
 

Journal of Lipid Research

 

Volume 40, 1999

 

565

 

Lipoprotein lipase expression level influences tissue
clearance of chylomicron retinyl ester

 

Arlette M. van Bennekum,* Yuko Kako,

 

†

 

 Peter H. Weinstock,

 

§

 

 Earl H. Harrison,** 
Richard J. Deckelbaum,* Ira J. Goldberg,

 

†

 

 and William S. Blaner

 

1,

 

*

 

,†

 

Institute of Human Nutrition* and Department of Medicine,

 

†

 

 Columbia University College of Physicians and 
Surgeons, 630 West 168th Street, New York, NY 10032; Laboratory of Biochemical Genetics and Metabolism,

 

§

 

 
The Rockefeller University, New York, NY 10021; and Department of Biochemistry,** Allegheny University
of the Health Sciences, Philadelphia, PA 19129

 

Abstract Approximately 25% of postprandial retinoid is
cleared from the circulation by extrahepatic tissues. Little is
known about physiologic factors important to this uptake.
We hypothesized that lipoprotein lipase (LpL) contributes
to extrahepatic clearance of chylomicron vitamin A. To in-
vestigate this, [

 

3

 

H]retinyl ester-containing rat mesenteric
chylomicrons were injected intravenously into induced mu-
tant mice and nutritionally manipulated rats. The tissue
sites of uptake of 

 

3

 

H label by wild type mice and LpL-null
mice overexpressing human LpL in muscle indicate that
LpL expression does influence accumulation of chylomi-
cron retinoid. Skeletal muscle from mice overexpressing
human LpL accumulated 1.7- to 2.4-fold more 

 

3

 

H label than
wild type. Moreover, heart tissue from mice overexpresss-
ing human LpL, but lacking mouse LpL, accumulated less
than half of the 

 

3

 

H-label taken up by wild type heart. Fasting
and heparin injection, two factors that increase LpL activity
in skeletal muscle, increased uptake of chylomicron [

 

3

 

H]
retinoid by rat skeletal muscle. Using [

 

3

 

H]retinyl palmitate
and its non-hydrolyzable analog retinyl [

 

14

 

C]hexadecyl ether
incorporated into Intralipid emulsions, the importance of
retinyl ester hydrolysis in this process was assessed. We ob-
served that 

 

3

 

H label was taken up to a greater extent than

 

14

 

C label by rat skeletal muscle, suggesting that retinoid up-
take requires hydrolysis.  In summary, for each of our ex-
periments, the level of lipoprotein lipase expression in skel-
etal muscle, heart, and/or adipose tissue influenced the
amount of [

 

3

 

H]retinoid taken up from chylomicrons and/
or their remnants.—

 

van Bennekum, A. M., Y. Kako, P. H.
Weinstock, E. H. Harrison, R. J. Deckelbaum, I. J. Goldberg,
and W. S. Blaner.
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Dietary retinol is taken up by the intestinal mucosa and
is incorporated as retinyl ester along with other dietary
lipids into chylomicrons (1–6). The nascent chylomicrons
are secreted into the lymphatic system and enter the gen-
eral circulation where they are quickly metabolized (5, 6).

 

This metabolism involves both the hydrolysis of triglycer-
ides present in the core of the particle by lipoprotein li-
pase (LpL) and the exchange of apolipoproteins (5, 6).
As a result of these processes, a smaller particle is gener-
ated, the chylomicron remnant. The remnant particle is
thought to contain most of the retinyl esters originally
packaged in the nascent chylomicrons (1, 5, 6). Chylomi-
cron remnants are rapidly cleared primarily by hepato-
cytes, where shortly after uptake the retinyl esters undergo
hydrolysis (1, 6, 7). After hydrolysis the resulting retinol is
either reesterified for storage within the liver or bound to
retinol-binding protein (RBP) and secreted into the circu-
lation for delivery to retinoid responsive tissues (1, 7, 8).
Although it has long been known that some extrahepatic
tissues including skeletal muscle, heart, kidney, and adi-
pose tissue take up significant amounts of dietary retinoid
(1–3), the physiological factors and processes responsible
for uptake and the importance of this extrahepatic uptake
are not understood.

LpL is expressed in several tissues, including skeletal
muscle, heart, adipose tissue, kidney, and macrophages
(5, 9–11). After secretion from its cellular sites of synthe-
sis, LpL associates with heparan sulfate proteoglycans
(HSPG) on the luminal endothelial cell surface (5, 6, 9,
12). The physiological actions of HSPG-bound LpL in li-
poprotein metabolism may include both hydrolysis of
core triglyceride and facilitation of uptake of lipoprotein
remnant particles by cells (5, 6, 9, 12). This latter action
may involve the LpL molecule serving as a bridge to link
lipoproteins to cell surfaces (5, 6, 9, 13), thus, mediating
lipoprotein uptake by receptors like the low density lipo-

 

Abbreviations: LpL, lipoprotein lipase; RBP, retinol-binding pro-
tein; HSPG, heparan sulfate proteoglycans; WT, wild type; MCK, mus-
cle creatine kinase promoter; PBS, 10 mM Na

 

3

 

PO

 

4

 

, 150 mM NaCl, pH
7.4; HPLC, high performance liquid chromatography; TLC, thin layer
chromatography; and LDL, low density lipoprotein.
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protein receptor and the low density lipoprotein-related
protein or uptake by non-receptor mediated pathways.

We (14) and others (15) have reported that LpL can cat-
alyze hydrolysis of chylomicron retinyl esters after most of
the triglyceride present in the chylomicrons has first been
hydrolyzed (14). We further demonstrated that the amount
of total retinol (retinol 

 

1

 

 retinyl ester) taken up by murine
BFC-1

 

b

 

 adipocyte cultures from retinyl ester-containing
chylomicrons was greatly increased by addition of exoge-
neous LpL to the cultured cells (14). Thus, LpL concentra-
tion influenced cellular uptake of retinyl esters from either
chylomicrons and/or their remnants. Based on these ob-
servations, we hypothesized that differences in the level of
LpL expression and/or LpL activity influence tissue uptake
of chylomicron retinyl esters by extrahepatic tissues in vivo
(14). The present study explores this possibility.

MATERIALS AND METHODS

 

Animals

 

Male Sprague-Dawley rats weighing 400–450 g (Charles River
Laboratories, Wilmington, MD) were housed in a room undergo-
ing a 12-h light–dark cycle and provided access to standard pel-
leted rodent chow (Ralston Purina Company, Richmond, VA)
and water ad libitum. For experiments with chylomicrons, rats
were either fed ad libitum or fasted for 24 h prior to the start of
experiments. For experiments with Intralipid emulsions, rats
were fasted only for 12 h.

