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Abstract

Background: The goal of physiologically based pharmacokinetics (PBPK) is to predict drug kinetics from an
understanding of the organ/blood exchange. The standard approach is to assume that the organ is “flow limited”
which means that the venous blood leaving the organ equilibrates with the well-stirred tissue compartment.
Although this assumption is valid for most solutes, it has been shown to be incorrect for several very highly fat
soluble compounds which appear to be “diffusion limited”. This paper describes the physical basis of this adipose
diffusion limitation and its quantitative dependence on the blood/water (Kyq-war) and octanol/water (K,,,) partition
coefficient.

Methods: Experimental measurements of the time dependent rat blood and adipose concentration following
either intravenous or oral input were used to estimate the “apparent” adipose perfusion rate (F) assuming that the
tissue is flow limited. It is shown that the ratio of F, to the anatomic perfusion rate (F) provides a measure of the
diffusion limitation. A quantitative relationship between this diffusion limitation and Kyig.war and Ko is derived. This
analysis was applied to previously published data, including the Oberg et. al. measurements of the rat plasma and
adipose tissue concentration following an oral dose of a mixture of 13 different polychlorinated biphenyls.

Results: Solutes become diffusion limited at values of log K, greater than about 5.6, with the adipose-blood
exchange rate reduced by a factor of about 30 for a solute with a log K,,, of 7.36. Quantitatively, a plot of F/F
versus Ko, is well described assuming an adipose permeability-surface area product (PS) of 750/min. This PS
corresponds to a 0.14 micron aqueous layer separating the well-stirred blood from the adipose lipid. This is
approximately equal to the thickness of the rat adipose capillary endothelium.

Conclusions: These results can be used to quantitate the adipose-blood diffusion limitation as a function of K.
This is especially important for the highly fat soluble persistent organic chemicals (e.g. polychlorinated biphenyls,
dioxins) whose pharmacokinetics are primarily determined by the adipose-blood exchange kinetics.

Background

Physiologically Based Pharmacokinetics (PBPK) refers to
the approach of modeling drug kinetics using a realistic
physiological description of the animal [1,2]. A central
feature of this approach is the quantitative description
of the tissue-blood exchange. The most basic approach
(and the standard one) is to assume that this exchange

Correspondence: levit001@umn.edu
Department of Integrative Biology and Physiology, University of Minnesota,
6-125 Jackson Hall, 321 Church St. S. E, Minneapolis, MN 55455, USA

( BioMVed Central

is “flow limited” - that is, the venous blood leaving the
capillary has equilibrated with the well mixed tissue
space. For the flow limited model this tissue-blood
exchange depends on only two parameters: a) the tissue
perfusion rate (kg/min/kg); and b) the blood/tissues par-
tition coefficient. This model has the major advantage
that if one has determined the perfusion rate using one
solute, the tissue-blood kinetic exchange can be pre-
dicted for any other solute for which the blood/tissue
partition is known.
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There are a number of solutes for which this flow
limited model is clearly not valid and for which a “dif-
fusion limited” model must be used. One such class
are the large (e.g. inulin) or highly protein bound (e.g.
dicloxacillin and ceftriaxone) extracellular solutes
which have a significant capillary permeability limita-
tion [3]. Similarly, a number of water soluble mole-
cules such as actinomycin-D and methotrexate have
been shown to have cell membrane limited uptake [4].
It is not surprising that these highly water soluble
solutes with their low cell membrane permeability
might be diffusion limited. These solutes represent
relatively rare exceptions and the great majority of
solutes that are used in PBPK modeling are highly
lipid soluble with high (nearly infinite) cell membrane
permeability and the predictions of the flow limited
PBPK model generally provides good agreement with
the experimental pharmacokinetics.

However, there are some notable exceptions to this
general rule where the adipose-blood exchange of sev-
eral highly lipid soluble molecules seems to be diffusion
limited [5-7]. The purpose of this paper is to provide a
detailed mechanistic analysis of the origin of the diffu-
sion limitation of these highly lipid soluble molecules. It
will be shown that the magnitude of the diffusion limita-
tion can be directly related to and predicted by the
lipid/water partition coefficient. This analysis provides
general criteria for predicting the degree of adipose tis-
sue diffusion limitation just from knowledge of the
lipid/water (or octanol/water, see below) partition coeffi-
cient. This is the first detailed discussion of the quanti-
tative relationship between lipid/water partition and
diffusion limitation that I am aware of.

