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Abstract—Methods for the regulatory assessment of the bioaccumulation potential of organic chemicals are founded on empirical
measurements and mechanistic models of dietary absorption and biomagnification. This study includes areview of the current state
of knowledge regarding mechanisms and models of intestinal absorption and biomagnification of organic chemicals in organisms
of aquatic and terrestrial food chains and also includes a discussion of the implications of these models for assessing the bioac-
cumulation potential of organic chemicals. Four mechanistic models, including biomass conversion, digestion or gastrointestinal
magnification, micelle-mediated diffusion, and fat-flush diffusion, are evaluated. The models contain many similarities and represent
an evolution in understanding of chemical bioaccumulation processes. An important difference between the biomagnification models
is whether intestinal absorption of an ingested contaminant occurs solely via passive molecular diffusion through serial resistances
or viafacilitated diffusion that incorporates an additional advective transport mechanism in parallel (i.e., molecular ferrying within
gastrointestinal micelles). This difference has an effect on the selection of physicochemical properties that best anticipate the
bioaccumulative potential of commercial chemicals in aquatic and terrestrial food chains. Current regulatory initiatives utilizing
Kow threshold criteria to assess chemical bioaccumulation potential are shown to be unable to identify certain bioaccumulative
substances in air-breathing animals. We urge further research on dietary absorption and biomagnification of organic chemicals to

develop better models for assessing the bioaccumulative nature of organic chemicals.

K eywor ds—Persistent organic pollutants

INTRODUCTION

Emissions of persistent organic chemicals are widely rec-
ognized to result in ubiquitous dispersal in local and global
environments and bioaccumulation in organisms. Equilibrium
partitioning of a dispersed chemical causes bioconcentration
into organism lipids via passive molecular diffusion. Biocon-
centration factors (BCFs), the ratios of a chemical’s equilib-
rium concentration in an organism (Cg, wet-wt basis) and that
in the organism’s respired media (Cyg; i.e., BCF = C;/Cy), are
largely dependent on an organism’s lipid content. However,
equilibrium concentrations of hydrophobic chemicals (ex-
pressed on alipid-wt basis) will be equivalent among different
organisms, regardless of lipid content. In addition to biocon-
centration, some organic contaminants such as polychlorinated
biphenyls (PCBs) and DDT also are known to biomagnify,
resulting in chemical concentrations (on a lipid-wt basis) in
an organism (Cg) that exceed concentrations in consumed prey
(Cp) [1-7]. Concentration-based biomagnification factors
(BMFs) are typically reported on a lipid-weight basis (BMF.
= Cg/Cyp, lipid wt). Bioaccumulation factors (i.e., BAF = Cg/
Cr), represent bioconcentration plus biomagnification. Food-
chain biomagnification occurs when lipid-weight concentra-
tions increase with increasing trophic position (TP; i.e., Cip,
> Crpg > Crp, > Cqpy). These bioaccumulative substances are
of great concern because of their potential to attain toxico-
logically significant tissue and organ residue concentrationsin
high-trophic-level species such as predatory fish, birds, and
mammals (including humans) [8-10]. The DDT-induced egg-
shell thinning in birds of prey such as the peregrine falcon
(Falco peregrinus) during the 1960s is perhaps the most no-
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torious example of the potential deleterious effects of bioac-
cumulative substances [8,11].

To avoid the perils of bioaccumulative substances such as
DDT and PCBs, governments in Canada, the United States,
and Europe have launched proactive and preventative measures
to reduce or eliminate similar future risks from current-use
and proposal -stage chemicals of commerce. For example, Can-
ada has adopted a Toxic Substances M anagement Policy under
the Canadian Environmental Protection Act in accordancewith
the recent Stockholm Convention on persistent organic pol-
lutants (POPs) [12]. This policy considers virtual elimination
of chemicals that meet criteria for persistence, bioaccumula-
tion, and inherent toxicity. Current bioaccumulation criteria
identify ‘‘bioaccumulative” substances as those compounds
that exhibit BAFs or BCFs greater than 5,000 in aquatic or-
ganisms, or (in the absence of BAF or BCF data) chemicals
with octanol-water partition coefficients (KyyS) greater than
10°. The Kg, threshold criterion is a marker of bioaccumu-
lation potential in aguatic organisms because of the mecha-
nistic understanding that chemicals with K,,s < 10° may bio-
concentrate in aquatic organisms (i.e., accumulate from water
viathe organism’s respiratory surface such as gills) but do not
biomagnify because of efficient clearance of chemical to water
via gill ventilation [13-16].

This simple Kg-based structure—activity relationship for
bioaccumulation of commercial chemicals was derived from
observations and biomagnification models for aguatic organ-
isms [4,14,15,17]. The adoption of this relationship in policies
impliesthat it isalso considered to be appropriate for assessing
bioaccumulation in numerous other organisms, including
birds, reptiles, mammals, and humans. In addition, current
mechanistic models may not be appropriate for all organisms
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Fig. 1. Reported biomagnification factors (BMF,.xS) of PCB 153 in organisms from various freshwater, terrestrial, and marine ecosystems. The
BMF,.x values represent lipid-equivalent or lipid-normalized concentration-based BMFs (Cg/C;, lipid). References for BMF data are: amphipods
[5]; mysids, smelt, and alewife [18]; crayfish, zebra mussels, and lake trout [15]; Atlantic cod and ringed seals [33]; Arctic char, beluga whales,
and polar bears [26]; caribou and wolves [7]; dairy cows [20]; shrews [21]; mustelids and otters [25]; humans [32]; gray whales [31]; North
Atlantic right whales [30]; bottlenose dolphins [27]; Baikal seals [29]; herons [24]; herring gulls [22,23]; minke whales [28]; and killer whales
[10]. White bars represent invertebrates, light gray bars represent fish, dark gray bars represent terrestrial mammals, and black bars represent

marine mammals.

or for al classes of compounds. For example, asisillustrated
in Figure 1, the magnitude of the BMF. (lipid wt) of stable
nonmetabolizable compounds (e.g., PCB 153) varies by orders
of magnitude among different classes of organisms. Reported
BMFs of PCB 153 typically range between 5 and10 for in-
vertebrates and fish [5,14-16,18]; 5 and 10 for caribou, dairy
cows, and shrews [7,19-21]; 20 and 60 for birds [22-24]; 30
and 40 for mustelids [25]; and approach 100 or greater for
marine mammals [10,26-31], wolves [7], and humans [32].
Investigations of POPs in the Great Lakes by Norstrom and
colleagues [22] highlighted that BMFs of organochlorines in
L ake Ontario herring gulls were approximately 10 times higher
than those BMFs in Lake Ontario coho salmon. Numerous
other studies have documented this interspecies variability in
BMFs between aquatic poikilotherms (invertebrates and fish)
and homeotherms (birds and mammals) [2,6,33]. Consequent-
ly, utilization of observed BMFs in aguatic organisms as a
surrogate for bioaccumulation potential can substantially un-
derestimate the extent of chemical biomagnification in birds
and mammals. Also, some relatively hydrophilic compounds
such as B-hexachlorocyclohexane, a-endosulfan, and chloro-
benzenes (log Kgys range from 3.8 to 4.5) have shown con-
siderable biomagnification in air-breathing organisms (i.e.,
birds and mammals), whereas they are not known to bio-
magnify in aquatic organisms [5,7,33,34]. Another exampleis
perfluorooctane sulfonate, which is a water-soluble, nonvol-
atile anionic compound. This substance does not meet the
current Ky, criterion for bioaccumulative substances and does
not biomagnify in fish [35]. However, perfluorooctane sulfo-
nateis efficiently absorbed viadietary exposures, biomagnifies
and persists in the liver and blood of air-breathing animals
[36—39], and is inherently toxic [40,41]. Modeling studies of
POP bioaccumulation in arctic caribou and wolves [42] have
demonstrated that relatively hydrophilic (i.e., polar, Kows <
10°) but nonvolatile compounds (i.e., octanol—air partition co-
efficients [Ko,S] > 10°) that are resistant to metabolism (half-
life > 60 d) biomagnify because of efficient gastrointestinal
absorption and very slow lipid-to-air elimination via respired

