TOXICOLOGICAL SCIENCES 77, 206 –218 (2004)
DOI: 10.1093/toxsci/kfh033
Advance Access publication December 2, 2003

A Physiologically Based Toxicokinetic Model for Dietary Uptake of
Hydrophobic Organic Compounds by Fish
I. Feeding Studies with 2,2⬘,5,5⬘-Tetrachlorobiphenyl
John W. Nichols,* ,1 Patrick N. Fitzsimmons,* Frank W. Whiteman,* Timothy D. Dawson,†
Leo Babeu,† and Jamie Juenemann†
*Mid-Continent Ecology Division, National Health and Environmental Effects Research Laboratory, Ofﬁce of Research and Development,
U.S. Environmental Protection Agency, Duluth, Minnesota, 55804,
and †AScI Corporation, Duluth, Minnesota 55811
Received on June 4, 2003; accepted on October 23, 2003

A physiologically based toxicokinetic (PBTK) model was developed to describe dietary uptake of hydrophobic organic compounds by ﬁsh. The gastrointestinal (GI) tract was modeled using
four compartments corresponding to the stomach, pyloric ceca,
upper intestine, and lower intestine, and the lumenal volume of
each compartment was allowed to change in time as a function of
bulk ﬂow down the GI tract and (for the pyloric ceca and upper
intestine) nutrient uptake. The model was developed using data
from rainbow trout that were fed a single meal of 60-day-old
fathead minnows contaminated with [UL- 14C] 2,2ⴕ,5,5ⴕ-tetrachlorobiphenyl ([ 14C] PCB 52). Chemical partitioning coefﬁcients for
the gut contents and tissues were adjusted to account for changes
in chemical afﬁnity associated with uptake of dietary lipid. Permeability constants for the absorbing gut segments were then ﬁtted
by modeling to measured [ 14C] PCB 52 concentrations in gut
contents and tissues. The model accurately describes observed
patterns of gastric evacuation and bulk ﬂow of digesta, the concentration time course for [ 14C] PCB 52 in contents and tissues of
the GI tract, and [ 14C] PCB 52 distribution to other major tissues.
Most of the [ 14C] PCB 52 was taken up in the pyloric ceca and
upper intestine during the period of peak lipid absorption. It is
concluded, however, that a kinetic limitation acting along the
entire length of the GI tract resulted in a chemical disequilibrium
between feces and tissues of the lower intestine.
Key Words: physiologically based model; ﬁsh; dietary uptake.

Dietary uptake is the primary route by which ﬁsh accumulate
hydrophobic organic contaminants (log K OW ⬎ 5; Bruggeman
et al., 1984), including polychlorinated biphenyls (PCBs),
dibenzo-p-dioxins, and diphenyl ethers, hexachlorobenzene,
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toxaphene, and various polyaromatic hydrocarbons (PAHs).
Mathematical models have been developed to describe the
trophic transfer of hydrophobic compounds in aquatic food
chains, including dietary uptake by ﬁsh. Early models generally assumed that ﬁsh assimilate a constant fraction of chemical
in the food that they ingest, and the kinetics of accumulation
were calculated from a ﬁxed uptake rate (ingestion rate times
assimilation efﬁciency) and ﬁrst-order elimination rate constant (Thomann, 1989; Thomann and Connolly, 1984). Assimilation efﬁciencies were typically obtained from feeding studies with ﬁsh, and the value of the elimination rate constant was
ﬁtted to simulate measured chemical concentrations. Later
models calculated diffusive gradients in the gut as a function of
chemical activity (or fugacity) in the gut contents and the ﬁsh
(Barber et al., 1991; Gobas et al., 1988). Gobas et al. (1988)
used a lumped transport parameter determined from exposure
data to represent diffusive uptake throughout the gastrointestinal (GI) tract. Model parameters used by Barber et al. (1991)
were developed independently of exposure data, but the model
assumed that a chemical equilibrium was attained between the
ﬁsh and the contents of its lower GI tract (a condition termed
“fecal partitioning”).
Despite this progress, a lack of detail in existing dietary
uptake models for ﬁsh limits their application to speciﬁc questions of toxicological interest. All current models treat the
contents of the GI tract as a single well-mixed compartment.
This approach does not provide a means for describing kinetic
phenomena that occur in speciﬁc gut regions. A description of
the chemical time course in upper intestinal tissues may be
important for understanding the effects of chemicals that undergo metabolic biotransformation, since these tissues act in
concert with the liver to metabolically transform ingested compounds before they reach the general circulation (James and
Kleinow, 1994; Kleinow and James, 2001; Van Veld, 1990).
The GI tract also represents a potential site for toxic effects
(James and Kleinow, 1994; Kleinow and James, 2001). A
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complete understanding of these effects requires knowledge of
chemical kinetics in the tissues where they occur.
The goal of the present study was to incorporate a physiological description of dietary uptake into an existing physiologically based toxicokinetic (PBTK) model for ﬁsh (Nichols
et al., 1990). The gut portion of this model consists of four
compartments corresponding to the stomach, pyloric ceca,
upper intestine (distal to the pyloric ceca), and lower intestine.
This description accounts for the progressive decline in meal
volume associated with nutrient uptake and changes in chemical afﬁnity for digesta with changes in lipid content. The
model was developed using data from dosing studies in which
rainbow trout were fed a single meal of fathead minnows
(Pimephales promelas) that had been exposed previously to
[UL- 14C] 2,2⬘,5,5⬘-tetrachlorobiphenyl ([ 14C] PCB 52; CAS no.
35693-99-3) in water (Nichols et al., 2001). In a companion
report, the model was used to simulate hypothetical exposures
to compounds of varying hydrophobicity under several exposure scenarios (Nichols et al., 2004).

MATERIALS AND METHODS
Fish PBTK model. A PBTK model for dietary uptake of hydrophobic
compounds by ﬁsh was developed by incorporating a physiological description
of the GI tract into an established inhalation (waterborne exposure) model
(Nichols et al., 1990; Fig. 1). The model consists of a set of simultaneous
mass-balance differential equations that describe the rate of change of the
amount of chemical within each of the following nine tissue compartments:
liver, kidney, fat, richly perfused (consisting of the heart, spleen, and gonads),
poorly perfused (primarily white muscle), stomach, pyloric ceca (and associated upper intestine), upper intestine (distal to the pyloric ceca), and lower
intestine. Additional equations describe the rate of change of the amount of
chemical in contents of the stomach, pyloric ceca, upper intestine, and lower
intestine, and the ﬂow of digesta from one gut segment to another. Chemical
ﬂux between blood and tissues was assumed to be blood ﬂow–limited, while
chemical exchange at the gills was modeled as a countercurrent process
regulated by ﬂow and diffusion limitations (Erickson and McKim, 1990).
Symbols and abbreviations used in the model are presented in Tables 1–3 and
the appendix. The equations that comprise the dietary uptake description are
presented in the appendix, while those that make up the systemic portion of the
model are given elsewhere (Nichols et al., 1990). Solution sets for each point
in time were obtained by numerical integration using a commercial software
package (ACSL model, Aegis Technologies, Huntsville, AL).
Dietary uptake description: anatomy and physiology. In general, the
morphology of the ﬁsh GI tract is simpler than that of mammals; however,
marked species differences are known to exist (Kapoor et al., 1975; Kleinow
and James, 2001; Smith, 1989). For example, in some species the surface area
of the small intestine is greatly increased by the presence of blind diverticula,
called pyloric ceca, while in others the small intestine is a short, simple tube
(Buddington and Diamond, 1987). Similarly, some species possess a welldeﬁned stomach while others do not. The GI tract of rainbow trout is characterized by a discrete stomach and numerous, well-developed ceca. The gut
description developed in this study, therefore, is composed of four compartments corresponding to the stomach, pyloric ceca and associated upper intestine (“pyloric ceca”), upper intestine distal to the pyloric ceca (“upper intestine”), and lower intestine (Fig. 2). Functionally and morphologically, the
pyloric ceca and upper intestine of trout share features of the mammalian
jejunum and are the primary sites for uptake of lipid and amino acids. The
lower intestine bears some resemblance to the mammalian colon but plays a

