
P1: GDL

April 28, 2001 13:56 Annual Reviews AR133-10

Annu. Rev. Nutr. 2001. 21:231–54
Copyright c© 2001 by Annual Reviews. All rights reserved

THE ROLE OF APOLIPOPROTEIN A-IV
IN THE REGULATION OF FOOD INTAKE

Patrick Tso,1 Min Liu,1 Theodore John Kalogeris2

and Alan BR Thomson3
1Department of Pathology, University of Cincinnati, Cincinnati, Ohio 45267;
e-mail: tsopp@email.uc.edu; lium@email.uc.edu
2Department of Surgery, Louisiana State University Medical Center, Shreveport,
Louisiana 71130; e-mail: tkalog@lsumc.edu
3Department of Medicine, University of Alberta, Alberta T6G 2C2 Canada;
e-mail: thomson@ualberta.ca

Key Words obesity, chylomicron, intestine, satiety, Sprague Dawley rats

■ Abstract Apolipoprotein A-IV (apo A-IV) is a glycoprotein synthesized by the
human intestine. In rodents, both the small intestine and liver secrete apo A-IV, but the
small intestine is the major organ responsible for the circulating apo A-IV. Intestinal
apo A-IV synthesis is markedly stimulated by fat absorption and appears not to be
mediated by the uptake or reesterification of fatty acids to form triglycerides. Rather,
the formation of chylomicrons acts as a signal for the induction of intestinal apo
A-IV synthesis. Intestinal apo A-IV synthesis is also enhanced by a factor from the
ileum, probably peptide tyrosine-tyrosine. The inhibition of food intake by apo A-IV
is mediated centrally. The stimulation of intestinal synthesis and the secretion of apo
A-IV by lipid absorption are rapid; thus, apo A-IV likely plays a role in the short-term
regulation of food intake. Other evidence suggests that apo A-IV may also be involved
in the long-term regulation of food intake and body weight. Chronic ingestion of a
high-fat diet blunts the intestinal apo A-IV response to lipid feeding and may explain
why the chronic ingestion of a high-fat diet predisposes both animals and humans to
obesity.
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INTRODUCTION

Apolipoprotein A-IV (Apo A-IV) was discovered over 22 years ago (88), but its
physiological role was not firmly established until recently. Apo A-IV is a protein
secreted only by the small intestine in humans (5, 35). In rodents, both the small
intestine and the liver secrete apo A-IV; however, the small intestine is the major
organ responsible for the circulating apo A-IV (30). It has been demonstrated that
apo A-IV production by the small intestine is stimulated by active lipid absorption
(5, 10, 40, 47). Hayashi et al (39) demonstrated that the stimulation of apo A-IV
production by lipid feeding is associated with the formation of chylomicrons. They
further demonstrated that the stimulation of apo A-IV production by fat absorption
can be abolished by a Pluronic surfactant called Pluronic L-81 (L-81), a potent
inhibitor of the formation of chylomicrons (92).

In vitro studies have demonstrated roles for apo A-IV in lipoprotein metabolism
(10a, 22, 26, 32, 85). There has been no direct evidence, however, to demonstrate
that apo A-IV plays such roles in vivo. Apo A-IV has been shown in vivo to protect
apo E–deficient mice from developing atherosclerosis despite the fact that they have
a plasma lipid profile that is atherogenic, i.e. increased total plasma cholesterol with
no significant change in high-density-lipoprotein cholesterol (21a). This protective
effect is further demonstrated by the ability of apo A-IV to protect against diet-
induced atherosclerotic lesions (18). These studies demonstrate that both human
and mouse apo A-IV protect against atherosclerosis. This might be due to the
protective effect of apo A-IV has against lipid oxidation (75). Although there are
many exciting proposed functions of apo A-IV, this review focuses on its unique
role in regulating short- and long-term food intake, possibly as the satiety factor
that is released by the gastrointestinal tract following the ingestion of fat.

MECHANISMS OF FAT ABSORPTION

Before a discussion of the role of apo A-IV in mechanisms of fat-induced satiety
can take place, it is necessary to briefly discuss the process of fat absorption by
the small intestine and the intestinal synthesis and secretion of lipoproteins and
apolipoproteins.
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Dietary Lipids

Dietary lipids provide as much as 30%–40% of the daily caloric intake in the
Western diet. The daily intake of lipids by humans in the Western world ranges
between 60–100 g. Triacylglycerol (TG) is the major dietary fat in humans. The
major long-chain fatty acids (FAs) present in the diet are palmitate (16:0), stearate
(18:0), oleate (18:1), linoleate (18:2), and linolenate (18:3). In most infant diets, fat
becomes an even more important source of calories. In human milk and in human
formulas, as much as 50% of the total calories are present as fat (36). In human
milk, there is also an abundance of medium-chain FAs. The human small intestine
is presented daily with other lipids, such as phospholipids (PLs), cholesterol, and
plant sterols. Both PL and cholesterol are major constituents of bile. In humans,
the biliary PL is a major contributor of luminal PL, and as much as 11–20 g of
biliary PL enters the small intestinal lumen daily, whereas the dietary contribution
is only between 1 and 2 g (12, 66). The small intestinal epithelium undergoes rapid
turnover, thus contributing to the luminal PL and cholesterol. The predominant
sterol in the Western diet is cholesterol. Plant sterols account for 20%–25% of
total dietary sterol (34, 90), but they are poorly absorbed.