This analysis is especially important for the persis-
tent organic pollutants (e.g. dioxins and polychlori-
nated biphenyls) whose pharmacokinetics are
dominated by the kinetics of adipose-blood exchange
[8]. The use of PBPK model predictions is essential for
this solute class because it is not possible to accurately
measure their pharmacokinetics in humans. As the fol-
lowing analysis shows, the adipose-blood exchange rate
for the most highly lipid soluble solutes can be as
much as 30 times slower than is predicted assuming
flow limited kinetics.

The approach described here is based on an analysis
of experimental measurements of the “apparent” adipose
perfusion rate (F4). The “apparent” rate is the perfusion
rate that would be predicted assuming that the exchange
is blood flow limited. It will be shown that the ratio of
this “apparent” rate and the true anatomic adipose per-
fusion rate (F5/F) can be used to quantitate the degree
of diffusion limitation.
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Methods

Dependence of the adipose-blood exchange rate (Clr) on
the intrinsic capillary permeability-surface area product
(PS) and the blood-water partition coefficient (Kyg.wat)
Figure 1 shows a schematic diagram of the factors
involved in the solute exchange between the tissue and
blood. The upper case letters in Figure 1 indicate the
absolute blood (Cg, Cy4, Cy) or tissue (Ct) concentration
while the lower case indicates the free aqueous blood
(cg) or tissue (ct) concentration. It is this free aqueous
concentration that determines the diffusional exchange
rate between the blood and tissue. The capillary concen-
tration varies as a function of the distance (x) from the
arterial end of the capillary. It is assumed that the tissue
compartment is well mixed and can be represented by
an average value that does not depend on x.

It is assumed that the tissue consists of N capillaries/
cm?, all with exactly the same geometry, blood flow,
permeability, etc. It is also assumed that the relation
between the capillary and tissue concentration is in a
pseudo steady state. The steady state differential equa-
tion for the concentration in the capillary as a function
of position is

—FdC—B = 27aPN]cg(x) — c1] (1)
dx

where F is the tissue perfusion rate (kg/min/kg), P is
the intrinsic capillary permeability defined in terms of
the free water concentration (cm/min), N is the number
of capillaries per cm?® tissue, and a is the capillary radius
(cm). The total blood concentration Cg can be related
to the free water concentration (cg) using the blood/
water partition coefficient (Cg = Kpig.wat Cn)- Integrating
eq [1] over the length of the capillary (L) and solving
for the venous concentration leaving the capillary:

¢y =cp +[cq —cr]exp(=(PS [ Kyjg-yar) | F) )

where PS (min™') is the permeability-surface area pro-
duct per tissue weight (S = 2maNL). Equation [2] can be
related to the fractional clearance or equilibration that
occurs in one pass through the capillary:

Clr=(cp—cy)/(cx—cr) =1-exp(-k)
K =(PS | Kyig—war) | F

For x>>1, the venous concentration leaving the tissue
(cy) is nearly equal to the tissue concentration (ct), the
clearance (Clr) approaches 1 and the solute is flow lim-
ited. The clearance depends on both the intrinsic per-
meability (PS) and the blood-water partition coefficient.
Solutes that have a high intrinsic permeability may be

®3)
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Figure 1 Schematic diagram of the concentrations in capillary blood and adipose tissue and the factors involved in the tissue-blood
solute exchange. The upper case letters indicate the absolute blood (Cg, Ca, C) or tissue (Cy) concentration while the lower case (cg, ¢y)

permeability (i.e. diffusion) limited if a large fraction in
the blood is solute bound (i.e. large Kyjg-wat)-

Relationship between the anatomic adipose perfusion
rate (F) and the “apparent” perfusion rate (F,)

The general, diffusion limited, differential equation
describing the change in the well mixed tissue concen-
tration (Cr(t)) produced by a time dependent arterial
input (Ca(t)) is:

%: FIC4(1) - Cy(1)] 4)

= FKpg—warlc 4 (t) — ¢y (8)]

where Cy(t) is the time dependent venous concentra-
tion leaving the tissue and c, and cy are the unbound
free blood water concentration. By definition, if the tis-
sue exchange is flow limited, then the venous concentra-
tion equilibrates with the tissue concentration (c,(t) = ¢t
(0):
dc %low lim )
i =F Kpg—warlca () —c1(0)]

