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Early Feeding of a High-Cholesterol Diet
Enhances Intestinal Permeability to Lipids in
Rabbits
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ABSTRACT. This study was undertaken in young and
growing rabbits to establish the of feeding a high- (2%)
cholesterol diet (HC) on the intestinal in vitro uptake of a
homologous series of saturated fatty acids, dodecanol, cho-
lesterol, and bile acids. In the jejunum there was an in-
crease in the uptake of myristic acid and dodecanol in HC
as compared with animals fed Purina Chow, whereas in
the ileum the uptake of stearic acid, cholesterol, and tau-
rocholic acid was reduced. There was increased jejunal
uptake of medium-chain length fatty acids, increased in-
cremental change in free energy (fAFw — [), increased
uptake of palmitic, taurocholic acid, and glycocholic acid
and reduced uptake of myristic acid and dodecanol in
animals fed the high-cholesterol diet for 10 days followed
by Purina Chow for 18 days (HC-chow), as compared with
HC. There was also increased ileal uptake of palmitic acid
in HC-chow as compared with HC but reduced ileal uptake
of stearic acid, cholesterol, taurocholic acid, and glycoch-
olic acid. In the colon, there was increased uptake of stearic
acid and dodecanol in HC-C as compared with HC, but
reduced uptake of cholesterol, taurocholic acid and gly-
cocholic acid. These changes in lipid uptake were not
explained by alterations in the mucosal surface area or in
the animals’ body weight gain. It is proposed that 1) early
feeding experiences with a high-cholesterol diet may alter
the normal development of intestinal transport of lipids
with increased jejunal permeability to medium-chain fatty
acids and increased effective resistance of the intestinal
unstirred water layer; and 2) this effect of the high-choles-
terol diet on the uptake of some lipids may not become
manifest until the animals’ diet is altered at a later age.
(Pediatr Res 21: 347-351, 1987)

Abbreviations

HC, high cholesterol

TC, taurocholic acid

GC, glycocholic acid

rpm, revolutions per minute
C, Chow

Shortly after weaning, the uptake of fatty acids and cholesterol
into the jejunum of rabbits is greater than in older animals (1~
3). It is now recognized that the effect of diet is specific to
different tissues, to different membranes and to varying ages or
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stages in the animal’s development (4). Complex changes occur
in the form and function of the digestive tract as animals develop
(5, 6) and it remains unclear by what mechanism(s) the intestine
adapts (7). The reduced permeability of the intestine which
occurs with aging is not due to major alterations in the mucosal
surface area, although the perturbations in the lipid composition
of the microvillus membrane may account for some of these
changes in transport function (8, 9). Variations in dietary triac-
ylglycerol saturation alter the lipid composition and fluidity of
rat intestinal plasma membranes (10) and there is considerable
evidence that other dietary factors may influence the intestinal
absorption of nutrients (11). For example, in mature rabbits,
feeding a diet low in cholesterol leads to an increase in the uptake
of cholesterol and fatty acids (12, 13). In young and recently
weaned rabbits, feeding a low-cholesterol diet alters the uptake
of sugars and lipids (14), and some of these early changes in
jejunal transport persist for at least 2 wk after the animals are
returned to feeding with standard Purina Chow (St. Louis, MO).
This study was undertaken in the growing rabbit to establish the
effect of early feeding of an HC diet (2%) on the jejunal, ileal,
and colonic in vitro uptake of a homologous series of saturated
fatty acids, dodecanol, cholesterol, and bile acids. We tested the
hypothesis that early feeding with an HC diet alters the subse-
quent normal development of intestinal transport of lipids.

METHODS

Chemicals. Unlabeled dodecanol and fatty acids were obtained
from Applied Science Laboratories Inc., State College, PA. Un-
labeled octanoic acid, cholesterol, TC, and GC were all greater
than 99% pure as supplied by Sigma. [1-'*C]-labeled octanoic
acid (caprylic, 8:0) and stearic acid (18:0) were obtained from
New England Nuclear, Boston, MA. [1-'*C]-labeled dodecanoic
acid (lauric, 12:0) and myristic acid (14:0) were obtained from
Applied Science Laboratories Inc. [1-'*C}-labeled GC and cho-
lesterol were obtained from Amersham Canada Ltd., Oakville,
Ontario, Canada. [1-"“C]-labeled TC, hexanoic acid (FA6:0),
decanoic acid (capric, FA10:0), plamitc acid (FA16:0), dode-
canol, and [*H}-inulin were obtained from ICN Biomedical Inc.,
Montreal, Quebec, Canada. Inulin has an approximate molecular
weight of 5000 and was used in all experiments as a nonpermeant
marker of the adherent mucosal fluid volume.