Three strains of mice were used for our studies. These con-
sisted of wild type C57BL/6J mice that express control levels of
LpL (WT mice), totally LpL-deficient mice in the C57BL/6J
background that overexpress human LpL in muscle (MCK/LpL0
mice), and C57BL/6J mice that overexpress human LpL in mus-
cle (MCK/LpL2 mice). For the mouse strains overexpressing hu-
man LpL, expression was driven by the muscle creatine kinase
(MCK) promoter. The generation and characteristics of these in-
duced mutant mice have been reported previously (16). For all
studies, we used 3- to 5-month-old male and female mice. Prior to
all experiments, mice were fasted 12 h.

 

Preparation of rat chylomicrons containing
[

 

3

 

H]retinyl palmitate

 

Rat chylomicrons were prepared as described by Goodman et
al. (2). Briefly, overnight fasted male Sprague-Dawley rats (200–
300 g) were administered 0.2 mL of a 1:1 mixture of corn oil and
olive oil containing 40 

 

m

 

Ci [

 

3

 

H]retinol ([11,12-

 

3

 

H(N)]retinol,
37.3 Ci/mmol, DuPont NEN, Boston, MA) by gastric cannula.
The oil solution also contained unlabeled retinol and 

 

a

 

-toco-
pherol at a final concentration of 2 mg per 0.5 mL. The animals
were anesthetized by intraperitoneal injection of a mixture of
Ketaset and Xylazine (final dose: 2 mL containing 141 mg
Ketaset and 12 mg Xylazine per kg rat). Within 20 min after infu-
sion of the retinol-containing corn oil solution, the superior mes-
enteric lymph duct was cannulated and the milky chyle was col-
lected into a sterile 15-mL polystyrene tube containing 0.5 mg
EDTA in 0.5 mL saline (0.9% NaCl) which was maintained on ice
and in the dark. Chyle production and collection continued for
periods up to 24 h. After the start of chyle production, rats were
provided free access to a solution of 0.9% NaCl, 0.05% KCl, and
5% glucose in water. After collection, chyle was overlayered with
0.05% EDTA in PBS (10 m

 

m

 

 Na

 

3

 

PO

 

4

 

, 150 m

 

m

 

 NaCl, pH 7.4) and
centrifuged at 110,000 

 

g

 

 and 18

 

8

 

C for 30 min to separate the chy-

lomicrons from other substances present in the chyle. After cen-
trifugation, the tube was sliced and the chylomicrons were aspi-
rated. Chylomicron preparations were stored at 4

 

8

 

C in the dark
for periods up to 4 days prior to use in our experiments.

 

Preparation of Intralipid emulsions doubly labeled with 
[

 

3

 

H]retinyl palmitate and retinyl [

 

14

 

C]hexadecyl ether

 

[

 

3

 

H]retinyl palmitate was synthesized from all-

 

trans

 

 retinol and
palmitic anhydride as described previously (17). Retinyl [

 

14

 

C]
hexadecyl ether also was synthesized according to procedures re-
ported previously (18). Briefly, [

 

14

 

C]hexadecyl mesylate was syn-
thesized from 100 

 

m

 

Ci [1-

 

14

 

C]palmitic acid (50 mCi/mmol, Du-
Pont NEN) and the labeled mesylate was reacted with 100 mg
unlabeled retinol (which had been purified immediately prior to
use on a column of 10% deactivated alumina), to yield retinyl
[

 

14

 

C]hexadecyl ether. The newly synthesized radiolabeled retin-
oids were purified on columns of 5% deactivated alumina fol-
lowed by chromatography on a normal phase HPLC system (14).

In order to generate emulsions containing both labeled retin-
oids, 15 

 

m

 

Ci [

 

3

 

H]retinyl palmitate and 10 

 

m

 

Ci retinyl [

 

14

 

C]
hexadecyl

 

?

 

ether, both in hexane containing 0.01% butylated hy-
droxy toulene (BHT), were added to a small amber glass vial and
the solvent was slowly evaporated to dryness under N

 

2

 

. Immedi-
ately upon reaching dryness, 0.5 mL of a 5% solution of In-
tralipid (diluted in sterile PBS from a stock of 20% Intralipid,
Kabi Pharmacia Inc., Clayton, NC) was added to the dry retin-
oids. The Intralipid solution was sonicated 3 times for 20 sec each
at a power setting of 40 Watt using a Branson Sonifier Cell Dis-
ruptor (Model W185) (Branson Scientific, Inc., Plainview, NY) to
bring the dried retinoids into solution. To remove the small
amounts of titanium released from the sonifier probe, the retin-
oid-containing Intralipid emulsion was centrifuged in an Eppen-
dorf centrifuge at 14,000 

 

g

 

 for 15 min at 4

 

8

 

C. The resulting emul-
sion was stored in the dark at 4

 

8

 

C for up to 7 days prior to use in
experiments.

To assess whether the radiolabeled retinoids had been incor-
porated in a similar manner and to a similar extent into the In-
tralipid emulsion and to demonstrate that sonication and retin-
oid inclusion had not disrupted the emulsion particles, small
aliquots of the emulsion taken immediately after sonication and
of the unsonicated emulsion were transferred into 80-

 

m

 

L capil-
lary tubes and centrifuged for 10 min in a hematocrit centrifuge.
After centrifugation, the tubes were cut into 7 sections (each 0.5
cm in length) and radioactivity present in each section was as-
sessed along with the emulsion triglyceride and phospholipid
concentrations present in the sections. If the composition of the
emulsion had not changed and if the radiolabeled retinoids
were homogeneously distributed within the emulsion, then the
ratios of both radiolabels, and the triglyceride and phospholipid
concentrations in each section of the capillary tube should re-
main constant. The ratio of triglyceride to phospholipid concen-
tration in each centrifuged fraction obtained for control In-
tralipid emulsion was identical to that of the sonicated Intralipid
emulsion. Therefore, neither the process of sonication nor the
incorporation of the tracer doses of the radiolabeled retinoids
into the emulsion had influenced the composition of the emul-
sion. Moreover, as greater than 90% of total 

 

3

 

H and 

 

14

 

C cpm
placed into the capillary tube were recovered in the top fraction
after centrifugation and as the ratios of 

 

3

 

H cpm, 

 

14

 

C cpm, triglyc-
eride, and phospholipid remained constant, the labeled retin-
oids must have been incorporated homogeneously into the In-
tralipid emulsion.