Using the definition of clearance (eq. [6]), the general
diffusion limited equation (eq. [5]) can be written in the
form:

dcC
T = Clr FK g yarlc () = c1(0)]

dt
= FoKpig—wael€ a(t) = c7(2)]
F,=CIr F

(6)

where F, is defined as the “apparent” perfusion rate.
Equation [6] is identical to the flow limited expression
(eq. [5]), the only difference is that F, is used in place

of the true anatomic perfusion rate (F). Using eq [6], the
general differential equation that describes the time
dependent adipose tissue concentration (Cr(t)) as a
function of the arterial concentration (Cx(t)) is then:

dcC
ET = PA[CA() = KytdgosoarCr(t) ] K gt

dt
= FA[CA(1) = Cr(t) / K ga—pial

The adipose tissue concentration (Ct) depends on just
two parameters - the apparent perfusion rate (Fo) and
the adipose/blood partition coefficient (Kq_piq)-

7)

Relationship between Ky,q.wat and octanol/water partition
coefficient (Koy,)

For the solutes used here the experimental value of K4
wat is not available and the following procedure was used
to estimate it. It is well recognized that the tissue/blood
partition for the highly lipid soluble molecules is roughly
equal to the tissue/blood lipid concentration ratio
[9-11], indicating that, as a first approximation, solutes
in the blood are bound as if they were binding to an
equivalent blood lipid (i.e. oil) fraction. Thus, the blood/
water concentration can be approximated by:

Kbldfwater = fLKoilfwal = fLKow (8)

where K,ij_wat is the oil (e.g. olive oil)/water partition
coefficient and f; is the equivalent blood lipid concen-
tration. The last equality in eq. [8] results from the
observation that, for non-polar solutes, Kgjj_ywar 1S
approximately equal to the octanol/water partition coef-
ficient (K,.). A detailed analysis of the dependence of
the relationship between K, ¢ and K, on chemical
structure is described in section 2 of the supplemental
file (Additional File 1). Equation [8] is only an approxi-
mate estimate of Ky g ya¢ since there is clearly some
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specific binding to the cellular and protein blood com-
ponents [12,13]. The analysis described below relies on
using compounds with a very large range of K, (10°)
so that small errors in the absolute value of Kyjg_y.: are
relatively insignificant.

The value of f;, (= Kpig-wat/Koil-wat = Kbid-oit = 1/Kad-bid)
can be estimated from the equilibrium partition between
blood and adipose tissue (i.e.,0il). In humans, this ratio
is about 0.005 for a large series of polychlorinated
biphenyls [14]. In addition, in a recent large compilation
of Kis pia by deBruyn and Gobas [15] the value of 1/K,q4.
bl is in the range of 0.005 for most of the very highly
fat soluble solutes. This value of 0.005 is close to the
directly measured values of blood lipid fraction in
humans [9] and rats [10] and a value of f; = 0.005 will
be assumed here. With the exception of PCB 2,2’,5,5
(Table 1), all the Oberg et. al. [16] solutes had values of
fL (= I/Kad»bld) of about 0.005.

Experimental measurement of “apparent” perfusion

rate (Fp)

FA was determined from experimental measurements in
the rat of the blood and adipose tissue concentration as
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a function of time. Given the time dependence of the
blood concentration entering the tissue and assuming
that the tissue is “apparently” flow limited, the adipose
tissue concentration depends on only two parameters:
Fa and Kuq.pia (eq. [7]). A continuous smooth plasma
concentration curve was generated from the experimen-
tal plasma data points (see additional file 1: section I for
details) and used as the arterial input (C(t)). Using this
time dependent arterial input, the standard flow limited
organ equations (eq. [7]) were solved for the adipose
concentration as a function of time. The two adipose
parameters F, and K,4.p1q were then adjusted to give
the optimal fit to the experimental adipose concentra-
tion measurements. In most cases the experiments were
carried out for long enough times (up to 132 days) that
the adipose tissue had come close to equilibrating with
the plasma and K,q.p1q could be determined directly
from this equilibrium value.

The numerical calculations were obtained using
PKQuest_Java [17], a freely distributed PBPK software
routine that can be downloaded from http://www.
pkquest.com. In addition, the free file “Persistent organ-
ics” contains the complete experimental data sets for

Table 1 Summary of the experimental data and the model analysis.