Preparation of incubation solutions. The technique used for
the preparation of the test solutions containing fatty acids, cho-
lesterol, bile acids, and dodecanol has been published elsewhere
(15-17). For the preparation of the micellar solutions of choles-
terol and fatty acids 14:0, 16:0, and 18:0, an appropriate amount
of unlabeled probe molecule was dissolved in 150 ml of Krebs-
bicarbonate buffer to yield final concentrations of 0.1 mM
cholesterol in 20 mM taurodeoxycholic acid (18), and counts of
250,000 cpm of *H-inulin and 100,000 cpm of "*C-labeled lipids.
The concentration of taurocholic or glycocholic acids was 1 mM,
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the concentration of dodecanol was 0.2 mM, and the concentra-
tion of the fatty acids was FA 6:0 and 8:0, 1.0 mM; FA 10:0, 0.5
mM,; FA 12:0, 0.2 mM; FA 14:0, 0.5 mM; FA 16:0 0.5 mM; and
FA 18:0, 0.1 mM.

Diet composition and feeding schedule. The standard pelleted
Purina Rabbit Chow was modified to contain a 2% content of
cholesterol (12). This was called HC and the standard Chow diet
was considered to be the “normal” cholesterol diet. The HC and
Chow diets were otherwise similar in their content of carbohy-
drate, protein, fat, vitamins, and minerals.

The female Dutch Belted rabbits were obtained at the age of 8
wk and were maintained on Purina Chow for 14 days. One group
continued on Chow for a further 14 days, a second group was
fed Chow for 14 days followed by HC for 10 days followed by
the Chow diet for 4 days. A third group was fed Chow for 42
days, and a fourth group was fed Chow for 14 days, then HC for
10 days, followed by Chow for 18 days. The four groups were
therefore fed as follows: 1) Chow, 28 days; 2) Chow, 14 days
followed by HC for 10 days followed by Chow for 4 days (HC);
3) Chow, 42 days, 4) Chow, 14 days, followed by HC for 10 days
followed by Chow for 18 days (HC-C). The weight of the animals
was determined twice weekly.

Tissue preparation. The rabbits were anesthetized with rhom-
pin/ketamine and the intestinal uptake studies were performed.
As outlined in detail elsewhere (16), short segments of proximal
jejunum, distal ileum, and proximal colon were rapidly removed,
rinsed with 150 ml of cold saline, opened along the mesenteric
border, and the mucosal surface was carefully washed with a
stream of cold saline from a syringe to remove visible mucus
and debris. Sheets of intestine were mounted in incubation
chambers and clamped between two plastic plates so that the
mucosal and serosal surfaces were exposed to separate incubation
solutions with apertures in the plates exactly 1.0 cm in diameter.
The chambers were transferred to beakers containing oxygenated
Krebs-bicarbonate buffer at 37° C for a preincubation period of
10 min. The chamber were then transferred to other beakers for
specific experiments.

The preincubation and incubation solutions were mixed at
identical stirring rates with circular magnetic bars, and the stir-
ring rates were precisely adjusted by means of a strobe light.
Stirring rates were reported as the rpm at which the stirring bar
was driven. The bulk phase was stirred at 600 rpm to reduce the
effective thickness of the intestinal water layer (16). When the
bulk phase is stirred, the unstirred layer resistance is low and
intestinal uptake is greater than when the bulk phase is unstirred
(16). The condition of stirring of the bulk phase was chosen to
better demonstrate possible changes in transport function arising
from dietary changes.