Luminal Digestion and Uptake of Dietary Lipids

Lipid digestion begins in the stomach. Lipase activity has been reported to be
present in human gastric juice (17). In humans, the gastric lipase activity is mainly
contributed by the stomach, with the highest activity detected in the fundus of the
stomach. Human gastric lipase has a pH optimum ranging from 3.0 to 6.0 and is
therefore called acid lipase. It hydrolyzes medium-chain TG (predominantly 8- to
10-carbon chain length) better than long-chain TG (53). The main hydrolytic pro-
ducts of gastric lipase are diacylglycerols and free FAs (70, 76). Gastric lipase does
not hydrolyze PL or cholesteryl esters. Gastric lipases play an important role in
the absorption of lipids in newborns. It is interesting that in rodents, the main gastric
lipase activity is derived from the lipase secreted by the salivary glands and is there-
fore termed lingual lipase. Though derived from different areas in humans and rod-
ents, and therefore termed differently, gastric and lingual lipase is the same enzyme.

In the stomach, lipid is emulsified (broken into small oil droplets) and enters
the small intestinal lumen as fine droplets less than 0.5µm in diameter (16, 80).
The combined action of bile and pancreatic juice brings about a marked change in
the physical and chemical form of the luminal lipid emulsion. Pancreatic lipase
is secreted into the duodenum and hydrolyses TG to form 2-monoacylglycerol
and FAs (15, 58, 81). The most potent gastrointestinal hormone that stimulates the
release of enzymes by the pancreas is cholecystokinin (82), and cholecystokinin-A
receptor has been demonstrated to be present in the pancreas (78). In vitro studies
using purified pancreatic lipase have demonstrated a potent inhibitory effect of
bile salts on the lipolysis of TG at a concentration that is above the critical micel-
lar concentration (9, 62). The inhibitory effect of bile salt, then, is physiological
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because its concentration in the duodenum is normally higher than what is typ-
ically needed to observe an inhibitory effect. Why, then, is pancreatic lipase so
efficient in digesting TG? The pancreas secretes another protein that counteracts
this inhibition, and this factor is colipase.

Colipase was first isolated by Morgan et al (62) from the pancreatic juice of rats.
The structure and mechanism of action of colipase have been elucidated by Maylie
et al (59) and B¨orgstrom et al (13). Colipase acts by attaching to the ester bond
region of the TG molecule. In turn, the lipase binds strongly to the colipase by
electrostatic interactions, thereby allowing the hydrolysis of the TG by the lipase
molecule (24).

Most dietary cholesterol is free sterol, with only 10%–15% being esters. Chole-
steryl esters entering the small intestine are hydrolyzed before free cholesterol can
be absorbed. The enzyme involved in hydrolyzation is called cholesterol esterase
(EC 3.1.1.13—also called carboxylic ester hydrolase, monoglycerol hydrolase,
bile salt–dependent lipase, or sterol ester hydrolase), and it is secreted by the
pancreatic acinar cells. The digestion of PL occurs in the small intestine. In bile, PL
[predominantly phosphatidylcholine (PC)] is found in mixed micelles along with
cholesterol and bile salts. Once in the intestinal lumen, the luminal PC distributes
between the mixed micelles and the TG droplets; however, PC tends to favor the
micellar phase over the oil phase. PC is hydrolyzed by pancreatic phospholipase
A2 (EC 3.1.1.4) to yield FA and lysoPC.

Much of our current understanding of the uptake of dietary lipids has been de-
rived from the pivotal work of Hofmann & Borgstrom (43, 44), who identified and
emphasized the importance of micellar solubilization of lipid in the uptake of lipid
digestion products by enterocytes. Although for a long time uptake of lipids was
believed to be passive, a number of more recent studies have raised questions about
the validity of this concept. Work by Stremmel et al (86, 87) has raised the possi-
bility that some lipids, especially FAs, may be taken up by enterocytes by carrier-
mediated processes. A number of other proteins, including GP330 (also called me-
galin) (55, 101), CD36 (1, 2), caveolin (64), and FA transporter (1, 37), also bind
lipids. Recently, Stahl et al (84) reported having identified a FA transport protein,
FATP4 (a member of the family of the FA transport proteins), being abundantly
expressed in the intestinal enterocytes, with most of the protein associated with
the apical brush border membrane. Considerable excitement has been raised over
the ability of these transporters to reduce fat absorption, a potential magic bul-
let to combat obesity. However, further studies are critical to support such a
view.

Formation and Secretion of Chylomicrons

2-Monoacylglycerol and FA reconstitute to form TG, mainly via the monoacyl-
glycerol pathway (46, 57). The enzymes involved present in a complex called
“triglyceride synthetase” (46). Some of the absorbed lysoPC is reacylated to form
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PC (65). Cholesterol is transported almost exclusively by the lymphatic system,
mainly as esterified cholesterol. The rate of esterification of cholesterol regulates
the rate of its lymphatic transport (25). The TG, PL, cholesterol, and cholesteryl
esters, together with apolipoproteins, are packaged to form chylomicrons. Chy-
lomicrons are secreted by enterocytes, via a process called exocytosis, and carried
by the lymphatic system before being emptied into the circulatory system.

