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Absorption of fats

By BENGT BORGSTROM, Department of Physiological Chemistry,
University of Lund, Lund, Sweden

The general principles of the digestion and absorption of triglyceride fat have
been outlined during recent years and are summarized in Fig. 1. Intestinal digestion
of fat involves a physico-chemical transformation of the emulsified non-polar
triglyceride fat catalysed by pancreatic lipase in the presence of bile, to a mixed
bile salt micellar solution including mainly the polar end-products of lipolysis,
monoglycerides and fatty acids. The mixed micelles of bile salts, monoglycerides
and fatty acids have a diameter of 40-80 A, assuming that they are spherical, and
they appear to be highly hydrated. Recent work seems to indicate that they are
spherical with the bile salt attached to the periphery, its hydroxy groups bound to
the hydroxy groups of the monoglycerides, the latter forming the central core of the
micelle. The micellar form seems to be the physical form preferred for absorption
of lipids even if the mucosa cell can accept lipids in other forms. For detailed dis-
cussions of the various phases of triglyceride digestion the reader is referred to
original articles (Borgstrom, 1964, 1965; Laurent & Persson, 1966; Hofmann, 1963)
and I will change over to another related subject, which has interested us during the
last year, the mechanism of specificity in absorption of non-glyceride fat. It has
long been known that other fats, usually present dissolved in the dietary fat, are
absorbed to a varying degree. It is thus known that cholesterol is absorbed only to
alimited extent and that plant sterols, which chemically are very similar to cholesterol,
are almost completely non-absorbable.
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Fig. 1. Summary of the digestion and absorption process of glyceride fat.

Our problem has been to find out if the mechanism of glyceride digestion and
absorption as outlined above can explain the various features of specificity of non-
glyceride absorption.

It was of primary interest in the elucidation of the mechanism of the absorption
of non-glyceride fat to find out the relationship between the dose given and amount
absorbed. Such experiments were performed with cholesterol both in man and in
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Cholesterol given ( moles/lOOO/u moles triglyceride)

Fig. 2. Absorption curve for cholesterol in man (@) (butter) and in the rat (4) (triolein) as obtained
from single-dose isotope feeding experiments. Varying amounts of cholesterol were given in a constant
amount of triglyceride fat.
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Fig. 3. Design of the experiments used for determining the partition coefficients micellar to emulsion
phase = Kwmyp.

the rat. Various amounts of labelled cholesterol were given in a constant amount of
triglyceride fat in single-dose experiments. Absorption was calculated from the
faecal excretion of sterols over a period of 5 days, and the absorption curves obtained
are seen in Fig. 2. It appears that cholesterol absorption is incomplete and that
approximately the same proportion of the dose is absorbed, not depending (inside
certain limits) on the size of the dose. This type of absorption curve is not unique
for cholesterol, it has also been obtained for cholesterol methyl ether and might
be a general type of curve for non-polar lipids that are incompletely absorbed.
When trying to understand the mechanism behind this type of absorption curve
it appeared to us that a partition between two phases might be involved. It had
already been demonstrated that, during fat absorption, intestinal contents contain
two lipid phases: an emulsion phase and a micellar phase (Hofmann & Borgstrém,
1964). To be able to determine the partition of lipids between the two phases a
method had to be used that separated at least one of the two phases.

Gel filtration on Sephadex columns had been shown to separate the emulsion
phase from a micellar phase by exclusion, but the complexity of the process did
not allow partition coefficients to be calculated (Feldman & Borgstrom, 1966a).
We then turned to the use of equilibration filtration with Millipore filters. A gly-
ceride—fatty acid mixture containing a dissolved sterol was emulsified in a bile salt
solution well above its critical micellar concentration, the emulsion—micellar solution
obtained was transferred into the one side of a dialysis chamber schematically
shown in Fig. 3. The solution was allowed to filter and equilibrate until the
volume was the same on both sides. The filtrate was then sampled and
partition coeflicients were calculated, the assumption being that only one of the
phases had passed through the filter. By using filters of different pore size it was
found that the 100 and 500 A diameter filters gave an optically clear filtrate that
by other means could be shown to be a pure micellar solution. Increase in filter pore
size gave filtrates with increasing turbidity indicating that larger particles were
passing. By using different pore size filters a particle size distribution could be
obtained and an example is shown in Fig. 4. In this experiment equimolar amounts
of tri-, di- and mono-olein with oleic acid corresponding to the free hydroxy groups
of the glyceride mixture and containing cholesterol was used. It is seen that different
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Fig. 4. Particle size distribution of a glyceride—fatty acid emulsion in bile salt solution as measured
by Millipore filters.