air. This emerging evidence indicates that the current Kgy-
based classification of chemicals is not an adequate model to
identify substances with a bioaccumulative potential in food
webs that include mammals, birds, and humans. The signifi-
cance of thisissueis emphasized by the fact that approximately
two thirds of the chemical substances used commercialy in
Canada have been indicated as having possible bioaccumu-
lative potential in birds and mammals (including humans). Of
these substances, about half are polar nonvolatile compounds
with low Kqys (i.e., log Kows < 5), whose bioaccumulation
potential may be miscategorized [43]. These chemicalsinclude
many chemicals of concern such as flame retardants, surfac-
tants, pesticides, plasticizers, fluorinated and alkylphenol
ethoxylates, pharmaceuticals, sunscreen agents, and synthetic
fragrances [44].

To develop better and more proactive policies for identi-
fying bioaccumulative substances, it is important to better
characterize the dominant underlying processes and mecha-
nisms driving the biomagnification phenomenon. These pro-
cesses include dietary absorption, various elimination pro-
cesses, metabolic transformation, and growth dilution. In this
paper, we will review the current thinking on dietary absorp-
tion and biomagnification of organic substances. Several re-
search groups recently have made significant contributions in
this area. The objectives of our paper are first to review the
current state of knowledge of mechanisms and models of in-
testinal absorption and bioaccumulation of organic chemicals
in wildlife and humans and second to discuss the implications
of these models for assessing the bioaccumulative potential of
organic substances. Specifically, we outline and evaluate four
different intestinal absorption and biomagnification mecha-
nisms and models. It is our hope that this discussion will lead
to the formulation of better models to assess the biomagnifi-
cation behavior of organic chemicals in food webs.

THEORY

The fugacity approach

In this study we use the fugacity approach to formulate
models for dietary absorption and biomagnification. Mackay
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and colleagues [45,46] have previously demonstrated the ben-
efits of using chemical fugacity to describe and quantify chem-
ical transport in environmental systems and food webs. The
fugacity of a chemical (f, pascals [Pa]) for a given phase is
related linearly to its molar concentration (C, mol/m?3) by the
fugacity capacity (Z, mol/m3/Pa) of the phase in which the
chemical is solubilized

f=Ciz (1)

The fugacity capacity is compound and phase specific and
represents the ability of that phase to sorb and retain a given
chemical withinitsmatrix. In essence, thefugacity isameasure
of the chemical’s concentration normalized to the chemical’s
solubility in the medium it resides in. The ratio of the fugacity
capacities (Z) of two adjacent media or compartments i and j
(i.e., Zi/Zj) can be viewed as a partition coefficient K;, which
is equivaent to Ci/Cj at equilibrium. Thus, Koy = Zo/Zy, =
Co/C\, Whereas Koy = Zo/Z, = Co/C,.

In the fugacity approach, chemical uptake and clearance
processes occur via advection, diffusion, or reaction (e.g., me-
tabolism). In the fugacity format, transport of chemical for
these processes is described in terms of transport parameters
(or D values, mol/Pa/d), which are related to concentration-
based rate constants (k, d-1). Relatively large values represent
fast processes, whereas small D values indicate slower pro-
cesses. If transport of chemicals between different media is
diffusive in nature, D can be determined from the chemical’s
molecular diffusivity (B, m?d), the surface area of diffusion
(A, m?), the Z of the phase, and the length of the diffusion
path (d, m)

Doirrusion = (BAZ)/d 2

Diffusive processes between phases or compartments are re-
versible and the D value for diffusion from mediumi to j is
equal to that from mediumtoj toi. The diffusive flux (denoted
as N, mol/d) between media or compartments can be described

by
N = D(f, - f) 3

where the term (f; — ) represents the departure from equilib-
rium or driving force between two phases (i.e., media) or com-
partments i and j. If chemical fugacities are not equal, the
direction of chemical flow occurs from the high-fugacity com-
partment to the low-fugacity compartment. If chemical fugac-
ities become equal, the two compartments have attained a
chemical equilibrium and the chemical flux (N) is zero. If the
transport processis advectivein nature, the transport parameter
D is the product of a flow rate (G, m®/d) of a given medium
and Z, mol/m?3/Pa, of the chemical in the advective medium

Dapvecrion = GZ 4

Advective transport processes between phases or compart-
ments are unidirectional and in cases where a distribution is
the result of advective inflows and outflows, the net flux (de-
noted as N, mol/d) between media or compartments can be
described by

N = D,f, — Df ®)

Equation 5 demonstrates that transport will take place until
D;f; equals D;f;, at which N = 0 (i.e., steady state) and the
fugacities f,/f; = D,/D;. If chemical is generated or depurated
by a chemical reaction (e.g., metabolism), the D value is re-
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Fig. 2. Schematic illustration of gastrointestinal uptake of dietary fats
and xenobiotics. Theillustration is modified from Sanford [47]. UWL
= unstirred water layer; FFA = free fatty acid.

lated to the first-order rate constant (k), the compartment vol-
ume (V, m3), and the Z of the phase

Duvierasousm = VKZ (6)

The D values are equivalent to conductivities for chemical
mass. Hence, their reciprocal (1/D) can be viewed as aresis-
tance to the mass transport a chemical encounters in a given
phase. If transport and reaction processes occur in series, the
reciprocal D values add to give the total resistance to chemical
transport

UD;ora. = UD, + 1D, + 1D + ... ©)

If chemical transport and transformation occur in parallel, D
values are additive

=D, +D,+ Dy +... (8)

DTOTAL

The ability to add serial resistances or parallel transport pa-
rameters is convenient for quantifying chemical transfer in
biological systems due to the presence of multiple, simulta-
neously occurring processes, resistance pathways, or both.

In fugacity terms, biomagnification in the food chain is
defined as a state where fugacities increase with increasing
trophic level (9., fyecerarion < fiersivore < fearnivore)- The
purpose of this paper is to explore the underlying mechanism
of this phenomenon and to explore how this mechanism can
be formalized in a fugacity-based model that is useful for
bioaccumulation assessment.

