Analysis of Segmental Phosphate Absorption in Intact Rats

A Compartmental Analysis Approach

Laurie H. Kayne, David Z. D’Argenio, James H. Meyer, Ming Shu Hu, Nora Jamgotchian, and David B. N. Lee
Medical and Research Services, Veterans Affairs Medical Center, Sepulveda, California 91343; UCLA School of Medicine, Los Angeles,
California 90024; and School of Engineering, University of Southern California, Los Angeles, California 90089

Abstract

Available information supports the dominance of the proximal
intestine in inorganic phosphate (P,) absorption. However,
there is no strategy for analyzing segmental P, absorption from
a spontaneously propelled meal in an intact animal. We pro-
pose a solution using compartmental analysis. After intragas-
tric administration of a 3P-labeled P; liquid meal containing a
nonabsorbable marker, [“C]polyethylene glycol (PEG), rats
were killed at 2, 10, 20, 30, 60, 120, and 240 min. The gastroin-
testinal tract was removed and divided into seven segments,
from which 3’P and [**C]PEG were recovered. Data was ex-
pressed as a percentage of the dose fed, i.e., (**Pyis segment]
+ 3Prq)) and [MCIPEG i segmenty + [MCIPEG q;), respec-
tively. A compartmental model was constructed and the rate
constants for intersegmental transit and segmental absorption
were estimated. The ‘“goodness of fit” between the simulated
model and the actual data indicates the estimated rate con-
stants reflect in vivo events. The duodenum, with the highest
transit and absorption rates, accounted for a third of the total
absorption. However, the terminal ileum, with a lower absorp-
tion rate but a longer transit time, absorbed an equal amount of
P;. This approach allows the analysis of the mechanism and the
regulation of P; absorption under more authentic in vivo condi-
tions. (J. Clin. Invest. 1993. 91:915-922.) Key words: distal
intestine » gastrointestinal transit » liquid meal « proximal intes-
tine

Introduction

In previous studies in rat intestinal segments, we have demon-
strated the presence of active inorganic phosphate (P,;) absorp-
tion in jejunum even in vitamin D-deficient (—D) rats (1, 2).
1,25-Dihydroxyvitamin D (1,25D) repletion in these rats
caused the induction of active P; absorption in the duodenum
and marked augmentation of active P; absorption in the je-
junum (1-3). Little or no active P; absorption, in both —D and
1,25D-replete rats, was noted in the ileum (1) and the colon
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(4). These and similar findings by others (5) have led to the
consensus that the bulk of P, absorption is accomplished in the
proximal intestine (6). However, all of these studies were based
on measurements in isolated intestinal segments, bathed in or
perfused with artificial solutions. The segmental contribution
to P; absorption in a living animal, however, can only be as-
sessed in an intestine in which the natural physiological condi-
tions and regulatory mechanisms are not altered and the for-
ward progression of the meal is not impeded.

Although many studies have evaluated total intestinal P,
absorption in vivo (5, 7), only three have attempted to resolve
this total P, absorption into components contributed by differ-
ent intestinal segments. In one study in the rat, the transit rate
was measured in one group of animals and the absorptive rate
for P, was measured in ligated intestinal loops in a different
group of animals (8). The failure to measure transit and ab-
sorption simultaneously in the same animal and the disruption
of the anatomical and physiological continuity of the intestine
cast doubt on the observations as truly reflecting in vivo events.
In the other two studies in chicks (9) and laying hens (10),
respectively, absorption was measured at only one time point,
and the relationship of this time point to the meal was not
clearly defined. These constraints raise difficulties in interpret-
ing the data because P, absorption in a given segment would be
expected to vary with time after the administration of a meal.

In the current study we propose a new approach to the
analysis of in vivo segmental P; absorption. A compartmental
model describing the transit and absorption of P; was devel-
oped from the experimental data. This model was then used to
estimate the rate of P; absorption and the percentage of P; ab-
sorbed by the different intestinal segments over time. The
“goodness of fit” found between the experimental data and the
curves generated by the simulated model suggests that com-
partmental analysis can be applied to the in vivo analysis of
segmental P, (or other nutrients) absorption from a food bolus
advancing unhindered through the gastrointestinal tract.

