


At present, only five drugs are approved for use in aquatic food animals in
the United States. Oxytetracycline first became available for use in 1970. In the
mid 1980s, the combination drug sulfadimethoxine/ormetoprim was approved by
FDA. Two additional chemicals, the anesthetic tricaine methanesulfonate  MS-222!
and formalin, have more recently gained approval. Sulfamerazine is no longer
available for use. The drug nifurpirinol is approved for aquarium  non-food! fish
only. These approved drugs can only be used under very specific conditions and
indications  e.g., disease application, species, administration rate, withdrawal time!.

The number of drugs available for aquaculture use in the United States has
not kept pace with the growth of the industry. Thus, the potential exists for the

illegal use of unapproved drugs as well as misuse of approved compounds. There
is also concern about drug residues in imported aquaculture products. Drugs that
are available in many countries are not allowed in the United States. For example,
in Japan, approximately two dozen drugs are approved for use in aquatic food
animals compared to five in the United States.

The public health concerns associated with the use or misuse of aquaculture
drugs and chemicals may be grouped under two categories: toxicological concerns
for residues and concerns regarding the development of pathogen resistance. These
concerns have been the impetus for the development and validation of analytical

methods for monitoring drug residues.

The development of analytical methods for drugs and other chemicals in
aquatic food animals requires some knowledge of their tissue dismbution and
metabolism. Tissue distribution and metabolism studies are valuable in that they
identify sites of localization, accumulation, and persistence of chemical residues.
They identify the appropriate analyte to serve as a marker for total residues in the
edible flesh. Additionally, the ratio of marker residue to total residues  parent
compound and metabolites! at a given withdrawal time can be determined. Unless
proven otherwise, the FDA considers the toxicity of a drug to be due to all of its
residues and not just the parent compound.

To conduct tissue distribution and metabolism studies, one must first
develop procedures for dosing and sampling of animals. Aquaculture drugs are
typically administered in the feed or through waterborne exposure. In the
laboratory, dosing with radiolabeled chemicals often increases sensitivity and
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facilitates identification and determination of metabolites. Ideally, techniques are
developed for the collection of blood, urine, and other tissues and fluids. By
monitoring blood or plasma levels of the parent compound, pharmacokinetic
models can be developed for describing and predicting drug levels in the tissues.
Urine and bile are useful excretory fluids for examining metabolism; however, the
ediible flesh is the primary focus from the food safety standpoint. At GCSL,
surgical techniques have been developed to enable serial collection of blood and
continuous collection of urine in the channel catfish  Stehly and Plakas, 1993;
Plakas et al., 1992a!. These techniques are intended to decrease disturbance to the
animals during sampling and to minimize the number of animals needed in a given
study. We have used these techniques to conduct tissue residue and metabolism
studies and to develop analytical methods for a variety of chemicals, including
drugs P'lakas et al 1988; Plakas et aL, 1990; Plakas et aL, 1991a!, toxins  Plakas et
al., 1991b!, and pesticides  Barron et al., 1991; Plakas et al., 1992b! to which
cultured animals may be exposed.

Research with the mycotoxin aflatoxin 8,  AFB j provides a good example
of the value of tissue residue studies. AFB, is a potent toxin and known
carcinogen in some animals. It is a common feed contaminant and has been found
in fish feeds. AFB, is much less toxic in channel catfish than in rainbow trout and
several mammalian species  Pi~en, 1973; Jantrarotai et al., 1990!. Channel
catfish could potentially accumulate higher levels of this toxin than do more
sensitive species without any signs of toxicity and thus pose a consumer health risk.
We examined the uptake, tissue distribution, and elimination of AFB, in the
channel catfish  Plakas et aL, 1991b!. After oral dosing, parent  unchanged! AFB~
was rapidly absorbed with peak levels in the plasma occurring at approximately 4
hr  Fig. 1!. However, elimination was also rapid with a half-life of nearly 4 hr.
Tissue distribution studies revealed that AFB, and its metabolites  total residues!
were accumulated in the hepatobiliary system  Table 1!. The musd» had the lowest
leveb of any tissue analyzed. Despite the large dosage �25 mg/kg!, residue levels
in muscle were below the limit of determination  less than 5 ppb! at 24 hr. Tissue
residue data and pharmacokinetic modeling demonstrated that the potential for
accumulating AFB, residues in the edible flesh of channel catfish through
consumption of AFB,contaminated feeds was very low. Withholding feed
contaminated at or below the tolerance levd for 24 hr before harvest would ensure