INTESTINAL APOLIPOPROTEIN SECRETION

Chylomicrons are secreted by the small intestine and have the following proteins
associated with them: apolipoprotein apo A-I, apo A-IV, apo B-48, and the apo Cs
(Figure 1). Of the various apolipoproteins, only apo A-IV synthesis and secretion
is markedly stimulated by fat absorption (two- to threefold) (39, 40).

Figure 1 Sodium dodecyl sulfate poly-
acrylamide gels (5.6%) of apolipoproteins
of rat lymph chylomicrons and human chy-
lous rine chylomicrons. ARP= apo E. A
dye front is apparent at the bottom of
each gel. [Reproduced with permission from
Bisgaier & Glickman (10)].
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REGULATION OF INTESTINAL APO A-IV SYNTHESIS
AND SECRETION

Lymphatic apo A-IV secretion by the gastrointestinal tract displays a circadian
rhythm with peak output occurring before feeding and just before the first half of
the dark period (Figure 2) (30). This pattern is closely correlated with lymphatic,
triglyceride, PL, and cholesterol outputs. Bile diversion reduces lymphatic outputs
of apo A-IV by 67%, cholesterol by 81%, and both triglyceride and PL by 90%.
Moreover, bile diversion completely abolishes the circadian rhythm in outputs of
apo A-IV (Figure 2) (30). Davidson et al (19) has demonstrated that bile diversion
significantly reduces apo A-IV synthesis by the intestinal mucosa. Thus, an intact
enterohepatic circulation is necessary for both normal basal lymphatic output of
apo A-IV and its circadian rhythm.

Figure 2 Lymph apo A-IV output in 24-h fasted rats with bile diversion (open circles)
or without bile diversion (closed circles). Seven rats were used for this study. Values are
expressed as the mean plus or minus the standard error. Different letters show that the
difference is significant, withP < 0.05. L, light period; D, dark period. [Reproduced with
permission from Fukagawa et al (30)].
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In vivo studies have demonstrated that synthesis and secretion of apo A-IV
by the gastrointestinal tract is regulated by the absorption of fat, as well as by a
peptide secreted by the lower small intestine, probably peptide YY (49).

Lipid Absorption

A number of us have demonstrated that intestinal lipid absorption stimulates the
synthesis and secretion of apo A-IV (5, 20, 40, 51). Of the major apolipopro-
teins produced by the gastrointestinal tract (A-I, A-IV, B-48), only apo A-IV is
stimulated by lipid absorption (39, 40). Kalogeris et al (47) have demonstrated
that intestinal lymphatic transport of apo A-IV increases in a graded fashion with
increasing steady state levels of intestinal triglyceride transport. This increase in
apo A-IV secretion might be due to graded increases in intestinal mucosal apo
A-IV synthesis along a proximal-distal gradient. Evidence thus far suggests that
increased synthesis of apo A-IV by fat absorption in adult rats is by a pretransla-
tional mechanism (5).

As previously discussed, intestinal fat absorption involves multiple steps, and
knowing which steps of fat absorption are involved in stimulating intestinal apo
A-IV synthesis and secretion is crucial. Several lines of evidence support the
notion that assembly and transport of chylomicrons is necessary for stimulating
intestinal apo A-IV synthesis. Evidence of this first came from studies using
L-81. Animals infused with lipid plus L-81 showed no change in intestinal lipid
digestion or uptake. The absorbed lipid accumulated in the intestinal mucosa but
was not transported (no change in uptake) into lymph (92, 93). It has been fur-
ther demonstrated that L-81 preferentially blocks chylomicron formation and,
thus, intestinal apo A-IV secretion and synthesis, but not the secretion of very-
low-density lipoproteins (94). Hayashi et al (40) observed that the increase in
apo A-IV synthesis and secretion by the small intestinal mucosa was blocked
when L-81 was infused. However, when L-81 was removed, lymphatic lipid trans-
port immediately increased as the accumulated mucosal lipid was cleared from
the mucosa as chylomicrons. Removal of L-81 similarly reverses the block-
ade of apo A-IV transport. A lag period of about 120 min between the maxi-
mal output of lipid and that of A-IV (lipid occurring first) with reversal of L-81
blockage suggests that lipid transport stimulates apo A-IV synthesis and secretion
(40).

Further evidence that lymphatic apo A-IV output is dependent on chylomicron
transport is derived from rat studies that examined the intestinal synthesis and
lymphatic secretion of apo A-IV in response to intestinal infusion of FAs that
differed in chain length. Infusion of long-chain FAs (myristic, C-14; oleic, C-18;
and arachidonic, C-20), which are transported via the lymph in chylomicrons,
stimulated synthesis and output of apo A-IV, whereas medium- and short-chain
FAs (caprylic, C-8 and butyric, C-4), primarily transported as free FAs in the
portal vein, elicited a negligible A-IV response (50). These findings in rats differ
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from those in neonatal swine where similar increases in jejunal apo A-IV mRNA
expression and synthesis in response to infusions of both medium (C8:0 and C10:0)
and long-chain triglyceride mixtures were observed (33). Results of the rat stud-
ies strongly support the hypothesis that some aspect of chylomicron formation
and secretion is required to stimulate apo A-IV synthesis, and thus secretion (39),
but contradict the recent findings of the neonatal swine studies. Therefore, it is
currently unclear whether the relationship between chylomicron and apo A-IV
synthesis and secretion is common to all species or developmental stages. An
extremely interesting question worth investigating is how the formation of chy-
lomicrons is signal transduced to stimulate intestinal apo A-IV synthesis.

