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Abstract

The absorption of dietary fat is of increasing concern given the rise of obesity not only in the
United States but throughout the developed world. This review explores what happens to dietary
fat within the enterocyte. Absorbed fatty acids and monoacylglycerols are required to be bound to
intracellular proteins and/or to be rapidly converted to triacylglycerols to prevent cellular
membrane disruption. The triacylglycerol produced at the level of the endoplasmic reticulum (ER)
is either incorporated into prechylomicrons within the ER lumen or shunted to triacylglycerol
storage pools. The prechylomicrons exit the ER in a specialized transport vesicle in the rate-
limiting step in the intracellular transit of triacylglycerol across the enterocyte. The
prechylomicrons are further processed in the Golgi and are transported to the basolateral
membrane via a separate vesicular system for exocytosis into the intestinal lamina propria. Fatty
acids and monoacylglycerols entering the enterocyte via the basolateral membrane are also
incorporated into triacylglycerol, but the basolaterally entering lipid is much more likely to enter
the triacylglycerol storage pool than the lipid entering via the apical membrane.
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INTRODUCTION

The adequate absorption of lipids is a requirement for all mammalian species because of
their inability to synthesize essential fatty acids (FA), such as -3 and »-6, and fat-soluble
vitamins. This review covers the complex process by which this absorption occurs, with an
emphasis on the production of the end product: the chylomicron. Why should such an
important function as lipid absorption be so complex? The answer lies in the innate

incompatibility between the lipid-soluble products of the diet and the aqueous environment

of the organism. The lipids follow their physicochemical path while the organism attempts to

control their movement through a series of protein-controlled interactions that make the
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lipids either more or less aqueous interactive, depending on the compartment in which the
reactions occur. In addition to their control function, proteins play a crucial role in directing
the lipids to the next sequential compartment on their metabolic path.

The clinical relevance of understanding and potentially controlling this process is evidenced
by the epidemic of obesity that is sweeping the United States and other developed countries.
According to the Centers for Disease Control in 2006 (http://www.cdc.gov/obesity/data/
trends.html), in 26 states, mostly in the middle of the country and in the southeast, 25-29%
of the adult population consisted of individuals with a body mass index (BMI) greater than
30. In six additional states, 30% or greater of the adult population had a similar BMI. Only
one state had an adult population of which less than 19% were obese.

MOVEMENT OF DIETARY FATTY ACIDS TO THE ENDOPLASMIC
RETICULUM

There are few robust data that show how absorbed FA move to the endoplasmic reticulum
(ER). What is known is that they must be bound nearly completely so that their free
cytosolic concentration remains low. If not, the FA would perturb cellular membranes,
potentially leading to cell death (1). This finding has recently been highlighted in cell culture
experiments, in which the inability to adequately dispose of absorbed FA resulted in cell
death (2). One mechanism to blunt the toxic effects of FA absorption would be to protein
bind incoming FA, a function performed by the FA-binding proteins (FABPs) present in
enterocytes. The large amount of both liver and intestinal FA-binding proteins (L- and I-type
FABPs, respectively), which constitute 5-6% of cytosolic proteins, supports this contention.
In rat intestine, I- and L-FABP are present in approximately equal amounts (3), whereas
human autopsy studies show that L-FABP clearly predominates (4). Additionally, both
FABPs are found mainly in the proximal intestine (5), the site of dietary lipid absorption in
both humans (6) and rats (7), and they are both increased 50% in rats fed a high-fat diet (8,
9). In mice, only L-FABP is increased by fat feeding (10). In sum, these data support an
active role for I-and L-FABP in dietary lipid absorption.

These two FABPs deliver their ligands differently, despite their similarities. 1-FABP donates
its ligand to a target membrane by a collision model, whereas L-FABP donates its ligand by
diffusion (11), a more typical method of ligand delivery that is used by other FABPs (12). In
the diffusion model, the FA is delivered randomly by diffusion through the cytosol as it
releases from L-FABP, and in the collision model, targeted delivery of the FA is provided by
attachment of the I-FABP to the ER membrane. Thus, as it pertains to the enterocyte, I-
FABP is proposed to function in removing FA from the apical membrane and delivering
them to their target membrane, the ER, whereas L-FABP is proposed to function as a
reservoir with respect to FA transport (11). These speculations are supported by the
threefold-greater binding of FA to L- versus I-FABP under conditions of fat feeding and by
an even greater disparity during fasting (13).