negligible levels in the edible flesh of this animal. To assess exposure of channel
catfish to this toxin, the bile or liver would be logical matrices for method
development and monitoring.
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Oxytetracycline is an approved aquaculture drug for control of certain
bacterial diseases in catfish, aalmonids, and lobster. After treatin.g salmonids or
channel catfish with this drug, a withdrawal time of 21 days is required before
harvest. The tolerance of oxytetracycline in the edible flesh is 0.1 ppm. As with
many xenobiotics, tetracyclines accumulate in the hepatobiliary system and in the
excretory kidney of fish  Plakas et al., 1988!. In our studies of tetracycline
administered orally to channel catfish, the muscle had the lowest levels of any
tissue examined  Table 2!. At two days after dosing, the level was 0.1 ppm.
Through pharmacokinetic modeling, we predicted the concentration in the tissues
under multiple dosing conditions  e.g., 80 mg/kg/day for 10 days, water
temperature 27OC!. Based on these data, a 21-day withdrawal time would be more
than adequate to ensure drug levels below 0.1 ppm in the edible flesh. However,
in the salmonids, elimination of tetracycline drugs is much slower than in catfish.
For example, in a study with chinook salmon  Aoyama et al., 1991!, nearly 30 days
were necessary for oxytetracycline levels in muscle to fall below 0.1 ppm after oral
dosing  80 mg/kg/day for 10 days, water temperature 8-10OC!. Water temperature
is one factor involved in the differences in elimination rates between these species.
These differences in elimination rates emphasize the need for strict adherence to
the indications and limitations of approved drug use.

The combination drug sulfadimethoxine/ormetoprim is approved in the
United States for treatment of enteric septicemia of catfish  caused by Edwardsiella

df I ii & id dbyA ~lied.Yh
withdrawal time is 3 days in catfish compared with 6 weeks in salmonids. The
tolerance is 0.1 ppm. We examined the tissue distribution and persistence of
ormetoprim in channel catfish  Plakas et al., 1990!. After a single oral dose, muscle
levels of ormetoprim declined below 0.1 ppm within 2 days  Fig. 2!. However,
residues persisted in the skin and were eliminated much more slowly. The
persistence of residues in the skin is not of tremendous concern because the skin
of catfish is not considered part of the edible portions and is not normally
consumed. In rainbow trout, elimination of ormetoprim residues from the edible
flesh is much slower than in catfish; after a single oral dose  8 mg/kg!,
approximately 7 weeks were necessary for residue levels in muscle to decline below
tolerance  Droy et al., 1990!. Persistence of residues in the skin has also been
demonstrated in rainbow trout  Droy et al., 1990!. In the salmonids, residues in
the skin are of concern because skin is typically consumed as part of the edible
portions. Nevertheless, if recommended treatment and withdrawal times are
adhered to and monitored, residue levels would probably not exceed the tolerance
level in the edible portions in these species.
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Several factors influence the fate of drugs and other chemicals in aquatic
animals and must be considered in pharmacokinetic and metabolism studies. For
example, species differences in metabolism and other physiological factors can
influence elimination. Environmental factors, drug formulation, and feed
components can influence uptake and clearance. All of these factors can ultimately
influence the levels and nature of residues in the edible fiesh and therefore affect

method development.