Intestinal absorption of xenobiotic molecules

Numerous reviews of lipid absorption and digestive phys-
iology have been conducted [47-51]. Figure 2 depicts the
transcellular migration path of dietary fats and environmental
contaminants (i.e., xenobiotics) from lumen across the epithe-
lium of the gut wall. The formation of mixed micelles from
bile salt molecules in the gastrointestinal tract (GIT) and their
function with respect to lipid digestion is well documented
[48-51]. The purpose of bile salt micelles in the GIT is two-
fold. Thefirst isto remove monoglycerides and free fatty acids
from the vicinity of digesting fat globules so the digestion
process can proceed unabated and the second is to act as a
transport medium by ferrying monoglycerides, freefatty acids,
fat-soluble vitamins A, D, and K, and thus consequently hy-
drophobic organic contaminants across an unstirred water layer
(UWL) to the luminal membrane. This stagnant water layer is
estimated to be approximately 0.05 to 2 mm thick in humans
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and is relatively more acidic (pH between 5.1 and 6.3) than
the aqueous phase of theintestinal contents. The greater acidity
aids the diffusion of fatty acids across the membrane by in-
creasing the fraction of the un-ionized free fatty acid in the
aqueous phase. A pH decrease within the UWL adjacent to
the brush border membrane (BBM) is believed to cause dis-
sociation of the micelles, which then results in fatty acids and
xenobiotics (e.g., PCBs) separating from the micelles and per-
meating through the water phase into the BBM of the epithelial
cells as monomers [49]. However, some evidence suggests that
collisional contact of mixed micelles and intestinal cell mem-
branes causes release of lipids and chemical directly into the
BBM [50]. The significance of the latter processisthat it would
essentially eliminate the resistance to membrane transfer posed
by the agueous diffusion barrier adjacent to the BBM and
bypass diffusion altogether. Molecules in the intestine can be
transported across the epithelium of the gut by either a tran-
scellular route (across the plasma membrane of the epithelial
cells) or by aparacellular route (across tight junctions between
epithelial cells). Although water and polar organic compounds
may be transported by both routes, the tight junctions are
generally impermeable to large nonpolar organic molecules
Qe.g., fats and PCBs with minimal internal cross sections > 1
A). Hence, those molecules are transported exclusively by the
transcellular route [47]. Beyond the BBM in the cytosol, the
absorbed digestion products (i.e., fatty acids and monoglyc-
erides) are resynthesized into triglycerides, which are subse-
quently packaged with phospholipids and apoproteins to form
lipid vesicles (referred to as lipoproteins or chylomicrons). The
lipid vesicles then migrate to the basolateral membraneswhere
they are released by exocytosis into lymph, venous blood, or
both. Compounds absorbed directly in the cytosol (individual
molecules) can then either diffuse directly across the basola-
teral membrane into portal blood or become solubilized in
lipoproteins and subsequently released via exocytosis. Dulfer
et al. [52] recently formalized the above transcel lular migration
path of organic chemicals in terms of chemical fugacities and
transport parameters (D values) for the various intestinal com-
ponents [see Fig. S-1 in SETAC Supplemental Data Archive,
Item ETC-23-10-001; http://etc.allenpress.com].

MECHANISMS OF BIOMAGNIFICATION
Biomass conversion model

The first mechanistic explanation of the biomagnification
phenomenon was documented by Woodwell [1] based on the
observed increase in concentrations of PCBsand DDT in biota
with increase in trophic level in a marine aquatic food web.
Woodwell reasoned that PCBs and DDTs were efficiently in-
gested and absorbed in association with food but depurated at
a rate slower than the consumption of biomass needed for
energy requirements. In fugacity terms, this process can be
formulated as

Ng = VgZsdfs/dt = Dpfy — Defs )

where Ng is the net absorption of chemical by the organism
(i.e., VgZgdfy/dt), Dy fy isthe rate of chemical absorption (mol/
d) viadietary ingestion, D¢ fg istherate of chemical depuration
(mol/d) via all possible routes, Dy, is the transport parameter
of chemical absorption via dietary ingestion (mol/d/Pa), fy, is
the chemical fugacity in the diet, D¢ is the transport parameter
for chemical depuration (mol/d/Pa), fg is the chemical fugacity
in the organism, V; is the volume, Z; is the fugacity capacity
of the organism, and t is time. At steady state (N = 0),
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Fig. 3. Conceptual illustration of atwo-compartment model of uptake
and elimination of organic chemicals in a generic water-ventilating
or air-respiring organism. The gastrointestinal tract compartment (de-
noted as subscript G) is shown to include the intestinal wall (denoted
as subscript I), separated by an unstirred water layer (UWL).

Equation 9 becomes fg/f; = Dp/Dg, which demonstrates that
biomagnification can occur for chemicals for which Dg < Dp,.

One of the characteristics of this mechanism is that chem-
ical is moved from alow fugacity in the prey to a high fugacity
in the predator. This constitutes a mass transport against the
thermodynamic gradient, which indicates that ingested chem-
ical is predominantly absorbed via a nondiffusive active trans-
port process. A second feature of this mechanism is that the
magnification of the chemical concentration occurs as a result
of energy consumption in the tissues of the organism. The
latter has led to the application of bioenergetic models to es-
timate the degree of chemical magnification [53].

Digestion model

Hydrophobic organic chemicals as well as monoglycerides
and fatty acids are ideally suited to diffuse through and pass
biological membranes because of their lipophilicity [54] and
hence do not require an active transport mechanism for ab-
sorption. To explain the apparent transport of hydrophobic
organic chemicals against the thermodynamic gradient, it was
hypothesized that organic chemicals are magnified in the GIT
of organisms as a result of food digestion [13,55,56]. In this
mechanism, the chemical concentration and fugacity in the
GIT of an organism are increased as food is absorbed. In
essence, digestion of consumed food in the GIT concentrates
ingested chemical residues in a reduced and compositionally
altered digesta matrix, which causes a fugacity pump or gas-
trointestinal magnification (i.e., f5 exceeds f,). This creates a
positive thermodynamic gradient between the GIT and the
organism (i.e., fg > fg). Thisgradient isrequired for net passive
absorption of chemical. If elimination by excretion or metab-
olism is negligible, the chemical concentration and fugacity
in the organism will increase to match that in the GIT. The
latter will cause the concentration in the organism to exceed
that in its food.

This mechanism can be formalized in fugacity termsin a
two-compartment model, consisting of a GIT with a volume
Vs (M) and an organism compartment with volume Vg (m?3)
representing the animal’s overall contaminant storage in var-
ious tissues and viscera (Fig. 3). To maintain simplicity, the
GIT is viewed as a single well-mixed homogenous compart-
ment. Although these simplifications have adequately repre-
sented bioaccumulation of POPs in several organisms
[14,19,42,46], more complex multicompartment bioaccumu-
lation models can be utilized if tissue- of organ-specific res-
olution is desired [57,58]. Chemical enters the GIT at a rate
of Dy, fp, whichisequal to the product of the volumetric feeding
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rate (Gp, m3/d), the fugacity capacity of the food (Z,, mol/Pa/
m?3), and the fugacity in the diet (fy), that is, GpZ fp, or sSimply
GpCs. Digested food leaves the GIT in fecal matter at a rate
of Defg, which is equal to the product the fecal egestion rate
(Gg, m¥/d), the fugacity capacity of the feces (Zg), and the
fugacity in the fecal matter (fg), that is, GeZsfs or simply G.Cg.
Chemical moves from the GIT to the organism at a rate of
Dgsfs. The reverse transport takes place at a rate of Dggfg.
The net flux (Ng) into the GIT can therefore be expressed as

Ng = VgZsdfg/dt = Dpfy + Dggfsg — (De + Dgg)fs  (10)

The organism compartment, which for reasons of simplicity
is also represented as a single well-mixed compartment, re-
ceives chemical from contaminant flux between the GIT and
organism (Dgg fg), and uptake via the respiratory route (Dg fR),
that is, uptake from water or air. Chemical depuration (mol/
d) can occur through excretion into the digesta (Dgsfg) and
subsequent fecal excretion, respiratory elimination (D fg), uri-
nary excretion (Dyfy), reproductive transfer and lactation
(Dgepro fs), @nd metabolic transformation (D,,, equivalent to
kuCgVe, Where ky, [d™1] is the metabolic transformation rate
constant of the chemical in the organism). Growth dilution
(Dg fg) caused by an animal’s increase in body storage volume
(Vg) and lipid content (v g) over time essentially dilutes in-
ternal chemical concentration (Cg) while increasing storage
capacity (i.e., Zg). Conversely, depletion of an animal’s fat
reserves concentrates chemical residues while decreasing stor-
age capacity (i.e., Zg). Growth can be particularly important
for nursing newborns, organisms that periodically undergo sig-
nificant seasonal body condition changes (e.g., hibernating
mammals), and physiologically stressed organisms (e.g., dis-
eased animals). The net flux (Ng) into the organism can there-
fore be expressed as

