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Abstract

Wepreviously reported that intestinal apo B40 synthesis in the
rat was unaltered by dietary triglyceride intake but demon-
strated regulation in response to biliary lipid availability. Stud-
ies are now presented in which the mechanisms underlying
biliary lipid dependent expression of intestinal apo BR synthe-
sis have been investigated further. Bile salt replacement was
effective in a dose- and structure-dependent manner in reex-
pressing intestinal apo B4 synthesis after prolonged bile di-
version. Further experiments suggested that this effect of bile
salt may be related to facilitated uptake of fatty acid. A role for
mucosal phospholipid flux was suggested by studies in which
infusion of lysolecithin, with or without Na taurocholate, pro-
duced complete reexpression of apo B4" synthesis in jejunal
enterocytes. Over a four- to sixfold range of apo B4" synthesis
rates in both jejunum and ileum, there was no change in apo B
mRNAsize or abundance as determined by RNAblot hybrid-
ization. Analysis of both intestinal mucosa and microsome lipid
content in a variety of settings revealed that apo B4 synthesis
rates were correlated with microsome triglyceride fatty acid
content (r = 0.65, P < 0.005) but not free fatty acid or phos-
pholipid content. These studies demonstrate a physiologic role
for elements of biliary lipid flux in the regulation of apo B gene
expression. The data suggest that an integrated mechanism
may exist whereby apo B4 synthesis is related to microsome
triglyceride flux, particularly at low levels of lumenal substrate
availability.

Introduction

Apolipoprotein (apo) B is a large, hydrophobic protein synthe-
sized in mammalian liver and intestine. Although details of its
intracellular assembly and lipid association are unclear, apo B
is an integral component of triglyceride-rich lipoproteins (chy-
lomicrons and VLDL) and LDL (reviewed in reference 1).
Two major species exist in humans: apo B100 (M, - 500 kD),
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which is synthesized in the liver and is the principal protein
constituent of LDL, and apo B48 (Mr - 230 kD), which is
synthesized by small intestinal mucosa and secreted as a com-
ponent of chylomicrons and VLDL (2). Unlike the situation in
humans, both molecular forms of apo B are synthesized and
secreted by rat hepatocytes (3). Rat enterocytes, by contrast,
synthesize and contain only apo B48 (4, 5).

Over the last two years a number of groups have isolated
complementary DNA(cDNA) clones encoding different re-
gions of both rat and human apo B,00 (6-12). A dominant

15 kb mRNAspecies has been identified in both intestine
and liver using cDNAprobes encoding either amino- or car-
boxyl-terminal domains (8, 10, 12, 13). Recently, independent
studies by Powell et al. (13) and Chen et al. (14) indicate that
apo B48 in human and rabbit intestine represents the NH2
terminal 2152 amino acids of apo Bloo and arises by a novel co-
or posttranscriptional nucleotide modification that produces a
stop codon in apo B,00 mRNA.

There is little direct information about the mechanism(s)
of regulation of apo B gene expression. Evidence based on a
number of well characterized human genetic syndromes sug-
gests that apo B,00 and apo B48 may be independently and
somewhat variably expressed in liver and intestine of human
subjects (15-17). These rare genetic syndromes are accompa-
nied by varying degrees of failure of secretion of triglyceride-
rich lipoproteins from enterocytes and hepatocytes (15-17),
suggesting that apo B gene expression may be critical to the
process of assembly and secretion of these lipoprotein classes.
Additionally, developmental changes have been described in
the ratios of apo B,00 and apo B48 synthesized by human fetal
small intestine (18) and in a number of embryonic and devel-
oping rat tissues (19). The relative roles played by dietary and
hormonal factors in regulating apo B gene expression have as
yet been poorly defined. We recently demonstrated that rat
intestinal apo B48 synthesis was not regulated by acute triglyc-
eride flux, but appeared to be sensitive to aspects of biliary
lipid flux (4). Wenow report studies that further characterize
the regulation of intestinal apo B gene expression by different
elements of biliary lipid flux.

Methods

Animals and surgical protocol. Male Sprague-Dawley rats (1 50-200 g)
were obtained from Charles River Breeding Laboratories, Wilmington,
DE. All animals had free access to water and standard pelleted rat chow
(Ralston-Purina, St. Louis, MO) until the day of surgery.

External bile diversion was performed as described (4) using poly-
ethylene tubing to cannulate both duodenum (PE-90) and distal com-
mon bile duct (PE-50). All animals (except controls, see below) under-
went external bile diversion and received an intraduodenal infusion of
10%dextrose-0.9% NaCl-O.04% KCI (D 1O-saline) at a rate of 2.4 ml/h
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for 26-30 h. This time point has been previously demonstrated (4) to
produce a nadir of jejunal apo B48 synthesis following external bile
diversion. The duodenal infusate was changed, according to the experi-
mental protocols detailed below, so that animals received the specific
test infusate at 2.4 ml/h for the last 16-18 h of bile diversion. The total
elapsed time in every case was 44-48 h following initial surgery. Sham
operated controls underwent laparotomy and exposure but not can-
nulation of the bile duct. These animals were similarly restrained and
infused with DIO-saline for 48 h.