Species differences in the disposition of drugs and other chemicals are well
illustrated by data on the bioavailability of tetracyclines in fish  Table 3!.
Bioavailability is simply defined as the amount of a drug in a given dosage form
which reaches the systemic circulation intact. In humans, the oral bioavailability
of tetracycline drugs ranges from 60 to 80%  Benet and Sheiner, 1985!. In several
fish species  i.e., carp, trout, and catfish! the oral bioavailability is less than 10/0

 Plakas et al., 1988; Bjorklund and Bylund, 1991; Grondel et al., 1987!. The low
bioavailability of tetracycline drugs in these fishes also raises questions about their
cost effectiveness. Species differences in xenobiotic disposition are provided in the
comparative metabolism and excretion of the herbicide 2,4-dichlorophenoxyacetic
acid �,4-D!, which is often used to control aquatic vegetation and may be used in
aquaculture production. In the channel catfish  Plakas et al., 1992b!, 2,4-D is not
metabolized and excreted in the urine in its free acid form  Table 4!. In other fish
species  i.e., lobster, flounder, and dogfish!, there are varying degrees of
conjugation with the aminosulfonic acid taurine  James, 1982; Pritchard and James,
1979; Guarino et al., 1977!. In southern flounder and spiny dogfish, the taurine
conjugate comprised 50% and 98%, respectively, of total urinary residues
originating from 2,4-D.

Environmental conditions may have a dramatic effect on tissue levels and
the elimination of drugs. For example, in a study of oxytetracyline in rainbow
trout, a withdrawal time of 92 days was predicted at 5OC compared with 37 days
at 16<C  Bjorklund and Bylund, 1990!. In the United States, the use of
oxytetracycline in food fish is not allowed at water temperatures below 9<C. The
rate of elimination of xenobiotics in poikilothermic animals generally increases
with environmental temperature. Salinity can also be an important environmental
factor that influences the fate of drugs in fishes. The drug oxolinic acid is
eliminated much more slowly from rainbow trout acclimated in freshwater than
from those acclimated in seawater  Ishida, 1992!.
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Chemical form and formulation of drugs influence their disposition in fish
and shellfish. For example, there is not much difference in the bioavailability of
free base and sodium salt forms of the drug sulfadimethoxine in lobster and
channel catfish  James and Barron, 1988; Squibb et al., 1988!. However, in trout
 Kieinow and Lech, 1988!, the bioavailability of the sodium salt form is two-fold
greater �3 /o! than that of the free base �4%!. Feed components also can influence
absorption of orally administered drugs. In channel catfish  Plakas et al., 1988!,
plasma levels of tetracycline were higher when the drug was administered in a
solution than in a mixture with feed  Fig. 3!. Physical form of a drug is another
factor that influences bioavailability. Particle size of oxolinic acid influenced its
oral absorption in sea bream; biaavailability was enhanced with a micronized
preparation  Endo et al., 1987!.

The FDA has provided funding support for research on tissue distribution
and metabolism of drugs and for the development and validation of analytical
methods for drug residues in aquatic food animals. Drugs and chemicals have been
prioritized for method development, based on toxicity data, approval status, and
known or suspected use patterns. Chloramphenicol, malachite green, and the
nitrofurans were given high priorities on the basis of toxicological properties. The
tetracyclines, quinolones, and fluaraquinolones were also given high priorities. For
most of these chemicals, method development and metabolism studies are presently
being conducted or completed under projects sponsored by the FDA.

In validating analytical methods for drug and other chemical residues in
food animals, several measures of performance should be addressed, including
assessment of the useful concentration range of analysis and associated linearity,
method sensitivity, accuracy, specificity, and reproducibility. Method validation
typically involves the interaction of several laboratories, including a method
development laboratory, incurred residues laboratory, and several evaluating
laboratories. Incurred residues, which result from exposure of live animals to a
given chemical, are essential for evaluating repeatibility and reproducibility of the
method with authentic target tissue.