Ng = VgZsdfs/dt = Dxfr + Desfo
- (DBG + DR + DM + DB + Du + DREPRO) fB (11)

If it can be assumed that the GIT is at steady state, that is, Ng
= 0and fg = (Dpfp + Dggfs)/(Dgs + Dg), substitution into
Equation 11 yields an interesting expression for the fugacity-
based BMF (BMF,) at steady state

BMF; = fg/fy = [Dg + (Dp/Dg)]

X [DGB/(DBG + DR + DM + DB + DU + DREPRO)]
(12)

This equation demonstrates the role of some of the key factors
in controlling the BMF of organic chemicals. The equation
demonstrates that food digestion is a key factor in the mag-
nification of the chemical because D/Dg, which equals GpZp/
GrZ; or Gp/Gg)(Zp/ Zs) will exceed 1in proportion to the extent
to which the fecal excretion rate (Gg) drops below the dietary
intake rate (Gp) and to the degree to which the fugacity ca-
pacity of the diet (Z,) is lowered to Z; as a result absorption
of lipids, proteins, and other dietary components. Following
athree-phase partitioning model employed by Kelly and Gobas
[42], Z,/ Zs can be derived as

ZplZs = CglCq = Kpg = (v p + 0.035: vy p + vwo/Kow)
+ (vg + 0.035- vy g + vwe/Kow)
(13

where v, p, vy p, and vy, are the lipid, nonlipid organic matter,

B.C. Kelly et al.
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Fig. 4. Steady-state conditions of chemical fugacities in the gastro-
intestinal tract (GIT) and organism for fish and homeothermic organ-
isms such as birds and mammals following gastrointestinal magnifi-
cation model. The GIT compartment (denoted as subscript G) isshown
to include the intestinal wall (denoted as subscript |), separated by
an unstirred water layer (UWL).

and water contents of ingested food (kg/kg wet wt food) and
Ve Ve and vy are the lipid, nonlipid organic matter, and
water contents of the gut contents (kg/lkg wet wt digesta).
Equation 12 also demonstrates the role of metabolic transfor-
mation and other mechanisms of elimination. If the exchange
of chemical between the GIT and the organism is dominated
by passive diffusion, Dgg and Dgg are equal and the depuration
processes combine to drive Dgg/(Dgg+ Dg + Dy + Dg + Dy
+ Dgepro) below 1. In the hypothetical case of a complete
absence of depuration routes (i.e., Dg, Dy, Dg, Dy, and Dggpgo
are all zero), the maximum attainable BMF; approaches

BMF, = fg/fp = Dp/Dr = (Go/Ge)(Zo/Zs)  (14)

This result is the same as for the biomass conversion model.
The essence of the digestion model is that food digestion is
the key process responsible for actual magnification of the
chemical concentration in the predator. A key assumption of
this model is that the exchange of chemical between the GIT
and the organism is dominated by passive diffusion (i.e., mo-
lecular diffusion is the rate-limiting step in GlIT—organism
chemical transport). This means that Dz and Dgg are equal.
The model views micellar transport (D,,,c) and subsequent dif-
fusion of the chemical through UWLs(D,,) and the phospholipid
bilayers (D,) as processes applying in series, that is

1/Dgs = UDyc + 1Dy, + 1D, (15)

with the slowest step in the chain of events controlling the
overall rate of gastrointestinal uptake. As discussed by Gobas
and colleagues [59], this implies that dietary absorption rates
(e.g., quantified by the gross dietary absorption efficiency [Ep])
can be expected to fall with increasing Ko, because the low
agueous concentrations of highly hydrophobic compounds in
the UWLs control the rate of intestinal uptake, that is

VE, = aKoyw + B (16)

where a and B are organism-specific constants.

Figure 4 is an illustrative example of gastrointestinal mag-
nification model—predicted fugacities (nPa) at steady state of
a nonmetabolizable, nonvolatile, and hydrophobic compound
such as PCB 153 in an aquatic poikilotherm (e.g., fish) and a
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Table 1. Summary of physiological parameters, feeding rates, digestion efficiencies, and observed biomagnification factors (BMF. lipid wt) for
fish (poikilotherms) and birds and mammals (homeotherms)a

Rainbow Stellar sea

trout®  Dairy cow¢ Caribou Ring dove® Harp seal’ Humand lion" Wolfi
Body weight (kg) 0.439 250 140 0.16 57 80 600 90
Whole-body lipid content (%) 3 20 4 17 42 20 40 21
Energetic requirements (% BW/d,) 12 2 2.1 7.7 3.3 11 5 2.8
Feeding rate (kg/d) 0.004 4 3 0.01179 1.881 0.9 30 25
Lipid content food (%) 18 1 0.05 9.10 8 20 9 12
Fecal egestion rate (kg/d) 0.002 16 12 0.0039 0.38 0.032 1.80 0.13
Lipid assimilation efficiency (%) 92 60 60 98 94 95 97 98
Food assimilation efficiency (%) 50 60 60 70 80 92 94 95
Gp/Ge 2 2 25 34 5 13 17 20
2512 4 2 0.8 5 4 6 6 7
Evax (%) 60 80 — 97 — 100 — —
Observed BMFyax (Cg/Cp, lipid wt) 8 4 3 52 23 = 80 = 100 = 100

aBW = body weight; G, = dietary intake rate; G = fecal excretion rate; Z, = fugacity capacity of diet; Z; = fugacity capacity of feces; Ey;ax
= maximum absorption efficiency; Cz = concentration in organism; C, = concentration in diet.

b Gobas et al. [60].

¢McLachlan [19, 62].

dKelly and Gobas [42].

e Drouillard and Nordstrom [61, 64].

T Fraser et al. [65].

9 Schlummer et al. [32] and Moser [63].
hLee et a. [66] and Rosen and Trites [67].
iKelly et al. [42].

1Z,1Z ratios were estimated by using the three-phase partitioning model in Kelly et al. [42].

homeotherm (e.g., mammal). Figure 4 shows a fugacity in-
crease from 1 nPain consumed food (f, = 1 nPa) to approx-
imately 8 nPa in the GIT for fish. The eight times fugacity
increase in the GIT, due to a Gp/Gg ratio of approximately two
(i.e., 50% food absorption) and a Z,/ Z; ratio of approximately
4 (based on 95% lipid, 60% nonlipid organic matter, and 95%
water extraction efficiency), results in a gastrointestinal mag-
nification factor of 2 X 4 or 8 in fish. Thus, the steady-state
fugacitiesfor food (fp), intestinal tissues (f,), body tissues(fg),
and fecal matter (fy) in fish are (fy: f;: fg: fr = 1:8:8:8) under
these hypothetical conditions. For homeotherms, Figure 4
shows a fugacity increase from 1 nPa in consumed food (f,
= 1 nPa) to approximately 80 nPa in the GIT. The digestion
model explains the comparatively high BMFs observed in ho-
meotherms (e.g., BMF = fg/fy = (Gp/Gp)(Zp/Zs) = 80) com-
pared to fish (e.g., BMF = (fg/fy = (Gp/Gp)(Zp/Zs) = 8) as
aresult of agreater efficiency of the digestive system. A more
efficient digestive system means that organisms exhibit larger
Gp/Gk (e.9., 20 based on a 95% food absorption) and Z,/Zg
(e.g., between 4 and 10, based on a =98% lipid, =60% non-
lipid organic matter, and 95% water extraction efficiency). The
magnitude of the decrease in Z also is sensitive to the lipid
content of the prey species (i.e., quantity of dietary lipids
ingested) [42]. The combined effect of food absorption (Gg/
Gg) and extraction of dietary constituents (Z,/Zg) will produce
greater gastrointestinal magnification factors and BMFs (~80
or greater; i.e., = 10 times greater than the BMF in fish) and
a fugacity distribution of fy: f:fg:f- = 1:80:80:80. Table 1,
which shows a comparison of dietary absorption parameters
and BMF,,,x values for fish, birds, and terrestrial and marine
mammals [19,32,42,60—67], demonstrates that homeothermic
carnivores (typically exhibiting a BMF,,,x 10—20 times higher
than that of fish) tend to consume larger amounts of lipid-rich
prey and have a higher degree of lipid and food absorption
compared to fish.