Determination of rates of uptake of fatty acids, bile acids, and
cholesterol. After preincubation in Krebs-bicarbonate buffer for
10 min, the chambers were transferred to other beakers contain-
ing [*H]-inulin and various probes including ['*C]-labeled cho-
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lesterol, bile acids, and fatty acids in oxygenated Krebs-bicarbon-
ate buffer at 37° C. After incubation for 6 min in these test
solutions, the experiment was terminated by removing the cham-
ber and quickly rinsing the intestinal tissue in cold saline for
approximately 5 s. The exposed mucosal tissue was then cut out
of the chamber with a circular steel punch, placed on glass slides,
dried overnight in an oven at 55° C, after which the dry weight
was determined. The tissue was transferred to counting vials,
saponified with 0.75 N NaOH, scintillation fluid was added, and
radioactivity was determined by means of an external standard-
ization technique to correct for variable quenching of the two
isotopes.

Determination of rate of uptake of dodecanol. The rate of
uptake of the diffusion-limited dodecanol was used to assess the
effective resistance of the intestinal unstirred water layer (16, 23).
The method used for the measurement of the rate of uptake of
dodecanol was similar to that used for the lipids, except that the
intestinal tissue was weighed wet and was placed in 0.7 ml
Protosol (New England Nuclear) at 55° C overnight (19). No loss
of ["*C]-dodecanol was noted during incubation of the tissue at
55° C for periods of up to 36 h. The samples were cooled to
room temperature, scintillation fluid was added, and radioactiv-
ity was determined as described above. Separate pieces of je-
junum were weighed wet and were reweighed after drying over-
night at 55° C. From the ratio of intestinal dry to wet weight, the
rate of uptake of the dodecanol was changed from nmol/min/
100 mg wet weight to nmol/min/100 mg dry weight. These latter
units are similar to those used for the other solutes reported in
this study.

Expression of results. The rate of uptake, J4, was calculated
after correcting the total tissue ['*C]-radioactivity for the mass of
the probe molecule present in the adherent mucosal fluid. The
uptake rates were expressed as the nmol of the probe molecule
taken up into the mucosa per min per 100 mg dry weight of
tissue (nmol/min/100 mg). The values of the incremental change
in free energy ([ AFw — /) associated with the uptake of medium
chain fatty acids (FA 6:0-12:0) were obtained after corrections
made for unstirred layer resistance, as described previously (2, 3,
16, 23).

The values obtained for the different groups are reported as
the mean + SEM of the results of six to nine animals. The
statistical significance of the difference between any two means
was determined by unpaired ¢ test: the values for HC were tested
against Chow feeding for 28 days, and HC-C was compared with
Chow feeding for 42 days.

Morphology. Morphometric measurements were done on 1-
cm sections of jejunum and ileum fixed in Bouin’s solution,
dehydrated, embedded in paraffin, sectioned for light micros-
copy, and stained with hematoxylin and eosin using standard
techniques. The method of villus surface area calculation was
done as previously reported (20). Villus height, villus width at Y2
height, villus bottom width, crypt depth, cell size, and the number

Table 1. Effect of HC diet on characteristics of animals*

Chow
28 Days 42 Days HC HC-C

Body wt gain (g/day) 13.9+04 15.5 0.7 7.5+ 1t 11.7 £ 0.5¢
Wt at end of study (kg/animal) 1.54 £ 0.04 1.74 £ 0.02 1.29 + 0.03% 1.55 £ 0.04%
Dry wt (mg/U)
Serosal surface area

Jejunum 11.2+0.6 11.5+0.7 10.5 £ 0.7 11.3+£0.5

Ileum 10.6 £ 0.5 9307 9.9+0.5 9.7+ 0.5

Colon 129 +0.8 9.3+0.6 11.5+0.6 10.8 + 0.6

* HC, Chow for 14 days followed by HC diet for 10 days followed by Chow for 4 days; HC-Chow, Chow for 14 days followed by HC diet for 10

days, followed by Chow for 18 days.

t» < 0.05, HC versus Chow feeding for 28 days, or HC-C versus Chow feeding for 42 days.