Methods

Study design. 43 male Sprague-Dawley rats weighing 100-150 g and
fed a diet that contained 1.2% and 0.8% of Ca and P;, respectively, were
used for all experiments. The liquid meal (0.85 + 0.04 ml) was given by
gastric gavage (5Fr, 15-in. Pharmaseal tubing, Baxter Healthcare
Corp., Valencia, CA) after an 18-h fast. Rats were fed between 10 and
11 a.m. each day in all experiments. After administration of the feeding
solution the animals were deprived of food and water. Rats were anes-
thetized by intraperitoneal injection of sodium pentobarbital (50 mg/
kg)at2(n=4),10(n=9),20(n=7),30(n=6),60(n=28),120(n
= 5), and 240 (n = 3) min after intragastric feeding. The number of
rats used at each time point was determined by the variability of the
observations at that time point. Immediately after anesthesia the abdo-
men was opened and the gastrointestinal tract exposed. The gastrointes-
tinal tract was immediately clamped at the esophageal-gastric junction
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and above the anus. As shown in Fig. 1, the entire intestine was then
removed and divided into seven segments: stomach, the duodenum
(10 cm), four equal segments of the remaining small intestine (20-24
cm each—proximal segment 1, proximal segment 2, distal segment 1,
and distal segment 2), and cecum/colon. The length of the small intes-
tine for all the rats was 99+5 cm.

Although there is general agreement on the duodenum as the seg-
ment that extends from the pylorus to the ligament of Treitz, there is
less consensus on the definition for the jejunum or the ileum. This is
because there is not a distinct anatomical site that separates the two
segments. In the human, the jejunum is generally defined as the first
two-fifths of the intestine past the ligament of Treitz and the ileum as
the last three-fifths of the small intestine (11). In the rat, however, the
term “ileum” has been used to refer to only the last 10 cm (as in Ussing
studies [12]) to as much as the entire second half of the small intestine
past the ligament of Treitz in whole-animal studies (8 ). As a generaliza-
tion, our proximal segments 1 and 2 would represent the convention-
ally defined jejunum, and our distal segments 1 and 2, the ileum.

Each segment was perfused with 35 ml of normal saline (0.9%
NaCl). The amount of saline perfused was based on a previous report
in the literature (13) and also on the amount determined in our labora-
tory to effectively remove the entire dose of [ '“C]polyethel glycol [ '“C]-
PEG. The perfusate was weighed and samples were analyzed for 32P
and ['“C]PEG.

Placement of the feeding tube. To determine the length required for
intragastric feeding, three rats were anesthetized and dissected to ex-
pose the esophagus and stomach, and feeding tubes were advanced
through the mouth into the stomach of each rat (14). A length of 9 cm
was required to position the tip of the feeding tube in the stomach of all
three rats. The position of the feeding tube was further confirmed by
filling a feeding tube with 1 ml of barium sulfate and advancing the
tube 9 cm in a fasted and anesthetized rat. X-ray films were taken
before and after injection of 1 ml of barium sulfate. The pictures re-
vealed the tip of the tube was in the fundus and the injected contrast
was found only in the stomach.

Liquid meal. A liquid meal not containing other nutrients was used
to allow comparison with other studies measuring mineral absorption
(8, 15, 16). The liquid meal contained sodium phosphate (10 mg/ml),
PEG (mol wt 4,000, 1 g/100 ml), 2 xCi "*C-labeled PEG (['*C]PEG,
60 mci/mmol), and 1 uCi 3P tracer (9,000 Ci/mmol). P and [“C]-
PEG were used as markers of P; and PEG movement. PEG served as a
nonabsorbable, liquid-phase marker (17, 18) to document movement
of the meal through the intestinal tract and as a reference against which
P, absorption was measured.