 

Animal manipulations

 

For injection of chylomicrons containing [

 

3

 

H]retinyl ester,
rats were anesthetized, the right jugular vein was surgically ex-
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posed, and 0.4 mL of a solution of rat chylomicrons containing
12 mg triglyceride and 1.7 

 

m

 

Ci (46 nmol) [

 

3

 

H]retinyl ester was
injected into the exposed vein. For the experiments where rats
received simultaneous injections of heparin with the chylomi-
crons, the 0.4-mL dose consisted of 0.2 mL chylomicron prepara-
tion diluted with 0.2 mL of heparin (100 IU/kg body weight) in
saline.

At 5 and 10 min after injection of the [

 

3

 

H]retinyl ester-con-
taining chylomicrons, blood samples were taken from a lateral
tail vein to assess serum clearance of the 

 

3

 

H label. Twenty min-
utes after injection, the animals were bled from the descending
aorta and a total body perfusion was performed using an ice-cold
solution of 0.9% NaCl containing 0.5 m

 

m

 

 EDTA at a flow rate of
4.5 mL/min for 5 min in order to remove residual blood from
the tissues. Liver, spleen, epididymal fat, kidney, lung, heart, and
skeletal (gastrocnemicus) muscle were excised quickly, immedi-
ately frozen in liquid N

 

2

 

, and stored at 

 

2

 

70

 

8

 

C prior to analysis.
Blood samples were allowed to clot at 4

 

8

 

C for several hours and
were subsequently centrifuged at 2,000 

 

g

 

 for 15 min at 4

 

8

 

C to sep-
arate the serum from the cells. Aliquots of serum collected 5, 10,
and 20 min after chylomicron injection were taken for liquid
scintillation counting to assess the clearance of the labeled retin-
oid(s) from the circulation and another aliquot was frozen at

 

2

 

70

 

8

 

C for further use in analysis.
For injection of rats with Intralipid emulsion containing

[

 

3

 

H]retinyl ester and retinyl [

 

14

 

C]hexadecyl ether, a two-sided
jugular vein cannulation was performed 1 day prior to the start of
experiments (19). The anesthesia used before and during the
surgery was the same as described above for collection of chylo-
microns. Rats were allowed to recover from the surgery for 12 h
and during recovery they were fasted. After recovery and while
fully awake, the animals were injected with a dose consisting of
0.4 mL of a 0.92% Intralipid emulsion containing 0.8 

 

m

 

Ci (0.015
nmol) [

 

3

 

H]retinyl palmitate and 0.15 

 

m

 

Ci (0.57 nmol) retinyl
[

 

14

 

C]hexadecyl ether through a patent cannula in the left jugu-
lar. A dose of 4 mg of triglyceride was injected into each animal.
Immediately after dose injection, aliquots of blood not exceed-
ing 0.1 mL were taken from the opposite jugular cannula at regu-
lar time intervals in order to assess disappearance of the labels
from the circulation. Animals were anesthetized, bled, and killed
20 min after injection of the dose. Tissue dissection and storage
were carried out as described above for chylomicron [

 

3

 

H]retinyl
ester injections.

Fasted mice were injected through the right jugular vein or
the tail vein with approximately 0.1 mL of a solution of rat chy-
lomicrons containing 0.2 

 

m

 

Ci (12 nmol) [

 

3

 

H]retinyl palmitate
and 3 mg triglyceride. Serum clearance of the 

 

3

 

H label was as-
sessed at 5 and 10 min after injection in samples obtained
through tail vein bleed. Animals were bled and killed after 20
min, at which time total body perfusion was performed for 2 to
3 min as described above for the rat experiments. The liver,
spleen, kidney, brain, heart, skeletal muscle, intraperitoneal,
subcutaneous and epididymal fat were excised and immediately
frozen in liquid nitrogen and stored at 

 

2

 

70

 

8

 

C prior to analysis
for [

 

3

 

H]retinoid content.

 

Liquid scintillation counting

 

To assess levels of [

 

3

 

H]retinoid taken up by tissues of experi-
mental animals (rats or mice) from either radiolabeled chylomi-
crons or radiolabeled Intralipid emulsion, 20% (w/v) tissue ho-
mogenates were made in PBS using a Polytron Tissue Disrupter
(Brinkmann Instruments, Westbury NY). Each tissue homoge-
nate was extracted with 6 volumes of chloroform–methanol 2:1
(v/v) as described previously (19). After vigorous mixing, centri-
fugation to separate phases and removal of the lower lipid con-
taining chloroform phase, the total lipid extracts were allowed to

evaporate in a standard laboratory hood and the resulting lipid
film was redissolved in 20 mL Hydrofluor liquid scintillation
counting solution (National Diagnostics, Atlanta, Georgia). 

 

3

 

H
and 

 

14

 

C cpm were assayed simultaneously in a Beckman LS 1800
Liquid Scintillation Counter. The spillover of 

 

14

 

C cpm into the

 

3

 

H channel was 4.8% and the spillover of 

 

3

 

H cpm into the 

 

14

 

C
channel was 7.5%. For total lipid extracts that showed color (espe-
cially the liver extracts) a quench correction was carried out by add-
ing known amounts of 

 

3

 

H cpm and 

 

14

 

C cpm to the lipid extracts
after initial counting in order to assess the absolute efficiency of
scintillation counting for each sample. For serum clearance curves,
the total serum volume for rats and mice was estimated to be equal
to 2.75% of the total body weight of the animal (20).

 

Separation of [

 

3

 

H]retinol and [

 

3

 

H]retinyl esters by normal 
phase HPLC or by chromatography on neutral alumina

 

For rats that had been injected with Intralipid emulsion con-
taining both [

 

3

 

H]retinyl ester and retinyl [

 

14

 

C]hexadecyl ether,
the percentage of [

 

3

 

H]retinol present in serum and intracellu-
larly in liver, lung, and spleen was assessed by normal phase
HPLC as described above. In order to determine the ratio of
[

 

3

 

H]retinol to [

 

3

 

H]retinyl ester in serum of fed and fasted rats
with or without heparin injection, serum was extracted with 20
volumes of chloroform–methanol 2:1 20 min after injection with
chylomicrons containing [

 

3

 

H]retinyl ester. The chloroform ex-
tracts were evaporated to dryness under a gentle steam of N

 

2

 

 and
the retinoids were redissolved in hexane and applied to a 1 

 

3

 

 10
cm column of 10% deactivated alumina in order to separate ret-
inol and retinyl esters (21, 22). The [

 

3

 

H]retinyl esters were eluted
with 3% diethyl ether in hexane, after which the [

 

3

 

H]retinol was
eluted with 50% diethyl ether in hexane. The retinol- and retinyl
ester-containing fractions were evaporated to dryness and redis-
solved in Hydrofluor for liquid scintillation counting.