Table 2. Effect of HC diet on Intestinal morphology*

A. Jejunal

B. Ileal

HC-C

Chow—42 days

HC
30 + 39
558 + 13§ 1

104 + 6

Chow—14 days Chow—28 days

HC-C

Chow—42 days

HC

Morphological parameter Chow—14 days Chow—28 days

34+ 29
607 = 17

47

Crypt depth (um)
Villus ht (zm)

531 + 129

560 + 8

647 = 19

862 + 24 678 + 50 617 + 36%
108 = 4

608 = 11

757 + 80
110 £5

93+ 3|'%
94 + 6

107 + 47

116 + 4

119+ 79
195 + 61
399 + 109

113+6 90 + 39
122 £ 15

120+ 7

132+ 16
166 + 13

Villus width at ¥ ht (um)

99 +4
279 + 1241

100 + 4++
164 + 179

98+ 6
252 = 10|

106 + 7§
224 + 7§

102 £ 4

Villus bottom width (um)
Villus thickness (xm)

203 = 119

205+ 7

446 + 38+
809 + 72

309 %= 26
542 £ 78

231+ 12
548 + 60

465+ 1049 332+ 8|1

323 + 14§ 9

399 = 111

483 £ 294 |

629 = 17

Villus surface area (um?/

villus)

No. of cells/villus

138 + 61

120 + 4§ 1

188 = 10 139+ 4 140 = 6

6.9+0.2
110 £ 0.7

182+ 11 184 £ 8

193 + 11

186 = 10
6.5+1.2
6.3+06

225+ 22

7.7+ 0.4
113+ 0.6

93+0.111
10304

8.1x0.21
10.2 = 0.5¥F

0.2

8.7+

7.5+0.5 6.6 0.4

93 £

0.2

89+

6.5+0.8
10.0 £ 0.5

Villus cell size (um)

8.7 £ 0.49

10.7+0.7

0.8

9.7 £0.6§

No. of villi/mm serosal

length (A)
No. of villi/mm serosal
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50£0.2 52+0.29 6.9 £0.91 3.6 0211 510029

4.0+ 0.2

2.5+ 0.3

45+0.1§

34+03

44+02

56.0 £ 3.3|°9
185+ 1.0

37.0 = 1519

60.4 = 3.011*
19.7 £ 1.6

444 £2.29

53.5+3.2%
222+ 1.4

424268 207+12t 41.4+25|
26.7 + 2.0§ 202 £2.0

210+ 1.8

434 2.1

length (B)
No. of villi/mm? serosa

Mucosal surface area

17.2 £ 0.61

17.7 = 1.09

17.0+2.0

11.3+1.8

242+ 32

(mm?/mm? serosa)

* Rabbits were weaned on Chow and were continued on Chow for 28 or 42 days, or were fed the 2% HC diet for 10 days and returned to Chow for 4 days, or were fed the HC diet for 10 days and

were returned to feeding on Chow for 18 days (HC-C).

1 p < 0.05, Chow—14 days, versus Chow—42 days.

1 p<0.05, HC versus HC-C.

§ p < 0.05, Chow—28 days versus HC.

Il »<0.05, Chow—42 days versus HC-C.

of cells per villus were determined from longitudinal sections.
Horizontal cross-sections were prepared so that the second di-
mension of villus width, referred to here as villus thickness, could
be measured at %2 villus height. The density of the villi (number
of villi/mm serosal length) was measured in longitudinal and
horizontal cross-sections, then multiplied together to obtain the
number of villi/mm? serosa. When this villus density was mul-
tiplied by the villus surface area, the result was the mucosal
surface area, expressed as mm?/mm? serosa. At least 10 villi were
assessed per section. The following formulae were used:

Villus surface area (uM?/villus)
=2XMXH)+2XM-A)XD+ 1)
(2 X D) X [(A = M)? + (H)?]>® x 1000

where H = villus height, M = villus width at Y2 height, A = villus
bottom width, D = villus thickness.

Mucosal surface area (mm?/mm? serosa)
= number of villi/mm? serosa 2)

X villus surface area (mm?/villus)

RESULTS

Characteristics of the animals. The animals were of similar
weight and age at the outset. Body weight gain was less in HC
and HC-C than when the animals were fed Chow for 28 or 42
days (Table 1). In HC-C, the animals were returned to Chow for
18 days following 10 days of the HC diet; they gained weight at
the rate of 29.9 + 2.2 g/day, giving an average 42 day rate of
weight gain of 11.7 % 0.5 g/day. These differences in body weight
gain were due to the loss of 16 + 0.4 g/day while the animals
were on HC. These differences in weight gain were associated
with reduced food intake when the animals were fed the HC diet.
Neither the dry weight nor the ratio of the dry/wet weight of the
jejunum, ileum, or colon was affected by feeding HC.