The concentration of P; used in the present study was based on
previous studies conducted in rats (8, 15, 19) and humans (20). Stud-
ies have used concentrations that ranged from 0, i.e., tracer only (8, 15)
to 240 mM (20). In the present study we decided to use a concentra-
tion of 83 mM. At this concentration we were giving the rats 2.19 mg P.

Radioisotope analysis. To determine 3P and [ '“C]PEG activity in
samples, aliquots were taken and counted in duplicate in a two-channel
liquid scintillation counter (model LS 5801, Beckman Instruments,
Inc., Palo Alto, CA) that automatically corrected for quench and
spillover.

Esophageal-gastric
junction X

Ligament of Treifz

Calculations. In each rat, total recovery of ['*C]PEG and 3P was
determined by summing the activities recovered in all individual seg-
ments. The total intestinal P; absorption (in percent dose) was calcu-
lated as [1 — (*’P/["*C]PEG )gom att segmens = (**P/["*CIPEG )gom feea]
X 100. The segmental recoveries of PEG and P; at any time point were
expressed as a percentage of the amount fed and were calculated as
(["*CIPEGin segment) + [ “CIPEG;goq)) ad (**Pin segment + *Pseq)) TE-
spectively.

The mean residence time of PEG, rate of P, absorption, and percent
P, absorbed by each segment were estimated using compartmental anal-
ysis. The compartmental model shown in Fig. 2 was used for this pur-
pose and represents transit and absorption of P; assuming first-order
kinetics. Fig. 1 summarizes the definitions of the seven intestinal seg-
ments, which are represented by the larger boxes in Fig. 2. The model
shown in Fig. 2 depicts compartments as smaller boxes, transit rate
constants as Ky, ks, . . . kg; (k;; represents transit from j to i), and
absorption rate constants as kg,, ko3, . . . Ko7 (ko TEpresents absorp-
tion from i. No detectable P; absorption occurred from the stomach
(compartment 1 ). Because of the significant transit delays occurring in
the last three segments (distal segments 1 and 2, and cecum/colon), as
evident from inspection of the segmental P; and PEG data, it was not
reasonable to model these segments as single homogeneous compart-
ments. Instead, each of these segments was represented by a series of
identical compartments with the same transit (kgs, ks, or kg;) and
absorption (kgs, kg, OF ko) rate constants. The numbering of the rate
constants in distal segments 1 and 2 and cecum/colon reflects this
assumption and refers to segment and not compartment numbers. The
total number of compartments selected to represent each of these three
segments was determined by a “goodness of fit” analysis of simulated
models (see below). Administration of the liquid meal was modeled as
a bolus injection into the stomach, compartment 1 in Fig. 2. The six
shaded compartments (16 through 21), correspond to output from
compartments 2, 3, and 4, the sum of the output from compartments 5
through 8, the sum of the output from compartments 9 through 13, and
the sum of the output from compartments 14 and 15.

Compartment model rate constants were estimated using the non-
linear, ordinary least squares estimation capabilities of the ADAPT Il
pharmacokinetic modeling package (21). To estimate all the rate con-
stants of the model shown in Fig. 2, the following two-step procedure
was used. First, the compartment model was used to estimate seven
PEG transit rate constants (k,;, ks, Ku3, Ksa» Kes» K76, Kg7), assuming no
PEG absorption (i.e., kg, = ko3 = ko4 = kos = kos = ko7 = 0.0). Next the
P; data were used to estimate the six absorption rate constants, with the
transit rate constants fixed at their least squares estimates obtained
from the PEG data. This is based on the assumption that P; and PEG
transit through the gastrointestinal tract at the same rate. Based on the
movement of the markers observed in this study, this assumption ap-
peared valid (see results). Approximate values for the standard devia-
tions of all rate constant estimates were also obtained (see Landow and
DiStephano [22]). In order to arrive at the model shown in Fig. 2, the
above two-step estimation procedure was implemented using candi-
date models with different numbers of compartments to represent dis-
tal segments 1 and 2 and cecum/colon. Adding more compartments
than shown in Fig. 2 to represent the delays in these distal segments

lleo-cecal junction
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(Duo) Segment 1

Stomach
(Sto)
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Segment 2 Segment41 Segment2 Colon
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Figure 1. Definition of intestinal segments.
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Figure 2. Diagram of 21-com-
partment model representing the
gastrointestinal tract. The intes-
tinal segments sto, duo, prox seg
1, and prox seg 2 are represented

STO DUO

.