Peptide YY

It has recently been determined that the formation and secretion of chylomicrons is
not the only mechanism by which apo A-IV synthesis and secretion is stimulated.
We administered duodenal infusions of graded doses of TG to rats and quantified
both regional lipid distribution and mucosal synthesis of apo A-IV at various sites
along the intestine (47). It was determined that despite significant amounts of
lipid found only in the proximal half of the small intestine, apo A-IV synthesis
was stimulated in the proximal three quarters of the gut, even in segments where
there was a negligible amount of lipid. This raised an interesting question of
whether factors other than lipid transport are independent of the presence of lipid,
which is itself capable of stimulating apo A-IV production by the gut. To address
this, a series of experiments were performed comparing the effects of proximal
versus distal intestinal infusion of lipid on apo A-IV synthesis. Kalogeris et al (50)
found that duodenal lipid infusion elevated both apo A-IV synthesis and mRNA
levels two- to threefold compared with control infusions of glucose-saline in the
jejunum, and that ileal apo A-IV synthesis and mRNA levels were unaffected.
Previous work from our laboratory demonstrated that duodenal lipid infusion only
negligibly affected the amount of lipid reaching the ileum, which suggests that
insufficient exposure of lipid to the distal gut thereby inhibited a change in apo
A-IV secretion.

In contrast to this finding, infusion of lipid to the ileum stimulated both ileal
and jejunal apo A-IV synthesis. Subsequent experiments in rats equipped with
jejunal or ileal Thiry-Vella fistulas (a segment of intestine isolated luminally from
the rest of the gastrointestinal tract) demonstrated the following interesting find-
ings: (a) Ileally infused lipid elicits an increase in proximal jejunal apo A-IV
synthesis independent of the presence of jejunal lipid, and (b) both the ileum and
more distal sites may be involved in the stimulation. These results strongly sug-
gest that there is a signal in the distal gut that is capable of stimulating apo A-IV
synthesis in the proximal gut. These findings have important physiological im-
plications. The distal intestine is known to play an important role in the control
of gastrointestinal function. Nutrient (especially lipid) delivered to the ileum re-
sults in the inhibition of gastric emptying (54, 56), decreased intestinal motility
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and transit (56, 83), and decreased pancreatic secretion (38). Ileal nutrient also
inhibits food intake (61, 99). The mechanism for these effects has been collec-
tively termed the ileal brake (83) and appears to be related to the release of one
or more peptide hormones from the distal intestine (6, 7, 45, 71–73, 79). These
effects have traditionally been considered operative only in the abnormal deliv-
ery of undigested nutrients to the distal gut, such as the malabsorptive state (83).
However, growing evidence supports the notion that nutrient reaches the distal
gut, even under normal conditions, because of rapid gastric emptying during the
early phases of food ingestion (54, 61, 77). We recently studied the intraluminal
and mucosal distribution of a bolus of [3H]triolein-labeled Intralipid (0.5 ml of
a 20% emulsion) fed by gavage. By 15–30 min, radiolabeled lipid was spread
evenly throughout the gut, with 10%–15% of the load recovered in the ileum and
cecum combined. The presence of substantial amounts of lipids in these distal sites
persisted for at least 4 h after food ingestion. When we examined apo A-IV syn-
thesis in the small intestine, we discovered that stimulation had occurred rapidly
(between 15–30 min), and that it had occurred throughout the entire intestine, in-
cluding the ileum. Significant stimulation of lymphatic output and plasma levels
of apo A-IV occurred as well by 30 min after feeding with a gastric lipid load (77).
Consequently, it appears that a much greater length of intestine is involved in the
absorption of lipid and in the control of gastric and upper gut functions, even under
normal conditions, than has been previously recognized. Thus, the ileal brake may
play an important role in the normal control of gut function and control of lipid
absorption.

The most likely peptide to mediate the phenomenon of ileal brake is peptide
tyrosine-tyrosine (PYY), which is a member of the peptide family that includes
pancreatic polypeptide, neuropeptide Y, and fish pancreatic peptide Y (52). PYY is
synthesized by the endocrine cells in the ileum and large intestine (3, 6, 41, 89, 91)
and is released in response to intestinal nutrients, especially long-chain FAs (41).
However, PYY may not be the only mediator of the ileal brake. For example,
perfusion of fat in the intestine produces a greater suppression of pentagastrin-
stimulated acid secretion than does PYY (79), indicating that the enterogastrone
effect of fat is mediated by more than one factor.