Determination of intestinal apo B48 synthesis rate. After the respec-
tive manipulations (detailed in the legends to figures) animals were
anesthetized with sodium pentobarbital and 10 cm loops of jejunum
(proximal portion 5 cm from ligament of Treitz) and ileum (distal
portion 5 cm proximal to ileocecal valve) were pulse-labeled with
L-[4,5-3H]leucine (> 120 Ci/mmol; Amersham Corp., Arlington
Heights, IL) for 9 min. This time point effectively precludes any appar-
ent hepatic contribution to newly synthesized intestinal apo B4" (4).
After exsanguination, the loops were removed and enterocytes isolated
using citrate-EDTA chelation (4). Enterocyte isolation buffers con-
tained, sequentially 20, 10, and 5 mMleucine as detailed (4) to prevent
isotope reutilization. The final cell pellet was homogenized on ice in
PBS-l% Triton-2 mMleucine-l mMPMSF-I mMbenzamidine, pH
7.4, and a 105,000gsupernatant prepared. These conditions have been
previously shown to optimize apo B recovery from intestinal cells (4).
Aliquots of homogenate were saved for measurement of total protein
concentration (20) and TCA-insoluble radioactivity. Aliquots of cyto-
solic supernatant were reacted with excess apo B antiserum and the
immune complex precipitated by addition of washed Staphylococcus
aureus cells. After extensive washing, the immune complex was char-
acterized by SDS-PAGEand radioactivity incorporated into apo B48
determined by liquid scintillation spectrometry. Characterization of
antiserum specificity and parameters for determining antiserum excess
stoichiometry have been previously provided (4).

Apo B48 synthesis rates are expressed as a fraction of total protein
synthesis (4). Each value represents the mean of two to four separate
assays corrected for nonspecific and background radioactivity. Quan-
titation of apo B4, synthesis as a relative rate assumes that the propor-
tion of leucine residues represented in the apo B peptide remains
constant and that leucine uptake and incorporation into total cellular
protein is comparable between the different treatment groups. Incor-
poration of [3H]leucine into cellular protein was compared among 15
experimental groups reported below (n = 68 for jejunum, n = 61 for
ileum). Comparisons were made to simultaneously studied animals
with bile fistula alone and sham-operated controls, both groups being
infused with D1O-saline for 48 h. Animals receiving 5 mMNa
tauroursodeoxycholic acid (NaTUDCA)' were noted to have higher
incorporation of [3H]leucine into cellular protein in ileal enterocytes
(2.76±0.74 cpm/ng, n = 5) than either bile diverted animals
(1.76±0.67 cpm/ng, n = 8, P = 0.046) or sham-operated controls
(1.06±0.033 cpm/ng, n = 3, P = 0.0053). This treatment group aside,
there were no differences in the incorporation of [3H]leucine into cel-
lular protein among the groups studied when compared to both
matched control groups cited above (data not shown). Thus, the
changes reported in apo B4s synthesis rates (below) reflect a real change
in apolipoprotein synthesis rate and not an apparent difference in the
face of altered total cellular protein synthesis.

RNA extraction and analysis. Total cellular RNAwas extracted
from the proximal (jejunum) and distal (ileum) one-third of the small
intestine using 8 Mguanidine-HCI as described by Gordon et al. (21).
Yields of total cellular RNAaveraged 3-6 mg/g wet weight mucosa.
Hepatic RNAwas similarly extracted, with comparable yield. All prep-
arations of RNAwere determined to be intact following analytical

1. Abbreviations used in this paper: CMC, critical micellar concentra-
tion; FA, fatty acid; PC, phosphatidylcholine; SSC, 0.15 MNaCI/0.015
MNa citrate, pH 7; TG, triglyceride; NaTUDCA, Na taurourso-
deoxycholic acid.

methylmercury agarose gel electrophoresis (22), (data not shown). Iso-
lation of total cellular RNAusing guanidine isothiocyanate-CsCl2 cen-
trifugation (23) resulted in lower yields but similar patterns of apo B
mRNAfollowing Northern transfer (see below).

For quantitation of apo B mRNAabundance serially diluted ali-
quots of total cellular RNA(0.5-3.0 4g) were applied to nitrocellulose
filters using a commercial template as previously described (19). In
addition, samples of intestinal and hepatic total cellular RNA(30 ng-3
,tg) were run as internal standards for each filter. Filters were probed
with a 2.9-kb cDNA to rat apo B10 (19) labeled with 32p to a specific
activity of 10'-10' cpm/,sg (24). Hybridization solutions (pH 7.0)
contained 50% (vol/vol) formamide, 6X standard saline citrate (SSC),
50 mMsodium phosphate, 1 mMEDTA, I X Denhardt's solution, 50
Ag/ml sheared, single-stranded salmon sperm DNA, and 10% (wt/vol)
dextran sulfate. Following a 24-h incubation at 420C, filters were
washed twice in 0.19% (wt/vol) SDS/1 X SSCat 250C and four times ( 15
min each) in 0.1 X SSCat 50°C before autoradiography. Apo B mRNA
abundance was calculated by quantitative scanning densitometry
using a laser densitometer (Ultroscan LX, LKB Instruments, Inc.,
Gaithersburg, MD). Relative abundance was calculated by reference to
a standard curve constructed from the signals of hepatic and intestinal
RNAstandards, thereby allowing comparison between different films.
Only signals in the linear range of film sensitivity were used ( 19).