DIST SEG 1

K2p K3 K K Ke: K
1 |?_| 3 4 a B4 5 5 65 _I_(_s‘
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by compartments | through 4,
respectively. Dist seg 1 is repre-
sented by compartments 5-7.
Dist seg 2 is represented by com-
partments 8-13, and the cec/col
is represented by compartments

YO

14 and 15. kyy, ksy, Kys, ksq, ks
k¢, and kg, are the transit rate
constants for each intestinal seg-
ment. kg, Ko3, Kos» Kos» kog, and
ko7 are the absorption rate con-

DIST SEG 2 CEC/COL stants. Compartments 16
through 21 represent the per-
Kes K7e K7e K76 K76 K7e K76 Ks7 centage of P; absorbed by the in-
-] —110 11 12 testinal segments was estimated

Kos Kos Koe lKos ‘Kos

14 15
Kos \Ko7 /Ko7

by the percentage of P; in com-
partments 16 through 21 using
the estimated rate constants.

produced < 1% reduction in the overall sum of squares. It should be
noted that all the measured data for each of the segments was used to
define the least squares criterion for the PEG and P; data. In both cases
a total of 272 observations were used (32 for stomach, 36 for duode-
num, 36 for proximal segment 1, 42 for proximal segment 2, 42 for
distal segment 1, 42 for distal segment 2, and 42 for cecum/colon).

Using the least squares estimates of the rate constants, the compart-
ment model of Fig. 2 was simulated to predict the percent P; absorbed
by duodenum, proximal segment 1, proximal segment 2, distal seg-
ment 1, and distal segment 2 (no absorption was reliably detected in
cecum/colon, see below). These were estimated as the activities in
compartments 16 through 21 at 10, 20, 30, 60, 120, and 240 min after
administration of the liquid meal. The associated standard deviations
for percent P; absorbed by each segment were estimated with the Monte
Carlo simulation option (n = 500) of ADAPT II (21), using the least
squares estimates for the rate constants and their standard deviations to
define a log-normal distribution for each parameter. Absorption rate
profiles, i.e., the rate of P; absorbed from the duodenum through the
terminal ileum as a function of time, denoted as rabsy,,(¢), . . . ,
1absis, seg 2(7), Were constructed from the model as follows [ (x;(¢) repre-
sents the simulated P; activity in the ith compartment]: rabsy,,(?)
= k02x2(t); rabsproxseg l(t) = ko3X3([); rabspmxsegl(t) = k04x4(t); rabs-
gistseg1(1) = kos[xs(t) + xg(£) + x7(1)]; 1abSggeeg2(t) = kool x3(2)
+ Xo(1) + X0(2) + x;1(2) + X;2(2) + Xx;3(2)]. Finally, the mean resi-
dence time (MRT) of PEG in each segment (MRT,,, through MR T,
seg 2) Were calculated from the least squares estimates of the transit rate
constants as follows: MRT,, = 1/ky;; MRTyy, = 1/ksp; MRT oy seg 1
= 1/ksy; MRT, = 1/kss; MRTgigtseg1 = 3/kes; MRTgiqseq2
=6/ks.

Values are presented as means+SD, except where noted in the text.

prox seg 2

Results

Recovery of P; and PEG. Total recovery of PEG was 89+6%.
Recovery of P; was 90% at 2 min and then progressively de-
creased with time due to absorption.