Another potential mechanism for delivering absorbed dietary FA to the enterocyte ER is the
acylation of FA by FA-transport protein 4 (FATP4). This protein, which may be responsible
for up to 60% of the FA uptake from the intestinal lumen, may also serve to activate the FA
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to FA-CoA and thus may function as a FA-CoA synthetase (14). Recent evidence has
challenged the apical location of FATP4, instead placing it at the ER membrane (15). Thus,
at the level of the ER, FATP4 in effect captures an absorbed FA (delivered to it by acylating
the FA to their CoA derivative) because FA-CoA cannot cross the apical membrane. This
process is termed vectorial acylation (15). Because FA-CoA also forms micelles and thus
may perturb cellular membranes above its critical micellar concentration (CMC), FA-CoA—
like FA—needs to be protein bound to lessen its potential for disrupting cellular membranes,
a function that can be performed in the cytosol by L-FABP as well as by acyl-CoA-binding
protein (16). On the ER membrane itself, FA-CoA can of course be handed off to the
complex lipid—synthesizing enzymes, as described below.

The membrane by which FA enter the cell also influences its ultimate disposition, although
the incorporation of the FA into complex lipids occurs at the level of the ER regardless of
the portal of entry. FA entering from the apical membrane are more likely to enter the
triacylglycerol (TAG) synthetic pathway than if they enter via the basolateral membrane,
presumably from the circulation (17, 18). By contrast, FA entering from the basolateral
membrane are more likely to enter the phospholipid synthetic pathway or to be oxidized (17,
18). In contrast to these studies, in which the radiolabeled FA tracer was given as an acute
(up to 2 min) injection to conventionally fed rats, if the tracer (19) was constantly given
intravenously to rats receiving a large intraduodenal TAG infusion until a steady-state-
specific activity of mucosal TAG and FA was obtained (6 h), the tracer was predominantly
found in the TAG fraction. Under these conditions, the FA presumably entered the
enterocyte from the basolateral membrane and was converted to TAG.

In sum, ligand binding is one method available to the enterocyte to mitigate the adverse
effects of the surface-active molecules FA and FA-CoA. A second available method is the
conversion of these compounds to the much more physicochemically inert TAG. The
conversion of FA to TAG occurs at the level of the ER, a process detailed in the following
section. A summary of these steps is shown in Figure 1.

Because the complex lipids of the diet need to undergo lipolysis in order to be efficiently
absorbed, the resulting FA and sn-2-monoacylglycerol (MAG) require resynthesis to TAG
for two purposes, the first to produce a physicochemically more inert product (TAG) and the
second to enable the eventual direction of the dietary lipid to its intended target tissues
(adipose and muscle). Lipid absorbed as FA alone goes to the liver via the portal vein,
whereas as TAG the lipid can be included in chylomicrons and directed to its targeted
destination by the lipoproteins on the chylomicron surface. In addition, FA delivered to the
liver are in part exported as very low-density lipoprotein (VLDL), the major liver TAG-rich
lipoprotein, which on its metabolism by lipoprotein lipase ultimately produces low-density
lipoprotein (LDL), the major cholesterol-carrying lipoprotein in the plasma. By contrast,
TAG that is absorbed as chylomicron TAG, when metabolized, produces not only
chylomicron remnants but also phospholipid discs from the excess surface phospholipids as
the TAG is removed (20). These discs take up cholesterol and acquire apolipoprotein Al
(apoAl), resulting in high-density lipoprotein (HDL), the so-called reverse cholesterol
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transporter. In humans (21) and mice (22), up to 70% of circulating HDL is produced by this
mechanism.

Acyl-CoA Synthetases

The acyl-CoA synthetases (Acsl) are a family of CoA synthetases that activate long-chain
FA by forming the acyl-AMP derivative, which acylates CoA. This process results in the end
products acyl-CoA, AMP, and PPi. There are five members of this family, which have 30 to
60% homology. Acsl are tissue specific; only Acsl3 and Acsl5 are significantly expressed in
the intestine (23). Acsl function as the initiator of acylation in complex lipid synthesis, each
step of which requires activated FA. This process is similar to what has been proposed for
FATPs. Of the six members of this family, only FATP4 is expressed in the intestine (24).