We now have evidence that PYY stimulates jejunal apo A-IV synthesis and
secretion. Continuous intravenous infusion of physiological doses of PYY elicits
significant increases in both synthesis and lymphatic transport of apo A-IV in rats
(48). Kalogeris et al (48) further demonstrated that the stimulation of jejunal apo
A-IV synthesis by PYY is probably translationally rather than transcriptionally
controlled because the apo mRNA level is not altered but synthesis is markedly
stimulated. Furthermore, Kalogeris et al (48) showed that vagotomy failed to
block the stimulation of jejunal apo A-IV synthesis by fat absorption (Figure 3).
However, when lipid was infused directly into the ileum, vagotomy totally abol-
ished an increase in jejunal apo A-IV synthesis (Figure 4). Thus, the stimulation
of jejunal apo A-IV synthesis and secretion by fat absorption is mediated by a
factor (probably PYY), which, in turn, acts centrally to send a signal via the vagus
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Figure 3 Vagotomy has no effect on the stimulation of apo A-IV synthesis in proxi-
mal jejunum by duodenal infusion of triacylglycerol emulsion. Vagotomized (Vagx) or
sham-vagotomized rats equipped with duodenal infusion cannulas received continuous 8-h
duodenal infusions of glucose saline control) or lipid (triolein emulsion, 40µmol per h).
Values are means plus or minus standard errors for four rats (sham, control), six rats (vagx,
control), five rats (sham, lipid), and seven rats (vagx, lipid). (Asterisk) Significant effect
of lipid infusion on apo A-IV synthesis (P < 0.01). [Reproduced with permission from
Kalogeris et al (48)].

nerve to the gut. We believe this to be the first demonstration of a gastrointesti-
nal hormone involved in the control of expression and secretion of an intestinal
apolipoprotein, thus bringing together two areas of research in gastrointestinal
physiology.

INTRAVENOUS INFUSION OF APO A-IV
INHIBITS FOOD INTAKE

That apo A-IV may play a role in the regulation of food intake is supported by
a series of physiological studies that examined (a) the effect that intravenous ad-
ministration of intestinal lymph derived from fasted rats had on food intake, and
(b) the effect that intestinal lymph derived from rats actively absorbing fat had
on food intake. Experimental rats were implanted with indwelling intravenous
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Figure 4 Vagotomy prevents increase in jejunal apo A-IV synthesis in a jejunal Thiry-
Vella fistula elicited by ileal lipid infusion. Vagotomized (Vagx) or sham-vagotomized rats
equipped with jejunal Thiry-Vella fistula and ileal infusion cannulas received continuous
8-h ileal infusions of either glucose-saline (control) or lipid emulsion (lipid). Mucosal apo
A-IV synthesis in the Thiry-Vella segment was then measured. Values are mean plus or
minus the standard error for six rats (sham, control), five rats (sham, lipid), six rats (vagx,
control), and eight rats (vagx, lipid). (Asterisk) Significant effect of lipid (P = 0.001).
[Reproduced with permission from Kalogeris et al (48)].

infusion cannula and allowed to recover for 1 week before feeding studies began.
After a 24-h fasting period, various intestinal lymph samples were taken from
donor rats and solutions of apo A-IV and apo A-I infused intravenously to deter-
mine whether food intake was affected by a nonpurified diet. Fujimoto et al (27)
demonstrated that rats intravenously infused with a physiological dose of saline
through the indwelling right atrial catheter ate 3.90± 0.40 g during the first 30
min of refeeding. Infusion of food-deprived intestinal lymph collected from donor
lymph-fistula rats had little effect on food intake compared with the saline-infused
rats deprived of food for 24 h. In contrast, the intestinal lymph collected from rats
that were actively absorbing lipid markedly suppressed food intake during the first
30 min of refeeding (P < 0.01). Suppression of food intake was not observed in
the subsequent 30 min of refeeding.

The fact that food intake was inhibited in rats that received intestinal lymph
from donor rats actively absorbing fat indicates that one or more factors may be

A
nn

u.
 R

ev
. N

ut
r.

 2
00

1.
21

:2
31

-2
54

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 S
t. 

M
ar

y'
s 

U
ni

ve
rs

ity
 -

 S
an

 A
nt

on
io

, T
X

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: GDL

April 28, 2001 13:56 Annual Reviews AR133-10

242 TSO ET AL

involved in the inhibition of food intake. Because the lipid content of lymph in-
creased as much as 10–15 times during fat absorption, it was hypothesized that
the additional lipid in the chylous lymph (in the form of chylomicrons) caused the
inhibition of food intake. To test this hypothesis in rats deprived of food for 24 h, a
separate group of rats was infused intravenously with a diluted Intralipid solution
that mimicked the lipid content of the chylous lymph. When 2 ml of Intralipid
(20 g/liter) in saline containing 42µmol of triglyceride and 3.1µmol of PL
(a composition comparable to the lymph collected during active lipid absorp-
tion) was infused intravenously, food intake was not suppressed. This result indi-
cated that the effect of chylous lymph on food intake was not caused by its lipid
content.

Fujimoto et al (27) reasoned that if it was not the lipid component of the
chylous lymph that inhibited food intake, then it must be apo A-IV because it is
the only apolipoprotein secreted by the small intestine that is markedly stimulated
by lipid feeding (40). L-81 blocks the stimulation of apo A-IV production by
the small intestine during lipid absorption. Fujimoto et al (27) therefore tested
whether lymph from rats that were fed lipid and L-81 had any effect on food
intake. Lymph from L-81–treated rats did not inhibit food intake. However, lymph
collected from rats that did not receive L-81 did. This suggests that apo A-IV is
probably the factor in chylous lymph that is responsible for the inhibition of food
intake.

Fujimoto et al (27) further studied the effect of apo A-IV–deficient chylous
lymph on feeding. The chylous lymph treated with normal goat serum suppressed
food intake significantly in the first 30 min of feeding. In contrast, chylous lymph
that was treated with apo A-IV antiserum had no effect on food intake—the rats
consumed an amount of food similar to that consumed by the saline controls. Fu-
jimoto et al demonstrated that the composition of the chylous lymph treated with
apo A-IV antiserum was not altered by the treatment, except that the apo A-IV
had been removed. In contrast, lymph treated with apo A-I antiserum was just as
effective as the untreated lymph in inhibiting food intake.

