol derivative of 
naphthalene in liver and muscle of cold-maintained starry flounder is impor- 
tant. Moreover, it should be noted that one week after naphthalene-exposure, 
fish held at 12~ contained very low concentrations of naphthalene, whereas 
tissues (liver and muscle) of fish at 4~ still retained substantial concentrations 
of naphthalene, a potential source of metabolic products. 

Our results, together with previous findings (Varanasi et al. 1979), demon- 
strate the tendency of starry flounder to biotransform naphthalene primarily 
into 1,2-dihydro-1,2-dihydroxynaphthalene and its conjugates. The presence of 
a significant proportion of the free dihydrodiol in biotransformation products of 
naphthalene by other fish species (Lee et al. 1972; Roubal et al. 1977; Collier et 
al. 1978; Collier et al. 1980) has been reported, but until now, only the conju- 
gates of naphthol were characterized. Krahn et al. (1980) characterized, with 
high-performance liquid chromatography/ultraviolet fluorescence detection, 
1-naphthyl glucuronide and 1-naphthyl sulfate in bile of rainbow trout (Salmo 
gairdneri)  exposed to dietary naphthalene. The present results show, for the 
first time, that glucuronides and sulfates isolated from bile of naphthalene- 
exposed starry flounder were conjugated primarily with the dihydrodiol and to 
a much smaller extent with 1-naphthol. In mammals, the dihydrodiol of 
naphthalene is shown to conjugate with both glucuronic acid and sulfuric acid 
(Sims and Grover 1974). Furthermore, 1,2-dihydro-l,2-dihydroxynaphthalene 
may be dehydrogenated in vivo to 1,2-dihydroxynaphthalene which can then be 
conjugated with either glucuronic or sulfuric acid (Sims and Grover 1974). 
Because 1,2-dihydroxynaphthalene is unstable, its presence in the hydrolysis 
products was not detected by the methods employed in this study. Small 
amounts of 1,2-naphthoquinone, a product of 1,2-dihydroxynaphthalene, were 
present in biliary metabolites. The presence of 2-naphthol in the hydrolysis 
products from sulfates and glucuronides may arise from the diol conjugates 
(Sims and Grover 1974). 

In conclusion, the lowering of water temperature altered residence times 
and concentrations of both naphthalene and its metabolites in tissues of starry 
flounder. The effect of temperature on the naphthalene concentrations was 
more pronounced after one week than after one day. It is evident that environ- 
mental temperature may strongly influence both the nature and severity of 
toxic effects of naphthalene in flatfish. Furthermore, the results support the 
contention made in earlier reviews (Malins 1977; Varanasi and Malins 1977) 
that it is vital to include information on the types and concentrations of metab- 
olites, together with the concentrations of parent PAH, when defining the 
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body-burdens of these xenobiotics and their possible biological effects in 
marine organisms. 
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