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AB s T R A C T Studies were undertaken to define the
mechanism whereby bile acid facilitates fatty acid and
cholesterol uptake into the intestinal mucosal cell. Initial
studies showed that the rate of uptake (Jd) of several
fatty acids and cholesterol was a linear function of the
concentration of these molecules in the bulk phase if the
concentration of bile acid was kept constant. In contrast,
Jd decreased markedly when the concentration of bile
acid was increased relative to that of the probe molecule
but remained essentially constant when the concentra-
tion of both the bile acid and probe molecule was in-
creased in parallel. In other studies Jd for lauric acid
measured from solutions containing either 0 or 20 mM
taurodeoxycholate and saturated with the fatty acid
equaled 79.8±5.2 and 120.8±9.4 nmol[min-' 100 mg1,
respectively: after correction for unstirred layer resist-
ance, however, the former value equaled 113.5±7.1 nmol
min-' 100 mg-'. Maximum values of Jd for the saturated
fatty acids with 12, 16, and 18 carbons equaled 120.8±9.4,
24.1±3.2, and 13.6±+1.1 nmol min-' 100 mg-', respec-
tively. These values essentially equaled those derived
by multiplying the maximum solubility times the passive
permeability coefficients appropriate for each of these
compounds. The theoretical equations were then derived
that define the expected behavior of Jd for the various
lipids under these different experimental circumstances
where the mechanism of absorption was assumed to oc-
cur either by uptake of the whole micelle, during inter-
action of the micelle with an infinite number of sites
on the microvillus membrane or through a monomer
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phase of lipid molecules in equilibrium with the micelle.
The experimental results were consistent both qualita-
tively and quantitatively with the third model indicating
that the principle role of the micelle in facilitating lipid
absorption is to overcome unstirred layer resistance
while the actual process of fatty acid and cholesterol
absorption occurs through a monomer phase in equi-
librium with the micelle.

INTRODUCTION

In various studies carried out in animals as well as in
man it has been demonstrated that bile acids play an
important rol-e in facilitating the absorption of various
dietary fats by the gastrointestinal tract. There are
quantitative differences, however, in the dependency of
various lipids on the presence of these micelle-forming
compounds. Fatty acids of medium chain length, for
example, are absorbed nearly as well in the absence as
in the presence of bile acid micelles. As the chain length
is increased the fatty acids become progressively more
dependent upon the presence of the bile acid micelle
for efficient uptake into the mucosal cell, and, in the case
of very nonpolar compounds such as cholesterol, essen-
tially no absorption occurs in the absence of bile acids
(1-5). Despite considerable work in this area there is
currently little information dealing with the exact mecha-
nism(s) whereby the bile acid micelle actually enhances
the rate of lipid uptake into the intestinal mucosal cell.
However, the recent observation that an unstirred water
layer adjacent to the luminal cell surface, and not the
microvillus membrane, is actually rate limiting to the
uptake of long chain fatty acids and steroids (6, 7)
raises the possibility that the major physiological func-
tion of the bile acid micelle is to overcome this resist-
ance and so augment lipid absorption.
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It is equally unclear how the individual lipid molecules
carried in the micelle are actually transferred into the
mucosal cell. Earlier workers postulated that the entire
micellar particle might be taken up into the intestinal
cell intact (8, 9). However, more recent work from
several laboratories has shown that the various constitu-
ent molecules carried in the micelle are absorbed at ap-
parently independent rates suggesting that uptake must
occur by some other mechanism (10-12). The two most
likely alternative possibilities are that molecular transfer
occurs via an intermediate, obligatory monomer phase
or that transfer takes place directly into the cell mem-
brane during "collision" or interaction between the
micelle and the lipid-protein phase of the microvillus
membrane.

The purpose of the present study, therefore, is two-
fold. First, experiments are described that define in both
qualitative and quantitative terms the manner in which
the bile acid micelle facilitates lipid absorption. Second,
other studies are presented that allow differentiation as
to which mechanism is operative during the actual
transfer of lipid molecules from the bile acid micelle into
the intestinal mucosal cell.

METHODS

Chemicals. Unlabeled and [1-"C] long chain fatty acids,
unlabeled and [4-"C] cholesterol and unlabeled f-sitosterol
were all > 99% pure as supplied by Applied Science Labs,
Inc., State College, Pa. Unlabeled taurodeoxycholic acid
was from Sigma Chemical Co., St. Louis, Mo. and [24-"C]
sodium taurodeoxycholate was from Mallinckrodt Inc., St.
Louis, Mo. The purity of these compounds was > 98% as
checked by thin layer chromatography (13, 14). Glucose
was obtained from J. T. Baker Chemical Co., Phillipsburg,
N. J. and iodoacetamide from Nutritional Biochemicals
Corp., Cleveland, Ohio. [G-'H] dextran with an approxi-
mate mol wt of 20,000 from New England Nuclear, Boston,
Mass. was used as a nonpermeant marker of adherent mu-
cosal volume. All other compounds were of reagent grade.