Reference Solute log Kow (ref) Fa (kg/min/kg) Kad-bid Comments
Oberg [16] PCB 244 567 [25] 0.15 314 Simultaneous chemical measurements
PCB 2,255 5.84 [25] 0.05 89
PCB 3,344 6.36 [25] 0.08 136
PCB 2,2'345 6.29 [25] 0.08 136
PCB 2,2'45,5 6.38 [25] 0.035 132
PCB 23344 6.65 [25] 0.04 263
PCB 23445 6.74 [25] 0.03 226
PCB 2,2'344'5 6.83 [25] 0012 226
PCB 2,2'44'5 6.92 [25] 0.013 226
PCB 233445 7.18 [25] 0.015 292
PCB 233445 7.18 [25] 0.012 263
PCB 2,2'3344'5 7.27 [25] 0.007 263
PCB 2,2'344'55 7.36 [25] 0.005 263
Muhlebach [23] PCB 2,2'44'55 6.92 [25] 0.02 319 14C, Chemical, not metabolized
Ebling [36] Thiopental 2.85 [37] 0.18 6.5 Chemical
Dallas [38] Perchloroethylene 3.13 [39] 0.25 124 Chemical
Parham [40] Dichlorodiphenylsulfone 3.9 (est) 0.12 89 4C, low metabolite
Yamaguchi [41] Hexachlorobenzene 546 [42] 0.12 80 Chemical measurements
Hexabromobenzene 6.07 [43] 0.03 27
Wang [5] TCDD 23,78 5.95 [44] 0.02 80 *H, low metabolite
Kedderis [35] TBDD 23,78 6.5 [44] 0.0024 89 *H, low metabolite
Komsta [45] PCDE 2,2'44'5 6.38 [46] 0.015 40 Chemical

For each solute that was modeled, the value of the experimental octanol/water partition coefficient (log K,,) and the model values of the “apparent” rat adipose
perfusion rate (F,) and adipose/blood partition coefficient (K q.pi1q) are listed. The last column describes the experimental details of the measurements. For
“chemical” measurements, the parent solute was directly measured. Tracer (**C, 3H) measurements of the total (parent and metabolite) concentration were used
only if there was independent evidence that the metabolite concentration was negligible.
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most of the solutes discussed here and a detailed tutor-
ial for reproducing these calculations.

Value of the anatomic adipose perfusion rate (F)

The determination of PS from eq. [9] requires an esti-
mate of the anatomic adipose perfusion rate (F). The
reported values for F in rat adipose tissue vary over a
large range depending on methodologies, age, strain and
condition (i.e. conscious or anesthetized). In addition,
there are large differences in blood flow at different ana-
tomic locations, varying from about 0.15 for epididymal
to 0.55 kg/min/kg for mesenteric fat [18,19]. Most
recent studies using labeled microspheres in conscious
rats report values in the range of 0.18 to 0.25 kg/min/kg
[20-22]. A value for F of 0.2 kg/min/kg was assumed in
the following calculations.

Experimental data

The experimental data was obtained from the literature.
The central results are those of Oberg et. al. [16] who
simultaneously measured the rat plasma and adipose tis-
sue concentration following an oral dose of a mixture of
13 different polychlorinated biphenyls, varying from 3 to 7
substituted chlorines with log K, varying from 5.67 to
7.36 (table 1). These simultaneous chemical measurements
represent the ideal data set for this analysis and this is the
only measurement of this type that I am aware of.

In addition to the Oberg et. al. data set, the literature
was screened and a number of other solutes were also
modeled. One important experimental limitation for
many solutes is that only the total C'* or H? labeled
equivalent was measured and the parent and metabolite
compounds were not distinguished. Some of these tracer
measurements were used in this analysis (see table 1) if
there was supporting information that the labeled meta-
bolite concentration in the plasma and tissue is rela-
tively low. All of the experimental data that was used,
along with comments about the experimental limita-
tions, are summarized in table 1.

For published data that was available only in graphical
form, the values were read off the graph using the pro-
gram UN-SCAN-IT (version 6.0, Silk Scientific
Corporation).