 

Reverse phase HPLC determination of tissue
retinol and retinyl ester levels

 

WT, MCK/LpL0, and MCK/LpL2 mouse tissues were homoge-
nized in 2 mL PBS using a Polytron Tissue Disruptor. After ho-
mogenization, an equal volume of absolute ethanol containing
internal standard retinyl acetate was added. Retinol and retinyl
esters were extracted into 5 mL hexane, subjected to a backwash
with 1 mL of deionized H

 

2

 

O, and subsequently evaporated under
a gentle stream of N

 

2

 

. Immediately upon reaching dryness, the
extract was redissolved in 40 

 

m

 

L of benzene for injection onto
the HPLC. Retinol and retinyl ester (retinyl linoleate, retinyl ole-
ate, retinyl palmitate, and retinyl stearate) levels were analyzed
using a reverse-phase HPLC procedure as described previously
(23) on a 4.6 

 

3

 

 250 mm 5

 

m

 

m Beckmann Ultrasphere C18 col-
umn (Beckmann Instruments, Inc.). Retinoids were separated in
a mobile phase consisting of acetonitrile–methanol–dichlo-
romethane 70:15:15 (v/v) flowing at 1.8 mL/min. The total ret-
inol values represent the sum of retinol, retinyl linoleate, retinyl
oleate, retinyl palmitate, and retinyl stearate and are expressed as

 

m

 

g retinol equivalents per gram wet weight of tissue.

 

Analysis of triglyceride and phospholipid levels

 

Triglyceride levels were assayed by an enzymatic procedure us-
ing a commercial kit according to the accompanying instructions
(Boehringer Mannheim Diagnostics, Indianapolis, IN). Phos-
pholipid levels were determined using a sulfuric acid digestion
procedure exactly as described in the literature (24).

 

Statistical analysis

 

All data are expressed as means 

 

6

 

 one standard deviation
(SD). Statistical significance was determined by Student’s un-
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paired 

 

t

 

-test (two-tailed). Group differences were rejected as not
significant at 

 

P

 

 

 

. 0.05.

RESULTS

Clearance and tissue uptake of chylomicron [3H]retinyl 
ester in wild type and genetically modified mice

To assess whether modulation of the level of expression
of LpL in tissues can alter the uptake of retinoid from chy-
lomicrons, we studied the clearance of rat mesenteric
chylomicrons containing [3H]retinyl ester in three differ-
ent strains of mice: wild type (WT), LpL-deficient mice

that specifically overexpress human LpL in muscle only
(MCK/LpL0), and wild type mice similarly overexpressing
human LpL in muscle (MCK/LpL2). This experiment
was carried out two independent times using 4 mice from
each strain for each experiment. The two replicate experi-
ments gave identical results; consequently, we are present-
ing representative data in Fig. 1 and Fig. 2 for one of the
two experiments. Shown in Fig. 1 are the plasma clear-
ance curves of the 3H label for each of these strains of
mice after intravenous injection of a bolus dose of radiola-
beled chylomicrons. The rates of clearance of the label for
the WT, MCK/LpL0, and MCK/LpL2 animals were not
statistically different. This is in agreement with previously
published investigations of these mice (25).

Although the overall recoveries of the 3H label in tissues
for WT, MCK/LpL0, and MCK/LpL2 mice were not statis-
tically different for the strains and averaged respectively
59 6 4%, 54 6 4%, and 55 6 3%, respectively, we did ob-
serve differences in the tissue sites of uptake of chylomi-
cron [3H]retinyl ester between strains (Fig. 2). Amongst
the tissues investigated, uptake of 3H label by skeletal mus-
cle was markedly influenced by the level of LpL expres-
sion. The uptake of [3H]retinoid was significantly greater
for both strains of mice that express the human LpL trans-
gene in skeletal muscle compared to WT mice. These
data, expressed as 3H cpm/g of tissue, are shown in Fig. 2.
Uptake of 3H label by skeletal muscle for MCK/LpL0
mice was 1346 6 275 3H cpm/g (mean 6 SD), for MCK/
LpL2 mice 950 6 225 3H cpm/g, and for WT mice 577 6
138 3H cpm/g. Similarly, for MCK/LpL0 mice that have
no endogenous mouse LpL activity and survive through
the expression of human LpL primarily in skeletal muscle,
the uptake of 3H label in the heart was lower than in WT
or MCK/LpL2 mice. This difference between MCK/LpL0
and WT mice was statistically significant (1.02 6 0.33% of
dose in WT mice versus 0.47 6 0.21% of dose in MCK/
LpL0 mice). Uptake of 3H label by intraperitoneal fat was
not different for MCK/LpL0 mice from WT mice nor was
uptake of 3H label by subcutaneous fat from MCK/LpL0

Fig. 1. The clearance of rat mesenteric chylomicrons containing
[3H]retinyl ester from the circulations of fasted WT (j), MCK/
LpL0 (n), and MCK/LpL2 (,) mice. Values represent the percent
of the injected dose of 3H cpm remaining in the circulation at each
time. As described in Materials and Methods, a bolus dose consist-
ing of 3 mg triglyceride and 0.2 mCi (12 nmol) [3H]retinyl ester was
injected intravenously into 4 mice of each strain. These data were
obtained for one of duplicate experiments which gave essentially
identical results. The error bars indicate 6 1 standard deviation.
The plasma volume of each mouse was taken to be 2.75% of total
body weight (20).

Fig. 2. Tissue sites of uptake of [3H]retinyl ester from rat mesenteric chylomicrons 20 min after injection
into fasted WT (j), MCK/LpL0 (h), and MCK/LpL2 ( ) mice. The values are given either as the percentage
of 3H cpm present in the dose taken up by the tissue after normalization for recovery of 3H cpm in all tissues
studied or as 3H cpm present per g of tissue. Four animals were analyzed for each strain. Values given for kid-
ney represent the 3H cpm taken up by both kidneys. These values are taken from one experiment (the same
as for Fig. 1) which was carried out in duplicate and save the same results. Error bars indicate 6 1 standard
deviation. *Significantly (P , 0.05) different from WT mice. **Significantly (P , 0.01) different from WT
mice.
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mice different than that of WT or MCK/LpL2 mice. Al-
though the amount of 3H label taken up by adipose tissue
for MCK/LpL0 mice tended to be lower than those ob-
served for WT and MCKLpL2 mice, this was not signifi-
cant. Uptake of 3H label by liver and kidney (Fig. 2) and
lung and spleen (data not shown) were not significantly
different for the three strains.