FIG. 1. Schematic representation of a PBTK model for ﬁsh incorporating
both dietary and branchial routes of exposure. Symbols and abbreviations are
described in the appendix and Table 1. The gut is shown here in a simpliﬁed
form. The complete gut description is given in Figure 2.

more active role in the control of the salt/water balance and may also possess
endocytotic activity.
An analysis of vascular corrosion casts from chinook and coho salmon
suggests that, in salmonids, the coeliacomesenteric artery supplies most of the
blood to the stomach, pyloric ceca, and intestines. Venous blood from all of
these tissues collects in the hepatic portal vein before entering the liver (Smith
and Bell, 1975; Thorarensen et al., 1991). Based on these observations, blood
ﬂow to the GI tract was modeled as a parallel arrangement of blood vessels,
while the ﬂow of digesta was described using a series arrangement of lumenal
subcompartments.
Each gut compartment consists of two subcompartments corresponding to
the gut tissues and lumenal contents. The volumes of all four lumenal subcompartments were allowed to change following the ingestion of a meal.
Gastric emptying to the upper intestine was described using an exponential
evacuation equation, as suggested for salmonids by several authors (Elliot,
1991; He and Wurtsbaugh, 1993; Persson, 1986). Integrating, an expression is
obtained for the rate of change of stomach volume (V LST) as well as the ﬂow
rate of partially digested material to the pyloric ceca as follows:
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TABLE 1
Physiological and Anatomical Parameters Used in a PBTK
Model for Dietary Uptake of [ 14C] PCB 52 by Rainbow Trout

Parameter

Term

Parameter
value

Body weight (kg) a
Ventilation volume (L/h) b
Effective respiratory volume (L/h) b
Cardiac output (L/h) b
Thickness of the gill diffusion path (m) c
Branchial diffusivity of [ 14C] PCB 52 (cm/h) d
Tissue group volumes (as fractions of BW) e, f
Fat
Kidney
Richly perfused tissue
Liver
Poorly perfused tissue
Stomach
Pyloric ceca
Upper intestine
Lower intestine
Arterial blood ﬂow to tissues (as fractions of Q C) e
Fat
Kidney
Richly perfused tissue
Liver
Poorly perfused tissue
Stomach
Pyloric ceca
Upper intestine
Lower intestine
Surface areas for absorbing gut segments (cm 2) e
Pyloric ceca
Upper intestine
Lower intestine

BW
QV
QW
QC
TG
G DIF

0.104
10.6
7.4
2.1
14.0
0.008

VF
VK
VR
VL
V PP
V TST
V TPC
V TUI
V TLI

0.040
0.008
0.015
0.013
0.876
0.015
0.021
0.007
0.005

QF
QK
QR
QL
Q PP
Q ST
Q PC
Q UI
Q LI

0.034
0.056
0.055
0.029
0.652
0.055
0.076
0.025
0.018

A PC
A UI
A LI

150
30
30

TABLE 2
[ 14C] PCB 52 Blood:Water, Tissue:Blood, and Lumen:Tissue
Partitioning Coefﬁcients
Parameter

Term

Parameter value

Blood:water
Fat:blood
Kidney:blood
Liver:blood
Richly perfused:blood
Poorly perfused:blood
Stomach:blood
Pyloric ceca:blood
Upper intestine:blood
Lower intestine:blood
Pyloric ceca lumen:tissue
Upper intestine lumen:tissue
Lower intestine lumen:tissue
Bile:liver c

P B:W
P F:B
P K:B
P L:B
P RP:B
P PP:B
P TST:B
P TPC:B
P TUI:B
P TLI:B
P LPC:TPC
P LUI:TUI
P LLI:TLI
P B:L

4500
140
1.3 (0.19) a
2.0 (0.35) a
2.0
0.52 (0.06) a
0.97 (0.25) a
6.4 – 0.083 䡠 T b
6.4 – 0.083 䡠 T b
1.67 (0.61) a
0.2
0.2
0.5
0.7

Note. Unitless partitioning values were developed by assuming that blood,
tissues, and intestinal contents have a speciﬁc gravity of approximately 1.0.
a
Mean (SD) of values estimated from measured [ 14C] PCB 52 concentrations
under near steady-state conditions.
b
From 0 to 48 h, repeating the pattern as necessary to simulate additional
feedings.
c
Referred to in the text as a concentration ratio because of the possibility that
measured [ 14C] PCB 52 concentrations in bile reﬂect both passive diffusion and
active transport processes.

calculated as the sum of V LLi and a positive real value representing the “empty”
state of each intestinal segment (V LBi).
V Li ⫽ V LLi ⫹ V LBi

(3)

a

The average size of ﬁsh used by Nichols et al. (2001) in dietary studies with
[ C] PCB 52.
b
Average values reported for a 1 kg rainbow trout (Nichols et al., 1990).
These values were then scaled to body weight as described in the text.
c
Average branchial diffusion path length for rainbow trout given by Erickson and McKim (1990).
d
Calculated as 0.5 times the aqueous diffusivity of [ 14C] PCB 52, as
recommended by Erickson and McKim (1990). The aqueous diffusivity of
[ 14C] PCB 52 at 12°C was estimated using the equation given by Wilke and
Chang (1955), assuming a molar volume of 210 cm 3/mol.
e
Sources given in the text.
f
Calculated from body weight by assuming that all tissues have a speciﬁc
gravity of 1.0.
14

dV LST/dt ⫽ ⫺K FSTV LST

(1)

where K FST is a ﬁtted ﬁrst-order constant.
Flow rates of digesta (Q Li) from the pyloric ceca to the upper intestine, the
upper intestine to the lower intestine, and the lower intestine to the environment were assumed to be ﬁrst order with respect to the volume of each lumenal
subcompartment exceeding a predetermined “baseline” value (V LLi).
Q Li ⫽ dV LLi/dt ⫽ K FiV LLi

(2)

The volume of lumenal contents into which chemical is diluted (V Li) was then

TABLE 3
Fitted Rate Constants for Bulk Flow of Digesta, Nutrient Uptake, Gastric Evaculation of [ 14C] PCB 52, and [ 14C] PCB 52
Permeability Across the Gastrointestinal Epithelium
Parameter
Bulk ﬂow (1/h)
Stomach 3 pyloric ceca
Pyloric ceca 3 upper intestine
Upper intestine 3 lower intestine
Lower intestine 3 environment
Nutrient uptake (1/h)
Pyloric ceca 3 ﬁsh
Upper intestine 3 ﬁsh
Gastric evacuation of [ 14C] PCB 52 (1/h)
Stomach 3 pyloric ceca
[ 14C] PCB 52 permeability coefﬁcients
(cm/h)
Pyloric ceca lumen 7 tissue
Upper intestine lumen 7 tissue
Lower intestine lumen 7 tissue
a