Summary of procedure used to estimate the adipose-
blood diffusion limitation (Clr) and the intrinsic adipose
capillary permeability-surface area product (PS)
Experimental measurements of the rat arterial blood (Cy,
(t)) and adipose tissue (Cr(t)) concentrations as a func-
tion of time were obtained from the literature. From a
numerical solution of the differential eq. [7], the values of
the two parameters F5 and K,q.p1q4 that gave the best
agreement between the predicted and experimental adi-
pose tissue concentration is then obtained. From the
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ratio of F5/F, the value of the adipose clearance (Clr) and
the parameter « for a given solute can be obtained from
egs. [3] and [6]. Using the relationship between Kyq_yat
and K, (eq. [8], k can be expressed in terms of K

Fo [F=Clr=(cy—cy)/(ca—cr)
=1-exp(—«)
_PS

k=B/Kow ﬂ_ﬁ

As a first approximation, the value of the intrinsic PS
(and B) for a given organ and species can be regarded as
a constant, independent of the solute. This is because
PS is proportional to the aqueous diffusion coefficient
which is roughly proportional to 1/radius (Stokes-Ein-
stein relation). For all the solutes considered here the
molecular radius varies be less than a factor of 2, a var-
iation that is negligible compared to the variations in
Koy (= 10%). Thus, assuming that B is constant, mea-
surements of x for a series of solutes with a wide range
of values of K, can be used to estimate the value of PS
using the known values of f; (= 0.005) and F (0.2 kg/
min/kg).

Results

The three panels in Figures 2 and 3 show the model fits
to the experimental data of Oberg et. al. [16] for the
solutes with the lowest (2,4,4” PCB, log K, = 5.67),
intermediate (2,3,3,4,4" PCB, log K,,, = 6.65) and high-
est (2,2),3,4,4',5,5, log Ko = 7.36) value of K. Figure 2
shows the absolute plot and the insets shows the early
time data. Figure 3 shows the semi-log plot of the same
data. The red line is the smoothed fit to the plasma data
which is used as the arterial input concentration to the
organ. For all the solutes investigated, this smoothed
curve provided a nearly perfect fit to the experimental
blood concentration data points.

The model fit to the adipose concentration data points
is a function of two parameters: Fa, and K,q p1q- These
two parameters were adjusted to give the optimal fit to
the adipose data, and these are the results that are
shown in Figures 2 and 3 and are listed in Table 1. The
adipose tissue fits are clearly not perfect. However,
because of the large qualitative difference in the kinetics
for the 3 solutes shown in Figure 2, there is no question
that there are significant differences in the correspond-
ing values of F5. This is dramatically illustrated in Fig-
ure 4 where the plots of the optimal values of F, are
compared with the best fits that can be obtained using
the value of F, for the neighboring solute in Figure 2.
For example, in the middle panel of Figure 4, the red
line shows the optimal fit (F5 = 0.04) to the experimen-
tal adipose concentration data points for PCB 2,3,3’,4,4’
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Figure 2 Absolute plot of the time dependence of the experimental adipose (green triangle) and blood (yellow diamond)
concentration and the model predictions for adipose (blue line) and blood (red line). The three panels show the results of Oberg et. al.
[16] for a PCB with low (log Ko, = 5.67), moderate (log Ko, = 6.65) and high (log K., = 7.36) octanol/water partition coefficient. The insets show
the results at short times.

(solid circles). The green line is the predicted fit if the
FA were equal to that of PCB 2,4,4’ (F5 = 0.15) and the
blue line is the optimal fit if the F5 was that of PCB
2,2°,3,4,4',5,5 (Fo = 0.005). The values of K,q_pq for the
green and blue lines have been adjusted so that the
curves fit the long time (i.e. equilibrium) data point.
Table 1 lists the model values for F5 and K,4.p1q4 for
the 13 PCBs studied by Oberg et. al. [16] along with a
number of other solutes. One limitation of the Oberg et.