Effects of LpL expression on steady state tissue 
retinol and retinyl ester levels

As the greatest differences in uptake of 3H labeled ret-
inoid from chylomicrons was observed for the WT and
MCK/LpL0 mice, we asked whether steady state tissue ret-
inoid levels differed between these two strains of mice. Ta-
ble 1 shows the total tissue retinol concentrations (ex-
pressed as mg retinol equivalents per gram tissue) for 7
tissues. The total retinol contents of liver, lung, perirenal
fat, spleen, kidney, skeletal muscle, and heart were not sta-
tistically different for the two strains of mice. As some of
these tissues in MCK/LpL0 mice take up significantly
more postprandial retinoid than do corresponding tissues
in WT mice, this would suggest that the retinoid taken up
postprandially by these tissues must equilibrate with retin-
oid pools throughout the body.

Clearance of [3H]retinyl ester in rat chylomicrons
by fed and fasted rats

We next investigated the effects of feeding and fasting
on the clearance of chylomicrons containing radiolabeled
retinyl ester in the rat. It is known that in the rat LpL activ-
ity increases in heart and skeletal muscle and decreases in
adipose tissue during fasting (26–28). Making use of these
differences in LpL activity in the fasted and fed states, we
investigated the rate of plasma clearance and tissue sites
of uptake of the radiolabeled retinoid in rats subjected to
these nutritional states.

Figure 3 and Fig. 4 show the results of an experiment in
which fed and fasted rats were injected with chylomicrons
containing [3H]retinyl esters. Four rats were fasted 24 h
prior to injection of a bolus dose of the labeled chylomi-
crons and 4 rats were allowed free access to chow during
this period. Each rat received 0.4 mL of the labeled rat
chylomicrons containing 12 mg triglyceride and 1.7 mCi
(46 nmol) [3H]retinyl ester. The amount of 3H radioactiv-
ity remaining in the serum compartment was determined
5, 10, and 20 min after injection (Fig. 3). As seen in Figure

3, for each of these 3 times, the amount of 3H label
present in the plasma of fasted rats was significantly less
than in fed rats. For both fasted and fed rats, less than
10% of the total 3H dose administered remained in the se-
rum after 20 min.

Figure 4 shows the tissue sites of uptake of the 3H label
from chylomicrons from the fed and fasted rats at the
time of killing (20 min after injection of the bolus dose)
for different tissues. The total 3H cpm recovered for the
tissues examined were calculated and these were not sig-
nificantly different for fasted and fed rats (63 6 2% and
64 6 5%, respectively). For both fasted and fed rats, up-
take of the 3H label was highest in the liver, averaging 89%
of the recovered dose for fasted rats and 85% for fed rats,
a difference that is not statistically significant. Uptake of
[3H]retinoid by heart was significantly lower in fed rats
(0.16 6 0.08% of the administered dose fed compared to
0.40 6 0.06% for fasted rats). The epididymal fat pads
from fed rats accumulated statistically greater amounts of
3H cpm than the corresponding fat depot from fasted rats.
Although skeletal muscle appeared to take up less of the
3H label in the fed state as compared to the fasted state
these differences were not statistically significant (122 6
45 3H cpm/g for fasted and 67 6 30 3H cpm/g for the fed
state). No differences in uptake of the 3H label upon fast-
ing or feeding were observed for spleen, lung and kidney
(data not shown).

Clearance of chylomicrons containing [3H]retinyl 
ester in fasted rats and in fasted rats receiving 
heparin intravenously

In order to investigate further the mechanisms through
which feeding status modulates uptake of chylomicron
[3H]retinoid, we explored chylomicron uptake by tissues
of fasted rats and fasted rats receiving a simultaneous in-

TABLE 1. Steady state tissue retinoid levels for 
WT and MCK/LpL0 mice

Tissue WT (n) MCK/LpL0 (n)

mg ROH eq/g mg ROH eq/g

Liver 560.4 6 277.7 5 543.6 6 150.6 6
Lung 308.3 6 211.0 5 397.8 6 131.5 6
Perirenal fat 3.6 6 1.1 5 3.7 6 1.0 6
Spleen 1.3 6 0.7 9 0.8 6 0.5 10
Kidney 0.4 6 0.2 9 0.3 6 0.1 10
Skeletal muscle 0.3 6 0.2 9 0.4 6 0.3 10
Heart 0.1 6 0.1 4 0.1 6 0.1 4

All values are given as the mean 6 1 SD. Statistically significant differ-
ences between WT and MCK/LpL0 total retinol levels were not observed.

Fig. 3. Plasma decay curve for [3H]retinyl ester-labeled rat me-
senteric chylomicrons injected into the circulations of fasted (d)
and fed (s) rats. The values represent the percent of the injected
3H dose remaining in the circulation at each time point. The serum
volume of rats is taken as 2.75% of total body weight (20). Four ani-
mals were analyzed in each group. If an error bar is not visible, it is
within the border of the symbol. The dose of chylomicrons con-
sisted of 12 mg TG and 1.7 mCi (46 nmol) [3H]retinyl ester per ani-
mal. This experiment is representative of duplicate experiments.
*Significantly (P , 0.05) different from value in fasted rats.
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travenous injection of heparin (100 IU/kg). As heparin is
known to enhance serum LpL activity by releasing the en-
zyme from binding sites on the endothelial cell surface
(29, 30), we wanted to understand whether LpL catalytic
activity is important for facilitating chylomicron retinoid
clearance. Figure 5 shows the serum clearance curves of
3H cpm for both groups of rats. As seen in Fig. 5, for
fasted animals, approximately 35% of the injected dose of
3H dose remained in the serum at 5 min after injection
whereas for fasted rats receiving the heparin injection the
amount of 3H label in the serum had only decreased to
4%. Similar differences in the clearance of chylomicron
core triglycerides have been reported by others for rats
given an injection of heparin simultaneously with a chylo-
micron dose (30).