There were diet-related variations in some of the characteristics
of the intestinal villi. Alterations in the cholesterol content of the

A. Jejunum
4l
o Chow
_ A High Cholesterol Diet
g 3 followed by Chow
~ 0 L L I 1 J
3 6 8 10 12
el
a.
~N
3 5F B ILEUM 57 ¢. Colon
£
4+ 4
. .
3r 3
0 L J I_ L 1 1 J
6 8 10 12 0 6 8 10 12
Chain Length

Fig. 1. Effect of early feeding of HC diet on the uptake of medium-
chain fatty acids into jejunum, ileum, and colon. Rabbits were weaned
on Chow and were continued on Chow or were fed 2% HC diet for 10
days and returned to Chow for 4 days, or were fed HC for 10 days and
were then returned to feeding on Chow for 18 days (HC-C). The values
for HC were similar to Chow and arc not shown. The chain length of
the fatty acids is plotted versus the natural logarithm of the rate of uptake
for mM divided by the appropriate aqueous diffusion coefficient. The
slope was greater in HC-C than in Chow-fed animals in the jejunum but
was lower in the ileum and colon.
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diet had no effect on the depth of the crypts in the jejunum or
ileum (Table 2a). Feeding HC was associated with an increase
in the height of the jejunal villi and the jejunal mucosal surface
area as compared to animals fed Chow for 28 days. In the ileum
(Table 2B), feeding HC was associated with a fall in villus height
and villus surface area but an unchanged mucosal surface area
(due to an increase in villus density, not shown). Switching from
HC to Chow for 18 days (HC-C) was associated with a decline
in jejunal but not ileal villus height, and villus and mucosal
surface area (p < 0.05) when compared to animals fed HC.
Fatty acids and cholesterol. Feeding HC-C was associated with
increased (p < 0.05) jejunal uptake of FA 8:0, 10;0, and 12:0
(Fig. 1), leading to a greater value for the slope of the relationship
between the number of CH, units in the fatty acid chain, versus
the natural logarithm of uptake divided by the appropriate
aqueous diffusion coefficient (In Jd/Pd). In contrast, HC-C was

A. Jejunum

O chow 2 wks plus
High Cholesterol Diet

J—i%*

600 M Cchow 2 wks plus
- High Cholesterol Diet
plus Chow
400F ||%
i " X ke &
200 F i i D
UM Al o on of
14:0 16:0 18:.0 CHOL TC GC ALC
[2]
_g B. lleum
<C( 400 Xe .
E x I *
L 200 .
= il Ui Ui e se 0
— 14:.0 16:0 18:.0 CHOL TC GC ALC
(@]
R C. Colon
400
*

200 ¥
* .

ol ol s i i o ol

14.0 16:0 18:.0 CHOL TC GC ALC
Fig. 2. Effect of early feeding of HC diet on the jejunal uptake of
fatty acids, cholesterol, bile acids, and dodecanol into the jejunum, ileum,
and colon. Rabbits were weaned on Chow and were continued on Chow
or were fed the 2% HC diet for 10 days and returned to Chow for 4 days,
or were fed HC for 10 days and were then returned to feeding on Chow
for 18 days (HC-C). The height of the bars represents the mean + SEM
of the results of six to nine animals. An asterisk indicates that the
difference between the mean value of the group fed HC was statistically
significant from the group fed Chow for 28 days, or that the difference
between the mean value of the group fed HC-C was statistically different
from the group fed Chow for 42 days (p < 0.05). A dot indicates that the
difference between the mean values of HC-C versus HC was statistically
significant (p < 0.05). The number abbreviations represent the chain
length of the saturated fatty acids (e.g. 14:0 is myristic acid, 16:0 is
palmitic acid, and 18:0 is stearic acid). CHOL, cholesterol; ALC, dode-

canol.
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not associated with any change in the value of [“Fw—l for the
uptake of medium-chain fatty acids into the ileum or colon.
There were no consistent effects of HC on the value of [*Fw—l
(not shown).

In the jejunum, the uptake of myristic acid and dodecanol was
greater in HC compared with rabbits fed Chow (Fig. 2), whereas
in the ileum, feeding HC was associated with increased uptake
of stearic acid, cholesterol, and taurocholic acid but reduced
uptake of glycocholic acid. In the colon, the uptake of stearic
acid was lower but the uptake of cholesterol was higher in HC
than in Chow-fed animals.