al. data is that the first data point is at 6 hours and the
early time adipose kinetics are missed. To address this,
results are shown in Figure 5 for the very slowly meta-
bolized PCB 2,2’,4,4’,5,5" which has been carefully inves-
tigated by Muhlebach et. al.[23] and has adipose data
points at early times (5, 15, 30, 60 and 240 minutes).
This data (including the early times) is well described by
an F, of 0.02, which is in good agreement with the
Oberg. et. al. data for PCBs with a similar K. Three of
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Figure 3 Semi-log plot of the time dependence of the experimental adipose (green triangle) and blood (yellow diamond)
concentration and the model predictions for adipose (blue line) and blood (red line). The three panels show the results of Oberg et. al.
[16] for a PCB with low (log Ko, = 5.67), moderate (log K, = 6.65) and high (log K., = 7.36) octanol/water partition coefficient. The insets show

the solutes in Table 1 (thiopental, perchloroethylene and
dichlorodiphenylsulfone) have low values of K,,, (and
Kpid-wat) and would be expected to be flow limited. Also
listed in Table 1 are two pairs of solutes that are in the
same chemical class and used similar experimental mea-
surements. The first pair isTCDD and TBDD, for which
both the pharmacokinetic and K,,, measurements were
made by the same laboratory. The second is the

hexachlorobenzene and hexabromobenzene pair whose
kinetics were described in the same publication. For
both of these pairs, there is a significant decrease in the
values for F, with an increase in K,,,. Figure 6 compares
the model F, dependence for TCDD and TBDD, similar
to the plots in Figure 4.

The crucial test of this model of diffusion limitation is
to determine if the fractional clearance (= Clr = FA/F) is
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Figure 4 Comparison of the model fits to the adipose concentrations as a function of the “apparent” perfusion rate (F,) for the three
solutes described in Figures 1 and 2. For each solute, the optimal value of F for that solute (red line) is compared with the optimal fit that
can be obtained using the value of Fa for the other solutes (green and blue line). For the green and blue fits, the value of the adipose/blood
partition (K) was adjusted to approximately fit the last time point. The value of F5 and K for each line is listed at the bottom of each panel.

described by eq. [9] Figure 7 shows the plot of the
Oberg et. al. [16] values of F5/F (solid circles) as a func-
tion of K. The red line is the plot of 1-exp(-B/Kyy),
with B (eq. [9]) adjusted to provide the best fit to the
Oberg et. al. data. For the value of § (= 0.75 x 10°) that
provides the best fit to the data in Figure 6, PS = BfiF =
750 min' (assuming f; = 0.005 and F = 0.2).

Discussion
As described by eq. [3], the blood-water partition coeffi-
cient (Kpjq-war) has a critical role in determining whether

tissue-solute exchange is diffusion limited. The capillary
permeability limitation produced by this blood lipid solute
binding is directly analogous to the carbon monoxide
(CO) pulmonary diffusion limitation that results from the
high affinity of hemoglobin for CO [24]. This same effect
was also invoked to quantitate the capillary diffusion lim-
itation of albumin bound B-lactam antibiotics [3]. As seen
in eq. [3], given a finite intrinsic permeability (PS), the
solute must become diffusion limited if Kpjqwa is large
enough. The only question is at what value of Kyjq.ya¢ does
the solute become diffusion limited?
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Figure 5 Absolute plot of the time dependence of the experimental adipose (green triangle) and blood (yellow diamond)
concentration and the model predictions for adipose (blue line) and blood (red line) for the PCB 2,2’,4,4',5,5' data of Muhlebach et.

To answer this question, the degree of diffusion lim-
itation was determined for a series of solutes with vary-
ing values of octanol/water partition coefficient (Ky,).
The “diffusion limitation” was quantitated in rat adipose
tissue from experimental measurements of the ratio of
the “apparent” perfusion rate (F,) relative to the ana-
tomic perfusion rate (F). Assuming that Kyjq.wae iS
roughly proportional to K, (eq. [8]), one should
observe an increase in diffusion limitation as K,,,
increases. One would expect that this relationship would
only be roughly satisfied because the exact relationship
between K, and Kpjq.war should depend on the specific
blood protein binding and the detailed chemical struc-
ture [12,13]. This is the reason that it is especially
important to have the Oberg et. al. [16] experimental
data set for a large series of solutes with similar chemi-
cal structures and with K, varying over a 50 fold
range. Another factor that introduces variations in the
relation between diffusion limitation and K,,, is that
there are large variations in the experimental measure-
ments of K, depending on the experimental technique
that is used. An advantage of the Oberg et. al. data set
is that the values of K, for all the solutes was deter-
mined using the same approach [25]. As shown in Table
1, for the Oberg et. al. data there is a qualitative increase
in the degree of diffusion limitation (i.e. reduction in
“apparent” perfusion rate F,) as K, increases. Quantita-
tively, this diffusion limitation is quite will described by
eq. [9] (Figure 7).