Intestinal transit of PEG and P;. The movement of PEG
through the intestine over time is shown in Fig. 3. At 20 min
~ 80% of the recovered PEG was at or beyond proximal seg-

Definitions of the segments and
corresponding abbreviations are
shown in Fig. 1.

ment 2 and by 2 h virtually all of the recovered PEG had
reached distal segment 2. An identical transit pattern was ob-
served for P; (not shown), suggesting that the two solutes ad-
vanced through the gastrointestinal tract at the same rate.

The least squares estimates for the transit rate constants
obtained by fitting the compartment model (Fig. 2) to the col-
lected PEG data are listed in Table 1. The standard deviation
obtained for kg; was > 10 times higher than the estimate and
therefore was not included in the analysis. The PEG activities
predicted by this fitted model are shown in Fig. 3 along with the
measured data (shown as mean=SD) for each of the seven
measured segments (all of the data were used in the parameter
estimation). The correlation coefficient (r) for the seven seg-
ments, stomach, duodenum, proximal segment 1, proximal
segment 2, distal segment 1, distal segment 2, and cecum/co-
lon, are 0.99, 0.81, 0.87, 0.80, 0.82, 0.93, and 0.98, respec-
tively. The estimates of the MRT for PEG in each segment are
as follows: stomach, 5.6+0.03 min; duodenum, 2.7+0.3 min;
proximal segment 1, 5.8+0.5 min; proximal segment 2,
29.8+2.6 min; distal segment 1, 51.1+3.5 min; distal segment
2, 106.4+11.7 min. These results indicate that transit through
the stomach, duodenum, and proximal segment 1 are compara-
ble, whereas there is a progressive reduction in the rates of
transit through the more distal segments.

P; absorption. Absorption of P; from the liquid meal over
time is shown in Fig. 4. About 40% of the P, fed was absorbed in
the first 30 min and 91% was absorbed by 2 h.

Table II gives the least squares estimates for the absorption
rate constants along with their standard deviations for each
intestinal segment. The standard deviation for the estimate of
ko; was > 10 times higher than the estimated value suggesting
the absence of absorption in cecum/colon in this study. Fig. 5
shows the model predictions for the percent P; in each segment
along with the measured data shown as the mean+SD. The r
values for the stomach, duodenum, proximal segment 1, proxi-
mal segment 2, distal segment 1, distal segment 2, and cecum/
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Figure 3. Fitting of the compart-
mental model to the PEG data. For
each segment, the means (e)+SD
for the observed data are shown. The
solid line shows the percentage PEG
over time that is predicted from the
estimated transit rate constants in
the compartmental model. Estima-
tion of the transit rate constants is
described in Table 1. A total of 272
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colon are 0.97, 0.90, 0.87, 0.82, 0.78, 0.74, 0.81, and 0.90,
respectively. The estimated P; absorption rate profiles for the
small intestine segments (see Methods) are displayed in Fig. 6.
Inspection of these curves indicates that the maximal rate of P;
absorption is substantially higher in the duodenum than in any
other segment.

Table III shows the estimated values of percent P; absorbed
(+SD) by the small intestine segments at five of the observa-
tion time points. The duodenum and distal segment 2 (termi-
nal ileum) each absorbed one-third of the total P; dose with the
remaining one-third absorbed by the rest of the intestine in
between.

Discussion

In the current study we have developed a model for analyzing
segmental solute P; absorption from a spontaneously propelled
liquid meal in vivo. As discussed earlier, of the few studies
published, none has satisfied the theoretical and experimental
considerations associated with absorption from a continuously
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observations were used.

moving food bolus through an untampered gastrointestinal
tract (8-10).