Apo A-IV or apo A-I (200µg) dissolved in 2 ml of physiological saline was
infused intravenously in 24-h food-deprived rats. An amount of apo A-IV (200
µg) comparable to that present in 2 ml of lymph collected from rats actively
absorbing lipid suppressed food intake significantly and to the same extent as the
chylous lymph collected during 6–8 h of lipid infusion. The inhibition of food
intake by apo A-IV was shown to be dose dependent (Table 1). Conversely, 200
µg of apo A-I did not effect food intake. No nonphysiological reactions, such
as sedation, ataxia, or hyperthermia, were observed after apo A-IV and chylous
lymph infusion. These studies led Fujimoto et al (27) to first propose that apo
A-IV is a circulating signal released by the small intestine in response to fat feeding
and is likely the mediator for the anorectic effect of a lipid meal. This function
is unique to apo A-IV and is not shared by apo A-I, although all of the functions
that are ascribed to apo A-IV in the in vitro studies can also be performed by
apo A-I.
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TABLE 1 Food intake in 24-h fasted rats after infusion of 2 ml of test
solution through indwelling atrial cathetera

Food Consumption After Refeeding (g)

Test Solutions 0–30 Min 30–60 Min

Control (physiological saline) 3.90± 0.40 1.31± 0.33

Apolipoprotein A-IV
60µg 3.35 ± 0.46 1.13± 0.31
135µg 2.14 ± 0.16b 1.16 ± 0.26
200µg 0.90 ± 0.18b,c 1.10 ± 0.19

Apolipoprotein A-I
200µg 3.90 ± 0.48 1.20± 0.25

aValues are means plus or minus the standard error. Five rats were treated in each group.
bP < 0.01 compared with values for saline control.
cP < 0.01 compared with value for 135µg of apolipoprotein A-IV.

CENTRAL ADMINISTRATION OF APO A-IV ALSO
INHIBITS FOOD INTAKE

The hypothalamus is a potential site where apo A-IV can elicit an inhibition of
food intake because it is intimately involved in regulating food intake and energy
metabolism (102). Fujimoto et al (28) reported that administration of apo A-IV
into the third cerebroventricular of rats decreased food intake in a dose-dependent
manner and with a potency that was∼50-fold higher than intravenous adminis-
tration (Figure 5). In contrast, apo A-I had no effect on food intake when infused
into the third ventricle. When goat anti-rat apo A-IV serum was administered into
the third ventricle at 11:00 h (during the light phase when rats usually do not eat),
all tested rats began to eat. Thus, Fujimoto et al (28) proposed that apo A-IV
antiserum removes any endogenous apo A-IV present.

Evidence suggests that de novo synthesis of apo A-IV in the brain is unlikely
(23). Fujimoto et al (28, 29) proposed that apo A-IV (or perhaps a fragment thereof)
released by the small intestine may traverse the blood-brain barrier and act in the
central nervous system. Using electroimmunosassay, they supported this argu-
ment by demonstrating that intact apo A-IV, or a fragment thereof, was present in
the third ventricular cerebrospinal fluid. Furthermore, they demonstrated that the
concentration of apo A-IV immunoreactivity in the third ventricular cerebrospinal
fluid increased as a result of lipid feeding. Later, using immunohistochemical
technique, Fukagawa et al (31) demonstrated that specific staining for apo A-IV
in astrocytes and tanycytes appears throughout both white and gray matter. The
granular nature and perinuclear distribution of apo A-IV immunoreactivity sug-
gests that apo A-IV may be contained in perinuclear organelles or vesicles. The
demonstration of immunoreactive apo A-IV in tanycytes does not necessarily

A
nn

u.
 R

ev
. N

ut
r.

 2
00

1.
21

:2
31

-2
54

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 S
t. 

M
ar

y'
s 

U
ni

ve
rs

ity
 -

 S
an

 A
nt

on
io

, T
X

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: GDL

April 28, 2001 13:56 Annual Reviews AR133-10

244 TSO ET AL

Figure 5 The relationship between the suppression of food intake during the first 30 min
of refeeding in 24-h fasted rats and the logarithm of the dose in micrograms of apo A-IV
infused into the third ventricle (closed circles) or intravenously (open circles). Five animals
were studied at each dose, and the values are expressed as mean plus or minus the standard
error. [Reproduced with permission from Fujimoto et al (28)].

indicate that there is a selective uptake mechanism because tanycytes take up
a variety of neurotransmitters and nonmetabolizable amino acids. The presence
of apo A-IV immunostaining in astrocytes does indicate selective uptake of this
apolipoprotein by astrocytes. Whether astrocytes are involved in satiety mecha-
nisms associated with lipid feeding is unknown. Extremely preliminary data from
our laboratory implies that the brain, particularly the hypothalamus, has apo A-IV
mRNA and is therefore capable of synthesizing apo A-IV protein. This interesting
finding is being investigated actively in our laboratory.

IS APO A-IV A SHORT-TERM SATIETY FACTOR?