Northern blots of total intestinal and hepatic RNAwere prepared
as described (25) following fractionation through 6% formaldehyde/
0.75% agarose gels. These blots were hybridized as described above
with both the apo B cDNAand subsequently with a Bal/Pst I restric-
tion fragment of pAIV303 DNAthat encodes 1250 nucleotides of rat
apo AIV mRNA(26). Northern blots were also hybridized to a cDNA
for rat fibronectin (XRLF-1 from Dr. R. Hynes, Massachusetts Insti-
tute of Technology, Boston, MA) as described (27).

Intestinal microsome preparation and lipid analysis. After exsan-
guination, the intestine was removed, incised longitudinally and the
mucosa flushed extensively with ice-cold 0.9% NaCl-2% Triton as de-
scribed (28). The mucosa was then scraped and portions homogenized
directly (Polytron setting 5 for 30 s) in 0.9% NaCl-5 mMEDTA. These
homogenates were frozen at -80°C until used for lipid extraction.
Other portions were suspended in 5 vol of medium I (0.25 Msucrose-
10 mMTris-l mMEDTA, pH 7.4) and homogenized on ice by 8-10
strokes of a loose fitting Teflon-glass homogenizer. The homogenate
was centrifuged at 2,000 g for 10 min and the resulting supernatant
centrifuged at 25,000 g for 10 min, both at 4°C. This supernatant was
centrifuged at 100,000 gfor 60 min at 4° and the pellet suspended in I
ml 0.5 MKCI-0.25 Msucrose. After centrifugation at 100,000 g the
final, washed microsome pellet was resuspended in 2 ml medium I,
aliquoted, and frozen at -80°C.

Aliquots of total mucosal homogenate and microsome fractions
were submitted to lipid extraction according to the method of Folch et
al. (29). Total lipid classes were separated by TLC using silica gel Gin a
solvent of petroleum ether/ethyl ether/glacial acetic acid (80:20:1; vol/
vol/vol). Samples were identified by comparison to standards, scraped
into Teflon-lined screw-capped tubes and transmethylated directly
using 14% BF3-methanol (30), following addition of heptadecanoic
acid as an internal standard. The derivitized fatty acids were assayed
using a gas liquid chromatograph (model 8410; Perkin-Elmer, Nor-
walk, CT) equipped with a 6 ft X 2 mmi.d. column packed with 10%
SP-2330 on 100/120 mesh chromasorb (Supelco, Inc., Bellefonte, PA).
Authentic fatty acid methyl esters (Nu-Chek-Prep, Elysian, MN) were
used to identify peaks based on their relative retention times. Values
were calculated as micrograms of fatty acid (FA) and normalized to
protein values (20). Microsome phospholipid content was determined
on total lipid extracts by the method of Bartlett (31).

Chemicals and preparation of test infiusates. La-Dioleoyl-phospha-
tidylcholine (PC) and lysophosphatidylcholine were purchased from
Avanti Polar Lipids, Inc. (Birmingham, AL). L-3 Dipalmitoyl
phosphatidylcholine ether was purchased from Serdary Research Lab-
oratories (London, Ontario). Taurine conjugated bile salts (sodium
salt) were purchased from Calbiochem, La Jolla, CA. Cholesterol was
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purchased from Nu-Chek-Prep. Oleic acid was purchased from Sigma
Chemical Co., St. Louis, MO. Liposomes containing PC and choles-
terol in a 3:1 molar ratio were prepared as described (32) but with the
following modifications. Stock solutions of PC in hexane were evapo-
rated under N2 and subsequently Iyophilized for 30 min under vac-
uum. Cholesterol was added, the mixture suspended in 10 ml D10-sa-
line at 40C and then sonicated under N2 at 50 Wfor ten 3-min bursts.
The mixture was kept on ice throughout the procedure and the volume
adjusted to give a final PC concentration of 2 mM, a value representa-
tive of biliary PC concentrations in the rat (33). The infusate was
observed to be clear in every case and was used within I h of prepara-
tion. Mass determination of lipid phosphorus (31) indicated that typi-
cally > 90% of expected PC was recovered. TLC using silica G in a
solvent system of chloroform/methanol/glacial acetic acid/water
(50:30:8:6; vol/vol/vol/vol) indicated that > 96% of the phospholipid
phosphorus was accounted for by phosphatidylcholine both pre- and
postsonication, suggesting that no substantial breakdown had taken
place. In some experiments, where indicated, L-a-dioleoyl [dioleoyl-l-
'4C]phosphatidylcholine (New England Nuclear, Boston, MA) was
added to the infusate. This material was observed to be > 98%pure by
TLC. Infusions of bile salts were adjusted to pH 7.0 using 0.1 M
NaOH. Infusions of fatty acid were prepared using the method of
Gebhard (32) with some modification. 200 ml of a 0.1% solution of
gelatin hydrolysate (Sigma) was prepared in warm DIO-saline. To this
was added, dropwise, 100 ,ud ethanol containing oleic acid at a final
concentration as described in the text and where indicated, - 10 ACi
1-['4C]oleic acid (New England Nuclear). The (visually opaque) mix-
ture was adjusted to pH 8.0 with I MNaOHand sonicated under N2,
at 4°C, for five 3-min bursts at 50 W. The now optically clear solution
was infused immediately.