Preparation of micellar incubation solutions. Using ster-
ile technique and solutions, an appropriate amount of both
a ["C] and unlabeled probe molecule was dissolved in an
exact volume of chloroform: methanol (2: 1, vol: vol) in
an incubation beaker, and aliquots were taken in triplicate
to determine the specific activity of the molecule under
study. The chloroform: methanol phase was then evaporated
under nitrogen following which the beaker was placed under
vacuum for an additional 1 h to insure complete removal
of the organic solvents. 55 ml of a 40 mMtaurodeoxycho-
late solution in Krebs-bicarbonate buffer (with Ca++
omitted) was added to the beaker and the solution was
stirred with a magnetic bar for 2 h. The solution was then
further diluted by the addition of 55 ml of Krebs-bicarbonate
buffer to give a final volume of 110 ml and a final tauro-
deoxycholate concentration of 20 mM. The beaker was then
gassed with 95% 02 :5 % C02, sealed, and shaken in a
metabolic incubator at 370 C overnight. The next morning
the solution was again gassed with 95%'o 02 :5%o C02 for
2 h at 37°C and, if necessary, the pH was readjusted to
7.40. A trace amount of the radiolabeled volume marker,
[G-'H]dextran, was then added and the solution was ready

to be used for determination of tissue uptake rates. The
distribution of C" on thin-layer chromatography of the
fatty acids was the same before and after these preparations.

Measurement of tissue uptake. Tissue uptake rates of
fatty acids, cholesterol, and taurodeoxycholate were deter-
mined with a technique which has been described in detail
(15). Briefly, unfasted albino New Zealand rabbits weigh-
ing 2-2.5 kg were killed by decapitation, and a 15-20-cm
portion of the proximal jejunum was removed. The intestine
was rinsed, cut in circular pieces, and mounted in chambers
that expose 0.78 cm' of the mucosal surface to the incuba-
tion solutions. The mounted tissue preparations were kept at
4°C in oxygenated Krebs-bicarbonate buffer until used in the
various studies. At the start of an experiment the chambers
were transferred to preincubation beakers with oxygenated
Krebs-bicarbonate buffer at 37°C to equilibrate the tissue
for 8 min at this temperature. The chambers were then
transferred to the incubation beakers containing the ["C]
probe molecule and ['H] dextran and incubated for the
desired length of time. The preincubation and incubation
buffers were all maintained at pH 7.40, and solutions were
stirred at identical stirring rates with circular magnetic bars.
In all studies the stirring rate was kept constant at 600 rpm
using a strobe light (7, 15). At the end of the incubation
the chambers were removed from the solutions, and the
tissue was briefly rinsed in cold 0.9% NaCl solution. The
exposed tissue was then cut out, divided into two pieces,
and placed in tared scintillation vials. The tissue was dried
overnight to determine dry weight and was then saponified
with NaOH. Scintillation fluid was added and radioactivity
was determined by means of an external standardization
technique to correct for variable quenching of the two iso-
topes (16). The rate of uptake, (Jd),' was calculated after
the total ["C] radioactivity had been corrected for the
amount of the probe molecule present in the adherent mu-
cosal fluid volume. These rates are expressed as the nano-
moles of the probe molecule taken up into the mucosal cells
per minute per 100 mg of dry tissue weight (nmol.min-' 100
mg-')

Determination of maximum solubility of fatty acids in
Krebs-bicarbonate buffer. 50-ml solutions of octanoate,
decanoate, dodecanoate, palmitate, and stearate were made
up in Krebs-bicarbonate buffer as described above except
that taurodeoxycholate was omitted. The ['C] fatty acids
were added in amounts to give high specific aotivities and
the unlabeled fatty acids were present in amounts to give
a final concentration of octanoate, decanoate, dodecanoate,
palmitate, and stearate equal to 22, 4, 1.5, 0.1, and 0.1 mM,
respectively. In each case the final solution was grossly
turbid and had visible microcrystals or oil droplets at the
air-water interface. Four small dialysis bags containing 1.0-
1.5 ml of Krebs-bicarbonate buffer were added to each
solution and the beakers were sealed and placed in a meta-
bolic shaker at 37° C. At 24-h intervals one dialysis bag
was removed from each solution and triplicate 100 ,l sam-
ples were obtained from each bag. The bags and pipettes
Nvere maintained at 37°C during sampling. Each 100 IAI
sample was transferred to a scintillation vial and the pipette
was rinsed 10 times with chloroform: methanol (2: 1) and
the rinses also were added to the vial. The contents of the
vial were taken to dryness under nitrogen, a triton-toluene
scintillation fluid was added, and the amount of radioactivity

'Abbreviations used in this paper: C1, concentration of
a solute molecule in the bulk buffer solution; C2, concentra-
tion of a solute molecule at the aqueous membrane interface;
FA, fatty acid; Jd, rate of uptake.
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was assayed (16). The concentration of each fatty acid in
the Krebs-bicarbonate buffer in the dialysis bag was then
calculated from the total radioactivity in solution divided by
the appropriate specific activity.

RESULTS
Before beginning experiments designed specifically to
elucidate the role of the bile acid micelle in facilitating
lipid absorption, initial studies were undertaken to evalu-
ate three technical aspects of the incubation procedure
utilized in these studies. First, it was necessary to be
certain that an adequate concentration of taurodeoxy-
cholate, the bile acid used in these experiments, be
present in the bulk perfusate so that the critical micelle
concentration was clearly exceeded at the aqueous-
microvillus interface. To evaluate this important point,
uptake of taurodeoxycholate into the jejunal mucosa was
measured as a function of the concentration of the bile
acid in the bulk buffer solution (C1), as shown in Fig. 1.
As is apparent, Jd achieved an essentially constant value
above a bulk phase concentration of 20 mM. These data,
therefore, are consistent with the view that micelles are
present throughout the unstirred water layer and, most
importantly, at the aqueous-membrane interface: the
constant value of Jd above a concentration of 20 mM
presumably reflects an essentially constant concentration
of bile acid monomer against the microvillus surface. It
should be emphasized that this relatively high concen-
tration of bile acid was used to be certain that the
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FIGuRE 2 Characteristics of labeling of the adherent mu-
cosal fluid volume as a function of time in the presence of
bile acid using [G-8H]-dextran as the volume marker. Panel
A illustrates the manner in which the volume of the ad-
herent mucosal fluid varied with the time of incubation
while panel B shows the calculated rates of mucosal uptake
of palmitate from Krebs-bicarbonate buffer containing tau-
rodeoxycholate (20 mM) and the FA 16:0 (0.25 mM).
Mean values±1 SE for determinations in specimens from
five animals are shown in this diagram.