Although there is compelling evidence that apo A-IV can acutely inhibit food intake
during the ingestion of a lipid meal, the temporal relationship between intestinal
synthesis and secretion of apo A-IV and satiety has to be considered. The question
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is whether the increase in plasma levels of apo A-IV in response to lipid feeding
is rapid enough and of sufficiently large magnitude to elicit satiety. Rodriguez
et al (77) demonstrated that when a gastric bolus of 0.5 ml of an Intralipid solution
(200 g/liter) containing 100 mg of triglyceride was fed to rats, there was a signi-
ficant increase in plasma apo A-IV within 15 min, and the increment remained
significant until 30 min following the ingestion of a meal. These changes in
plasma apo A-IV concentration were similar to those observed by Fujimoto et al
(27), in which the intravenous administration of apo A-IV produced a signif-
icant, dose-dependent inhibition of food intake. Rodriguez et al (77) therefore
concluded that the increase in plasma levels of apo A-IV produced in re-
sponse to lipid meals was sufficiently quick and large enough to produce sati-
ety, thereby supporting a role for apo A-IV in the short-term control of food intake
in rats.

POTENTIAL ROLE OF APO A-IV IN THE LONG-TERM
CONTROL OF FOOD INTAKE

Evidence from a number of experiments suggests that apo A-IV may be involved
in the long-term regulation of food intake and body weight gain. First, it has been
demonstrated that intravenous administration of apo A-IV decreases food intake
in rats given free access to food (29). This suggests that exogenously administered
apo A-IV controls food intake under ad libitum feeding conditions. In rats with free
access to food, central administration of apo A-IV antiserum stimulated feeding
during the light cycle (28). Similar studies conducted during the dark phase, when
rats actively eat, may help clarify the role of apo A-IV in the control of individual
meals. Second, evidence shows that there is a link between the regulation of food
intake and the circadian rhythm of lymph and serum apo A-IV. Fukagawa et al (30)
reported that in rats given free access to food, both serum and intestinal lymph apo
A-IV exhibited a circadian rhythm that was significantly higher during the dark
hours than during the light hours. When Fukagawa et al (30) examined the serum
apo A-IV level in food-deprived rats, they found it to exhibit the same circadian
rhythm as in fed rats. However, for all time points, the serum apo A-IV level was
significantly higher in rats given free access to food compared with food-deprived
rats. This indicated that although ad libitum feeding greatly increased the levels
of serum apo A-IV, it did not change the pattern of its inherent circadian rhythm.
That serum apo A-IV increased during the dark phase, which corresponds to the
most active feeding period of rats, suggests a physiological role for apo A-IV in
the regulation of food intake.

Third, Morton et al (63) reported down-regulation of intestinal apo A-IV mRNA
levels by leptin. Leptin is a protein made by the adipose tissue and is believed
to signal the hypothalamus in the brain (a center for the regulation of food intake
and energy metabolism) of how much fat is in the body. Leptin decreases food
intake and increases energy metabolism (102). The discovery of leptin by Zhang
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et al (103) has energized the field of obesity. Preliminary data suggest that leptin
decreases apo A-IV synthesis and secretion by the small intestinal epithelial cells.
It has also been demonstrated that intestinal apo A-IV synthesis and secretion is
up-regulated by insulin in both rodents and humans (8, 11). Energy homeostasis
in the body is accomplished by a high integrated and redundant neurohumoral
system that prevents the effect of short-term fluctuations in energy balance on
fat mass (102). Insulin and leptin are hormones that are secreted in propor-
tion to body adiposity, and they play a critical role in this energy homeosta-
sis. Because leptin and insulin seem to regulate intestinal apo A-IV synthesis,
apo A-IV may be involved in the long-term regulation of food intake and body
weight. This interesting hypothesis is currently just speculation and must be proven
experimentally.

Another point worthy of consideration is that PYY, released by the L cells
located in the ileum and the colon, stimulates the production of apo A-IV by
the jejunum and the ileum. Several laboratories have demonstrated that PYY is
released in response to fat bile salts, glucose, short-chain FAs such as butyrate,
and amino acids (4, 74, 95). Thus, the inhibition of food intake by apo A-IV is
not just limited to the absorption of long-chain FAs; it could also be initiated by
other nutrients and macromolecules in the lumen of the ileum and the colon. This
exciting area of apo A-IV research requires further exploration.

THE ROLE OF APO A-IV ON UPPER
GASTROINTESTINAL FUNCTION

Another possible mechanism of action by which apo A-IV inhibits food intake
is by affecting gastric motility as well as gastric acid secretion. Okumura et al
demonstrated that intracisternal injections of purified apo A-IV inhibited gastric
acid secretion (67, 68) and gastric motility (69) in rats in a dose-dependent man-
ner. The doses of apo A-IV chosen for these studies were thought to reproduce
the levels of apo A-IV measured in cerebrospinal fluid after lipid feeding (28).
Intravenous infusion of similar doses of apo A-I did not elicit gastric responses.
This is important because Fujimoto et al (27) demonstrated that intravenous infu-
sion of purified apo A-IV inhibited food intake in a dose-dependent manner, but
administration of similar doses of apo A-I had no effect on food intake. Addition-
ally, Fujimoto et al (29) demonstrated that apo A-IV administered into the third
ventricle inhibited food intake in a dose-dependent manner but that apo A-I
did not. Thus, the studies of Okumura et al (67–69) corroborate the observations
made by Fujimoto et al (27, 29). As proposed by Okumura et al (67), apo A-IV
acts as an enterogastrone, i.e. a humoral mediator released by the intestine that
mediates the humoral inhibition of gastric acid secretion as well as motility by
the ingestion of fat. Currently, it is not clear if the effects of apo A-IV on food
intake is directly linked to its effects on gastric function. Apo A-IV could directly
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influence central feeding mechanisms; alternatively, feeding could be affected by
the effect of apo A-IV on gastric function, particularly via the inhibition of gastric
emptying (60).