Figure 6 shows the tissue distribution of accumulated
3H cpm 20 min after injection of the chylomicron dose.
The recovery of radiolabeled retinoid was not significantly
different for the tissues from heparin-treated or untreated
rats and averaged 61 6 4% and 63 6 2%, respectively. Liv-
ers of fasting heparin injected rats accumulated signifi-
cantly more label, 94 6 0.5% of the recovered dose of 3H
label, as compared to fasting sham-injected rats (which ac-
cumulated 89 6 2.0% of the dose in liver). This difference
although relatively small was statistically significant. The
accumulation of 3H label by heart muscle in fasted rats in-
jected with heparin was significantly lower (0.15 6 0.02%)
than in sham-injected fasted animals (0.40 6 0.06%) and
similar to that which we observed for fed rats (0.16 6
0.08%) (see Fig. 4). The same pattern of heparin injection
seen for heart was also observed for skeletal muscle where
the differences between heparin and sham-injected rats
reached statistical significance. Uptake of [3H]retinyl es-
ter by epididymal fat, spleen, lung, and kidney from fasted
rats was unaffected by heparin injection (data not shown).

Hydrolysis of chylomicron [3H]retinyl ester
in serum of rats

As LpL is able to hydrolyze chylomicron retinyl ester in
vitro (14), the possibility of in situ hydrolysis of chylomi-
cron [3H]retinyl ester by LpL was investigated. Twenty
minutes after a bolus intravenous injection of chylomi-
crons containing [3H] retinyl ester into fed and fasted rats
with or without a simultaneous injection of heparin, the
level of [3H]retinol in serum was determined by HPLC.
For both fed and fasted rats not provided a simultaneous
injection with heparin, no detectable [3H]retinol and
only [3H]retinyl ester was observed in the serum. Interest-
ingly, [3H]retinol was detected in serum of fasted rats re-
ceiving heparin. At this time, approximately 0.7% of the
total 3H dose still remained in the serum and [3H]retinol
accounted for 22.5 6 6.5% (n 5 4) of the [3H]retinoid
still present in the circulations of these animals (the re-
mainder of the 3H-cpm was present as retinyl ester). This

Fig. 4. Tissue sites of uptake of [3H]retinyl ester from rat chylomicrons, 20 min after injection into fasted
(j) or fed (h) rats. The values represent either the percent of the 3H cpm present in the dose taken up in
each tissue after normalization for the total recovery of 3H label or the total 3H cpm present per g of tissue.
Four animals were analyzed in each group. The values presented for kidney were measured for one kidney.
The error bar represents 1 standard deviation. If an error bar is not visible, it is within the border of the bar
graph. The dose of chylomicrons consisted of 12 mg triglyceride and 1.7 mCi (46 nmol) [3H]retinyl ester per
animal. *Significantly (P , 0.05) different from the level observed in fasted rats. **Significantly (P , 0.01)
different from the level observed in fasted rats.

Fig. 5. Plasma decay curve for [3H]retinyl ester-labeled rat mes-
enteric chylomicrons into the circulations of fasted rats with (h) or
without (d) simultaneous injection of 100 IU/kg heparin. The val-
ues represent the percent of the 3H cpm in the dose remaining in
the circulation at each time. Four animals were analyzed in each
group. The error bar represents 1 standard deviation. If an error
bar is not visible, it is within the border of the symbol. The dose of
chylomicrons injected into each animal consisted of 12 mg triglyc-
eride and 1.7 mCi (46 nmol) [3H]retinyl ester. **Significantly (P ,
0.01) different from that of fasted rats.
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observation is consistent with the hypothesis that chylomi-
cron remnant retinyl ester can undergo hydrolysis in the
circulation. However, it cannot be taken as conclusive in
vivo evidence for LpL-catalyzed hydrolysis of chylomicron
retinyl esters as it is possible that some [3H]retinol was re-
secreted from the liver after chylomicron remnant uptake.

Clearance of [3H]retinyl palmitate and its
nonhydrolyzable retinyl [14C]hexadecyl ether 
analog from Intralipid emulsion in fasted rats

In order better to understand whether retinyl ester hy-
drolysis is a prerequisite for LpL-mediated clearance of re-
tinoid from chylomicrons and their remnants, we investi-
gated the uptake of emulsion particles that had been
doubly labeled with [3H]retinyl palmitate and its nonhy-
drolyzable ether analog retinyl [14C]hexadecyl ether. As
the labeling of rat chylomicrons simultaneously with reti-
nyl ester and retinyl ether is technically complex and can
only be accomplished with considerable in vitro manipula-
tion, we choose to label Intralipid emulsion with these ret-
inoids. This decision was based on understanding that fat
emulsions like the commercially available Intralipid emul-
sion are metabolized through processes involving LpL
and in a manner that is similar to those of endogenous
chylomicrons (20, 31). For these studies, 4 fasted rats were
injected with a bolus dose consisting of Intralipid emul-
sion containing 4 mg triglyceride, 0.8 mCi (0.015 nmol)
[3H]retinyl palmitate, and 0.15 mCi (0.57 nmol) retinyl
[14C]hexadecyl ether. Timed blood sampling indicated
that the rate of clearance of [3H]retinyl palmitate from
the circulation was not significantly different from that of
the non-hydrolyzable retinyl [14C]hexadecyl ether.

The emulsion particles containing 3H-labeled retinyl es-
ter and 14C-labeled retinyl ether injected into the experi-
mental animals had a 3H cpm/14C cpm ratio of 1.19. We
reproducibly found much more of the 3H label than 14C
label was taken up by skeletal muscle. For skeletal muscle

extracts, the 3H cpm/14C cpm ratio exceeded 19.10 for
each animal studied. For adipose tissue, the mean ob-
served 3H cpm/14C cpm ratio was 3.10 and for heart this
mean ratio was 1.52. In keeping with this relatively greater
uptake of 3H cpm by these extrahepatic tissues, the 3H
cpm/14C cpm ratio determined for liver was 0.96. We be-
lieve that these data support the notion that hydrolysis of
dietary retinyl ester is important for retinoid uptake by skel-
etal muscle, adipose tissue, and heart. However, we also
would point out that, aside from these tissues, we found
that other tissues took up nearly equal amounts of the two
radiolabels, suggesting that retinyl ester hydrolysis may
not always be necessary for uptake by these other tissues.