critical micelle concentration was exceeded at the
aqueous-membrane interface so that appropriate mathe-
matical treatment of the data could be carried out. Under
physiological circumstances the concentration of bile
acid in the gut contents is lower so that the micelle
might conceivably disintegrate before completely travers-
ing the unstirred water layer. This does not alter the
general principles pu.t forth in this paper since the
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FIGURE 1 The uptake of taurodeoxycholate into the intes-
tinal mucosa as a function of the bile acid concentration in
the bulk mucosal solution. Specimens of rabbit jejunum
were incubated in Krebs-bicarbonate buffer stirred at 600
rpm for 8 min and containing taurodeoxycholate at concen-
trations varying from 10 to 35 mM. Jd, shown in this
figure represent mean values1 SE for determinations in
specimens from five animals.

CONCENTRATIONOF FA 12:0, mM

FIGURE 3 Comparison of the Jd of laurate in the presence
and absence of bile acid micelles. In this study Jd was
measured at varying concentrations of the FA 12: 0 in the
mucosal solution up to the limits of solubility of this FA
in either Krebs-bicarbonate buffer alone (solid circles) or
in buffer containing 20 mMtaurodeoxycholate (open cir-
cles). Each point represents the mean-+- SE for determina-
tions in five to nine animals.
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FIGuRE 4 The effect of increasing the concentration of the
probe molecules relative to that of the bile acid on the
mucosal uptake of two long-chain FA and cholesterol. All
of these studies were carried out using Krebs-bicarbonate
buffer containing 20 mM taurodeoxycholate. Varying
amounts, up to the limits of solubility, of palmitate (FA
16: 0), stearate (FA 18: 0), and cholesterol were dissolved
in the incubation solutions over a prolonged period of time,
as described in the Methods section, to give clear micellar
solutions. In addition, an additional solution of each of the
probe molecules was prepared in which the limits of solu-
bility were exceeded so that the solutions were grossly turbid
and contained a crystal phase. Each point represents the
mean+1 SE for determinations in five to nine animals.

resistance of the diffusion barrier is reduced under any
circumstance to the extent that the micelle does penetrate
the unstirred water layer, but the mathematical treat-
ment of such a circumstance becomes more complex.
Second, since the results of this initial experiment indi-
cated that subsequent studies must be undertaken using a
bile acid concen,tration of 20 mM, it was essential to
show that this concentration did not alter membrane
permeability under the conditions of these studies. Data
on this point have already been published (15) and show
that there is no demonstrable effect. Third, since we
have also previously shown that the presence of 20 mM
taurodeoxycholate does change the volume of the adherent
mucosal fluid (15), it was also important to establish
that this fluid layer was fully equilibrated with the vol-
ume marker. As shown in panel A of Fig. 2, in the
presence of 20 mM taurodeoxycholate, the adherent
mucosal fluid volume required fully 6 min to become
uniformly labeled and it reached the relatively high value
of approximately 25 A4 100 mg-'. As seen in panel B,
in this representative experiment the uptake of fatty acid
(FA) 16:0 was linear with respect to time beyond 6
min of incubation and this relationship extrapolated to
zero at 0 time. As anticipated, Jd obtained from mucosal
specimens incubated for less than 6 min gave calculated
values of Jd that were artifactually high because of in-
complete equilibration of the volume marker at these
incubation times. Identical results were obtained using
cholesterol, FA 8:0, FA 10:0, FA 12:0, and FA 18:0
as the probe molecules. Thus, all subsequent experiments

were carried out using an 8-min incubation period, a
taurodeoxycholate concentration of 20 mM, and a stir-
ring rate of 600 rpm.

While all previous work has suggested that FA and
steroid absorption in the intestine occurs by passive
mechanisms (2-4, 6, 10, 11), initial studies were under-
taken to reevaluate this uptake step under the precisely
controlled conditions utilized in these studies where es-
sentially unidirectional Jd could be measured. For ex-
ample, there was no evidence of competition for uptake
between FA 16: 0, FA 18: 0, and cholesterol and struc-
turally-related compounds suggesting that a finite num-
ber of transport sites was not involved in the absorptive
process. The Qio for the uptake of both the FA and
cholesterol varied from 1.1 to 1.3, a finding that again
suggested passive transport. However, temperature
changes might affect micelle structure as well as par-
titioning of the probe molecules between the water phase
and the micelle so that these Qio values do not necessarily
reflect the characteristics of the mucosal uptake step.
Finally, preincubation of the tissue with either a meta-
bolic inhibitor, iodoacetamide, or with an actively
transported sugar, glucose, also did not alter -the Jd of
the FA or cholesterol. All of these findings, then, are
consistent with previous data indicating that the ab-
sorption of lipids, in contrast to sugars and amino acids,
takes place by passive diffusion.

Accepting then, that uptake of FA and cholesterol
into the intestinal mucosa occurs by passive means, four

10
E
0

E 6
1

24
0-

2

A. 1.5r

1.O
T

-

0

1<
1T

_ ~~~~~~~~1

0.5k

B.