Preliminary data seem to indicate that intravenous infusion of apo A-IV also
affects intestinal motility as well as the activity of the vagal afferents (H Raybould,
personal communication).

EFFECT OF CHRONIC HIGH-FAT FEEDING ON
INTESTINAL APO A-IV SYNTHESIS

The effect that chronic ingestion of a high-fat diet has on intestinal apo A-IV
synthesis is interesting, but the mechanisms involved are unclear. Previous studies
have determined that acute administration of a lipid meal results in a marked
increase in apo A-IV levels and stimulation of apo A-IV synthesis in both the
jejunum and the ileum (5). In this same study, Apfelbaum et al (5) determined
that chronic consumption of a high-fat diet (30 g/100 g by weight of diet as fat)
resulted in the stimulation of apo A-IV synthesis and increased mRNA levels in the
jejunum but not the ileum. Does the ileum, then, become less responsive to lipid
after chronic ingestion of a high-fat diet, or does the adaptation of the digestive
and absorptive process result in fat no longer reaching the ileum? This question
warrants further investigation.

In humans, the chronic consumption of a high-fat diet significantly elevates
plasma apo A-IV levels. This elevation is observed during the first week of high-
fat consumption (97) but disappears during the second week, thus leading investi-
gators to conclude that there is autoregulation of intestinal apo A-IV production in
response to diets high in fat. Consequently, both rodent and human data suggest
that intestinal apo A-IV synthesis and secretion become less responsive to fat after
chronic high-fat diet consumption. Our preliminary data shows that plasma leptin
increases dramatically in rats chronically consuming a diet high in fat and while
becoming obese. It is interesting that their intestinal apo A-IV responses to lipid
feeding were also attenuated. Morton et al (63) demonstrated that intravenous ad-
ministration of leptin reduces apo A-IV mRNA levels of the small intestine after
a lipid load. Our laboratory has also confirmed that leptin greatly suppressed the
stimulation of apo A-IV synthesis and secretion by the small intestine in con-
scious rats (21). It is tempting to speculate that this apparent autoregulation of apo
A-IV in response to chronic ingestion of high fat is related to elevated circulating
leptin.

Reduction of apo A-IV in response to lipid feeding in both animals and humans
that chronically consume a high-fat diet may be physiologically and clinically
important because it may explain in part why increasing dietary fat content accel-
erates the development of obesity. The conclusion that increased consumption of a
high-fat diet leads to an increase in body fat is evidenced by numerous experiments
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with varying diets and species. Excellent reviews on this subject have come from
the laboratories of Bray & Popkin (14), Hill et al (42), Warwick et al (96), and
West & York (100). Further investigation of why chronic ingestion of a high-fat
diet attenuates an apo A-IV response to lipid feeding is extremely important to
our understanding of why a high-fat diet predisposes both animals and humans to
obesity.

CONCLUSIONS AND FUTURE DIRECTIONS

Intestinal apo A-IV is a protein stimulated by dietary lipid that has a potentially
important physiological role in the integrated control of digestive function and
ingestive behavior. It also has a presumed role in cholesterol and lipoprotein
metabolism. The role of apo A-IV in the regulation of upper gut function and sati-
ety needs further investigation. For instance, what molecular form of apo A-IV is
involved—free monomer, homodimeric (98), high-density-lipoprotein bound, or
apo A-IV–derived bioactive peptides? Additional information is urgently needed
to help us understand how apo A-IV works in the central nervous system to mod-
ify food intake and gastric motility and secretion. Is apo A-IV being made by the
central nervous system? If so, where and by what cells? If the brain makes apo
A-IV, is it physiologically regulated? Is it regulated in the same way as intestinal
apo A-IV? What is the relationship between circulating apo A-IV and brain apo
A-IV? Is there a receptor for apo A-IV? If so, where is it located? Is it physiologi-
cally regulated? These questions and others need addressing before a comprehen-
sive understanding of the physiology of apo A-IV can be achieved.

Understanding the mechanism of stimulation of apo A-IV synthesis by the for-
mation and secretion of chylomicrons and peptide YY is another area that warrants
further investigation. There is evidence that apo A-IV synthesis is stimulated in
both the jejunum and ileum when exposed to fat. Lipid exposed to the ileum also
results in PYY secretion, which further stimulates the synthesis and release of apo
A-IV by the jejunum. Several studies have demonstrated that apo A-IV biosynthe-
sis stimulated by lipid absorption is mediated by a different molecular mechanism
than stimulation by PYY because the mRNA levels increase markedly during lipid
stimulation but remain the same during PYY stimulation. Future investigation of
the mechanisms of regulation of apo A-IV synthesis by lipid absorption, PYY,
leptin, chronic consumption of a high-fat diet, and other currently unknown fac-
tors will pose both a challenge and a reward in enhancing our understanding of
diet-induced obesity.
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