A more rigorous study design was used by Marcus and Len-
gemann in analyzing segmental calcium absorption in vivo
(16, 23). Animals fed either a liquid or a solid diet containing
4Ca and a nonabsorbable isotopic marker, °'Y were killed in
incremental time intervals after feeding. Based on the recovery
of these isotopes in consecutive intestinal segments, a ¥’Ca
curve and a 'Y curve were generated for each segment defining
the amount of each isotope remaining in the segment over
time. The area under the curve (AUC) for “’Ca was then sub-
tracted from the AUC for °'Y for each segment and this differ-
ence in AUC was taken to represent the Ca absorption which
had occurred up to a given segment. Based on such calcula-
tions, they concluded that the bulk of in vivo Ca absorption
occurred in ileum. °'Y and “Ca, however, did not move
through the gastrointestinal tract at the same rate (16, 23). In
addition, Fig. 7 attempts to examine the validity of equating
the difference in AUCs to the absorption of Ca. Schematized
47Ca and °'Y curves are depicted in a proximal segment with a



Table 1. Estimates of Transit Rate Constants

Parameter Estimate
min~!
ky, 0.180+0.009
k3, 0.373+0.040
ka3 0.172+0.015
kss 0.034+0.003
kes 0.059+0.004
ke 0.056+0.006

Values are estimates of the transit rate constants+SD. The estimates
are based on data from 100-150-g fasted rats (n = 42) after intragas-
tric feeding of a liquid meal containing ['*C]PEG, 10 mg of PEG, P,
and 10 mg of sodium phosphate. At various time points rats were
killed and the intestine was removed. The segments were perfused
with saline and the perfusate counted for ['*CJPEG and *?P. The
percent PEG in each segment was determined for each rat. Estimates
for kyy, ksa, ka3, ksa, kes, and ks were obtained by fitting the compart-
mental model (Fig. 1) with the absorption rate constants set at zero to
the PEG data using the nonlinear least squares estimation procedure
contained in ADAPT II (21). The associated covariance matrix was
also calculated to determine the SD for each transit rate constant.
See Fig. 2 for definitions of parameters.

rapid transit time (10 min, /eft panel) and a subsequent seg-
ment with a slower transit time (120 min, right panel). The
ratio of AUC*Ca to AUC®'Y was 2:3 in the early segment,
suggesting that one-third of the Ca in the meal had been ab-
sorbed up to this segment (assuming the ratio of the absorbable
Ca to the nonabsorbable *'Y was 1 in the meal). This ratio
remained unchanged in the subsequent segment indicating no
further extraction of Ca has occurred. However, from the dif-
ference in AUCs (°'Y — #Ca), represented respectively, by «,
and «a,, one would conclude that Ca absorption in the more
distal segment was greater, in that «, was clearly greater than
a;. Thus, calculation of absorption based on difference in
AUCs would erroneously attribute greater absorption to the
segment with the longer transit time.

100
90 { 9
80
70
60 4

50 l/%

40] §1
30-/
201?
A

Absorption (% of Pi fed)

0 60 120 180 240 300 360
TIME (minutes)

Figure 4. Absorption of P, as a function of time after intragastric ad-

ministration of **P and ["*C]PEG to fasting Sprague-Dawley rats

(100-150 g). See Table I for methods. Percentage of fed P; absorbed

was calculated from the equation: 1-[(*?P/['"*C]PEG recovered from

the rat)/(**P/["*C]PEG fed)]. Data are expressed as means=SE, n
= 3-9.

Table I1. Estimates of P; Absorption Rate Constants

Parameter Estimate
min~!
ko 0.198£0.060
ko3 0.015+0.027
Koa 0.017+0.008
Kos 0.004+0.006
kos 0.035+0.010

Values are estimates+SD of the P; absorption rate constants in the
intestine based on data from 100-150-g fasted rats (n = 42) after
intragastric feeding of a liquid meal containing ['*C]PEG, 10 mg of
PEG, ¥P, and 10 mg of sodium phosphate. At various time points
rats were killed and the intestine was removed. The segments were
perfused with saline and the perfusate counted for ['*CJPEG and *?P.
The percent dose P; in each segment was determined for each rat.
The absorption rate constants kg, ko3, kos, Kos, kos, and ko, were esti-
mated by fitting the compartmental model (Fig. 2) to the P; data
using the nonlinear least squares estimation procedure contained in
ADAPT II (21). The transit rate constants were set at values obtained
in Table I. The associated covariance matrix was also calculated to
determine the SDs for each absorption rate constant. See Fig. 2 for
definitions of parameters.