Term

Parameter value a

K FST
K FPC
K FUI
K FLI

0.12 (0.004)
0.13 (0.003)
0.19 (0.006)
0.89 (0.620)

K NPC
K NUI

0.13 (0.004)
0.18 (0.006)

K STA

0.21 (0.020)

K PPC
K PUI
K PLI

0.038 (0.004)
0.008 (0.001)
0.003 (0.001)

The SD of the ﬁtted value is given in parenthesis.
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C Vi ⫽ C Ti/P Ti:B

(7)

and the subscript i refers to the gut segment of interest.
Following Bungay et al. (1981), mass-balance equations used to calculate
chemical mass in lumenal contents of the pyloric ceca, upper intestine, and
lower intestine (M Li) include terms for input from the upstream compartment
(Li – 1), egestion to the downstream compartment or to the environment, and
diffusive ﬂux into or out of the corresponding tissue subcompartment.
dM Li/dt ⫽ Q Li⫺1 C Li⫺1 ⫺ Q LiC Li ⫺ K PiA i共C TiP Li:Ti ⫺ C Li兲

(8)

where the chemical concentration in the lumen (C Li) is calculated as
C Li ⫽ M Li/V Li
FIG. 2. Schematic representation of the gut description developed in this
study. Symbols and abbreviations are given in the Appendix and Tables 1– 4.
The mathematical equations that correspond to this description are also given
in the Appendix.

A second ﬁrst-order term, K Ni V LLi, was incorporated into the description of
lumenal volume in both the pyloric ceca and upper intestine to account for the
reduction in meal volume due to nutrient uptake. Nutrient uptake was assumed
to have a negligible impact on the volume of gut tissues or other tissue
compartments that comprise the model. Mass-balance equations were then
written to describe the rate of change of volume of these lumenal subcompartments (for the upper intestine, where UI replaces the subscript i).
dV LUI/dt ⫽ K FPCV LLPC ⫺ K FUIV LLUI ⫺ K NIV LLUI

(4)

It was assumed that nutrient uptake does not occur in the lower intestine.
Therefore, changes in lumenal volume were determined only by bulk ﬂows in
and out of the subcompartment.
Dietary uptake description: chemical ﬂux. Chemical ﬂux between tissues
and contents of the pyloric ceca, upper intestine, and lower intestine was
assumed to be limited by diffusion across the gastrointestinal epithelium and
an associated unstirred water layer of unknown thickness. The direction and
magnitude of the diffusion gradient is determined by the difference in chemical
activity between gut tissues and contents, referenced to the chemical concentration in tissue using a lumen:tissue partitioning coefﬁcient (P Li:Ti). Diffusion
rate constants for each gut segment were calculated as the product of surface
area (A i) and a permeability constant (K Pi) representing the combined resistance of intervening diffusion barriers. This description assumes that chemical
concentrations in gut contents and tissues can be represented as single, timevarying values. Chemical diffusion between adjacent lumenal subcompartments was considered to be negligible.
From mass-balance considerations, the rate of change of the mass of
chemical within tissues of the pyloric ceca, upper intestine, and lower intestine
equals the blood ﬂow rate to the tissue (Q i) times the arterial-to-venous
difference in chemical concentration plus diffusive exchange with the corresponding lumenal subcompartment.
dM Ti/dt ⫽ Q i共C A ⫺ C Vi兲 ⫹ K PiA i共C Li ⫺ C TiP Li:Ti兲

(5)

where the chemical concentration in the tissue (C Ti) is calculated as
C Ti ⫽ M Ti/V Ti

(6)

and the concentration in venous blood exiting the tissue (C Vi) is calculated as
C Ti divided by a tissue:blood equilibrium partitioning coefﬁcient (P Ti:B)

(9)

An additional input term, K BILEC VL, was used to account for biliary elimination of chemical to contents of the pyloric ceca. The rate constant in this term
was calculated as the product of bile ﬂow rate, a bile:liver concentration ratio
(representing the net result of all relevant transport processes), and a liver:
blood partitioning coefﬁcient. The assumption implied by this approach is that
the rate of chemical elimination in bile is proportional to the chemical concentration in liver (Bungay et al., 1981).
For the stomach lumen, the input term Q Li–1 C Li–1 was dropped and the mass
of chemical in the meal was used as the initial condition. In feeding studies
with [ 14C] PCB 52, Nichols et al. (2001) found that chemical concentrations in
the stomach contents declined sharply with time. The absence of a corresponding increase in [ 14C] PCB 52 concentrations in blood and tissues during early
time points suggested, however, that very little chemical was absorbed within
the stomach. Instead, it is apparent that [ 14C] PCB 52 was egested to the pyloric
ceca at a faster rate than that of the meal itself (wet weight basis). Observed
changes in the mass of [ 14C] PCB 52 in the stomach contents were well
described using a ﬁrst-order equation.
dM LST/dt ⫽ ⫺K STAM LST

(10)