The emulsion contained per ml: 25 umoles of triolein, of diolein and of mono-olein, 7-5 umoles oleic
acid, o'1 pmole cholesterol and 6 umoles sodium taourodeoxicholate (NaTDC). pH 6-3. Sodium ion
concentration o'15 M. The emulsion was produced with a Branson sonifier.

families of particles exist, a micellar fraction filtering with filters of a pore size less
than 1000 A and a fraction containing most of its particles of a size that passed the
12 000 A filter. Only a small fraction was present that did not pass the 50 coo A
filter. The emulsion used in these epxeriments was prepared by sonication with a
Branson sonifier. It was, however, then found that shaking this kind of surface-
active lipid mixture in bile salt solution by hand for less than 1 min produced a
rather stable emulsion with the same families of particles, the main difference being
that more lipid was present in a form that did not pass the 50 ooo A filter. Con-
tinued shaking resulted in a transfer of this fraction to the 1000~12 000 A fraction.
It therefore seemed reasonable to assume that a certain particle size distribution is
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Fig. 5. Partition coefficients (M/E) for different lipids over bile salt concentration. Other conditions
as in Fig. 4.

preferred from a thermodynamic point of view and is reached if sufficient energy is
put into the system. In the following experiments shaking by hand for 1 min was
used for the production of the emulsions. No significant differences in partition
coeflicients were found in sonicated or hand-shaken emulsions. In a series of experi-
ments the partition coefficients for the micellar to emulsion phase were determined
for different lipids known to be present in intestinal contents during fat digestion.
In the calculations of partition coeflicients no consideration has been taken of the
actual volumes of the oil and micellar phases. The calculations have been based on
the same total volume of the solution for both phases.

Fig. 5 gives the partition coefficients for the micellar to oil phase for lipids
at different bile salt concentrations at pH 6-3. It appears that the Ky g (the partition
coefficient of a particular compound between the micellar and emulsion phases)
is very low for tri- and di-olein and is high for mono-olein. Intermediate values for
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Fig. 6. Effect of pH on the partition coefficient (M/E) of oleic acid and cholesterol. Other conditions
as in Fig. 4. @, oleic acid; A, cholesterol.

K were found for oleic acid, cholesterol and B-sitosterol. The latter substance has
a slightly lower K value, which is in line with its lower polarity due to the presence
of an additional ethyl group in the side-chain.

It was also of interest to study the effect of pH on the partition of oleic acid.
Fig. 6 gives a plot of Ky, for oleic acid and cholesterol over pH. A sharp increase
is found between pH 6 and 8. The curve can best be interpreted as representing the
dissociation curve for oleic acid in bile salt solution, the pK, being around 7. This
value for the pK, of long-chain fatty acids is in good agreement with that obtained
from other types of experiment (Hofmann & Borgstréom, 1963; Borgstrém, 1964).
The partition of cholesterol is also affected by the pH, indicating that inclusion of
oleate in the mixed bile salt micelles favours the incorporation of cholesterol.

Also the effect of fatty acid chain length on the partition is of interest. Decrease
in chain length sharply increases the K i (see Fig. 7). Also included in this effect is
the partition to the water phase of the short-chain fatty acids, an effect that has not
yet been studied in detail.

With this general background of the partition of different lipids derived from
triglyceride I will now discuss in more detail the behaviour of the sterols in this
respect. The sterol(s) was dissolved in the glyceride oil before emulsification in the
bile salt solution. Increases in bile salt concentration resulted in a linear increase in
the K, for cholesterol. Increase in cholesterol in the glyceride oil had no significant
effect on the partition coefficient until high levels of cholesterol were reached. In this
latter instance the coeflicient dropped but the solubility of cholesterol in the oil
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Fig. 7. Effect of chain length of the fatty acid on the partition (M/E) between ‘micellar’ and oil phase
at pH 6-3. Conditions as in Fig. 4.
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Fig. 8. Partition coefficients (M/E) micellar to emulsion phase of cholesterol at different levels of
cholesterol and the effect of exchanging cholesterol for sitosterol. Except for sterols, the conditions
were as in Fig. 4. @, cholesterol; 4, cholesterol+sitosterol.

phase was exceeded as shown by the behaviour of the emulsion. Sitosterol behaved
as cholesterol and exchange of sitosterol for cholesterol had no effect on the partition
of a small amount of labelled cholesterol (see Fig. 8). The results obtained thus
indicated that emulsions of glyceride—fatty acids made in bile salt solution behaved
as would be expected from a two-phase partition system.