I

I
I

TDC 5 10 15 20 TDC 5 10 15 20

FA 16:0 0.25 0.25 0.25 0.25 CHOLES. 0.2 0.2 0.2 0.2
CONCENTRATIONOF TAURODEOXYCHOLATE

AND PROBE MOLECULE,mM
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cosal uptake of a FA and cholesterol. In these experiments
the uptake of palmitate (FA 16:0) and cholesterol was
measured under circumstances where the concentration of
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concentration of the taurodeoxycholate in the solutions was
increased from 5 to 20 mM. Each point represents the mean
+1 SE for determinations in five animals.
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general types of studies were next undertaken to provide
the necessary data from which an analysis of the role
of the bile acid micelle in this process could be made. In
the first study, shown in Fig. 3, advantage was taken
of the fact that FA 12: 0 has sufficient solubility that its
absorption can be studied from Krebs-bicarbonate buffer
alone as well as from buffer containing bile acid. As is
seen in this figure, in the absence of taurodeoxycholate
the Jd was a linear function of the concentration of the
FA in the perfusate: Jd achieved a maximum value of
79.8±5.2 nmol min-' 100 mg-' at the maximum concen-
tration of FA 12: 0 that could be achieved in the Krebs-
bicarbonate buffer (0.72 mM). With the addition of 20
mMtaurodeoxycholate the maximum solubility of the
FA was increased nearly 20-fold but the Jd increased
only about 36% to 120.8+9.4 nmol min-' 100 mg-'. As an
aside, it should also be recognized that this study again
illustrates that at any total concentration of FA in the
perfusate the presence of bile acid micelles actually in-
hibits uptake (6): for example, at a FA 12: 0 concen-
tration of 0.5 mM, Jd equaled approximately 4 nmol-
min-' 100 mg' in the presence of taurodeoxycholate but
was 16-fold higher in the absence of bile acid micelles.

In a second group of studies, the Jd of two long-chain
FA and cholesterol, as seen in Fig. 4, was measured
under circumstances where the concentration of the
three probe molecules was varied up to their maximum
solubilities in Krebs-bicarbonate buffer containing
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the bile acid and the probe molecules on the mucosal uptake
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100: 1. Each point represents the mean+1 SE for determina-
tions in four or five animals.
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FIGURE 7 Determination of the maximal solubilities of
various FA in Krebs-bicarbonate buffer at 37°C. Panel A
shows the concentrations achieved by four different FA in
the buffer solution inside the dialysis bags as a function of
the time of incubation at 370C. The units of concentration
on the vertical scale equal mMfor the first three FA and
mMX 103 for FA 18: 0. In panel B the natural logarithms
of the maximum solubility of FA 8: 0, 10: 0, 12: 0, 16: 0,
and 18: 0 are plotted as a function of chain length. Each
point represents the mean± 1 SE for three to six separate
determinations.

taurodeoxycholate at a constant concentration of 20
mM. Two important points regarding these studies are
evident. First, the Jd of the FA 16: 0 and FA 18: 0 and
of cholesterol is a linear function of the concentration
of the three probe molecules in the micellar perfusate up
to the limits of their respective solubilities. Second, once
maximum solubility was achieved, Jd plateaued at a
constant value.

The results of a third group of studies is illustrated in
Fig. 5 where the uptake of FA 16: 0 and cholesterol was
measured under circumstances where the concentration
of the probe molecules was kept constant but the con-
centration of taurodeoxycholate was increased so that
the ratio of the number of micelles to the mass of
each probe molecule increased. As is apparent, in both
instances Jd decreased strikingly as the concentration of
taurodeoxycholate was increased.

In a fourth group of studies, illustrated in Fig. 6, the
Jd of FA 18: 0 and cholesterol was measured under cir-
cumstances where the concentration of both the probe
molecule and taurodeoxycholate was increased in parallel
so that the ratio of the two remained constant. Under
these experimental conditions Jd increased only slightly
as the concentration of the two respective probe mole-
cules was increased over a four- to eightfold range.

Finally, to be able to properly interpret these data in
quantitative terms, it was necessary to have values for
the maximum solubility of the various FA at 37°C in the
Krebs-bicarbonate buffer utilized in these various
studies. As seen in panel A of Fig. 7, the medium chain-
length FA 8: 0, FA 10: 0, and FA 12: 0 achieved maxi-
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mum solubility in the buffer within 24 h and this
concentration remained constant for up to 4 days. FA
18: 0 (and FA 16: 0, not shown in this figure) required
2-3 days to achieve maximum aqueous solubility. In
this study the maximum solubility of the saturated FA
containing 8, 10, 12, 16, and 18 carbons was found to
equal 19.8, 3.80, 0.700, 0.0189, and 0.0051 mM, re-
spectively. In panel B, these values are plotted semi-
logarithmically against the number of carbons in the FA
chain. The best fit linear regression curve derived from
these data has the formula y = 9.722 - 0.842x so that
the solubility of the FA in Krebs-bicarbonate buffer at
37°C decreased by a factor of 2.32 for each CH2 group
added to the chain.

DISCUSSION

In general terms, the unidirectional movement of solutes
into various cells is determined by at least three factors:
the concentration that the solute can attain in the bulk
fluid perfusing the cell, the resistance encountered as the
solute penetrates the unstirred layers around the cell,
and the resistance encountered during molecular trans-
location across the cell membrane (17, 18). Lipids,
in general, commonly have low solubility in the bulk
solution and, because of the very low free energy
changes associated with movement of these solutes from
the aqueous to the membrane phase, usually can pas-
sively penetrate cell membranes at very high rates. In-
deed, for such compounds the resistance encountered
in crossing the unstirred layers ou.tside the cell may
exceed that encountered in crossing the cell membrane
itself so that this diffusion barrier becomes absolutely
rate limiting to cell uptake. Clearly this appears to be
the situation in the intestine where the uptake of
virtually all medium and long chain length FA and
steroids has been shown to be diffusion-limited (6, 7).'
Thus, it follows that the function of the bile acid micelle
in augmenting lipid absorption must be explained in
terms of reducing this resistance. Furthermore, any
formulation of the exact mechanism by which this occurs
must also explain the quantitative differences that exist
in the dependency of different lipids on the presence of
bile acids in the intestinal lumen for efficient absorption.