Also listed in Table 1 are the values of F5 for some
other solutes. Three of these solutes (thiopental, per-
chloroethylene, and dichlorodiphenylsulfone) have very

small values of K,,, and one would expect them to be
flow limited. Consistent with this prediction, their values
of F, are close to the assumed anatomic value (F) of 0.2
kg/min/kg.

Results are also shown in table 1 for hexachloroben-
zene, hexabromobenzene, TCDD, TBDD and PCDE.
The hexachlorobenzene and hexabromobenzene pair are
directly comparable since their kinetics were described
in the same publication using identical procedures.
Similarly, the TCDD and TBDD pair results were car-
ried out by the same lab using similar procedures. For
both of these solute pairs with very similar structures,
there is a significant increase in diffusion limitation (i.e.
decrease in F,) with an increase in K,,, (see also Figure
6 for a sensitivity analysis of the TCDD and TBDD
results). These five solutes have values of K,,, in the
same range as the flow limited solutes studied by Oberg
et. al. [16] and, qualitatively, have a similar increase in
diffusion limitation (decrease in F,) with increasing K.
Quantitatively, these solutes do not fall on exactly the
same F4/F versus K,,, curve (Figure 7) that was obtained
for the Oberg solutes. As discussed above, this is not
surprising because one would predict that the propor-
tionality between K, and Kpjq.wa¢ should have some
solute dependence and should also depend on the speci-
fic details of, for example, the K,,, measurements.

From the plot of Fo/F versus K,,, for the Oberg et. al.
data (Figure 7), one can estimate that the corresponding
value of the “intrinsic” PS for rat adipose tissue is about
750/min (see Results). To put this very large value in
perspective, the highest capillary permeability that has
been directly measured is a PS of about 1/min for Na*
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Figure 6 Perfusion rate dependence (F,) of the model fits to the experimental adipose concentration measurements (solid circles) for
tetrachlorodibenzo-p-dioxin (TCDD, Wang et. al. [5]) and tetrabromodibenzo-p-dioxin (TBDD, Kedderis et. al. [35]). The red line is the
predicted fit using the optimal value of F, for that solute and the green line is the fit using the F of the other solute. For the green lines, the
value of the adipose/blood partition (K) was adjusted to approximately fit the last time point.

\

in heart capillaries [26]. Solutes with a PS of 750/min
only become diffusion limited because they have a very
large value of Kyjg.war (= 5000).

One can use this value of PS to estimate the “equiva-
lent” thickness of the rat blood-adipose diffusion limit-
ing barrier. The permeability is equal to:

P=Dy |W (10)
where Dy is the aqueous diffusion coefficient and W
is the thickness. Thus, relating W to PS:
W =D,S/PS (11)
where is S is the rat adipose capillary surface area.
Using values of 5 x 10°® cm?/sec [27] for PCB Dy and 35
cm?/cm?® [28] for rat S, the value of W is about 1.4 x 107°
cm for a PS of 750/min. This value for W (0.14 pum) is
approximately equal to the thickness of the rat adipose
capillary endothelium (0.25 um) [29] and seems a reason-
able estimate of the aqueous diffusive barrier between the
blood (where the solutes are well-stirred and bound to
albumin and the lipoproteins) and the adipose lipid.

An inherent assumption in this analysis is that the

rate limiting step is the aqueous diffusion across the

capillary wall and that the diffusion in the capillary
blood and adipose tissue is not limiting. Diffusion in the
blood should not be rate limiting because it is well stir-
red and the solute is bound at a high concentration rela-
tive to the water. The relative rates of diffusion in the
aqueous and fat tissue are described by:

Aqueous Diffusion a D,c,,

12

Lipid Diffusion a Djc; =K pi—waD1Cw (12)
and the ratio of lipid to aqueous diffusion is:

Lipid | Aqueous Diffusion = K ;_,0 D1 | Dy (13)

Since the lipid (i.e. olive oil) viscosity is about 85 times
greater than water, the Stokes-Einstein relation predicts
that the lipid diffusion coefficient is about 85 times
smaller than in water. However, this relation is valid
only if the solute is much larger than the solvent, which
is not true for diffusion in olive oil. For small solutes,
such as O, or N, the diffusion coefficient in olive oil is
only about 3 times smaller than in water [30]. Roga-
cheva et. al. [31] measured diffusion coefficients of 2-
nonanone and benzaldehyde in oil that were about 10
times less than the water value. As a rough estimate, it
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is assumed that the diffusion coefficient in olive oil for
the solutes studied here is about 20 times less than in
water (Dy /Dy = 0.05). Since Kgjj_wat for the solutes con-
sidered here is 10° or greater, aqueous diffusion (eq. 13)
is clearly the rate limiting step.