Considerable evidence is available for the role of food di-
gestion on dietary absorption and biomagnification. Initial ev-

idence supporting the digestion model comes from experi-
ments [59] in which three batches of fish were fed low fat
(LF), medium fat (MF), and high fat (HF) diets. The three
diets contained a series of hydrophobic organic chemicals at
the same concentration but at varying fugacities (i.e., f >
fue > fue, dueto Z r < Zye < Z,e). These authors hypothesized
that if molecular diffusion was rate limiting, then GI T—organ-
ism chemical uptake rates (Np, mol/d) and absorption effi-
ciencies (Ep) would increase with decreasing lipid content in
the food (because of increased fugacity). Conversely, if mi-
celle-facilitated diffusion was dominating, then increased lipid
content should result in higher uptake (Np) and absorption
efficiencies (Ep). The results showed that dietary uptake rates
increased with reduced lipids in consumed food because of
increased chemical fugacity in the diet. This suggested that
the hydrophobic organic chemicals tested (PCBs and chloro-
benzenes) were absorbed via passive diffusion and that a pos-
itive fugacity gradient between the intestines and the organism
is a key determinant for dietary absorption. These authors
concluded that lipid vesicle transport (i.e., micelle-facilitated
diffusion) was not rate limiting in the GIT—organism flux in
the exposed fish because increased lipid ingestion did not result
in increased chemical uptake (Np) or absorption (Ep).
Further evidence to demonstrate that the chemical fugacity
in the intestinal tract can be raised over that in the diet came
from three sets of laboratory studies with guppies, goldfish,
and adult rainbow trout and a comparative field study
[17,59,60]. Direct and indirect measurements of the fugacity
of a series of hydrophobic organic chemicals in the intestinal
content of these fish species showed that fugacities in the diet
are increased in the intestines as a result of food digestion.
The studies showed that the occurrence of afugacity pump in
the GIT ismainly due to the lipid absorption efficiency (~92%
in fish) being greater than the chemical absorption efficiency
(i.e., ~75% or less). The fact that lipids are absorbed from
the gut lumen at a faster rate than the chemical produces an
increase in fugacity in the gut lumen over that in the diet
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Log Kow

Fig. 5. Dietary absorption efficiencies of various persistent organic
pollutants reported in the literature for several organisms, including
fish [13], dairy cows [62], humans [63], and ring doves [61] versus
chemical log K. Trend lines represent nonlinear regressions: 1/E,
= 5.3 X 108 K, + 2.3 for fish data; /E, = 2.9 X 108 K, + 1.2
for dairy cows; 1/E, = 2.4 X 10-° K, + 1.04 for ring doves; and
1/Ep, = 1.55 X 10-° K, + 1.01 for human data, where E;, = dietary
absorption efficiency.

consumed. The magnitude of the fugacity increase observed
in fish (i.e., eight times increase from f, to fg) corresponded
to afour times decrease from Z to Z; and atwo times decrease
in digesta volume (Gp/Gg = 2).

The relationship between dietary absorption efficiency and
chemical Kg, has been previously investigated in fish
[13,16,59], birds[61], dairy cows[19,62], and humans[32,63].
Examination of data from these comparable studies (plotted
in Fig. 5) demonstrates that absorption of ingested chemical
in both homeotherms (ring doves, dairy cows, and humans)
and an aquatic poikilotherm (fish) shows a tendency to be
relatively constant for low-K,, substances, but decreases with
increasing Ko (Ep decreases significantly when log Kqy, >
7). Gobas and colleagues [17,59,60] suggested that the de-
clining trend in Ep in fish is consistent with a diffusion-con-
trolled dietary absorption mechanism, where micellar transport
and diffusion through UWLs and diffusion through phospho-
lipid bilayers apply in series. For low-K,, substances, micellar
transport, phospholipid bilayer diffusion, or both are the rate-
determining steps, whereas diffusion through UWLs is rate
limiting for very high-Kg,, substances with very low solubil-
ities in the water layers. These authors further suggested that
if gastrointestinal absorption processes would apply in parallel,
then micellar transport should control gastrointestinal uptake
of the higher-K,, chemicals and should be similar for all com-
pounds.

Micelle-mediated diffusion model

To explain the higher BMFs in homeotherms compared to
aquatic poikilotherms, Drouillard and Norstrom [61] proposed
that micelle-mediated diffusion (MMD) can produce a mag-
nification effect in addition to or in place of food digestion.
This process involves micelle-facilitated chemical transport
from the bulk lumen to the organism (i.e., GIT to organism)
through unidirectional advection of mixed micelles across the
aqueous resistance of the UWL, whereas the reverse flux (i.e.,
organism to GIT) is somewhat reduced because micelles be-
come dissociated within an acidic pH microclimate present at
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the vicinity of the intestinal wall. In essence, the MMD model
assumes that intestinal absorption of chemical (enhanced by
mixed-micelle facilitation) occurs in the upper GIT in asso-
ciation with dietary lipid absorption, whereas chemical elim-
ination (decoupled in time and space) occurs at a much slower
rate in the lower digestive tract. Thus, the mixed-micelletrans-
port in the upper intestine causes the rate of chemical uptake
across the UWL into gut tissue to be substantially faster than
the rate of reverse diffusion back to the intestine. In fugacity
terms, the transport parameter Dgg in Equations 11 and 12 is
greater than Dgg. This results in a sustained fugacity increase
in the organism'’s tissues over that in the intestines and the
original diet consumed. These authors proposed that the higher
energetic demands of homeothermic animals (birds and mam-
mals) compared to fish result in higher feeding rates in ho-
meothermic animals. The higher feeding rates produce greater
mixed-micelle concentrations in the GIT and hence greater
chemical uptake rates through direct transfer of the chemical-
containing micelles to intestinal tissue. This ultimately causes
a high fugacity build up in the animal’s tissues due to very
slow diffusive elimination rate back to the GIT.