Fig. 9 shows the plan of experiments subsequently used to study cholesterol
transport in a kinetic system. Triolein containing labelled cholesterol was introduced
into one of the compartments of the filtration cells described above and a head of
bile salt solution connected. The Millipore filter was used for filtration of the micellar
phase which was collected in a fraction collector. After some time, pancreatic lipase

l NaTDC 6 g moles/ml L lipase

30/; moles triolein
/ 0-4—4,& moles cholesterol

/

Millipore 3000A

Fraction collector

Fig. 9. Experimental design used as an ‘artificial intestine’. For details see above.
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Fig. 10. Results of experiments obtained with the design illustrated in Fig. 9. The two curves show
the cholesterol concentration in the filtrates at two different levels of cholesterol in the oil phase. @,
o4 pmoles cholesterol, 30 pmoles triolein; A, 40 pmoles cholesterol, 30 umoles triolein.

was added to the bile salt solution entering the upper compartment. The results of
two experiments, identical except for the amount of cholesterol in the triolein, are
seen in Fig. 10. It can be seen that the concentration of cholesterol in the filtrate
was dependent and proportional to the concentration of cholesterol in the oil phase.
It can also be seen that the addition of lipase sharply increased the concentration of
cholesterol in the filtrate and also that the level reached was dependent on the con-
centration of cholesterol in the oil phase. The lipase catalyses the formation of the
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more polar monoglycerides and fatty acids which form mixed micelles with the bile
salt solution favouring the partition of cholesterol into the micellar phase. This
‘artificial intestine’ thus produces a micellar phase in which the concentration of
cholesterol is proportional to its concentration in the fed triglyceride and it is obvious
that the same mechanism can be expected to operate in the intestinal content, being
the basis of the absorption curves found for cholesterol in vivo.

Table 1. Comparison of the K, values for certain sterols and cholesterol ethers
and the rates of absorption of these compounds from the intestine of the rat

Partition Uptake Absorption in
Compound micellar phase/ intestinal whole

oil phase slices animal (%)
Cholesterol 025 1’0 50
Cholesterol methyl ether 0-068 2'5 41
Cholesterol propyl ether 0'047 20 11
Cholesterol decyl ether 0021 2°4 7
Sitosterol o023 1’1 5

The Ky values for some sterols and a homologous series of cholesterol ethers
are shown in Table 1, from which it may be seen that the K, values decreased with
increasing chain length of the aliphatic alcohol, an effect that parallels rather well
their absorption as measured by their appearance in the thoracic duct lymph of rats
(Table 1). It seems reasonable, therefore, to predict that the partitioning between
the oil phase and a micellar phase can constitute one level of specificity in the
absorption of fats.

Sitosterol does not, however, fit into this scheme. It has a partition coefficient
very close to that of cholesterol but is only absorbed to a very minor extent compared
to cholesterol. Therefore another level of specificity must operate to effect this
difference.

To explore another level of the absorption process, experiments were performed
using intestinal rings from rat or hamster in vitro (Feldman & Borgstrom, 19665).
In these experiments the intestinal preparation was incubated with an emulsion of
glycerides and fatty acids containing different labelled non-polar lipids prepared
in bile salt solution. The results indicated that the uptake of lipids by the intestinal
tissue increased as the polarity of the lipid solute decreased. Thus the non-polar
cholesterol decyl ether showed considerable uptake (see Table 1). Again there was
found no difference in the behaviour of cholesterol and sitosterol. In this type of
experiment an equilibrium is measured between the three phases present: emulsion,
micellar solution and the membrane of the cell, that obviously does not bear any direct
relationship to their overall absorption process in vivo.

In the process of digestion and absorption in vivo a lipid such as cholesterol is
transported from the oil phase via the micellar phase to the cell membrane. The
concentration of the solute in the micellar phase is dependent on the partition co-
efficient for the substance between the oil phase and the micellar phase. The con-
centration in the micellar phase in a kinetic system must be a determinant for the
rate of transfer from the oil phase to the cell membrane. As the partition oil to
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micellar phase is dependent on the presence of the products of lipolysis of the tri-
glyceride, monoglyceride and fatty acid (and soaps), it is sharply decreased when all
triglyceride has been absorbed. Non-polar lipids not absorbed together with the
products of triglyceride hydrolysis therefore remain mainly dispersed in bile salt
solution and are largely unavailable for absorption.