A novel feature of this analysis is the approach that
was used to determine the “apparent” adipose perfusion.
In the previous publications from which this experimen-
tal data was obtained, the blood and adipose concentra-
tions were simultaneously modeled using the complete
PBPK multi-tissue model. In many cases the model fit
to the blood concentration is only poorly approximated
by this PBPK model, presumably because of errors in
the model assumptions (e.g. non-linearity). In contrast,
in this analysis the exact experimental blood concentra-
tion is fit by a smooth curve so that the model input to
the adipose tissue is identical to the experimental arter-
ial concentration. The adipose perfusion rate is then
adjusted to give the best fit to the experimental adipose
concentration. This provides a significantly more accu-
rate estimate of adipose perfusion then the total PBPK
model fit with the incorrect blood concentration.

It is of interest to try to extrapolate these rat results to
humans. The degree of diffusion limitation for a given
Kow is determined by the parameter B = PS/(fLF)
(eq. [9]). P corresponds to the diffusion limiting aqueous
layer and should be similar for rat and human. Since

rats [32] and humans [33] have similar adipose capillary
densities, they should have similar capillary surface areas
(S). Also, the blood lipid fraction (f) is similar for rats
and humans. One factor that does differ between rats
and humans is the adipose blood flow (F), with the aver-
age human value of about 0.05 kg/kg/min [34] about 1/4
the rat value (0.2 kg/kg/min). Thus, the human value for
B is about 4 times larger than the rat value and there
should be corresponding less diffusion limitation for the
same value of K.

Conclusions

Although it has been previously recognized that some
highly fat soluble persistent organic chemicals are diffu-
sion limited [5-7], this analysis provides the first physical
explanation of this diffusion limitation along with its
quantitative dependence on K,. This diffusion limita-
tion follows directly from the basic physiology of the
blood tissue exchange. There must be some finite aqu-
eous unstirred layer between the blood and the adipose
lipid and this layer will become rate limiting if Kyjg_yat iS
large enough. The results described here show that this
diffusion limitation reduces the apparent rat adipose
perfusion rate from the anatomic value of about 0.2 kg/
min/kg for the flow limited solutes (log K., < 5) to a
value of about 0.005 kg/min/kg for a PCB with a log
Kow of 7.36. The thickness of the limiting layer
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estimated from this analysis is about 0.14 um, approxi-
mately equal to the thickness of the adipose capillary
epithelial cell.

List of abbreviations

PBPK: Physiologically based pharmacokinetics; F: ana-
tomic organ perfusion rate (kg/min/kg); FA: “apparent”
perfusion rate assuming the organ kinetics are flow lim-
ited; a: capillary radius (cm); L: capillary length (cm); N:
capillary density (#/cm?); S: 2maNL: capillary surface
area surface area per cm” tissue (1/cm); P: intrinsic per-
meability (cm/min); PS: intrinsic organ permeability-sur-
face area product (min™'); Clr: fraction of solute that
equilibrates across capillary in one pass; C;: total con-
centration (mole/kg) in organ i. i: B(blood), A(artery),
V(vein), T(adipose); c;: free concentration in water
(moles/cm®); f: “equivalent” lipid fraction of blood;
Kpid-war: blood/water partition coefficient; Kyg_wae: adi-
pose/water partition coefficient; K,q_114: adipose/blood
partition coefficient; Kg;j_ya:: 0il/water partition coeffi-
cient; K, octanol/water partition coefficient; D,, and
D, : Diffusion coefficient in water and lipid (cm?/sec);
W: thickness (cm) of equivalent aqueous layer corre-
sponding to intrinsic permeability; PCB: polychlorinated
biphenyl; PCDE: pentachlorodiphenyl ether; TCDD: tet-
rachlorodibenzo-p-dioxin; TBDD: tetrabromodibenzo-
p-dioxin.
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