This mechanism was formalized in fugacity format by Cah-
ill et al. [57] by using aphysiologically based pharmacokinetic
model that incorporates a micell e-mediated uptake mechanism.
In their generalized physiologically based pharmacokinetic
model designed for evaluating multiresidue toxicokinetics,
gastrointestinal uptake is described as a parallel agueous and
MMD. The MMD model assumes that gastrointestinal uptake
(Dgg) is described as the sum of simultaneous parallel pro-
cesses including micellar transport (D), direct aqueous dif-
fusion (D), and diffusion across the cell membrane (D¢g, ),
as described by Dulfer et a. [52]

Dee = Duic + Dw + Degl 17

This model of intestinal absorption assumes unidirectional mi-
celle-facilitated diffusion across the UWL followed by mo-
lecular diffusion through the cell membrane, whereas aqueous
molecular diffusion of contaminant into gut tissue is bidirec-
tional. The primary difference of this model from that of the
digestion hypothesis is the assumption of unequal chemical
uptake (Dgg) and elimination (Dgg), specifically that Dgg >
Dgs. A Dgp/Dgg ratio greater than 1 inherently suggests that
chemical is more efficiently absorbed from the intestine than
it is lost to the intestine. This ratio represents an additional
magnification factor to any magnification that may occur as a
result of food digestion. The latter isdemonstrated by Equation
12, which in the hypothetical case of a complete absence of
depuration routes (i.e., Dg, Dy, Dg, Dy, and Dgepro @re zero)
simplifies to

BMF; fa/ fo = (Dp/Dg)(Des/Dec)

(Go/ Gp)(Zo/ Z5)(Dee/ Dec) (18)

The MMD model therefore suggests the larger BMFs exhibited
by homeotherms compared to aquatic poikilotherms can be
explained by a larger Dgg/Dgg ratio in homeotherms.

Figure 6 illustrates theoretical MMD model—predicted fu-
gacities (nPa) of typical hydrophobic POPs at steady-state in
a fish and a homeotherm (e.g., mammal). The disparity in D
values across the gut wall isthe central distinction of the MMD
hypotheses (i.e., Dgg > Dgg). The steady-state fugacities for
food (fp), intestinal tissues (f;), body tissues (fg), and fecal



POP biomagnification in fish, wildlife, and humans

fa
8 nPa (Fish)
80 nPa (Mammal)

Dgs Dgs

fi 8nPa (Fish)
80 nPa (Mammal)

7 nPa (Fish)
40 nPa (Mammal)

fc 7 nPa (Fish)
40 nPa (Mammal
FOOD FECES

Fig. 6. Steady-state conditions of chemical fugacities in the gastro-
intestinal tract (GIT) and organism for fish and homeothermic organ-
isms such as birds and mammals following the unidirectional micelle-
mediated diffusion model. The GIT compartment (denoted as sub-
script G) is shown to include the intestinal wall (denoted as subscript
1), separated by an unstirred water layer (UWL). Model predictions
are based on a mixed-micelle enhancement factor (i.e., Dgg/Dgg ratio)
of approximately 1.2 for fish and 2.0 for birds and mammals.

matter (fo) are fy: f: fg: fe = 1:8:8:7 for fish and fy: f: fg: fr =
1:80:80:40 for a mammal.

Numerous studies have provided evidence for the cotrans-
port of organic chemicals with lipid vesicles in the GIT, lym-
phatic flow, or both [51,68-71]. Vetter et al. [72] used light
microscopy to examine intestinal contents and tissues after the
absorption of administered benzo[a]pyrene in killifish. Their
results indicated coassimilation of dietary fats and chemical
via lipid vesicles into the BBM and into fat droplets within
the enterocytes and that separation of chemical from dietary
lipids occurs primarily after lipid absorption and reassembling
in the enterocyte. However, other studies of intestinal absorp-
tion of benzo[a]pyrene suggested that separation of chemical
from dietary lipids occurs in the lumen, followed by passive
diffusion of single monomers into the enterocyte [73].

The semiempirical fugacity-based cell-line model devel-
oped by Dulfer et al. [52] [seeFig. S-1in SETAC Supplemental
Data Archive, Item ETC-23-10-01; http://etc.allenpress.com]
provides some empirical evidence of the presence of amicelle-
facilitated transport mechanism for hydrophobic contaminants
across human intestinal membranes. Specifically, in vitro stud-
ies of PCB absorption in human colorectal carcinoma—derived
cells (Caco-2 cells) [52] showed that the presence of mixed
micelles can increase chemical flux into intestinal cells more
than 1,000-fold compared to cell lines without mixed micelles
because of the relatively high affinity of hydrophobic organic
chemicals for mixed micelles (Z,,c). These authors suggested
that micelle-mediated transport of chemical from the upper
intestine (gut lumen to intestinal tissue) islikely asubstantially
faster process than the reverse transport back across the UWL
(intestinal tissue to gut lumen) because the latter process is
assumed to occur by diffusion alone.

Drouillard and Norstrom [61], in their study of dietary up-
take of PCB congeners in ring doves (Streptopelia risoria),
found dietary absorption efficiencies of PCBs (93-83% over
a log Kg, range of 5-7.5) were comparable to the lipid ab-
sorption efficiency (90%). Furthermore, these authors found
that PCB congeners entered blood plasma at similar rates to
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dietary lipids. These findings suggest that lipids and ingested
contaminant are absorbed in association, which indicates that
a fugacity pump in the GIT may not occur because the onset
of gastrointestinal magnification primarily is caused by ahigh-
er rate of lipid removal from the GIT compared to the rate of
chemical absorption. These authors observed a small (~10%)
decline in absorption efficiencies of PCB in ring doves with
increasing Ko\, (see Fig. 5), which was attributed to solubility
limitations of those high-Kg,, compounds in the nucleus of the
interior of the mixed micelles, rather than kinetic limitations
across the stagnant aqueous UWL (as is suggested in the di-
gestion model). This argument is supported by measurements
of membrane—water partition coefficients (K,,,S) for chemicals
of varying Ko [74,75], which demonstrate that the solubility
of hydrophobic organic chemicals in membrane vesicles in-
creases with increasing Koy, up to a maximum K, value of
approximately seven and then decreases with further increas-
ing Kow (see Fig. S-2 in supporting information). In a com-
plimentary depuration study of gavaged PCBs in ring doves,
Drouillard and Norstrom [64] reported an approximate 30%
decline in excreta—carcass partition coefficient (Kg,c; over the
log K range of 5-7.5). These authors suggested that the more
pronounced 30% drop in Kg,c during the depuration experi-
ment, compared to the slight 10% drop in absorption efficien-
cies during the uptake experiments [61], indicates that for the
more hydrophobic PCBs gut-to-organism uptake exceeds or-
ganism-to-gut transfer (i.e., Dgg > Dgg).

Fat-flush diffusion hypothesis

Schlummer et al. [32] recently presented a fat-flush dif-
fusion (FFD) model for intestinal uptake in humans. Thismod-
el is based on the premise that the lipid influx into intestinal
cells acts to enhance gastrointestinal magnification and dif-
fusive uptake from intestinal contents. These authors postu-
lated that the fugacity capacity of intestinal cells (Z,) increases
during periods of active food digestion, when dietary lipids
are hydrolyzed to monoglycerides and fatty acids and subse-
quently resynthesized into triglycerides in the enterocyte. The
fugacity of thereformed triglyceridesin intestinal tissues (Zg,)
is greater than that of the monoglycerides or fatty acids orig-
inating from the mixed micelles in the lumen (Z,,¢) [52,71],
which thereby enhances the diffusion gradient from the lumen
into the intestine. The resulting lipid swelling in the enterocyte
causes a downward pressure on the fugacity in the intestinal
cells because f, is inversely proportional to Z,. At the same
time, the fugacity in the gut lumen (i.e., GIT) is increased as
Z decreases as a result of lipid transfer from the lumen to the
intestinal cells. This effect produces a positive fugacity gra-
dient between the gut lumen and the intestinal cells resulting
in net absorption. Although the fat-flush effect has only been
formalized to assess human dietary exposures, it is likely to
also occur in other organisms (especially thosethat digest large
quantities of lipids, such as top-predator carnivores). Because
previous fugacity measurements in dietary accumulation stud-
ies with fish by Gobas and colleagues [17,59,60] indicated the
fat flush does not occur in fish, we will confine the following
evaluation of the FFD model to humans.