The difference in absorption of cholesterol and sitosterol, however, still remained
unexplained. A series of experiments was therefore performed on the whole rat.
Rats were given a dose of triolein containing labelled sterol and the distribution was
determined in different parts of the gastro-intestinal tract at various times after
dosing.

When labelled triolein was given digestion and absorption took place rapidly and
efficiently and only minor amounts of labelled fat were found at any time in any of
the different parts of the gastro-intestinal tract (except the stomach). If cholesterol
was included in the triglyceride oil, part of it was rapidly taken up by the intestinal
mucosa at the same time as the triglyceride split products; what was absorbed was
present in the intestinal content and was rather rapidly transported to the large
intestine where it is no longer available for absorption. (See Figs. 11 and 12.) In
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Fig. 11. Time curves for the distribution of labelled triolein in the different parts of the gastro-

intestinal tract of the rat after a dose of 200 pmoles triolein. @, stomach; O, intestinal contents; A,
intestinal wall; Jl, large intestine; -+, absorption.
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Fig. 12. Time curve for the distribution of labelled cholesterol over the gastro-intestinal tract of the
rat after a dose of 200 pmoles triolein with 5 umoles cholesterol. @, stomach; O, intestinal contents;
A, intestinal wall; Jll, large intestine; -, absorption.

addition to the partition effects occurring in the intestinal content, the rate of move-
ment of the intestinal content thus is an important factor in the absorption of non-
polar lipids.

The fraction of the cholesterol transferred to the intestinal wall is only slowly
transported further, i.e. from the intestinal cell to the lymph. This transfer seems
to involve esterification of the cholesterol. The half-life of the ‘absorbed’ cholesterol
being around 12 h (Borgstrém, Lindhe & Wlodawer, 1958).

This retention in the intestinal cell might be unique for sterols and it might be
that the rate of transfer from the mucosa cell determines its extent of actual absorp-
tion into the body. The other determinant is the half-life of the intestinal cell. As was
discussed earlier by Dr Margot Shiner, the half-life of the intestinal cell is so short,
24-36 h, that it is obvious that it might be an important factor in regulating the
absorption of substances only slowly removed from the intestinal cell into the
circulation. It therefore seems plausible that sitosterol, although taken up by the
intestinal mucosa at a rate similar to that of cholesterol, in the absence of an efficient
mechanism for its cellular metabolism (esterification) will be largely excreted with
shed intestinal cells.

This kind of mechanism thus would constitute a second level in the specificity
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of absorption of non-glyceride fat. Preliminary results with labelled sitosterol, how-
ever, indicate that, although both these levels of specificity might be important for
the absorption of sitosterol, other factors as yet unknown are also operating.
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Sodium chloride absorption by the small intestine and the relationships
between salt transport and the absorption of water and some organic
molecules

By D. S. Parsons, Department of Biochemistry, University of Oxford

Tonic composition of contents of intestinal lumen

A feature of the luminal environment of the mucosal cells of the small intestine
is that it normally contains sodium in a concentration which is approximately that
in the plasma. Distilled water damages the mucosa of the small intestine (Reid,
1900; Dennis, 1940), and was indeed used by Waymouth Reid to poison intestinal
segments during experiments on absorption. Under physiological conditions the
mucosal cells of the small intestine never come in contact with plain water, water
taken by mouth being considerably mixed with gastro-intestinal secretions before
absorption. For example, when meals and liquids are consumed by human subjects,
the contents of the duodenum and jejunum are rapidly diluted and sodium chloride
is added (Reitmeier, Code & Orvis, 1957; Borgstrém, Dahlqvist, Lundh & Sjévall,
1957; Fordtran, Levitan, Bikerman, Burrows & Inglefinger, 1961; Hindle & Code,
1962).

There appear to be two causes for these phenomena. Firstly, the gastro-intestinal
secretions provide a daily circulation of fluid and salt which considerably exceeds
the dietary intake (T'able 1). The entry of these secretions into the upper intestine
will continually modify the composition of the contents. The second factor in modi-
fying the composition of the gastro-intestinal contents is the occurrence of massive
bidirectional fluxes of water and of electrolytes across the intestinal cells. The exis-
tence and magnitude of these fluxes was first demonstrated for dog intestine by the
classical experiments of Visscher and his associates (cf. Visscher, Varco, Carr,
Dean & Erickson, 1944; Visscher, Fetcher, Carr, Gregor, Bushey & Barker, 1944).
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