Biological parameters and scaling. Physiological and anatomical inputs
to the model are summarized in Table 1. In mammals, blood ﬂow to the gut
increases after feeding (Fara, 1984). This increase tends to be localized to
regions that contain food, and an increase in ﬂow through the coeliac artery
generally precedes a ﬂow increase in the mesenteric arteries (Gallavan et al.,
1980). Similar changes probably occur in ﬁsh (Axelsson et al., 2000); however, existing information is insufﬁcient to permit the incorporation of time- or
volume-dependent changes in blood ﬂow to different gut segments. Blood
ﬂows to the stomach, pyloric ceca, and intestinal segments were, therefore,
patterned after values obtained by Barron et al. (1987) and assumed to remain
constant.
Blood ﬂow to the liver was calculated as the sum of blood ﬂowing from the
GI tract (hepatic portal vein) and an arterial blood supply, estimated by Barron
et al. (1987) to be 2.9% of cardiac output. The model also incorporates a portal
blood supply to the kidney (caudal vein), which drains a large portion of the
trunk musculature (Smith and Bell, 1975). Arterial and portal blood supplies to
the liver and kidney were assumed to mix before entering each tissue. Volumeweighted blood ﬂows to the fat, kidney, and richly perfused tissues were set
equal to those determined by Nichols et al. (1990). Arterial blood ﬂow to the
poorly perfused tissues was calculated as the difference between cardiac output
and the sum of all other blood ﬂows.
Stomach, upper intestine, and lower intestine tissue volumes as fractions of
body weight were patterned after values given by Barron et al. (1987),
assuming a speciﬁc gravity of 1.0 for all tissues. In earlier models for trout
(Nichols et al., 1990), these tissues were considered to be part of the richly
perfused tissue compartment. Thus, the volume of the richly perfused compartment in the present model was calculated as the difference between the
value (6.3%) reported by Nichols et al. (1990) and the summed volume (4.0%)
of the GI tract. Liver and kidney volumes as fractions of body weight were set
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equal to those reported by Nichols et al. (1990). The volume of the fat
compartment (4.8%) was set equal to about one-half of that determined
previously for adult rainbow trout (Nichols et al., 1990), reﬂecting a relative
absence of adipose fat in subadult animals. The volume of the poorly perfused
compartment was calculated as total body weight minus the summed weight of
all other tissue compartments.
An examination of stomach content data suggested the need for a 2 h time
lag between the time of feeding and the start of gastric evacuation. Gastric
emptying was then allowed to proceed until the stomach was empty. In contrast
to the stomach, the “empty” state of the upper and lower intestines between
feedings was characterized by the retention of some digesta, corresponding to
about 0.4% and 0.1%, respectively, of the ﬁsh’s weight. Because of their
number (typically 40 – 60 for trout; Buddington and Diamond, 1987) and small
internal diameter, the pyloric ceca could not be sampled directly. The volume
of digesta remaining in the pyloric ceca when “empty” was, therefore, set equal
to 2.5 times that of the upper intestine, or somewhat less than the relative
difference in volume of these two tissues.
Surface areas for diffusion within the pyloric ceca, upper intestine, and
lower intestine were estimated from morphometric data reported by Buddington and Diamond (1987). Based on the relationship given for rainbow trout, the
estimated postgastric gut area for a 1 kg ﬁsh was determined to be 210 cm 2 (not
taking into account foldings, villi, and microvilli). The pyloric ceca account for
approximately 70% of the total gut area in trout or about 150 cm 2 for a 1 kg
animal. The remaining gut area was divided equally between the upper and
lower intestinal segments.
Trout possess gall bladders and release bile as needed to assist in digestion
of dietary lipid, but the timing and duration of bile release are poorly known.
For the purposes of this study, the bile ﬂow rate was set equal to that (0.05
ml/kg/h) determined by Schmidt and Weber (1973) in cannulation studies with
rainbow trout and assumed to remain constant.
Cardiac output, ventilation volume, oxygen consumption rate, and the absorptive surface areas of the pyloric ceca, upper intestine, and lower intestine
were scaled to body weight using the following relationship: Y ⫽ ␣W ␤, where
␣ is the parameter value for a 1 kg rainbow trout, ␤ ⫽ 0.75, and W is the ﬁsh’s
weight in kg. With respect to absorptive gut surfaces, an argument can be made
for setting ␤ ⫽ 0.67 (in accordance with the surface law); however, when data
from rainbow trout were analyzed, the larger exponent was more predictive
(total gut area; Buddington and Diamond, 1987). All compartment volumes
were scaled directly to body weight.
Trout/fathead minnow experimental system. The dietary uptake description was calibrated using data from feeding studies with rainbow trout (Nichols
et al., 2001). Subadult (103.8 ⫾ 11.5 g) trout, which had been reared on a
prepared diet (Silver Cup, Murray and Sons, Murray, UT), were converted to
a diet of 60-day-old fathead minnows at a feeding rate of 4% of body weight
once every 48 h. Typically, this involved 8 to 10 minnows per feeding,
depending on the measured weight of each trout. The trout were then fed a
single meal of minnows that had been exposed previously to [ 14C] PCB 52 in
water to achieve a “high” (mean of 1663 ng/g) or “low” (mean of 244 ng/g)
residue concentration. This high concentration is comparable to total PCB
concentrations in forage ﬁsh from the lower Great Lakes, while the low
concentration is similar to summed levels of tetrachlorinated congeners (Oliver
and Niimi, 1988). Trout were killed 6, 12, 24, 48, or 96 h after consuming the
contaminated minnows. Those killed at 96 h were fed a meal of uncontaminated minnows at 48 h postdosing. The GI tract of each ﬁsh was partitioned
into the stomach, upper intestine (excluding pyloric ceca), and lower intestine,
and [ 14C] PCB 52 concentrations were measured in gut contents and tissues as
well as in other selected tissues. Using the same feeding protocol, Nichols et
al. (2001) also described the pattern of gastric evacuation and changes in the
wet weight, dry weight, and lipid content of digesta as it moved down the GI
tract.
[ 14C] PCB 52 partitioning coefﬁcients. Equilibrium blood:water, tissue:
blood, and lumenal contents:tissue partitioning coefﬁcients for [ 14C] PCB 52
are given in Table 2. The blood:water partitioning value (P B:W) was set equal
to that (4500) measured by Fitzsimmons et al. (2001) in branchial efﬂux