Figure 7 illustrates the fat-flush effect over the course of a
digestion event. At the time of ingestion, f, (1 nPa) is lower
than f, (80 nPa). As food digestion and absorption ensues, fg
increases and f, decreases simultaneously, allowing for net
passive diffusion of chemical into the intestinal tissue (sub-
script I). During the rapid period of efficient lipid absorption
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Fig. 7. Schematic illustration of the fat-flush hypothesis, modified from Schlummer et al. [32]

and chylomicron transport of resynthesized triglycerides, a
subsequent removal of chemical from the digesta occursin the
GIT (causing fg to decrease as digestion proceeds). Equilib-
rium partitioning between the digesta and intestinal tissue con-
tinues over the 2- to 4-h period of digesta transit in the upper
gut until a partitioning equilibrium between the intestinal tis-
sues and digesta is achieved (e.g., fg is shown to equilibrate
with f, at 16 nPa). Absorbed lipids and chemical aretransported
from intestinal tissueto theliver, and eventually an equilibrium
within the body is restored (f, increases to 80 nPa). Simul-
taneously, the digesta (fg = 16 nPa) is advectively transported
into the lower digestive tract during the later stages of the
digestion event and diffusive elimination back to the feces
becomes possible because f, (80 nPa) > f- (16 nPa). In essence,
the absorption of dietary lipids simultaneously causes a fu-
gacity increase in the digesta moving through the upper in-
testine and simultaneously an influx of lipid poolsin the BBM,
whichin effect increases the Z of the intestinal tissue (resulting
in atemporary fugacity decreasein intestinal tissue). The com-
bined effect of the high fugacity in the gut contents (fg) and
the reduced fugacity in the intestinal tissue (f,) facilitates ef-
ficient chemical absorption due to the temporary thermody-
namic gradient. The fugacity in the lower digestive tract (i.e.,
feces) is only indirectly influenced by the fat flush, because
the fat flush has subsided by the time the digesta arrive there.

Figure 8a further examines the FFD model predictions of
a human subject from the general population, exhibiting POP
tissue residue levels approximately 80 times that of consumed
food (i.e, fg/f; = BMF; = 80). Specifically, the fugacity in
the diet at 1 nPa may attain approximately a 16-fold fugacity
increase in the upper gut (i.e., fg = 16 nPa) because of food
absorption and digestion (i.e., gastrointestinal magnification),
and asimultaneousfive times or greater increasein thefugacity
capacity of intestinal tissue Z,, which causes the fugacity in
the intestinal tissues to decrease. The diffusive gradient from
the digesta into the intestinal tissue results and chemical is

taken up (i.e., net uptake occurs) until a partitioning equilib-
rium between the digesta and the intestinal tissue is achieved
(eg., fo:fsifiifg = 1:16:16:80). Consequently, in the lower
digestive tract, the fugacity in the digestais considerably lower
than in the intestinal tissue (i.e., fg: f;: fg = 80:80:16). Based
on the findings of Rozman et al. [76], which indicated that
contaminant elimination in rats occurs mainly in the large
intestine, Schlummer and colleagues [32] initially presumed
that once the fat flush subsides, this fugacity gradient would
result in diffusive elimination of chemical to fecesin the lower
digestive tract (similar to the MMD model). However, in later
work, Moser and McLachlan [77] noted that the experimental
evidence in the animal literature is inconsistent on this issue.
For example, similar depuration studies in rats by Yoshimura
and Yamamota [78] and Richter and Schafer [79] indicated
that organism-to-intestine transfer of tetrachlorobiphenyl and
hexachlorobenzene, respectively, occurs by passive diffusion
in the upper intestine. In their assessment of the effects of a
nonabsorbable fat substitute on human digestive elimination
of POPs, Moser and McLachlan [80] concluded that chemical
concentrations observed in the feces must be the result of an
equilibration process within the intestinal tract because in-
creasing the fugacity capacity of the feces increased the rate
of chemical elimination. Furthermore, laboratory measure-
ments indicated that the fugacity in human feces is consid-
erably lower than the fugacity in the body [77]. This led to
the conclusion that the fugacity gradient in the lower digestive
tract does not result in significant chemical elimination, likely
because of the absence of micellesin the lower digestive tract
and hence slower mass transfer from the brush border into the
lumen of theintestine [77,81]. Hence, the conclusion was made
that the equilibration occurs in the upper gut.

McLachlan and colleagues [19,20,32,62,63,82,83] have
conducted several investigations on intestinal absorption of
various POPs in humans and agricultural food chains, with a
focus on the bioavailability and intestinal absorption and de-
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Fig. 8. Steady-state conditions of chemical fugacities in the gastro-
intestinal tract (GIT) and organism following the fat-flush diffusion
model for (a) human subjects from the general population and (b)
occupationally exposed persons. The GIT compartment (denoted as
subscript G) is shown to include the intestinal wall (denoted as sub-
script 1), separated by an unstirred water layer. POPs = persistent
organic pollutants.

sorption kinetics of polychlorinated dioxinsand furans. Studies
involving human infants have shown that net dietary absorp-
tion efficiencies of most POPs are typically greater than 90%
[83,84], whereas similar studies in adult human subjects show
more variable results, ranging from high absorption efficien-
cies of 87% to instances of net excretion [32,63]. Studies by
Schlummer et al. [32] and Rohde et al. [82] have shown that
the net dietary absorption efficiency of a given compound in
adult human subjects is highly dependent on the chemical
concentration in blood lipids. If concentrations in blood lipids
were comparable to levels in the background population, net
contaminant absorption was generally observed. When ob-
served concentrations in blood lipids were high compared to
the background population (e.g., because of occupational ex-
posure), net contaminant excretion was observed. Further-
more, the chemical elimination rate was linearly correlated
with the concentration in the blood lipids. In fugacity terms,
thisimplies that subjects excrete chemical if the blood-to-food
fugacity (fg/fp) ratio is high, whereas net absorption typically
occurs when fugacities in blood are low compared to food
(i.e., low fg/f, ratios). Examination of these findings suggests
that when tissue residue levels of acompound are high relative
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tothediet, efficient elimination occurs (likely dueto adiffusive
equilibration between the digesta and the wall of the upper
digestive tract). This scenario isillustrated in Figure 8b, which
shows a human subject who has approximately 15 times higher
tissue residue levels compared to the general population (e.g.,
fg = 1,200 nPa, perhaps due to occupational exposure) but
consumes the same diet at 1 nPa (i.e., fz/f, = 1,200). In this
case, the depression of the fugacity in theintestinal tissue (from
1,200 to 240 nPa) is not sufficient to bring it below the fugacity
in the digesta (which rises to 80 nPa due to food digestion).
Consequently, chemical moves along the diffusive gradient
(from high fugacity in the body to low fugacity in the digesta)
and net chemical excretion occurs until a partitioning equilib-
rium between the digesta and the intestinal tissue is achieved
(i.e., fp:fg: fi: fg = 1:240:240:1,200).

The above evaluations of the fat-flush effect indicate that
the intestine—digesta partition coefficient (K,g) at the point of
chemical absorption and desorption in the upper GIT isacrit-
ical parameter. The K5 will largely be dependent on the re-
spective volumes and fugacity capacities of those compart-
ments (i.e., V,Z, vs VgZs). Currently, the relative partitioning
capacities and contaminant kinetics at the intestinal tissue—
digesta interface are not fully understood. The question re-
mains whether the dissociation of micelles at the gut wall (as
described by the MMD model) precludes equilibrium of very
hydrophobic POPs during chemical depuration back into the
gut lumen. Specifically, further work is needed to resolve the
issue of the disparity between Dgg and Dgg.