Miscellaneous assays. Lumenal contents and mucosal scrapings
were assayed for bile salt concentration using an enzymatic method
(34). Protein determinations (20) used bovine serum albumin as a
standard.

Statistics. Statistical comparisons were made using independent t
tests and employed both methods for pooled and separate variance
where appropriate. Data, unless otherwise stated, are expressed as
mean±SD.

Results

Intestinal apo B48 synthesis
Regulation by bile saltflux. In previous studies (4) we demon-
strated that a 14-h infusion of 10 mMNa taurocholate resulted
in complete reexpression ofjejunal apo B48 synthesis following
30 h of bile diversion. As shown in Fig. 1, this study shows that
this effect is produced by infusion of 5 mMbut not 2 mMNa
taurocholate suggesting that concentrations close to the critical
micellar concentration (CMC) may be required. The effects of
equimolar (5 mM) infusion of four different taurine conju-
gated bile salts upon intestinal apo B48 synthesis are docu-
mented in Fig. 2. Two major observations were made. First,
structurally distinct bile salts had different effects on reexpres-
sion ofjejunal apo B48 synthesis following bile diversion (Fig. 2
A). 5 mMNa taurodeoxycholate produced the greatest appar-
ent stimulation while 5 mMNaTUDCAhad no apparent ef-
fect (bile diverted 0.47±0.12%, n = 10, NaTUDCA
0.46±0.10%, n = 5). Further studies using 10 mMNaTUDCA
revealed complete reexpression of jejunal apo B48 synthesis
(0.87±0.03%, n = 4) with no further increase in two animals
studied following 15 mMNaTUDCAinfusion (0.79% and
0.68%). This suggests that a dose-response relationship exists
for structurally distinct bile salts. Secondly, despite apparently
complete reexpression of jejunal apo B48 synthesis, ileal apo
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Figure 1. Jejunal apo B48 synthesis in bile diverted rats. Reexpression
with increasing concentrations of Na taurocholate. Animals (n
= 4-10 per group) were subjected to external bile diversion (BD) and
infused via duodenal cannula with DIO-saline for 30 h (Methods).
The infusate was changed for the last 18 h of study to DIO-saline
containing 2, 5, or 10 mMNa taurocholate and apo B48 synthesis
rates determined in jejunal enterocytes (Methods). Data are
mean±standard error. *Indicates significantly different to BDalone,
P < 0.05.

B48 synthesis was incompletely reexpressed after intraduodenal
bile salt replacement (Fig. 2 B). This is analogous to our find-
ings with respect to ileal apo A-I synthesis after bile diversion
(35), and suggests that factors other than lumenal bile salt
replacement alone are necessary for reexpression of apo B48
synthesis in this region.

It was found that intraduodenal infusion of 5 mMNa tau-
rocholate produced lumenal bile salt concentrations in the
ileum (mean 11.0 AM, range 3.1-18, n = 3) comparable to
those in jejunal contents (mean 3.5 ,M, range 2.7-5.0, n = 3).
Additionally, mucosal concentrations of bile salt were some-
what higher in ileal samples (1.3-1.8 nmol/mg) versus jejunal
samples (0.50-0.52 nmol/mg). Taken together, this suggests
that differences in delivery or mucosal uptake are insufficient
to account for the regional effects observed on apo B48 synthe-
sis reexpression following bile salt replacement.
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Intestinal apo B48 synthesis
Regulation by lumenal lipid uptake. To pursue the mechanism
of bile salt-mediated reexpression ofjejunal apo B48 synthesis,
we tested the hypothesis that reexpression was related to facili-
tated uptake of critical lumenal lipid components, potentially
fatty acid or sterol. The role of fatty acid uptake was studied
directly in experiments described in the legend to Fig. 3. Ani-
mals infused with a micellar mixture of 2 mMNa taurocho-
late/2 mMoleic acid/2 mMmonoolein were noted to have
complete reexpression of apo B48 synthesis in both jejunum
(Fig. 3 A) and ileum (Fig. 3 B). By contrast, 2 mMNa tauro-
cholate alone was ineffective in mediating reexpression of je-
junal apo B48 synthesis (Fig. 3 A), while 5 mMNa taurocholate
failed to alter ileal apo B48 synthesis.

To demonstrate conclusively that fatty acid uptake per se
was responsible for the observed effect, animals were infused
with 2 mMoleic acid (as the sodium "soap," see Methods) for
16-18 h and apo B48 synthesis rates determined to be reex-
pressed to 85±17% control levels in jejunal enterocytes (Fig. 3
A). Ileal apo B48 synthesis rates, however, were incompletely
restored (FA infused 0.42±0.11 (n = 4) versus sham
0.61±0.15, n = 8, P < 0.05). This may reflect differences in
lumenal fatty acid concentration in the distal small intestine,
although this was not specifically investigated. Additional
studies demonstrated that 1 mMoleic acid was equally effec-
tive in reexpressing jejunal apo B48 synthesis (84±13% control
levels, n = 4, P > 0.05). The distribution of 1-[14C]oleic acid
into mucosal lipid subclasses was found to be predominantly
(> 80%) as complex lipid (phospholipid, cholesteryl ester, tri-
glyceride) with only 16.5±2.5% of the counts remaining as free
fatty acid.