studies with rainbow trout. A fat:water partitioning coefﬁcient was calculated
from an empirical relationship given by Bertelsen et al. (1998), ignoring the
contribution of tissue water: log P F:W ⫽ 0.9 log K OW ⫹ 0.31. Using a log K OW
value of 6.1 (Shiu and Mackay, 1986), this relationship gives an estimated P F:W
value of about 630,960. Fat:blood partitioning was then calculated by dividing
P F:W by P B:W. Tissue:blood partitioning coefﬁcients for all other tissues except
those of the GI tract were calculated from measured [ 14C] PCB 52 concentrations in trout 96 h after they had ingested a meal of contaminated minnows
(Nichols et al., 2001). This approach is supported by the observation that
tissue:blood concentration ratios for well-perfused tissues did not change
between 48 and 96 h.
Partitioning coefﬁcients assigned to the GI tract were developed with the
knowledge that digestion results in time-dependent changes in lipid content of
both the digesta and tissues. The goal of this effort was to reproduce important
trends in the direction and magnitude of chemical activity gradients without
introducing unnecessary complexity. Tissue:blood partitioning coefﬁcients for
the upper intestine and pyloric ceca were calculated as declining linear functions of time, assuming a transient increase in the lipid content of these tissues.
Slope and intercept terms were based on observed changes in the tissue:blood
[ 14C] PCB 52 concentration ratio in upper intestinal tissue from 0 to 48 h
(Nichols et al., 2001). This pattern was then repeated as necessary to account
for changes in partitioning associated with the consumption of additional
meals.
Lumenal contents:tissue partitioning coefﬁcients were based on observed
(upper and lower intestines) and inferred (pyloric ceca) changes in the lipid
content and wet weight of gut contents during digestion (Fig. 2 in Nichols et
al., 2001) and on changes in the lipid content of tissues inferred from measured
tissue:blood concentration ratios. Observed lumen:tissue [ 14C] PCB 52 concentration ratios were not used to estimate lumen:tissue partitioning because of
the possibility that these two subcompartments had not attained chemical
equilibrium.
The pyloric ceca lumen:tissue partitioning coefﬁcient was calculated as a
linear function of time, starting at 1.0 and declining to 0.2 at 12 h after feeding.
This approach assumes that the lipid content of both the digesta and tissue were
high at early time points, followed by a rapid decline in the lipid content of
digesta. Thereafter, the partitioning coefﬁcient was set equal to 0.2, strongly
favoring chemical uptake by tissue. The upper intestinal lumen:tissue partitioning coefﬁcient was set equal to a constant value of 0.2, based on the low
lipid content of chyme (1–1.5%) and the estimated lipid content of the tissue
(⬎6% from 0 to 24 h). This latter estimate was based on observed tissue:blood
chemical partitioning and the measured lipid content of rainbow trout blood
(1.5%; Nichols et al., 1991). The lower intestinal lumen:tissue partitioning
coefﬁcient was set equal to 0.5, based on the average lipid content of feces
(0.9%) and the estimated lipid content of the tissue (-2%; calculated in the
same manner as for the upper intestine). The lipid content of feces increased
somewhat between 12 and 36 h postfeeding, probably due to exfoliation of the
gastrointestinal epithelium (Cotton, 1972). The need to develop a time-dependent lumen:tissue partitioning relationship for the lower intestine was obviated,
however, by the relative insensitivity of the model to changes in this parameter
value.
The bile:liver concentration ratio was based on [ 14C] PCB 52– derived
radioactivity in a pooled sample of bile collected 24 h postfeeding (Nichols et
al., 2001). The gall bladders of ﬁsh sampled at 6 and 12 h were void of bile,
presumably because ﬁsh were actively digesting the meal. The 24 h sample,
therefore, represents bile that was formed between 12 and 24 h. The small size
of the bile sample precluded further analysis. It is possible that some or all of
the activity measured in this sample was present as a metabolite of [ 14C] PCB
52. However, the absence of [ 14C] PCB 52 metabolites in liver tissues or in
contents of the upper intestine argues against this possibility (Nichols et al.,
2001). A small amount of [ 14C] 3-OH PCB 52 was detected in feces, but this
material accounted for less than 1% of total radioactivity. Accordingly, metabolic rate and capacity parameters in the present modeling effort were set
equal to zero.
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Estimation of digestion parameters and gut permeability coefﬁcients for
[ 14C] PCB 52. Calibration of the model was accomplished in three steps. In
the ﬁrst step, rate constants controlling gastric evacuation of digesta and [ 14C]
PCB 52 were determined by ﬁtting model simulations to measured wet weights
and [ 14C] PCB 52 concentrations in stomach contents. The resulting equations
were then treated as inputs to the remaining gut description.
Parameters controlling nutrient uptake and bulk ﬂow of material down the
GI tract were estimated by ﬁtting model simulations to measured wet weights
of digesta in the upper intestine and lower intestine. To constrain this effort,
fecal egestion as a percentage of meal volume was set equal to 25% at 48 h.
Expressed on a dry weight basis, digestibility in rainbow trout ranges from 50
to 90%, usually tending toward the upper end of this range when ﬁsh are fed
a natural diet (Atkinson et al., 1984; Buddington, 1980; De La Noüe and
Choubert, 1986; Tacon and Rodrigues, 1984). Because the water content of
digesta determined by Nichols et al. (2001) changed very little with sampling
time or location, digestibility expressed on a dry weight basis can be translated
directly into an estimate of fecal egestion as a percentage of ingested meal
volume.
In the third calibration step, permeability constants controlling [ 14C] PCB 52
ﬂux across the gastrointestinal epithelium were estimated by ﬁtting model
simulations to measured [ 14C] PCB 52 concentrations in contents and tissues of
the upper and lower intestines. This approach was considered to be valid
because chemical absorbed within the gut was efﬁciently removed by blood,
thereby maintaining a large inward gradient for uptake at all sampling times.
Preliminary efforts using a more “global” approach to model calibration,
including the simulation of [ 14C] PCB 52 kinetics in blood and tissues, did not
improve the ﬁt of model simulations to data from the GI tract. Moreover, this
approach transfers uncertainty in processes physically removed from the GI
tract (e.g., blood ﬂow rates to tissues) to estimates of chemical permeability.
As indicated previously, it was not possible to obtain reliable data for the
pyloric ceca. The role of the pyloric ceca in digestion and chemical uptake was
inferred from changes in lipid content and chemical concentration in contents
of the stomach and upper intestine.
The model was calibrated using ACSL Optimize (Aegis Technologies) in
conjunction with the ACSL Model software package. Simulations were initially generated by setting the [ 14C] PCB 52 concentration in food equal to that
(1663 ng/g) of the high dose exposure group (Nichols et al., 2001). An
examination of data presented by Nichols et al. (2001) suggested that the
relative standard errors of mean [ 14C] PCB 52 concentrations in gut contents
and tissues were similar at all time points. Therefore, the simulations were
optimized by minimizing relative differences between measured and predicted
values using maximized likelihood estimation (Nelder-Mead algorithm). Starting parameter values were obtained by subjective evaluation of model performance. These starting values were then varied to ensure that ﬁtted parameters
provided a stable solution. Finally, the model calibrated using data from the
high dose exposure group was evaluated by simulating [ 14C] PCB 52 kinetics
in the low (244 ng/g) dose group, changing only the [ 14C] PCB 52 concentration in food.
Sensitivity analysis. A limited sensitivity analysis was conducted by independently changing the value of selected input parameters (PAR) by ⫾1%
and examining the effects of these changes on important state variables (SV).
Normalized sensitivity coefﬁcients (S) were calculated as (⌬ SV/⌬ PAR)(PAR/
SV). This analysis was performed using the high [ 14C] PCB 52 concentration
in fathead minnows and parameter settings from Tables 1–3. Negative values
of S indicate an inverse relationship between the state variable and the selected
model parameter.

RESULTS

Gastrointestinal Physiology
Figure 3 shows the pattern of gastric evacuation and changes
in wet weight of digesta in both the upper and lower intestines
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FIG. 3. Observed and predicted wet weight of contents from the stomach
(F), upper intestine (E), and lower intestine (Œ) after feeding rainbow trout a
meal of 60-day-old fathead minnows (4% body weight). Model simulations,
shown as solid (stomach), dot-dot-dashed (upper intestine), and dashed (lower
intestine) lines, were obtained by ﬁtting rate constants for nutrient uptake and
bulk transport down the GI tract as described in the text. The simulation for the
pyloric ceca (dot-dashed) is also given, although wet weights were not measured in this segment. Gastric evacuation data were given previously by
Nichols et al. (2001).

after feeding rainbow trout a single meal of 60-day-old minnows. First-order rate constants for bulk ﬂow of digesta down
the intestinal tract and nutrient uptake within the pyloric ceca
and upper intestine were adjusted to simulate these patterns
(Table 3). The principal constraints on this effort were the
observed dampening of volume changes in both the upper and
lower intestines and the need to simulate digestibility values
measured in feeding studies with ﬁsh.
Dietary Dosing Studies
Gut permeability coefﬁcients for [ 14C] PCB 52 were ﬁtted by
modeling to measured concentrations in gut contents and tissues from the high dose exposure group (Table 3). Figure 4
shows measured and predicted [ 14C] PCB 52 concentrations in
contents of the stomach, pyloric ceca (model simulation only),
upper intestine, and lower intestine. Measured and predicted
[ 14C] PCB 52 concentrations in arterial blood and in the contents and tissues of the lower intestine are given in Figure 5.
Overall, the optimized model predicted that trout would absorb
more than 98% of [ 14C] PCB 52 contained in the diet. Net
assimilation efﬁciency, calculated as the mass of [ 14C] PCB 52
in trout divided by the mass contained in the meal, reached a
maximum value of 95% at about 48 h, declining slowly thereafter due to fecal elimination and branchial efﬂux.
Figure 6 shows simulated and observed [ 14C] PCB 52 concentrations in tissues of the GI tract while Figure 7 shows
simulated and measured values in fat, blood, liver, and muscle.
[ 14C] PCB 52 concentrations in tissues of the lower GI tract
tended to follow the [ 14C] PCB 52 concentration time course in
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FIG. 4. Measured and predicted [ 14C] PCB 52 concentrations in contents
of the stomach (F), upper intestine (E), and lower intestine (Œ). Model
simulations are shown as solid (stomach), dot-dot-dashed (upper intestine), and
dashed (lower intestine) lines. The simulation for the pyloric ceca (dot-dashed)
is also given, although [ 14C] PCB 52 concentrations were not measured in this
segment. Measured values are given as individual points (mean ⫾ SE). The
data shown here and in Figures 5–7 are from the high dose group (1663 ng/g)
tested by Nichols et al. (2001). Model simulations shown in Figures 4 – 8 were
obtained after ﬁtting rate constants for diffusive uptake from the GI tract as
described in the text.

blood. A more complex pattern was predicted for tissues of the
pyloric ceca and upper intestine due to the transient increase in
tissue:blood partitioning associated with digestion of a second
(uncontaminated) meal. The effect of this change in partitioning was to cause [ 14C] PCB 52 to redistribute from other tissues
to tissues of the upper GI tract. The model provided a good ﬁt
to measured [ 14C] PCB 52 concentrations in all tissues, although observed uptake into gut tissues and chemical redistribution from lean tissues to fat occurred more slowly than
predicted.