The experiments reported here provide data along
several different lines that allow analysis of this prob-
lem in both qualitative and quantitative terms. In the
presence of adequate amounts of pancreatic enzymes,

2 In unpublished studies we have shown that the Jd of
members of a homologous series of saturated FA in per-
fused intestinal segments in vivo are essentially propor-
tional to the free diffusion coefficient for each FA rather
than to its passive permeabili,ty coefficient. This strongly
suggests that under these in vivo experimental conditions,
uptake is diffusion-limited.

long chain FA and free cholesterol are generated from
dietary lipids and partition into bile acid micelles also
present in the bulk intestinal contents. These mixed
micelles then diffuse towards the microvillus membrane
at a rate determined by the unstirred layer resistance
which is proportional to d/D Sw where D is the appro-
priate free diffusion coefficient for the mixed micelle, Sw
is the effective surface area of the unstirred water layer
through which diffusion takes place, and d is the effec-
tive thickness of this barrier. Once the micelle reaches
the vicinity of the aqueous-membrane interface the con-
*stituent lipid molecules carried in the mnicelle could be
absorbed into the mucosal cell by at least three different
mechanisms: (1) the micelle might be taken up into
the cell intact, (2) the constituent lipids might partition
into the cell membrane during a direct interaction or
"collision" between the micelle and the cell membrane
or, (3) absorption might occur only through the mono-
mer phase of lipid molecules present in the aqueous
environment in equilibrium with the lipids in the micelle.
There are adequate data in the literature to exclude
the first possibility since the various constituent mole-
cules in the mixed micelle are absorbed at essentially
independent rates and, therefore, there is no evidence
that the uptake step occurs through a process akin to
pinocytosis (10-12).

In the second postulated mechanism it is assumed that
the micelle and membrane interact in such a way that
water is excluded from the interface between the two
structures following which there is direct transfer of FA
and cholesterol from the micelle to the microvillus mem-
brane. If the number of such interactions is proportional
to the concentration of micelles at the aqueous-membrane
interface, then -the observed Jd of a particular lipid
molecule should equal

Jd = (Pa) (CL) (VL) (1)

where Pa is the passive permeability coefficient for the
movement of the lipid from the micellar into the cytosol
of the mucosal cell, CL is the concentration of the lipid
in the micelle, -and VL is the volume of -the micellar phase.
In this formulation the micelle is considered *to be a
homogeneous phase separate from the aqueous phase so
that VL can be considered to equal essentially the con-
centration of bile acid present as micelles in the aqueous
phase times the partial specific volume of -the bile acid:
thus VL is directly proportional to the concentration of
bile acid in the perfusate. Assuming that in any experi-
mental situation the aggregation number for the micelle
remains essentially constant, it follows that the number
of micelles and, therefore, the number of interactions
with the membrane, is proportional to VL so that Jd also
is a direct function of VL. Equation one may be rewritten
substituting ML/VL for CL where ML equals the mass
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of the lipid in the micellar phase: thus

Jd = (Pa)( M)(VL) (2)

For a given bile acid and lipid, Pa is constant and the VL
term cancels so that the observed velocity of uptake of
the lipid molecule would be proportional to the mass of
the lipid in the micellar phase, i.e., if this model cor-
rectly describes even,ts during lipid absorption into
the intestinal mucosal cell then

served Jd of a particular lipid molecule varies in a
predictable manner with either ML or Mw. The rela-
tionship between the concentration of the lipid in the bile
acid micelle and in the adjacent aqueous phase is given
by the expression

KCw= Cm (7)
where K equals the partitioning coefficient for the
lipid between the micellar and aqueous phases. This
may be rewritten as

Jd ML (3)

In the third possible model to explain lipid absorption,
the assumptions are made that there is no direct interac-
tion between the micelle and the microvillus membrane,
that uptake occurs only by way of the lipid molecules
present in aqueous solution at the interface, that as lipid
molecules are absorbed they are replaced by movement
of other molecules from the bile acid micelle into the
aqueous phase and that the partitioning of lipid mole-
cules from the micelle to the aqueous phase occurs much
more rapidly than the uptake of these solutes into the
intestinal mucosal cell. Under these circumstances, the
observed rate of lipid uptake equals

Jd = (Pb) (CW) (4)
where Pb is the passive permeability coefficient for the
uptake of the lipid from the aqueous phase of the per-
fusate into the cytosol and Cw is the concentration of
the lipid in the aqueous phase at the membrane inter-
face. This equation may be rewritten

Jd = (Pb) (mw) (5)

where Mw is the mass of the lipid in the aqueous phase
and Vw is the volume of the aqueous phase. In a given
experimental situation Pb will be constant and, for prac-
tical purposes, Vw also will not change so that the ob-
served Jd of the probe molecule will be proportional to
-the mass of the lipid in the aqueous phase, i.e., if
this model is correct then

Jd %Z-Mw (6)

It should be emphasized that while Pa and Pb are both
passive permeability coefficients they will have very dif-
ferent values since Pb will be largely determined by the
free energy change necessary to break all bonds between
the solute molecule and the aqueous phase while Pa will
be largely influenced by the energy necessary to disrupt
all bonds between the lipid molecule and the micelle.