For liver, lung, and spleen, the degree of intracellular
hydrolysis of the [3H]retinyl ester was investigated using a
normal phase HPLC procedure able to separate retinol,
retinyl esters, and the retinyl hexadecyl ether. This experi-
ment was carried out in part to provide a basis for compar-
ison of our data, obtained with Intralipid emulsions, with
that of Goodman, Huang, and Shiratori (2) in studies of
chylomicron retinoid clearance in rats. Specifically, we
wanted to confirm that after uptake by cells the emulsion
retinyl ester is processed in a manner that is similar to
what has been observed for retinyl ester arriving in chylo-
microns (2). Twenty min after injection of the dual-
labeled emulsion, 23% of the [3H]retinyl ester taken up
by the liver was hydrolyzed to [3H]retinol. [3H]Retinol ac-
counted for 21% of the total [3H]retinoid present in lung
and approximately 42% of the total [3H]retinoid present
in spleen. The values for liver and lung agree well with
those of Goodman and colleagues (2) who found that
0.28 h after a bolus injection approximately 20% of the
chylomicron retinoid taken up by liver and lung is present
as retinol. Although Goodman and colleagues (2) did not
explore retinoid uptake in spleen, we have found spleen
to be an interesting tissue with regards to chylomicron ret-
inoid uptake as the spleen is even more active in hydrolyz-

Fig. 6. Tissue sites of uptake of [3H]retinyl ester from rat mesenteric chylomicrons 20 min after injection
into fasted rats without heparin injection (h) or fasted rats simultaneously injected with 100 IU/kg heparin
( ). The values represent either the percent of the 3H cpm injected in the dose taken up by a each tissue af-
ter normalization for the total recovery of 3H cpm or the 3H cpm present per g of tissue. Four animals were
analyzed in each group. The values presented for kidney were measured for one kidney. The error bar repre-
sents 1 standard deviation. If an error bar is not visible, it is within the border of the bar graph. The dose of
chylomicrons injected into each animal consisted of 12 mg triglyceride and 1.7 mCi (46 nmol) [3H]retinyl es-
ter. *Significantly (P , 0.05) different from that of fasted rats. **Significantly (P , 0.01) different from that
of fasted rats.
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ing incoming dietary retinyl esters than the liver. As ex-
pected, all of the 14C cpm present in these tissues was
present as the intact retinyl [14C]hexadecyl ether.

DISCUSSION

The work of Goodman, Stein, and colleagues (2–4) and
others (1, 6, 7) in the mid-1960s established that dietary
retinoid is taken into the body along with other dietary lip-
ids as a component of chylomicrons and that about three
quarters of the chylomicron retinoid is ultimately taken
up by the liver. This early work also demonstrated that
about one quarter of the chylomicron retinoid is repro-
ducibly taken up by extrahepatic tissues, mostly by skeletal
muscle, heart, adipose tissue, and kidney (2). There have
been many advances in our understanding of chylomi-
cron formation, metabolism, and clearance from the cir-
culation in the years since these seminal early studies. Ex-
tensive information is now available regarding the roles of
apolipoproteins (A-I, B-48, C-I, C-II, C-III, and E), lipases
(hepatic lipase and LpL) and cell surface receptors (LDL
receptor, LDL receptor-related protein and the lipolysis
stimulated receptor) in facilitating chylomicron metabo-
lism or clearance from the circulation (see refs. 5 and 6
for recent reviews). However, relatively little of this later
work has focused specifically on dietary retinoid uptake
and/or delivery to tissues. For instance, we presently have
only a very limited understanding of the mechanisms or
processes through which extrahepatic tissues take up di-
etary retinoid or of how these respond to changes in phys-
iologic status. Our studies have focused on this area and
were designed to provide new insight into the uptake of
postprandial retinoid by extrahepatic tissues and into the
role played by LpL in facilitating uptake. Overall, our data
are consistent with the conclusion that uptake of dietary
retinoid by some but not all extraheptic tissues is mark-
edly influenced by tissue levels of LpL.

We have previously reported that LpL is able to hydro-
lyze chylomicron retinyl ester after most of the triglycer-
ide has first been hydrolyzed and that this activity of LpL
enhances uptake of chylomicron retinoid by cultures of
BFC-1b adipocytes (14). This led us to suggest that LpL
might play an important role in vivo in clearance of di-
etary retinoid by extrahepatic tissues. This suggestion is
supported by our present data obtained from studies of
induced mutant mice that express LpL in different ana-
tomic locations and at different levels and from studies of
rats manipulated nutritionally or through heparin injec-
tion to have different tissue patterns and/or levels of LpL
expression. The data supporting this conclusion are most
compelling for skeletal muscle. Mice overexpressing hu-
man LpL in skeletal muscle take up approximately 2-fold
more chylomicron retinoid than do WT mice and manip-
ulations that increase or decrease LpL expression in skele-
tal muscle of rats correspondingly increase or decrease
the amount of chylomicron retinoid taken up by the tis-
sue. In addition, studies in the rat of the clearance of
emulsion particles doubly labeled with retinyl palmitate

and its non-hydrolyzable retinyl ether analog suggest that
hydrolysis of the retinyl ester may be a prerequisite for
skeletal muscle uptake as relatively little of the non-hydro-
lyzable ether analog could be detected in this tissue. Thus,
LpL activity in skeletal muscle would seem to be a key de-
terminant of the amount of dietary retinoid taken up by
this tissue.

Interestingly, for other tissues that express LpL, this
conclusion is not always valid. The kidney, for instance, ex-
presses LpL but for none of the different experimental
conditions that we investigated did we observe any differ-
ence in the amount of retinoid taken up by kidney. We
take this to indicate that the actions of LpL in facilitating
uptake of chylomicron retinoid are mechanistically com-
plex and are tissue and cell type specific (see below for
more details). A similar conclusion was reached for stud-
ies of chylomicron uptake by rabbit liver and bone mar-
row (32).

Both adipose tissue and heart express LpL. For these
tissues, the data are generally in keeping with our finding
for skeletal muscle that the level of LpL expression in the
tissue directly influences retinoid uptake by the tissue. In
a statistically significant manner, epididymal fat accumu-
lated more retinoid in the fed state, when LpL activity lev-
els are high in this tissue, than in the fasted state and this
effect was abolished upon heparin injection to displace
LpL anchored to the vessel walls of the adipose capillary
beds. Adipose tissue from mice that do not express LpL in
this tissue (the MCK/LpL0 mice) took up on average less
than half of chylomicron retinoid than observed for wild
type mice. However, because of the relatively large error
associated with these measures, this difference could not
be concluded as statistically significant. For heart, retinoid
uptake was significantly lower when LpL expression levels
were low and high when expression levels were high, both
in genetically manipulated mice and in nutritionally ma-
nipulated rats. Thus, the pattern of retinoid uptake from
chylomicron and emulsion particles by heart and adipose
tissue is consistent between experiments and in general
agreement with the conclusion made for skeletal muscle
that the level of LpL expression in the tissue directly influ-
ences retinoid uptake by the tissue.