14

FIG. 5. Measured and predicted [ C] PCB 52 concentrations in arterial
blood (E) and in contents (F) and tissues (Œ) of the lower intestine. Model
simulations are shown as solid (contents), dashed (tissues), and dot-dashed
(blood) lines.

FIG. 6. Measured and predicted [ 14C] PCB 52 concentrations in tissues of
the stomach (F), upper intestine (E), and lower intestine (Œ). Model simulations are shown as solid (stomach), dot-dot-dashed (upper intestine), and
dashed (lower intestine) lines. The simulation for the pyloric ceca (dot-dashed)
is also given, although [ 14C] PCB 52 concentrations were not measured in this
segment.

Fitted permeability coefﬁcients for [ 14C] PCB 52 were subsequently evaluated by simulating data from the low dose
exposure group. The small number of samples collected from
the low dose group limited this analysis to a qualitative assessment of model ﬁt. Nevertheless, it is clear that the level of
correspondence between simulated and measured values was
comparable to that observed for the high dose exposure group
(Fig. 8). This result was not surprising given the inherently
linear nature of the model and the dose dependence of [ 14C]
PCB 52 kinetics noted previously in feeding studies with trout
(Nichols et al., 2001).

FIG. 7. Measured and predicted [ 14 C] PCB 52 concentrations in adipose fat (F), liver (E), arterial blood (Œ), and white muscle (‚) at the
high dose (1663 ng/g) exposure level. Model simulations are shown as
solid (fat), dot-dashed (liver), dot-dot-dashed (blood), and dashed (muscle)
lines.
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FIG. 8. Measured and predicted [ 14C] PCB 52 concentrations in adipose
fat (F), liver (E), arterial blood (Œ), and white muscle (‚) at the low dose (244
ng/g) exposure level. Model simulations are shown as solid (fat), dot-dashed
(liver), dot-dot-dashed (blood), and dashed (muscle) lines.

Sensitivity Analysis
Table 4 shows the results of a restricted sensitivity analysis.
Changes in digestive parameters pertaining to the pyloric ceca
had a large impact on total fecal egestion (as a fraction of meal
volume) and maximum [ 14C] PCB 52 concentrations achieved
within the gut contents, as indicated by normalized sensitivity
coefﬁcients close to 0.5. Changes in digestive parameters for
the upper intestine had a large effect on fecal egestion but
relatively little impact on maximum [ 14C] PCB 52 concentrations within the gut. Changes in chemical permeability within
each gut segment had a moderate (upper and lower intestines)
to large (pyloric ceca) effect on maximum [ 14C] PCB 52
concentrations, starting with the segment within which the
adjustment was made.

In contrast, changes in blood ﬂow to each gut segment had
little impact on model simulations (data not shown). The model
was also insensitive to changes in tissue:blood chemical partitioning coefﬁcients and parameters that control biliary elimination of [ 14C] PCB 52. Changes in pyloric ceca lumen:tissue
partitioning had a small impact on predicted maximum [ 14C]
PCB 52 concentrations in the upper and lower intestines (positive coefﬁcients of 0.05 to 0.07), while changes in lumen:
tissue partitioning within the upper and lower intestines had
little effect on model outputs. Because almost all of the [ 14C]
PCB 52 was taken up by trout, changes in gut model parameters had very little effect on net assimilation efﬁciency or the
chemical concentration time course in blood.
Based on the results of the sensitivity analysis, an effort was
made to determine how changes in gut physiology parameters
could impact the ﬁtting of gut permeability coefﬁcients for
[ 14C] PCB 52. Special attention was given to rate constants for
bulk ﬂow out of the pyloric ceca and upper intestine, since both
of these parameters were shown to have a large impact on [ 14C]
PCB 52 concentrations in the contents of downstream compartments. Generally, an increase in ﬂow from either compartment could be offset by a comparable percentage-wise increase
in the permeability coefﬁcient for the compartment that was
immediately downstream, resulting in similar overall [ 14C]
PCB 52 kinetics. These adjustments were constrained, however, by the fact that changes in bulk ﬂow also impacted fecal
egestion. The range of physiologically reasonable fecal egestion values is about 10 –50% (see Gastrointestinal physiology).
Given the sensitivity of the model to changes in bulk ﬂow
down the GI tract, this means that there is a relatively narrow
range within which ﬁtted ﬂow rates, and by extension ﬁtted
permeability constants, could be adjusted to obtain good overall (physiology and chemical kinetics) model performance.

TABLE 4
Model Sensitivity to Changes in GI Tract Parameters
Maximum [ 14C] PCB 52 concentration
in lumenal contents
Model parameters
Bulk ﬂow rate (1/hr)
Pyloric ceca 3 upper intestine
Upper intestine 3 lower intestine
Lower intestine 3 environment
Nutrient uptake (1/h)
Pyloric ceca 3 ﬁsh
Upper intestine 3 ﬁsh
[ 14C] PCB 52 permeability (cm/h)
Pyloric ceca lumen 7 tissue
Upper intestine lumen 7 tissue
Lower intestine lumen 7 tissue

[ 14C] PCB 52 concentration
in blood at 48 h

Fecal egestion
(fraction of meal volume)

P. ceca

U. intestine

L. intestine

nc
nc
nc

⫹0.50
⫹0.49
nc

nc
nc
nc

⫹0.34
nc
nc

⫹0.50
⫹0.08
nc

nc
nc

–0.49
–0.48

nc
nc

–0.07
⫹0.18

–0.18
⫹0.07

nc
nc
nc

nc
nc
nc

–0.53
nc
nc

–0.74
–0.19
nc

–0.74
–0.21
–0.18

Note. Model sensitivity is expressed using normalized sensitivity coefﬁcients (S), calculated as described in the text. Coefﬁcients calculated by changing each
parameter by ⫾1% were identical to the second decimal place. No change (nc) refers to instances where: – 0.05 ⬍ S ⬍ 0.05.
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DISCUSSION

The purpose of this study was to develop a PBTK model for
dietary uptake of hydrophobic organic chemicals by ﬁsh. This
is the third in a series of PBTK models for ﬁsh that address the
principal routes of environmental exposure. Previous models
have been developed to describe both inhalation (Nichols et al.,
1990) and dermal (Nichols et al., 1996) exposures.
Chemical uptake from the GI tract (oral gavage as well as
dietary dosing) has been described in several PBTK models as
a ﬁrst-order absorptive process (Ramsey and Andersen, 1984).
If the dose is modeled as the mass of the ingested compound,
this description does not require the deﬁnition of a gut compartment. However, this approach does not provide for fecal
elimination of unassimilated compound (i.e., oral bioavailability ⬍100%). A second approach is to deﬁne one or more gut
compartments and to model ingestion and fecal egestion as
bulk ﬂow rates or periodic events (Bischoff et al., 1971; King
et al., 1983; Lutz et al., 1977). A model structured in this
manner can be used to describe biliary elimination and enterohepatic circulation as well as chemical accumulation in gut
tissues.
A detailed PBTK model for dietary uptake of chlordecone in
the rat was provided by Bungay et al. (1981). The gut portion
of this model consists of six compartments corresponding to
the stomach, small intestine (three compartments), cecum, and
lower intestine. Lumenal volumes and rate constants for bulk
transport of digesta down the GI tract were based on studies
with nonabsorbable gut markers and were time-averaged for a
speciﬁc feeding regime. Diffusion limitations on chemical ﬂux
were assumed to exist at both the tissue/blood and tissue/gut
lumen interfaces. Diffusion rate constants (12) and equilibrium
partitioning coefﬁcients (12) were assumed to remain constant
and were determined by modeling to measured chemical residues in tissues and gut contents.
The model developed in the present study includes four gut
compartments corresponding to the stomach, pyloric ceca,
upper intestine (distal to the pyloric ceca), and lower intestine.
Factors that promote dietary uptake of hydrophobic compounds by ﬁsh were explicitly incorporated, including a reduction in meal volume and a decline in chemical afﬁnity for gut
contents associated with uptake of dietary lipid. In contrast to
the model given by Bungay et al. (1981), the lumenal volume
of each compartment was allowed to change in time with the
passage of a meal. The resulting model structure is consistent
with the relatively short length of the trout GI tract, reduces to
a minimum the number of gut compartments required to simulate critical digestive events, and provides ﬂexibility needed
to model different dosing scenarios including changes in meal
size and feeding frequency.
The model was calibrated using data from rainbow trout that
were fed a single meal of [ 14C] PCB 52– contaminated fathead
minnows (Nichols et al., 2001). Generally, the model reproduced all major trends in the data and accurately predicted