From these considerations it is apparent that the
second and third models described above can be differ-
entiated experimentally by examining whether the ob-

(K) MW ML
VW VL/

(8)

If the mechanism of lipid absorption involves direct in-
teraction between the micelle and the membrane then Jd
should be proportional to ML: equation 8 may be re-
written to yield this term by substituting (MT - ML) for
Mwwhere MT represents the total mass of the lipid in
both the aqueous and micellar phase: thus

ML - KMT
(9)

Similarly, if the third model is correct, then Jd should be
proportional to Mw: by a similar manipulation equation
8 may be rewritten

VWMT

KVL + VW
(10)

Ec Ations 9 and 10 have been plotted graphically in
Fig. 8 using appropriate values for the concentration
and partial specific volume of taurodeoxycholate and
for the concentration of -the probe molecule. Since ac-
curate partitioning coefficients, K, for the various lipids
between the micellar and aqueous phases are currently
unknown, these curves have been calculated using two
values, 1 X 102 and 1 X 103: we have indirect evidence
that the K values for the long chain FA and cholesterol
are either in this range or are higher. Panel A illustrates
the manner in which Mwor ML change as the concentra-
tion of the probe molecule is increased in the presence of
a constant concentration of bile acid, while the curves in
the other two panels show the same data under circum-
stances where the concentration of the probe molecule is
constant while that of the bile acid is increased (panel
B) and where the concentrations of both constituents are
increased in parallel (panel C).

On the basis of these theoretical considerations and
the various experimental results presented in this paper,
it is now possible to present several lines of evidence
that differentiate which of these two possible models cor-
rectly describes the mechanism of FA transfer from the
micelle to the intestinal mucosal cell. First, as shown in
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FIGURE 8 Theoretical curves illustrating the manner in which the mass of a probe molecule
in the water phase (Mw) or in the micellar phase (ML) varies under different experimental
circumstances. The derivation of these curves is given in the text.

panel A of Fig. 8 both Mwand ML, and therefore Jd,

should increase linearly when the concentration of the
probe molecule is increased while the concentration of
the bile acid is kept constant. This was found to be the
case of FA 12: 0, FA 16: 0, and FA 18: 0 (Figs. 3
and 4): however, since this result was predicted for both
models, these data do not discriminate between the
two. Second, when the concentration of the bile acid is
increased but that of the probe molecule is kept constant,
there should be a curvilinear increase in ML but a

reciprocal decrease in Mw (panel B, Fig. 8). The ex-

perimentally determined values of Jd for FA 16: 0 clearly
follow the behavior predicted for Mw (panel A, Fig. 5).
Third, when the concentration of both the bile acid and
the probe molecule is increased in parallel, particularly
when the probe molecule is very nonpolar and has a

high partitioning coefficient, ML should increase in a

nearly linear fashion while Mwshould show only a slight
initial rise and then remain essentially constant: again,
as seen in panel A of Fig. 6 the observed values of Jd

for FA 18: 0 follow the behavior predicted for Mw.
These experimental results, then, provide qualitative

data to support the conclusion that FA absorption occurs

through a monomer phase. Two other sets of data based
upon quantitative considerations also support this con-

clusion. First, as seen in Fig. 3, Jd for FA 12: 0 equaled
79.8±5.2 nmol min-l 100 mg- and 120.8±9.4 nmol min'-
100 mg-', respectively, when uptake was measured from
solutions containing maximum concentrations of this FA
in either buffer alone (0.72 mM) or buffer containing
20 mMtaurodeoxycholate (13.6 mM). In the absence

of the bile acid micelle the observed maximum Jd iS
determined by the maximum concentration of FA 12: 0
achieved in the bulk perfusate (C1) and the resistance
encountered as the FA crosses both the unstirred water
layer and the microvillus membrane. In this situation
the concentration of FA at the aqueous membrane
interface (C2) can be calculated from the relationship
(7)

C= C., (JD) (d)
(D) (Sw)

(11)

where d is the effective thickness of the unstirred water
layer (1.37 x 10W' cm), D is the free diffusion coefficient
for the FA (7.59 x 10-6 cm2 sec-') and Sw is the effec-
tive surface area of the unstirred water layer (11.7 cm2'
100 mg-') (7). From this calculation C2 equals 0.51
mM: using this value to factor out unstirred water layer
resistance, the observed Jd in the absence of bile acid can

be corrected from the value of 79.8±5.2 nmol min' 100
mg to 113.5±7.1 nmol min-' 100 mg. Thus, in this
unique situation, even though the total concentration
of FA in solution is increased nearly 20-fold by the
presence of bile acid, the Jd is no greater than would be
predicted if the only function of the micelle was to over-

come unstirred layer resistance and maintain a maxi-
mummonomer concentration at C2.

Second, while accurate coefficients are not available
for the partitioning of various long chain FA into the
taurodeoxycholate micelle, it is reasonable to assume in
the special circumstances where a micellar solution is
fully saturated with a particular long chain FA that the
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concentration of the FA in aqueous solution in equi-
librium with the micelle equals the maximum solubility
of that FA in buffer alone. If this is the case and if
absorption takes place only from the FA in the aqueous
phase, then the maximum rate of FA uptake from
saturated micellar solutions should equal the product of
the passive permeability coefficient and the maximum
aqueous solubility for a particular FA. In the case of
FA 12: 0, FA 16: 0, and FA 18: 0, the Jd predicted from
this calculation would equal 131, 22.1, and 14.9 nmol-
min-1 100 mg1, respectively (7): as -seen in Figs. 3 and
4, these predicted values coincide almost exactly with
the experimentally determined values of maximum up-
take which equaled 120.8±9.4, 24.1+3.2 and 13.6±1.1
nmol min'- 100 mg-', respectively.