We propose an approach using compartmental analysis, a
technique frequently employed in pharmacokinetic studies.
This form of analysis has been used to describe the dynamic
disappearance rates of a drug from the circulation following its
administration into different “compartments.” We have
adapted this principle to analyze the in vivo, dynamic absorp-
tion rate (disappearance rate) of a solute (drug) from the intes-
tinal lumen (circulation) of different segments after the intra-
gastric administration of a liquid meal.

The compartment model developed from the experimental
data assumes that the fluxes of 2P and [ “C]PEG are governed
by first-order kinetics, are in the directions indicated by the
arrows in Fig. 2, and that the distribution of 2P and ['*C]PEG
within each compartment is homogeneous. Because PEG is
not absorbed, it is a reasonable approximation to consider its
fluxes are governed by first-order kinetics. For P;, given the
level fed (83 mM), the passive process is dominant and can be
described by first-order kinetics (7). Cramer (8) has previously
demonstrated negligible secretion into the gastrointestinal tract
of administered *’P 6 h after the dose. His study, therefore,
indicates that the second assumption is valid. In order to ac-
count for the significant delays occurring in distal segments |
and 2, and cecum/colon, each of these segments was modeled
by a series of identical compartments (with the same transit
and absorption rate constants). This approach satisfies the
third assumption and seems reasonable in that we are only
interested in the overall transit and absorption properties of
these segments, and not in the kinetic inhomogeneities that
may exist along the length of each of the segments. Given these
assumptions, the model allows for the estimation in each seg-
ment of the mean residence time of the meal, the rate of P,
absorption, and percent P; absorbed ( Tables I-I11). The plausi-
bility of the model is supported by its ability to describe the
experimental data (Figs. 3 and 5), and suggests that the model
can be used to provide estimates of in vivo P, transport and
absorption kinetics in different intestinal segments.
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2 E nal ileum (distal segment 2) by 2 h. The transit rate of the meal,
< %03 ~TN however, slowed dramatically as the meal moved down the
] . intestine. The mean residence time of the liquid meal went
& %5 0.2 . from 6 min in the duodenum to 52 min in distal segment 1 and
= \.\ 116 min in the distal segment 2. Traditionally, the early appear-
5 0.1 Y ance of an orally administered isotopic P; in blood has been
— S interpreted to reflect the contribution of absorption by the
0.0- = 20 T80 —;40 proximal intestine (5, 25). Our data, however, demonstrate

TIME (minutes)

Figure 6. Segmental P; absorption rate profiles. The P, absorption
rates for each segment are shown over time. The rates of P, absorbed
from the duodenum through distal segment 2 as a function of time
were constructed from the compartmental model (see Methods).
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that a liquid meal arrives in the distal small intestine as early as
10-20 min after its consumption. This raises the possibility
that the early appearance of an enterally administered nutrient
in the circulation may derive from the distal intestine as well.

Our choice of using a liquid meal (8, 16) and the P; concen-
tration (8, 19, 20) is based on the majority of published studies



Table II1. Segmental P; Absorption over Time

Time
Segment 10 30 60 120 240

min
Duodenum 26+5 347 34+7 34+7 34+7
Proximal segment 1 243 4+5 4+5 4+5 4+5
Proximal segment 2 1+£0.7 114 18+6 19+7 20+7
Distal segment 1 0 0.9+1 344 6+6 6+7
Distal segment 2 0 0.2+0.1 4x1 22+6 3349

Values represent the percentage P; absorption occurring in each intestinal segment in 100-150-g fasted rats fed a liquid dose of P; and PEG. The
percentage P; absorbed by each segment was estimated via Monte Carlo simulation of the estimated compartment model. The transit rate
constants and the absorption rate constants were set at the values obtained in Tables I and II. Each parameter estimate and its standard deviation
were used to define the log-normal parameter distributions that were incorporated into the Monte Carlo simulation (see Methods).

on the measurement of total P; absorption from an experimen-
tal meal. The high percentage absorption (96% ) may be attrib-
uted to the relatively small quantity of P; fed after an overnight
fast and the use of young growing rats. P; absorption began
within the first 10 min after feeding and was completed by 2 h
(Fig. 4).