The role of sterol uptake was investigated in one experi-
ment where 5 bile diverted rats were infused with 0.25 mM
25-OH cholesterol in 0.5% ethanol-10% dextrose-saline. This
concentration has previously been shown (32) to suppress in
vivo intestinal cholesterol synthesis in dogs. Apo B48 synthesis
rates (jejunum 0.58±0.08%; ileum 0.35±0.15%) were no dif-
ferent than bile diverted animals receiving D1O saline alone
(jejunum 0.47±0.12, n = 10; ileum 0.22±0.1 1, n = 10). This

I.0 A |Jejunum| Figure 3. Intestinal apo B48
2mMNaTc SHAM synthesis in bile diverted

c0.8 - 2mMFA/MO rats. Reexpression follow-
° 0.6; ! i ing lumenal fatty acid up-a. 1 2mMFA take. Animals (n = 4-10

° 0.4 per group) were subjectedBO 2mM to external bile diversion as
0.2-

NaTc described above (Methods
CI and Fig. 1). The infusate
C5 o was changed for the last 18w

2mMNaTc Iem h of study to contain 2 or 5
z B *2mMFA/MO mMNa taurocholate
<,n 0.6. +2mMFA SHAM (NaTc) alone or as a micel-

I 0.4 lar mixture of 2 mMoleic
o *** acid-2mM mono-olein
< 0.2 D NaTc (NaTc/FA/MO). A sepa-

rate group received an infu-
0 sion of 2 mMoleic acid

without detergent solubili-
zation (Methods). Apo B48 synthesis rates were determined in both
jejunal (A) and ileal (B) enterocytes (Methods) and the data illus-
trated as mean±standard error. *Indicates significantly different to
sham, P < 0.05. ***Indicates significantly different to sham, P
<0.0005.

suggests that the bile salt-mediated reexpression of apo B48
synthesis is not related to facilitated uptake of lumenal sterol.

Intestinal apo B48 synthesis
Regulation by lumenal phospholipid uptake. Groups of bile-
diverted animals were infused with different preparations of
phospholipid as detailed in the legend to Fig. 4. Animals in-
fused with PC-cholesterol liposomes (2 mMPC: 0.625 mM
cholesterol) were found to have a further 50% suppression of
apo B48 synthesis rates in jejunal enterocytes below those
found in bile diverted animals (Fig. 4 A, 0.23±0.08 (n = 4)
versus 0.47±0.12 (n = 10), P< 0.005). These same animals, by
contrast, were found to have an almost sixfold elevation in
ileal apo B48 synthesis rates (Fig. 4 B) (1.26±0.32 [n = 4] versus
0.22±0.11 [n = 10], P< 0.001).

Further studies were conducted to elucidate the mecha-
nism for this striking regional effect of PC-cholesterol lipo-
some infusion. Animals were infused with PC-cholesterol li-
posomes containing La-dioleoyl[dioleoyl-1-14C]PC. At the
conclusion of the infusion, the entire small intestine was re-
moved, divided into proximal, middle and distal thirds and
mucosal scrapings subjected to lipid extraction and analysis by
TLC (see Methods). Phospholipid uptake (nmol ['4C]PC/mg
intestinal mucosal protein) was found to increase progressively
from proximal (0.55±0.13) to middle (1.29±0.87) to distal
(2.11±0.58) small bowel. This suggests that lumenal digestion
of phospholipid is relatively inefficient following bile diversion
with mucosal uptake of the lipolytic products presumably tak-
ing place more distally in the small bowel (as discussed below).

The relationship of these events to the regulation of intes-
tinal apo B48 synthesis was explored in further studies in which
2 mMPC-0.625 mMcholesterol was infused as a mixed mi-
cellar solution with 2 mMNa taurocholate. As demonstrated
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ferent to sham, P < 0.001. 'Indicates significantly different to sham,
P < 0.005.
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in Fig. 4 A, apo B48 synthesis was completely reexpressed in
jejunal enterocytes. This suggests that hydrolysis of lumenal
PCin the proximal jejunum is facilitated by the presence of the
bile salts and may be critical to the phospholipid-mediated
reexpression ofjejunal apo B48 synthesis. Additionally, apo B48
synthesis was reexpressed to control levels in ileal enterocytes
by this maneuver (Fig. 4 B). To further emphasize a possible
role for lumenal phospholipid metabolism in the regulation of
intestinal apo B48 synthesis, animals infused with 2 mMlyso-
lecithin-2 mMNa taurocholate were found to have complete
(97% control) reexpression of apo B4s synthesis in both je-
junum and ileum (Fig. 4, A and B). Animals infused with 2
mMlysolecithin alone had comparable reexpression of jejunal
apo B48 synthesis (85±24% control, n = 4, P> 0.05). As a final
control, animals infused with a micellar mixture of 2 mM
PC-ether-0.625 mMcholesterol-2 mMNa taurocholate were
found to have values for apo BR synthesis in both jejunal and
ileal enterocytes no different than bile diverted animals (Fig. 4,
A and B). In this experiment, the inability to hydrolyze leci-
thin-ether and the subsequent failure to generate lysophos-
pholipid and fatty acid prevented reexpression of intestinal
apo B48 synthesis. Taken together, the evidence strongly sug-
gests a physiologic role for lumenal phospholipid metabolism
in the regulation of intestinal apo B48 synthesis.