Thus, taken together, these various lines of evidence
provide strong support for the concept that during FA
absorption there is no direct interaction between the
micelle and the microvillus membrane: rather, uptake
occurs only from the pool of FA in aqueous solution in
equilibrium- with the micelle. Furthermore, the same
mechanism appears to apply in the case of cholesterol
absorption since, as shown in Figs. 4-6, the uptake of
cholesterol into the mucosal cell also behaves as if it
occurred through an intermediate soluble phase. Since
an experimentally determined passive permeability co-
efficient is currently not available for cholesterol it is
not possible, however, to provide additional quantitative
data to support this conclusion.

In general terms, then, the process of lipid uptake
into the intestinal mucosal cell takes place as follows.
FA and free cholesterol are generated by enzymatic
activity in the bulk intestinal contents and partition
into the bile acid micelle. These mixed micelles then
diffuse down the existing concentration gradient through
the unstirred water layer surrounding the villi and reach
the immediate vicinity of the aqueous-microvillus inter-
face. Uptake of the lipid molecules then occurs at a
rate determined by the product of -the passive permeabil-
ity coefficient appropriate for each species, and the
aqueous concentration of the molecule present at the
microvillus surface. The concen.tration of the various
lipids just inside the mucosal cell is presumably main-
,tained at very low levels because of rapid esterification
(2) while the concentration of -these molecules outside
the cell membrane is maintained at a relatively high
value because of constant partitioning of FA and
cholesterol out of the mixed micelle as dictated by the
partitioning coefficient appropriate for each lipid species.
The net effect of these various processes is the rapid
movement of various lipids and steroids into the mucosal
cell. Theere is also .a finite concentration of bile acid
monomers in solution in equilibrium with the bile acid
molecules present in the micelle so that there is also

passive uptake of these substances (12): the rate of
such uptake is low, however, because of the very low
passive permeability coefficients for the various bile
acids. Since the critical micelle concentration should in-
crease at the aqueous-membrane interface as lipids are
absorbed from the mixed micelle (19, 20), the concen-
tration of bile acid monomers is presumably higher at
the aqueous-membrane interface than in the bulk phase
of the intestinal contents: consequently, there is a gradi-
ent down which bile acid molecules can back-diffuse into
the bulk phase of the intestinal contents to be reutilized
in the creation of new mixed micelles as additional
amounts of free cholesterol and FA are generated from
-dietary lipids. In a very real sense, the bile acid micelle
acts as a shuttle between the bulk intestinal contents and
the aqueous-microvillus interface.

In addition to this general description, sufficient data
also are now available to define the system in more quan-
titative terms, as shown by the data in Table I, from
which several additional points of major physiological
importance can be derived. First, if there were no un-
stirred water layer in the intestine then the maximum
Jd that could be achieved for any lipid would necessarily
equal the maximum aqueous solubility of that lipid
(column B) times its passive permeability coefficient
(column C). Since, in the case of the FA series, maxi-
mumsolubility decreases by a factor of 2.32 for each
-CH2-- group added to the hydrocarbon chain while
the passive permeabili,ty coefficient increases by a factor
of only 1.58, it follows that the product of these two
values, i.e., the maximum Jd, decreases by a factor of
1.47 for each carbon atom added to the FA chain. Thus,
the more hydrophobic a molecule, the lower will be
i.ts maximum rate of movement into the mucosal cell.
Conversely, -the conversion of a lipid to a relatively more
polar form, e.g., the hydrolysis of cholesterol esters to
free cholesterol, or of triglyceride to P-monoglyceride
and free FA, will significantly increase the maximum
rate of membrane ,translocation that can be achieved. It
-should be emphasized that this situation occurs because
the microvillus membrane in the intestine, as well as in
other tissues that have been examined (6, 7, 12, 21), has
been shown to be a relatively polar structure: the in-
cremental free energy change, for example, associated
with -the addition of a substituent group like the -CH2
moiety, equals only - 258 cal mol' for the rabbit intes-
tine (7). If this value were greater than - 517 cal mol'
then the opposite situation would prevail and the more
hydrophobic members of the series would attain higher
absolute rates of mucosal uptake.

Second, in the presence of a significant unstirred
water layer this maximum Jd is reduced to the extent
that the diffusion barrier exerts an additional resistance
to the molecular uptake. Under circumstances where the
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TABLE I

Effect of Bile Acid Micelles on Increasing the Maximum Rates of Fatty Acid and Cholesterol
Uptake into the Intestinal Mucosal Cell

(A) (B) (C) (D) (E) (F) (G)
Maximum uptake,

Maximum solubility Maximum uptake, Jd. in presence of
in bulk Passive permeability C2 Jd. in absence of bile acid micelle at F

Probe molecule Krebs' buffer, Ci coefficient, P Ci bile acid micelles microvillus interface E

mM nmol-min'1 100 nmol -min-' nmol -min'
mg-' mM-' * 100 mg, *100 mg-,

FA 4:0 575 4.7 1.00 2,703 2,703 1.00
6:0 107 11.9 0.99 1,261 1,273 1.01
8:0 19.8 29.9 0.95 562 592 1.05

10:0 3.68 74.8 0.86 237 275 1.16
12:0 0.682 187 0.68 86.7 128 1.48
14:0 0.127 468 0.43 25.6 59.4 2.32
16:0 0.0235 1,170 -.00 7.78 27.5 3.53
18:0 0.00437 2,930 -.00 1.35 12.8 9.48
20:0 0.00081 7,330 -.00 0.23 5.9 25.83
22:0 0.00015 18,300 -.00 0.04 2.7 68.75