A gas chromatographic method for chloramphenicol residues in shrimp
 Munns et al., 1993! was developed by the FDA Animal Drugs Research Center
 Denver, CO!. The method provides a good example of the role of tissue residue
studies in the validation process. Analysis of control muscle revealed no interfering



compounds. Control shrimp were fortified with chloramphenicol at four levels,
ranging from 1 to 10 ppb, with five replicates per level. Recoveries were very
high, with coefficients of variation ranging from 4.5 to 5.6/o. To generate incurred
residues, live shrimp were exposed to 25 ppm chloramphenicol in seawater for 4
hr. They were then transferred to clean seawater and allowed to eliminate the
drug for various lengths of time before sampling. At the end of the 4 hr exposure
period, residue levels in the tail muscle exceeded 300 ppb; after a 24 hr depuration
period, the levels were approximately 5 ppb  Fig. 4!. By varying the time allowed
for drug elimination, incurred residues of chloramphenicol could be provided to
the collaborating laboratories at the concentrations desired for method evaluation.
For this method, homogenates containing incurred residues at two levels  i.e.,
approximately 5 and 10 ppb! were distributed to thx'ee collaborating laboratories.
Reproducibility and repeatability data obtained by the laboratories were within
acceptable limits.

For regulatory monitoring, a confirmatory analytical procedure  e.g.,
alternative chromatographic method or mass spectrometry! is also required. Mass
spectrometry is particularly valuable and widely used because it provides a unique
fragmentation pattern  mass spectrum! which is characteristic of a given analyte.
Mass spectrometry provided a useful and sensitive tool for confirmation of incurred
residues of chloramphenicol in shrimp  Bencsath et al., 1993!. The gas
chromatographic/mass spectrometric method for chloramphenicol residues in
shrimp was subsequently used by FDA field laboratories to monitor imported
aquaculture products. %'ithin the past year, chloramphenicol residues have been
found in imported shrimp products and these products were denied entry into the
marketplace.

In summary, method development is critical not only for the approval of
aquaculture drugs and chemicals, but also to ensure the food safety of aquaculture
products. Knowledge of the tissue distribution and metabolism is critical in
determining the target analyte and target tissue for method development. Tissue
residue studies are also valuable for determining drug withdrawal times, evaluating
the potential for product contamination, and generating incurred residues at
desired levels for method validation.
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Table 2. Tissue levels of tetracycline after
oral dosing  80 mg/kg} in channel catfish

Time  hr}

Tissue/Fluid 48

ppm

133.6 999.4Bite 356.5

16.0 7.9 1.5

4.3 3.3 1.0

1.9 0.3

0.5 0.7 0.1

Liver

Trunk kidney

Plasma

Muscle



Species Bioavailabili tyDrug

Carp 0.6Oxytetracycline

Trout

60-80Human

Catfish

Human

Tetracycline

77

From: Plakas et al. �988!

BjorklUnd and Bylund �991!
Benet and Sheiner �985!

Grondel et al. �987!

Table 3. Comparative oral bioavailability {%}
of tetracycline drugs



Table 4. Comparative metabolism of 2,4-D

Taurine

conjugate
Free

acidSpecies

100

100

90

50 50

98

From: Plakas et al. �992!

Ja~es �982!

Pritchard arid James �979!

Guarino et al. �977!

Channel catfish

Spiny lobster

Winter flounder

Southern flounder

Spiny dogfish

% Urinary Residues as:



Fig. 1. Plasma levels of AFB~ after oral
dosing �.25 mg/kg! in channel catfish
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Fig. 2. Tissue levels af armetoprim
after oral dosing � mgfkg! in catfish
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Fig. 3. Plasma levels af- tetracycline
after aral dasing � mg/kg! in catfish
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Fig. 4. Chloramphenicol levels in shrimp
muscle after exposure to 25 ppm for 4 hr
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