In the jejunum, the uptake of myristic acid and dodecanol was
lower in HC-C as compared with HC, whereas there was in-
creased uptake of palmitic acid, TC, and GC. In the ileum, the
uptake of palmitic acid was higher in HC-C than in HC, but the
uptake of stearic acid, cholesterol, TC, and GC was reduced. In
the colon, the uptake of stearic acid and dodecanol was higher
in HC-C than in HC, but in contrast, the uptake of cholesterol,
TC, and GC was lower.

DISCUSSION

The changes in lipid uptake were not simply explained by
alterations in the morphology of the intestine: the mucosal
surface area of the ileum was unaltered by diet (Table 2) even
though there were diet-related changes in the uptake of lipids
(Figs. 1 and 2). Furthermore, in the jejunum the mucosal surface
area was higher in HC then in Chow-fed animals, similar in HC-
C and Chow-fed animals, yet lower in HC-C than in HC. In
addition, the jejunal uptake of several lipids was similar in HC
and in Chowd animals and greater in HC-C than in Chow-fed
animals. Thus, mucosal surface area did vary between 14-42
days of feeding Chow, was increased by feeding HC, but was not
the simple explanation for alterations in intestinal uptake.

The second barrier to intestinal permeation is the effective
resistance of the intestinal unstirred water layer (23, 24). This
resistance may be assessed from the rate of uptake of dodecanol
(16). The feeding of HC was associated with an increased jejunal
uptake of dodecanol and therefore a decreased effective resistance
of the unstirred water layer. In contrast, unstirred layer resistance
declined 2 wk after switching from the HC diet back HC-C.
Thus, although the effective resistance of the unstirred layer
varied in response to dietary manipulations, this was not invari-
ably associated with appropriate changes in the uptake of the
lipids (Figs. 1 and 2) and there must be some other explanation
for the alterations in lipid uptake.

Dietary changes may alter the microviscosity and lipid com-
position of the intestinal brush border membrane (10, 21). How-
ever, diet-related changes in intestinal transport function are not
necessarily associated with changes in the membrane content of
either cholesterol or phospholipids (21). Furthermore, changes
in intestinal lipid composition are not necessarily associated with
changes in membrane fluidity (22). Aging itself alters the lipid
composition of the brush border membrane (9). The effect of
short-term feeding of a HC diet (2%) on brush border membrane
composition has not yet been reported. In view of the increased
jejunal permeability to lipids in HC-C ([*Fw—l), it is speculated
that this diet might alter the lipid composition of the brush
border membrane, thereby influencing the in vitro uptake of
medium-chain fatty acids observed in animals fed this diet (Fig.
2).

In the jejunum, HC-C was associated with increased uptake of
FA 8:0-18:0 but not cholesterol or bile acids, whereas in the
ileum and colon HC-C was associated with decreased [“Fw—l
and increased uptake of only FA 18:0. This different pattern
noted between the proximal and distal intestine may simply
reflect the length along the intestine where the influence of the
dietary signal is expressed or a difference in the manner of
response of the jejunum versus the ileum. The enhancement of
bile acid uptake into the ileum but not into the jejunum or colon
of HC-C may reflect the differences in the mechanisms of trans-
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port, active in the ileum and passive in the jejunum and colon.
Thus, dietary manipulation has a differential effect on the intes-
tinal transport of lipids and this effect may become more marked
after the dietary challenge has been withdrawn.

Much has been written on the effect of cholesterol in human

milk (29). This study did not address the question of the relative’

merits of this practise. However, the effects of feeding the HC
diet became most pronounced (Figs. 1 and 2) when the animals
were switched back to Chow (HC-C). Thus, the effects of early
feeding experiences may become manifest only at a later age or
when the initial dietary challenge has been removed. The nature
of the diet fed to young and developing animals may have a
pronounced effect on the membrane composition and function
of organs including brain, heart, and liver (27, 28). For these
reasons, and since early feeding experiences may alter the sub-
sequent normal development of the permeability properties of
the intestine, the late effects of early dietary changes must be
carefully examined before alterations in early feeding experiences
are widely recommended.
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