Cholesterol 0.00004 40,000 -.00 0.01 1.6 145.5

The data in column B were derived from the experimental values for maximum solubility shown in Fig. 7. The natural logarithms
of these values were first plotted against FA chain length and gave a linear regression curve with the formula y = 9.722 - 0.842x:
the values for the maximum solubility of each FA shown in column B were then calculated using this expression. Similarly, the
data in column C were derived from the experimentally determined permeability coefficients given in Table V of reference 7:
the natural logarithm of the P values for FA 8:0 through FA 12:0 plotted against chain length gave a linear regression curve
with the formula y = - 0.271 + 0.459x. The individual values given in column C were then calculated from this relationship
assuming that the P values for even the shorter chain-length members of the FA series fell on this regression curve. Column D
represents the fractional drop in the concentration of each probe molecule between the bulk perfusion solution, Cl, and the
solution present at the aqueous-membrane interface, C2, calculated to occur under the conditions used in these studies. At
chain-lengths of greater than 14 carbon atoms the unstirred water layer becomes totally rate limiting to uptake so that C2
essentially equals zero. The maximal Jd values for FA 4:0 through FA 14:0 shown in column E were calculated as the product
of the appropriate values in columns B, C, and D. For those FA with chain lengths greater than 14 carbons where C2 essentially

equals zero, the maximum Jd in the absence of a bile acid micelle was calculated from the relationship Jd = (Sw) (D) (C-)d
where C1 is taken as the maximum solubility value given in column B, D is the appropriate free diffusion coefficient for each
fatty acid (6), and Sw and d have the values of 11.7 cm2. 100 mg-' and 137 pim, respectively (7). The data in column F were
calculated as the product of the appropriate values in columns B and C. The data in column G illustrate the relative effect of
bile acid micelles in facilitating uptake of each FA. No experimentally determined permeability coefficient was available for
cholesterol: however, the maximum solubility of monomers (column B) was taken as 40 nM from reference 26 and the maximum
Jd in the presence of bile acid micelles (column F) was experimentally determined in this study (Fig. 4). Assuming that the
aqueous phase against the microvillus membrane was saturated with cholesterol molecules, P was then calculated by dividing
1.60 nmol -min-'100 mg-' by 40 nM (column C). The maximum Jd in the absence of bile acid micelles (column E) was then
calculated as described above.

effective thickness and surface area of the diffusion
barrier are constant, the magnitude of this resistance
varies as a function of the passive permeability and free
diffusion coefficients for a particular probe molecule.
Even under the highly stirred conditions utilized in
these studies where the mean thickness of the unstirred
water layer was only 1.37X 10' cm, as -shown in column
D, this barrier begins to exert a major resistance to
uptake for FA 10: 0 and becomes totally rate limiting
for FA with 16 carbon atoms or greater. As a conse-
quence, the maximum Jd observed in the presence of the
unstirred water layer (column E) is considerably less

for these more hydrophobic members of the series than
would be predicted if no unstirred water layer were

present in the intestine (column F). In vivo we have
other data to suggest that the diffusion barrier is much
thicker so that this effect is even more pronounced.

Third, if as formulated in this paper the function of
the bile acid micelle is solely to overcome unstirred
water layer resistance and so maintain the maximum
monomer concentration possible at the aqueous-mem-
brane interface, then the relative effect of bile acid in
facilitating uptake of a par.ticul.ar lipid is directly
related to the magnitude of the resistance encountered by
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that molecule in crossing the unstirred water layer. Un-
der the conditions of these studies the magnitude of this
effect can be quantitated by taking the ratio of Jd in
the presence of bile acid (column F) to Jd in the absence
of the micelle (column E). As shown in column G, the
presence of bile acid has little effect on the uptake of
FA 4: 0 to FA 10: 0, has a moderate effect on the FA
of medium chain length and has a more marked effect
on the long chain FA and cholesterol. Stated in a
different way, in the absence of bile acid, short and
medium chain length FA are absorbed at essentially
normal rates, there is a moderate degree of malabsorp-
tion of the longer chain length FA and there is essen-
tially no absorption of very nonpolar compounds like
cholesterol. These findings correlated well with ob-
servations made in intact animals and in man (1, 3, 4,
22, 23).

Finally, there are two areas of uncertainty in these
-studies that should be emphasized. First, it is possible
that bile acids might also affect other steps in the overall
process of fat absorp.tion such as the rate of chylomicron
formation or delivery into the lymph: however, while
the rate of delivery of lipids into the circulation with
respect to time may be determined by the rate of chylo-
micron formation and movement out of the initestinal
mucosal cell, other data suggest that the mass of lipids
ultimately reaching the circulation is determined by the
translocation step in the microvillus border. Second, the
mathematical formulations presented in this paper and
the data derived in Table I are predicated upon the as-
sumption that the various probe molecules exist in
aqueous solution predominantly in monomer form. This
point of view is supported by the studies of Simpson
and associates (24), and of Sallee (25), and by the data
presented in panel A of Fig. 4. Nevertheless, there is
still controversy as to whether significant association of
the longer chain length FA does occur under physio-
logical conditions and, furthermore, there is little data
on the nature of the chemical species of cholesterol
that may exist in aqueous solution. If significant com-
plexing does occur, however, it would not alter the
conclusions derived froni analysis of equations 9 and 10
since such association should accentuate the differences
in behavior of the J term in the two models rather than
obliterate these differences.
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