There are several mechanisms that could account for
the uptake of the retinyl ester by LpL expressing tissues.
First, the retinyl ester could be hydrolyzed, as we observed
in in vitro studies (14), and the free retinol could diffuse
into the tissues. Second, retinyl ester could dissociate
from the chylomicron and then be internalized as a com-
ponent of the surface lipid that is shed from the chylomi-
cron during lipolysis. Third, the entire chylomicron or
chylomicron remnant might associate with LpL and then
be internalized either via classical receptors or along with
recycling of cell surface proteoglycans. Or fourth, it is
conceivable that the core retinyl ester can be exchanged
for another non-polar lipid at or near the cell surface. Of
these mechanisms, the first two require the enzymatic ac-
tions of LpL to hydrolyze triglyceride or retinyl ester
within the chylomicron. The last two mechanisms involve
the non-enzymatic ‘bridging’ functions of LpL. The data
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comparing the uptake of the non-hydrolyzable retinyl
ether and the retinyl ester by skeletal muscle suggest that
retinoid uptake involves, at least to some degree, the enzy-
matic actions of the enzyme. As this experiment was per-
formed using smaller emulsion size particles rather than
rat chylomicrons, it may be that enzymatic-mediated up-
take is only seen with small particles that are relatively trig-
lyceride depleted. The final proof that non-enzymatic LpL
actions operate in vivo will require studies in transgenic
mice containing enzymatically inactive LpL.

As we have pointed out above in the Results section,
some extrahepatic tissues that do not express LpL (specif-
ically in LpL-deficient mice overexpressing human LpL in
skeletal muscle) were also found to take up postprandial
retinoid. Thus, some extrahepatic tissues are able to take
up chylomicron retinoid through LpL-independent mech-
anisms. Several mechanisms may account for this uptake.
First, it is possible that some retinyl ester could dissociate
from the chylomicrons (or chylomicron remnants) and
then be internalized as a component of the surface lipid
that is shed from the particle as it traverses the vascular com-
partment. Alternatively, it is possible that the entire chylomi-
cron or chylomicron remnant can be internalized via clas-
sical receptors or along with normal recycling of cell
surface proteoglycans. Most likely, the postprandial retin-
oid taken up by extrahepatic tissues in an LpL-independent
manner arises from both of these processes.

The early studies of Goodman and colleagues (2) in the
rat indicated that between 3 to 7.3% of the [3H]retinoid
present in a bolus dose of chylomicrons is taken up by
skeletal muscle. Our data for skeletal muscle retinoid up-
take for both mice and rats fall within this range. Yet, our
data on steady state hepatic and skeletal muscle total ret-
inol concentrations (see Table 1) indicate that skeletal
muscle contains only approximately 1% of the total ret-
inol present in the mouse liver. As steady state total retinol
levels for these tissues are not commensurate with the rel-
ative percentage of postprandial retinoid accumulated,
this would suggest that dietary retinoid which is taken up
by skeletal muscle must be mobilized from the tissue for
transport to the liver and possibly to other tissues for stor-
age. As uptake of dietary retinoid would be continuously
occurring in skeletal muscle, the process of retinol mobili-
zation would similarly need to be continuously ongoing.
Based on the literature, this indeed seems likely. Green,
Uhl, and Green (33), Green, Green, and Lewis (34), and
Lewis et al. (35), using tracer kinetic approaches, have re-
ported that retinol is recycled 6 times between the periph-
ery and the liver before it is irreversibly lost from the body
of a rat. Soprano and Goodman (36) have reported that
skeletal muscle in the rat expresses plasma RBP, albeit at
levels which are less than 1% those of the liver. Thus,
when our data on chylomicron retinoid uptake by extra-
hepatic tissues are considered in light of information al-
ready available in the literature, it would not seem unrea-
sonable that dietary retinoid is continuously being taken
up by extrahepatic tissues like the skeletal muscle and
continuously being recycled back to the liver for storage
and eventual resecretion into the circulation.

Surprisingly, although overexpression of LpL in muscle
increased retinoid uptake from postprandial lipoproteins,
this did not affect tissue steady state retinoid content. There-
fore, for these tissues, retinoid stores did not correlate with
uptake of chylomicron retinyl ester. This suggests that tissue
content of retinoids is dependent on other pathways of ret-
inoid uptake or on the capacity of the tissues to store this fat-
soluble vitamin. Retinol that circulates as the retinol-RBP
complex is the major plasma delivery pathway for retinoids
and is the major source of retinoid delivery to many tissues
(19). Intracellular retinol is either associated with cellular
retinol-binding proteins (7) or with fat droplets (7). Thus,
the capacity of cells for retinoid storage, rather than retinol
uptake, might be the primary determinants of cellular and
tissue retinoid content. We would speculate that cellular and
tissue capacities for retinoid storage are dependent on levels
of cellular retinol-binding protein, type I and/or lecithin:re-
tinol acyltransferase activity within the cell or tissue.

From the perspective of retinoid biology, possibly the
most important question that emerges from our observa-
tions concerns the physiological significance of delivery of
dietary retinoid to extrahepatic tissues. It has long been
clear from the literature that extrahepatic tissues are able
to take up dietary retinoid. Our studies confirm and ex-
tend this early observation by establishing that the amount
of dietary retinoid taken up by some extrahepatic tissues
directly depends on the level of LpL expression by the tis-
sue. In addition, our data establish that uptake of chylomi-
cron retinoid is responsive to normal changes in physio-
logic status such as fasting and feeding. At a minimum, the
uptake of chylomicron retinoid by extrahepatic tissues
must be viewed as an alternative pathway through which
tissues can acquire retinoid needed to maintain normal
gene expression, in essence, an alternative to delivery as re-
tinol bound to RBP or as retinoic acid bound to albumin
(7, 8). Although this delivery pathway is certainly a redun-
dant one for delivery of retinoid to tissues, it is neverthe-
less a pathway through which tissues can acquire retinoid.
It is possible that chylomicron retinoid may serve a very
specific functional role in some tissues under some physio-
logical or pathological contexts. It is clear that retinoic
acid plays an important role in the development of muscle
tissue (37), in maintaining adipose tissue activities (38),
and in development of the heart (39), and it is probable
that retinoic acid is needed to maintain the normal health
of each of these tissues. It seems likely that the retinyl ester
present in chylomicrons can serve as a direct precursor for
the synthesis of this retinoic acid in these tissues. At
present, our data do not provide insight into whether ret-
inoid delivered via chylomicrons serves a specific func-
tional role within tissues like skeletal muscle, adipose tis-
sue, and heart or whether this delivery is more simply a
redundant mechanism for keeping tissues supplied with
needed retinoid. Insight into this possibility is needed if we
are to understand fully the importance of chylomicron de-
livery of postprandial retinoid to extrahepatic tissues.
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