maximum [ 14C] PCB 52 concentrations achieved within each
tissue. The observed kinetics of uptake and distribution were
somewhat slower than those predicted by the model, although
these discrepancies were relatively minor. If chemical ﬂux
between blood and tissues was limited by diffusion instead of
blood ﬂow rate (as presently assumed), the overall kinetics of
the system would slow down, depending on the location and
extent of this diffusion limitation. This would not, however,
explain the slower-than-predicted uptake of [ 14C] PCB 52 by
gut tissues, since the gut description already assumes that
uptake across the gastrointestinal epithelium is diffusion-limited. Alternatively, digestive physiology parameters obtained
by assuming that fecal egestion equals 25% of meal volume
may not accurately reﬂect the physiology of ﬁsh employed in
this effort. In particular, rate constants that control nutrient
uptake within the GI tract inﬂuence the timing and extent of
volume reduction within the gut lumen and the concentrating
effect of this reduction on chemical concentration; generally,
as these rate constants decrease, the rate of chemical uptake
decreases and fecal egestion increases. Likely violations of one
or more simplifying assumptions (e.g., constant blood ﬂow to
each gut segment during digestion) may have also contributed
to differences between simulated and observed kinetics. This
and other PBTK models for ﬁsh will improve as our understanding of ﬁsh anatomy, physiology, and biochemistry increases.
In feeding studies with trout, Nichols et al. (2001) described two major ﬁndings. Firstly, trout exposed to [ 14 C]
PCB 52 in the form of a “naturally” contaminated diet
absorbed greater than 95% of the chemical presented to
them. Of this, two-thirds was absorbed within 12 h of
feeding, probably in association with a liquid phase release
of lipid from the stomach to the proximal intestine (Jobling,
1987). Secondly, peak [ 14 C] PCB 52 concentrations in trout
feces were higher than those expected from lipid-based
equilibrium partitioning between tissues and contents of the
lower GI tract. At a glance, this second ﬁnding appears to
contradict the ﬁrst; the extent and timing of [ 14 C] PCB 52
uptake suggests that [ 14 C] PCB 52 and lipid move together,
while the observed chemical disequilibrium in the lower GI
tract suggests that they do not. Using the gut model it can be
shown that this focus on lipid oversimpliﬁes the process of
dietary uptake for hydrophobic compounds by failing to
recognize temporal and spatial features of the system. Thus,
a chemical disequilibrium in the lower intestine may be
produced by imposing a small diffusion limitation on uptake
within each of the absorbing gut segments. This occurs
partly because [ 14 C] PCB 52 is retained within the gut
contents, but also because chemical absorbed across the gut
is distributed to major storage tissues such as muscle and
fat. By the time the pulse of digested material has reached
the lower intestine, [ 14 C] PCB 52 concentrations in blood,
and by extension those in tissues of the lower intestine, are
extremely low.
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Previously, Gobas et al. (1988) proposed that a diffusion
limitation controls dietary uptake of hydrophobic compounds
by ﬁsh and that the magnitude of this limitation increases with
chemical log K OW. In the model given by Gobas et al. (1988),
the gut lumen is represented as a single well-mixed compartment, and a lumped transport parameter was used to describe
chemical transfer between the gut contents and the chemical’s
ﬁnal storage site in the ﬁsh. A resistance term was subsequently incorporated into an empirical model of digestion, and
techniques were devised to estimate its value for different
chemicals and species using experimental data (Gobas et al.,
1988, 1993a,b). The current work is consistent with these
earlier reports and extends them by providing an improved
basis for estimating and interpreting these resistances.
An interesting outcome of the present study is that ﬁtted
permeability coefﬁcients for all gut segments varied by less
than a factor of 15. It must be pointed out, however, that
surface areas ascribed to each gut segment do not take into
account ﬁne structures such as villi and microvilli. The actual
surface areas for diffusion are, therefore, likely to be much
larger than those given in Table 1. Because gut surface area
and permeability are multiplied in Equation 4, an increase in
surface area would result in a proportional decrease in the ﬁtted
permeability constant.
The true nature of the “diffusion” limitation within the gut is
also unclear. Restricted diffusion of very hydrophobic compounds has been demonstrated in a variety of biological systems, but the possibility that other factors contribute to the
observed kinetics cannot be ruled out. One way to address this
question is to compare the magnitude of ﬁtted gut permeability
coefﬁcients for [ 14C] PCB 52 with the permeability coefﬁcient
for [ 14C] PCB 52 ﬂux at trout gills. Following the approach
outlined by Erickson and McKim (1990), the gill permeability
coefﬁcient for [ 14C] PCB 52 may be calculated as the aqueous
diffusivity (0.017 cm 2/h) divided by the thickness of the gill
diffusion path (14 m). Application of an additional factor
(0.5) to correct for reduced diffusion in the gill epithelium
results in a ﬁnal value of 12.1 cm/h.
Comparing values, the gill permeability coefﬁcient for [ 14C]
PCB 52 is about 320 times greater than the ﬁtted permeability
coefﬁcient for the pyloric ceca. Some of this difference may be
due to a relatively greater diffusion distance across the gastrointestinal epithelium and associated unstirred water layer. Nevertheless, it seems likely that additional factors limit the rate of
chemical uptake within the GI tract. Some of these factors,
possibly including the rate of dissolution of lipid micelles and
physical processes that stir the gut contents, might be expected
to operate similarly on all compounds. Others, perhaps including the strength of chemical binding to undigested material as
well as diffusivity within the gastrointestinal epithelium, may
vary with chemical log K OW. Whatever their nature, kinetic
limitations on dietary uptake of [ 14C] PCB 52, acting in concert
with changes in meal volume and lipid content, appear to have
maintained an inwardly directed activity gradient for diffusion
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of [ 14C] PCB 52 along the entire length of the GI tract. As a
result, the mass of [ 14C] PCB 52 in feces depends on the extent
of diffusive uptake in each gut compartment and on bulk ﬂow
of material down the GI tract.
A possible shortcoming of our study is that PCB 52 (unlabeled) does not accumulate in aquatic biota to the extent shown
by more hydrophobic compounds. A compound is said to
biomagnify when lipid-normalized chemical concentrations in
a predator are greater than that of its prey. In ﬁeld-collected
ﬁsh, biomagniﬁcation is generally observed only for compounds with log K OW values greater than 6.0. In the absence of
metabolism, compounds with log K OW values less that 6.0 tend
to achieve concentrations that represent a thermodynamic equilibrium between the ﬁsh (predator or prey) and surrounding
water. Evidence for biomagniﬁcation of PCB 52 was obtained
by Russell et al. (1995, 1999) in two ﬁeld sampling efforts. In
the ﬁrst study, lipid-normalized PCB 52 concentrations in Lake
Erie white bass (Morone chrysops) were 2.7 times higher than
those measured in their principal prey, the emerald shiner
(Notropis atherinoides). In a second study, lipid-normalized
PCB 52 concentrations in several ﬁsh species tended to increase with their trophic status. In both investigations, however, the extent of PCB 52 biomagniﬁcation was lower than
that exhibited by several more hydrophobic PCB congeners. A
need exists for additional studies using “naturally contaminated” diets and realistic feeding conditions to determine
whether factors that control dietary uptake of [ 14C] PCB 52 by
trout can be generalized to higher log K OW compounds and
other ﬁsh species. It would also be instructive to determine
whether a model with diffusion limitations on dietary uptake
predicts the elimination of [ 14C] PCB 52 by trout when contaminated ﬁsh are fed an uncontaminated meal.
With few exceptions, previous PBTK models incorporating
a dietary uptake description have treated the gut as a single,
well-mixed compartment. In the present study, the gut was
divided into four functionally distinct segments. When combined with basic information on ﬁsh gastrointestinal physiology, this approach provides an improved understanding of the
physical, chemical, and biological factors that control dietary
uptake of hydrophobic organic compounds by ﬁsh. In contrast
to other dietary uptake models for ﬁsh, our model can be used
to simulate the chemical time course in speciﬁc tissues of
interest, including those of the GI tract. A potentially important
use of the model is to simulate the uptake of compounds that
undergo substantial metabolic transformation. In studies with
in situ gut preparations, the GI tract has been shown to play an
important role in the metabolism of PAHs by ﬁsh, altering their
form and limiting systemic bioavailability (Kleinow et al.,
1998; Van Veld et al., 1988). Operating in series with ﬁrst-pass
metabolism in the liver, this activity can substantially reduce
bioaccumulation of contaminant residues (James and Kleinow,
1994; Kleinow and James, 2001; Van Veld, 1990).
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APPENDIX