Jejunal apo B48 reexpression in bike diverted animals
Relationship to parameters of mucosal lipid content. To ex-
plore the mechanism(s) by which bile salt, fatty acid, and phos-
pholipid infusion mediate the reexpression of jejunal apo B48
synthesis, bile-diverted animals were infused with these sepa-
rate preparations as described above. Total mucosal and mi-
crosome samples were prepared from each animal in addition
to measurement of in vivo apo B48 synthesis rates. Values for
microsome lipid content are presented in Table I which dem-
onstrates a significant and uniform increase in triglyceride
fatty acid content following infusion of 5 mMNa taurocholate
(apo B48 synthesis 93±32% control), 2 mMlysophospholipid
(apo B48 synthesis 85±24% control) and 1 mMfatty acid (apo
B48 synthesis 84±13% control) compared to bile diversion
alone (apo B48 synthesis 53±3% control). Whenall the groups

Table I. Jejunal Microsome Lipid Content

Group n Triglyceride Free fatty acid Phospholipid

pg FA/mg protein nmol/mg protein

Bile diverted (4) 90±38 798±140 0.94±0.33
Sham (6) 382±192* 887±614 1.32±0.66
BD+ 5 mMNaTc (5) 521±245* 1,370±626 1.01±0.49
BD+ 2 mMLYSO (5) 217±89* 559±45* 1.25±0.61
BD+ I mMFA (4) 329±168* 553±133 1.54±0.25*

Animals were bile diverted or subjected to a sham procedure and in-
fused via duodenal cannula with Dl0 saline. For the last 18 h of
study, groups of (n) animals received 5 mMNa taurocholate (NaTc)
alone, 2 mMlysolecithin (Lyso) alone or 1 mMoleic acid (FA) alone
as described in Methods. Microsomes were prepared as described
and triglyceride and free fatty acid mass determined by GLC. Phos-
pholipid was assayed as lipid phosphorus. Data are mean±SDfor (n)
animals. Differences were determined by independent t test compari-
son to bile-diverted animals.
* P < 0.05, * P < 0.02.

were compared, microsome triglyceride content was found to
be significantly correlated (r = 0.65, P < 0.005) with jejunal
apo B," synthesis (Fig. 5). There was no increase in microsome
free-fatty acid or phospholipid content in the setting ofjejunal
apo B48 synthesis reexpression (Table I). Mucosal free fatty
acid concentrations were lower in both sham operated
(161±82 jg/mg) and fatty acid infused (143±50 jg/mg) ani-
mals compared to bile diverted animals (337±125 jg/mg, P
< 0.05). No significant changes were found in the bile salt and
lysolecithin infused animals (461±218 and 220±103 jig/mg,
respectively). Total mucosal triglyceride fatty acid content was
decreased in bile diverted animals (28±13 ug/mg protein)
compared to shams (1 10±40 jig/mg, P < 0.01) and animals
infused with 5 mMNa taurocholate (166±1 10 jg/mg, P
< 0.05) but no increase was found in the other two groups and
no significant correlation was found overall with apo B48 syn-
thesis (r = 0.22, P> 0.05, NS).

The evidence (from Fig. 5) suggests that microsome triglyc-
eride content may be an important determinant of intestinal
apo B48 synthesis rates in animals subjected to depletion of
lumenal (dietary and biliary) lipid substrate. It should be
stressed, however, that we had previously found no regulation
of intestinal apo B48 synthesis rates in animals (with intact
biliary anatomy) subjected to either acute (4) or sustained (36)
intake of triglyceride. When groups of 48-h fasted, chow-fed
rats were challenged with either 1 g dextrose or 1 g fat, the
latter group demonstrated a 16-fold increase in mucosal tri-
glyceride content (110±40 jig/mg, n = 4 versus 1,803±876
jig/mg, n = 4) and a more modest increase in microsome
triglyceride content (382±192 ,jg/mg versus 561±43 jig/mg).
Apo B48 synthesis rates were strictly comparable (1.35±0.35%
versus 1.43±0.24%). These data suggest that there may be a
threshold level of microsomal triglyceride accumulation in
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Figure 5. Jejunal apo B48 synthesis. Reexpression following bile di-
version is related to microsome triglyceride content. Groups of ani-
mals were subject to bile diversion or sham operation (n = 4-6 per
group) and infused via duodenal cannula with D10 saline. For the
last 18 h of study, treated animals received 5 mMNa taurocholate, 2
mMlysolecithin or 1 mMoleic acid. Bile diverted and sham oper-
ated animals received only D1Osaline. Jejunal apo Ba synthesis
rates were determined (Methods) and microsomes prepared from the
remaining proximal small intestine for assay of triglyceride-fatty acid
mass by GLC(Methods). The equation for the regression is y
= 0.001l,x+ 0.82.
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animals with an intact enterohepatic circulation, which may
maintain intestinal apo B48 synthesis rates at levels sufficient to
accommodate chylomicron assembly and secretion during pe-
riods of augmented mucosal triglyceride flux.