DISCUSSION

The review of the various proposed models on dietary ab-
sorption and biomagnification demonstrates that although
some key differences exist, the models show a tendency to
converge and build on each other and are not mutually exclu-
sive. The digestion model demonstrates the role of food di-
gestion on dietary absorption and magnification on the organ-
ism level. The FFD and MMD models describe how lipid
digestion and absorption and chemical intestinal absorption
and desorption are linked at the tissue level and alerts us to
the possible existence of a magnification mechanism in ad-
dition to food digestion. The models combined provide a good
theoretical framework for exploring the role of physicochem-
ical properties on biomagnification that may be useful for
chemical hazard assessment.

The key difference between the digestion and the MMD
models concerns the role of micellesin transporting chemicals
across gastrointestinal membranes. This particular part of the
larger process of lipid absorption still remains unresolved.
However, its use in models may have a significant impact on
the selection of molecular descriptors for biomagnification.
The MMD model predicts that BMF,,,x of a given compound
is dependent on the chemical’s K, primarily because Dgg >
Dgs. Specifically, the MMD model predicts that the BMF,,5x
of nonmetabolizable compounds will be positively correlated
with the chemical’s K, because unidirectional micellar trans-
port (and hence dietary uptake) enhances therate if absorption
for high-K,, chemicals, whereas the reverse transport process
from the organism to the gut lumen is reduced by an increase
in Koy (because of the absence of micelles in the lower GIT).
Alternatively, the digestion model assumes that passive dif-
fusion across the gut wall encounters similar diffusive restric-
tions during absorption and desorption (i.e., Dgg = Dgg) and
indicates that the maximum bioaccumulation potential of com-
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pounds (i.e., in absence of depuration via metabolism, urine
excretion, and other mechanisms) is relatively universal and
equivalent to (Gp/Gp)(Zp/Zs), which is largely independent of
Kow- The FFD model can effectively compliment both the
digestion or MMD model, depending on how intestinal de-
sorption (organism-to-gut elimination) is envisioned. Cur-
rently, the influence of Kg,, on the BMFy, .« in the FFD model
isnot fully understood and is essentially dependent on whether
contaminant absorption and desorption are assumed to be de-
coupled processes or an equilibration in the upper GIT (i.e.,
Deg = Dgg VS Dgg > Dgg).

Regardless of the intestinal absorption—desorption mecha-
nism, the BMF is ultimately the result of competing rates of
chemical uptake from the GIT and other potential chemical
elimination routes (i.e., respiration, urinary excretion, and me-
tabolism), which are determined by a combination of organism
physiology and the physicochemical properties of the com-
pound. For aquatic poikilotherms, respiratory elimination
makes a key contribution to the overall elimination of hydro-
phobic organic chemicals. Elimination to water (i.e., gill ven-
tilation) has been repeatedly demonstrated to be inversely re-
lated to the chemical’s Ky, Hence, an increase in K, causes
a slower rate of chemical elimination from the organism, al-
lowing the fugacity in the organism to achieve levels that are
closer to that in the GIT. For nonmetabolizable chemicalswith
KowS greater than 10°, respiratory elimination is small com-
pared to dietary elimination and biomagnification occurs. For
air-breathing homeotherms, respiratory elimination is not to
water but to the air. Respiratory elimination via lipid—air ex-
change declines with increasing octanol—air partition coeffi-
cient (Kg,), causing chemicals to approach a maximum biom-
agnification potential with increasing Ko,. The suggestion has
been made that if Ky, exceeds 105, respiratory elimination is
too small to effectively reduce the biomagnification effect in
the GIT of many mammals, hence biomagnification can occur
[42]. Only if the substance is rapidly eliminated to urine (e.g.,
log Koy is less than ~2) or rapidly metabolized can bio-
magnification be prevented. Diminished BMFs due to meta-
bolic transformation are more common in birds and mammals
compared to fish, because those organisms generally have a
greater capacity to metabolize organic contaminants[2,85,86].
The bioaccumulation potential of organic chemicalsin aquatic
organisms is best assessed by K, Whereas bioaccumulation
potential in air-breathing organisms is best anticipated by Ko,
and Koy [42,43]. If Koy and Ko, were to follow a simple
single universal relationship among chemical classes, it would
be possible to use K, alone as a predictor of biomagnification,
but this is not the case [42,43,87]. Based on their K, and
Koa, Chemicals can be categorized in four groups: polar non-
volatiles, nonpolar nonvolatiles, nonpolar volatiles, or polar
volatiles. Figure 9 illustrates this categorization by using a
limited number of chemicals for which bioaccumulation prop-
erties are relatively well known. Polar volatiles (bottom left
quadrant) include compounds such as styrene and vinyl chlo-
ride and have no inherent bioaccumulative propertiesin either
air-breathing or aquatic organisms. The nonpolar nonvolatiles
(top right quadrant) represent the majority of POPs such as
PCBs and several organochlorine pesticides (e.g., mirex) and
are inherently bioaccumulative in both aquatic and air-breath-
ing organisms. The polar nonvolatiles (top left quadrant) do
not biomagnify in aguatic organisms (because of alow Kg),
but may substantially biomagnify in air-breathing organisms
(because of a high Ky,) unless they are efficiently metabolized
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Fig. 9. Plot of log Ko versus log Ko, for various organic chemicals,
characterized into four quadrants: polar nonvolatiles (PNV s), nonpolar
nonvolatiles (NPNVs), polar volatiles (PVs), and nonpolar volatiles
(NPVs). BCPS = his(4-chlorophenyl) sulfone; DBP = di-n-butyl
phthalate; DEP = diethyl phthalate; HCHs = hexachlorocyclohex-
anes, PCB = polychlorinated biphenyl; PCP = pentachlorophenol;
PFOS = perfluorooctane sulfonate; TCBz = trichlorobenzene;
TCPMeOH = tris(4-chlorophenyl) methanol.

at a significantly high rate or depurated by urinary excretion.
Examples of these relatively hydrophilic compounds exhibit-
ing some degree of bioaccumulation potential include hexa-
chlorocyclohexanes, endosulfan, atrazine, bis-4-chlorophenyl
sulfone, trischlorophenyl methanol, and perfluorooctane sul-
fonate. Figure 9 shows no existing compounds with nonpolar
volatile characteristics (bottom right). This group of chemicals
may be quite rare, but theoretically involves chemicals with
an inherent potential to biomagnify in water-respiring organ-
isms but not in air-breathing organisms.

We believe that current regulatory initiatives aimed to iden-
tify bioaccumulative substances do not fully recognize some
of the fundamental processes controlling biomagnification in
air-breathing homeotherms and aquatic poikilotherms. Thisis
a serious shortcoming of current regulatory initiatives because
the bioaccumulative properties of many commercial chemicals
may be misassessed or underestimated. This review demon-
strates that significant evidence is available from theory (high-
lighted in this paper) and practice to indicate that BMFs in
homeotherms cannot only be higher than those in aguatic or-
ganisms but also follow different relationships with the phys-
icochemical properties of chemicals. Considering that the per-
sistence, bioaccumulation, and inherent toxicity regulationsare
primarily geared to protect human health, this is a matter of
some priority. Further investigations into the mechanism of
bioaccumulation in homeotherms is important, as is research
on the parameterization of bioaccumulation models. Measure-
ments of feeding rates; chemical and lipid absorption effi-
ciencies; the disparity between gastrointestinal transport pa-
rameters Dgg and Dgg; intestine—digesta partition coefficient
(K,e); fugacity capacities of food, digesta, and fecal matter;
digesta transit times; and steady-state fugacity ratios between
food, digesta, feces, and organism (i.e., fy: fo: fe: f5) are likely
to be of crucial importance in this endeavor.
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