P, absorption rate constant was highest in the duodenum,
which exhibited a value 50 times greater than the lowest rate
constant measured in distal segment 1 (Table II). Fig. 6, how-
ever, also illustrates that while the duodenum has the highest
maximal rate of absorption, the rapid movement of the meal
through this segment quickly lowered absorption to zero and
limited total P, absorption in the duodenum to only 34% of the
dose (Table III). In contrast, distal segment 2 (terminal
ileum), despite having a much lower absorption rate constant
(Table II), continued absorbing P; over a substantially longer
period of time (Fig. 6) due to the slower movement of the
liquid meal (Table I). The result was that distal segment 2
ended up absorbing as much P, (33%, Table III) as the duode-
num. The remaining one-third of the absorbed P, was accom-
plished in the intervening small intestine with proximal seg-
ment 2 playing the major role (20%, Table II). Thus, the con-

Proximal Segment
1ooW

Distal Segment

4

% OF DOSE

0 30 60 90 120
TIME (minutes)
Figure 7. Representative curves of °'Y and *’Ca in proximal and distal
intestinal segments over time. «l and a2 represent the difference
areas obtained by subtracting the AUC of 'Ca from the AUC of °'Y.
a2 is substantially larger than a1, suggesting that absorption of ’Ca
was highest in the distal segment. The ratios of AUC 4'Ca to AUC
1Y in both the proximal and distal segment, however, are the same

(2:3), indicating that in fact no further absorption has occurred in
the distal segment.

tribution to total P, absorption was fairly evenly distributed
between duodenum (35%), jejunum (25%, proximal segments
1 and 2), and ileum (40%, distal segments 1 and 2).

These observations highlight the limitations of studies us-
ing isolated intestinal segments in predicting the physiology of
P, absorption in an untampered intestinal tract. Our results
suggest that in the intact intestine, the distal small intestine
which is poorly adapted for P; absorption when studied in isola-
tion (7), absorbs as much P, as the more proximal segments
endowed with highly efficient P; absorptive mechanism(s).
The longer mean residence time in the distal small intestine
which translates into longer contact time for absorption is an
important factor. In addition, it is possible that local luminal
factors may increase the availability of P; for absorption and/
or activate additional transport mechanisms for P; absorption,
e.g., the presence of bile salts in the distal intestine in vivo can
increase P, transport through the intercellular pathway (27).

It should be pointed out that despite the differences in meth-
odology used, our data are surprisingly similar to those of
Cramer (8). Cramer reported that 38% of the P; administered
was absorbed in the ileum which he defined as the distal 42 cm.
In our study the ileum (distal segments 1 and 2) representing
the distal 40-45 cm absorbed 40% of the P; dose. In addition,
Cramer’s data also indicated substantial absorption in the
proximal small intestine. The first 12 cm distal to the pylorus
(equivalent to our duodenum) accounted for 29% and the mid-
dle 42 cm (proximal segments 1 and 2 in our study) accounted
for 25% of total P; absorption.

In conclusion, we have demonstrated that the technique of
compartmental modeling can be used to analyze and integrate
segmental absorptive events of P; from a spontaneously pro-
pelled liquid meal along the intact intestinal tract of normal
conscious rats. This opens up the exciting opportunity of reex-
amining many of the important mechanistic and regulatory
mechanisms, established ( virtually without exception ) from ex-
perimental models that have been anatomically or physiologi-
cally altered. In our model, animals were anesthetized not to
obtain postmortem events, but to obtain “snap-shot” informa-
tion on premortem events, generated under completely untam-
pered conditions. This new technique is also potentially appli-
cable to the in vivo analysis of segmental absorption of other
nutrients.
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