Intestinal apo B48 synthesis
Relationship of in vivo synthesis rates to the abundance of apo
B mRNA. RNAblot hybridization analysis of total cellular
RNAprepared from the jejunum and ileum of bile diverted
and sham operated animals revealed similar patterns of apo B
mRNAabundance (Table II). Furthermore, bile diverted ani-
mals infused with lecithin-cholesterol liposomes for 18 h be-
fore study also demonstrated comparable values for total apo
B mRNAabundance to bile diverted or sham operated con-
trols (Table II). Thus, over a wide range of intestinal apo B48
synthesis rates, mRNAabundance for apo B was unchanged.
Analysis of both intestinal and hepatic apo B mRNAsize dis-
tribution following formaldehyde-agarose electrophoresis
demonstrated a polydisperse population with major bands at

7 and 15 kb (Figs. 6, A and C). The higher molecular weight
band was found to demonstrate variable intensity based on
inconsistent transfer (compare identical liver standard in Fig.
6, A and C). Although degradation of high molecular weight
apo B RNAscannot be completely excluded, all preparations
of intestinal and hepatic RNAwere determined to be "intact"
by methylmercury electrophoresis (22) (data not shown). Ad-
ditionally, analysis of intestinal apo AIV mRNAdemonstrated
equivalent and intact message of appropriate size (26), in both
bile-diverted and sham-operated animals (Fig. 6 B), while he-
patic RNAdemonstrated a single band following hybridiza-
tion to fibronectin cDNA (Fig. 6 D).

Discussion

These studies were undertaken to examine the restoration of
intestinal apo B48 synthesis by elements of biliary lipid flux.
Such a role had been postulated in a previous report (4) in
which reexpression of intestinal apo B48 synthesis was observed
in a regional and time-dependent manner following infusion

Table II. Intestinal Apo B mRNAAbundance: Effects
of Bile Diversion and Reintroduction of Model
Components of Rat Bile In Vivo

Jejunum Ileum

% Control intestinal apo B
mRNAabundance

Sham 63±27 (8) 58±19 (8)
Bile diversion 75±40 (9) 52± 1(9)
Bile diversion + lecithin cholesterol

liposomes 72±22 (5) 42±17 (5)

Animals were bile diverted or subjected to a sham procedure and in-
fused via duodenal cannula with D1O-saline. In one group of animals
the infusate was changed for the last 18 h of study to contain leci-
thin-cholesterol liposomes (3:1 molar ratio, Methods). Jejunal and
ileal total cellular RNA(pooled from 1-3 animals) was analyzed by
dot-blot hybridization. Relative apo B mRNAabundance was calcu-
lated by scanning laser densitometry and data compared to an intes-
tinal RNAstandard. Data are expressed as mean±SDfor (n) pools of
total RNA. Differences were determined by independent t test to be
not significant. P> 0.05.

of 10 mMNa taurocholate into bile diverted rats. It was estab-
lished in these and more recent (36) studies that jejunal apo B48
synthesis rates were unchanged from fasting levels by either
acute or sustained augmentation of triglyceride intake. Thus,
the hypothesis has emerged that jejunal apo B48 gene expres-
sion in the fasting adult rat may represent its fully induced
state. Additionally, recent evidence that intestinal apo B
mRNAabundance changes during development in the rat
(19), provided further impetus to examine the role of lumenal
lipid components in mediating these effects.

The bile-salt mediated reexpression of intestinal apo B48
synthesis demonstrated both dose and structural dependency
in addition to regional specificity. Potential mechanisms of
action in mediating reexpression of jejunal apo B48 synthesis
include a direct effect of bile salt uptake per se or an effect
mediated by facilitated uptake of other lumenal lipid compo-
nents. Evidence against the former hypothesis is provided by
the finding of similar bile salt concentrations in both jejunal
and ileal enterocytes while apo B48 synthesis rates were re-
stored in only the proximal small intestine.

Evidence from studies presented above suggests that lu-
menal fatty acid uptake is a key regulatory event in mediating
reexpression of intestinal apo B48 synthesis. The apparent rela-
tionship between lumenal fatty acid uptake and bile-salt de-
pendent reexpression ofjejunal apo B48 synthesis may reflect a
number of mechanisms. First, it could be related to facilitated
lumenal hydrolysis of membrane phospholipid (37). In this
regard, the greater efficacy with which the more hydrophobic
bile salts (38) mediated the restoration of jejunal apo B48 syn-
thesis may relate to their demonstrated ability to promote ad-
sorption of phospholipase A2 to its substrate (membrane phos-
pholipid) (37). A second possibility is that intestinal bile salt
uptake influences the turnover of membrane phospholipids-
particularly phosphatidylinositol-resulting in diacylglycerol
production and subsequent reexpression of apo B48 synthesis
(39, 40). An observation of key importance in regard to the
possible mechanism of apo B48 synthesis restoration by either
fatty acid or bile salt infusion is the parallel reaccumulation of
microsome triglyceride (Fig. 5). It may be speculated that in
both situations, fatty acid may be preferentially diverted into
triglyceride which, at low levels of production, would undergo
rapid turnover and secretion into mesenteric lymph (41, 42). It
bears emphasis in this regard that plasma free fatty acids,
which may be an important substrate for enterocytes in the
absence of lumenal lipid (43) may play a role in the bile salt-
dependent reexpression of apo B48 synthesis. The present stud-
ies do not exclude such a possibility.