Terms Used in the Dietary Uptake Description
V Ti
V Li
V LBi
V LLi

⫽
⫽
⫽
⫽

M Ti
M Li
CA
C Ti
C Li

⫽
⫽
⫽
⫽
⫽

C Vi ⫽
Ai ⫽
K Pi ⫽
K Ni ⫽
K Fi ⫽
Q Li ⫽
Qi ⫽

dV LLPC/dt ⫽ K FSTV LST ⫺ K FPCV LLPC ⫺ K NPCV LLPC
V LPC ⫽ V LLPC ⫹ V LBPC
dM LPC/dt ⫽ K STAM LST ⫺ K FPCV LLPCC LPC

volume of the tissue (L)
volume of the lumenal contents (L)
“baseline” volume of the lumenal contents between feedings (L)
volume of the lumenal contents exceeding a predetermined “baseline”
value (L)
mass of chemical in the tissue (g)
mass of chemical in the lumenal contents (g)
concentration of chemical in arterial blood (g/L, equivalent to ng/g)
concentration of chemical in the tissue (g/L, equivalent to ng/g)
concentration of chemical in the lumenal contents (g/L, equivalent to
ng/g)
concentration of chemical in venous blood draining the tissue (g/L,
equivalent to ng/g)
surface area for chemical diffusion (cm 2)
ﬁtted ﬁrst-order permeability coefﬁcient for gut tissue/gut lumen chemical diffusion (cm/h)
ﬁtted ﬁrst-order constant for reduction in lumenal volume due to
nutrient uptake (1/hr)
ﬁtted ﬁrst-order constant for reduction in lumenal volume due to bulk
ﬂow of digesta out of the (i) lumenal compartment (1/hr)
bulk ﬂow of digesta out of a lumenal compartment (L/h)
arterial blood ﬂow to the tissue (L/h)

⫺ K PPCA PC共C LPC ⫺ C TPCP LPC:TPC兲 ⫹ K BILEC VL
C LPC ⫽ A LPC/V LPC
Pyloric ceca tissues equations are as follows:
dM TPC/dt ⫽ Q PC共C A ⫺ C VPC兲 ⫹ K PPCA PC共C LPC ⫺ C TPCP LPC:TPC兲
C TPC ⫽ M TPC/V TPC
C VPC ⫽ M TPC/共V TPCP TPC:B兲
Upper intestinal lumen equations are as follows:
dV LLUI/dt ⫽ K FPCV LLPC ⫺ K FUIV LLUI ⫺ K NUIV LLUI
V LUI ⫽ V LLUI ⫹ V LBUI
dM LUI/dt ⫽ K FPCV LLPCC LPC ⫺ K FUIV LLUIC LUI ⫺ K PUIA UI共C LUI ⫺ C TUIP LUI:TUI兲
C LUI ⫽ M LUI/V LUI
Upper intestinal tissues equations are as follows:

where the subscript i denotes the following: ST, stomach; PC, pyloric ceca; UI,
upper intestine; LI, lower intestine; and L, liver.
A FOOD ⫽ mass of chemical in the meal (g)
V FOOD ⫽ volume of the meal (L)
K STA ⫽ ﬁtted ﬁrst-order constant for reduction in chemical mass in the
stomach lumen (1/hr)
K BILE ⫽ ﬁrst-order constant for clearance of chemical in venous blood draining the liver (L/h)
Lumen:tissue (P Li:Ti) and tissue:blood (P Ti:B) equilibrium partitioning coefﬁcients are given in Table 2.

dM TUI/dt ⫽ Q UI共C A ⫺ C VUI兲 ⫹ K PUIA UI共C LUI ⫺ C TUIP LUI:TUI兲
C TUI ⫽ M TUI/V TUI
C VUI ⫽ M TUI/共V TUIP TUI:B兲
Lower intestinal lumen equations are as follows:
dV LLLI/dt ⫽ K FUIV LLUI ⫺ K FLIV LLLI
V LLI ⫽ V LLLI ⫹ V LBLI
dM LLI/dt ⫽ K FUIV LLUIC LUI ⫺ K FLIV LLLIC LLI ⫺ K PLIA LI共C LLI ⫺ C TLIP LLI:TLI兲

Differential Equations

C LLI ⫽ M LLI/V LLI

Stomach lumen equations are as follows:
Lower intestinal tissues equations are as follows:
dV LST/dt ⫽ ⫺K FSTV LST
where V LST ⫽ V DOSE when T ⫽ 0.
dM LST/dt ⫽ ⫺K STAM LST
where M LST ⫽ M DOSE when T ⫽ 0.
C LST ⫽ A LST/V LST
Stomach tissues equations are as follows:
dM TST/dt ⫽ Q ST共C A ⫺ C STS/P TST:B兲
C TST ⫽ M TST/V TST
C VST ⫽ M TST/共V TSTP TST:B兲
Pyloric ceca lumen equations are as follows:

dM TLI/dt ⫽ Q LI共C A ⫺ C VLI兲 ⫹ K PLIA LI共C LLI ⫺ C TLIP LLI:TLI兲
C TLI ⫽ M TLI/V TLI
C VLI ⫽ M LT/共V TLIP TLI:B兲
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