The data suggest an important role for lumenal phospho-
lipid flux in mediating the restoration of both jejunal and ileal
apo B48 synthesis. Several aspects of these studies deserve ad-
ditional comment. First, lecithin-cholesterol liposomes were
prepared at concentrations equal to those reported for biliary
phospholipid and cholesterol concentrations in the rat (33).
Liposomes were prepared at a 3:1 molar ratio (PC/cholesterol)
and thus were presumably unsaturated with respect to choles-
terol and potentially fatty acid (44). This speculation, although
not specifically investigated in the present report, may explain
the significant decrease noted in jejunal apo B48 synthesis fol-
lowing lecithin-cholesterol liposome infusion since it may re-
flect net egress of mucosal lipid (44, 45). Infusion of [dioleoyl-
1-'4C]phosphatidylcholine/cholesterol liposomes documented
the almost fourfold higher uptake of phospholipid in the distal
small intestine compared to proximal jejunum (above) and
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thus provides further support for the hypothesis that the six-
fold induction of ileal apo B48 synthesis demonstrated in these
animals is linked to regional differences observed in lumenal
phospholipid hydrolysis. This is consistent with other data
showing phospholipase A2 activity is three to four times
greater in the distal compared to proximal small intestine
(46, 47).

At least two possible mechanisms exist for the restoration
of apo B48 synthesis, related to each of the major lipolytic
products of lumenal phospholipid hydrolysis. One possibility
is that generation of fatty acid from lumenal phospholipid
hydrolysis produces reexpression of apo B48 in a manner anal-
ogous to that observed following infusion of fatty acid alone. A
second possibility is that reexpression of apo B48 synthesis,
particularly in the distal small intestine, may be related to
intracellular phospholipid reassembly. Evidence is available to
support both possibilities. In favor of fatty acid generation
being the operative mechanism is the observation of increased
microsome triglyceride content without demonstrable alter-
ation in microsome phospholipid content following lysole-
cithin infusion (Table I). However an alternative possibility is
that subtle changes in microsome phospholipid metabolism,
not reflected by content measurements, may influence intes-
tinal TG synthesis either by altering glycerolipid substrate
availability or the conformation and activity of various micro-
somal enzymes of triglyceride assembly (48). Evidence in sup-
port of lysolecithin and its directed reassembly into cellular
phosphatidylcholine as being a key factor in mediating the
restoration of apo B48 synthesis is somewhat less direct. Al-
though the restoration of both jejunal and ileal apo B48 synthe-
sis following 2 mMlysolecithin infusion is consistent with a
potential role for intestinal phospholipid reassembly, other
workers have suggested that lysolecithin may not be stoichio-
metrically reacylated to phosphatidylcholine (49) but rather
undergoes degradation and thereby provides substrate for TG
synthesis. Mucosal lipid extracts from animals infused with
La[ l-'4C-dioleoyl]phosphatidylcholine-cholesterol liposomes
were found to have over 98% of '4C counts from ileal mucosal
extracts comigrate with phospholipid with 1.7±0.6% of the '4C
counts comigrating with triglyceride on TLC. 80-84% of the
phospholipid radioactivity was associated with phosphatidyl-
choline, the other major class being phosphatidylethanol-
amine (10-12%). Finally, the fatty acid distribution of micro-
some triglyceride revealed no relative enrichment in 16:0 spe-
cies following 2 mMlysolecithin (predominantly palmitoyl)
infusion (bile diverted 37.3±7.2%, sham 33.0±9.7% versus ly-
solecithin 25.5±5.1%). Thus a consensus of data suggests that
the bulk of lumenal lysophospholipid appears destined for up-
take and reacylation into lecithin and in this regard may be the
preferred substrate (50-52). The integrated regulation of intes-
tinal phospholipid metabolism and triglyceride-rich lipopro-
tein secretion has been proposed by other workers (41) but
details of the mechanisms of phospholipid-enhanced intestinal
triglyceride secretion are currently unknown.

The cumulative evidence suggests that biliary lipid flux
may maintain threshold levels of microsomal triglyceride and
facilitates maximal expression of intestinal apo B48 synthesis
which is subsequently unaltered by further increases in cellular
TG flux. A further conclusion of these studies is that the
changes described in the synthesis rates of intestinal apo B48, in
vivo, were not accompanied by detectable changes in apo B
mRNAabundance. The implication, yet to be proved, is that
the observed alterations in apo B48 synthesis may reflect trans-

lational control mechanisms in the regulation of intestinal apo
B gene expression. This question is the focus of current inves-
tigation.
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