In addition to functioning as FA activators, Acsl may also influence the pathway by which
TAG is synthesized (25). As discussed further below, TAG can be synthesized either by the
progressive acylation of MAG or via the acylation of glycerol-3-phosphate (G-3-P), with
subsequent acylation and dephosphorylation. The common product of the two pathways,
diacylglycerol (DAG), is not metabolically equivalent in that DAG synthesized from MAG
can only be acylated, whereas DAG synthesized from G-3-P either can be acylated or can
enter the phospholipid synthetic pathway (26, 27). Because the substrates between the two
pathways are not interchangeable, the pathways may be geographically separated, a
suggestion that has received recent support from study of the Tung tree (28). In addition to
this separation, FA enter different TAG synthetic pathways both in vivo and in vitro,
depending on their route of entry. For example, FA entering via the apical membrane are
preferentially shunted to the TAG pathway that provides TAG for incorporation into
chylomicrons (7, 17, 29, 30). By contrast, the TAG coming from the basolateral membrane
enters the pathway that provides TAG for the intracellular storage pool (19). Eventually, the
storage pool is depleted of TAG, which exits the cell not as TAG in chylomicrons but
presumably as FA in the portal vein (31). This function could be performed by pancreatic
TAG lipase, which is expressed in the intestine (32). In vivo evidence for this supposition
comes from rats that received 3H-oleate either by jugular vein or intraduodenally as [3H-
oleate]-glyceryltrioleate (TO). The radiolabeled oleate was infused by vein, whereas the
nonradiolabeled TO was infused intraduodenally. In the former method, the enterocyte TAG
became radiolabeled, but the specific activity of the resulting TAG was less than half that of
the TAG in mesenteric lymph chylomicrons (19). One interpretation of these data is that the
TAG pool that was labeled by the FA entering from the basolateral side of the cell was not
selected for transport from the cell in lymph chylomicrons. On the basis of this finding, we
proposed that this TAG formed part of the TAG storage pool in enterocytes (19). By contrast,
when the 3H-TO was given intraduodenally, the specific activity of the mesenteric lymph
chylomicron TAG was close to what was infused and was nearly twice that of the mucosal
TAG (7). An interpretation of these data is that lymph chylomicron TAG’s acyl groups are
predominantly composed of the subset of mucosal TAG derived from infusate TAG. This
interpretation is supported by experiments that directly tested this hypothesis by
intraduodenally infusing linoleate after infusing TO, whose exit as chylomicron TAG was
blocked by Pluronic L-81. On recovery of chylomicron output into the lymph by removal of
the inhibitor, the lymph chylomicron TAG acyl groups remained mostly oleate with little
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linoleate (33). Additional studies in Caco-2 cells (34) also support the concept that dietary
FA are primarily substrates for chylomicron TAG.

Monoacylglycerol Acyltransferase

In the intestine, TAG is hydrolyzed to two FA and one MAG by pancreatic TAG hydrolase
(pancreatic lipase). This enzyme strongly prefers primary alcohols for hydrolysis, leaving
the secondary alcohol in the sn-2 position of glycerol still esterified to the FA available for
absorption. Although there is some isomerization of sn-2- to sn-1-MAG, the reaction is slow.
Whether or not the MAG remains as sn-2 or sn-1, it can be hydrolyzed within the intestinal
lumen to FA and glycerol by cholesterol esterase. If the sn-2 acyl group has migrated to the
sn-1 position, it may be hydrolyzed by pancreatic TAG lipase. Despite these hydrolytic
potentials, most sn-2-MAG remains unhydrolyzed and is absorbed as sn-2-MAG, resulting
in 75% of it appearing in the lymph as chylomicron sn-2-TAG (35). The small amount of
sn-1-MAG that may be absorbed could potentially be hydrolyzed by MAG hydrolase,
present in intestinal ER (36), to FA and glycerol.

The MAG that is presented to the ER for acylation is acylated by monoacylglcyerol
acyltransferase (MGAT). MGAT has three isoforms: MGAT1, -2, and -3. MGAT1 is not
expressed in the intestine (37). MGAT?2 is expressed exclusively in the small intestine of
mice and more ubiquitously in humans (38). Interestingly, although transcripts for MGAT2
are found in human liver in contrast to rodent liver, no MGAT activity is expressed (39). In
intestine, MGAT?2 is very responsive to a high-fat diet and increases in activity as much as
threefold, although MGAT2 mRNA does not change, suggesting posttranslational regulation
(36, 40). The gradient of MGAT2 mRNA along the small intestine also parallels the
proximal-to-distal gradient of lipid absorption in both rats and humans (6, 7, 40). By
contrast, MGAT3 is expressed five times more in the ileum than in the proximal intestine in
higher species, but it is not expressed in rodents (41). Consistent with its greater sequence
homology to DGAT2 than to either MGAT1 or -2, MGAT3 has a much greater ability to
acylate DAG than does either MGAT1 or -2 (42). MGAT2, however, does have considerable
DGAT activity (43). In sum, these data suggest that MGAT2 is the only MGAT that
functions in rodent intestinal mucosa, which helps elucidate data interpretation of studies
dependent on this enzyme. In addition, gene disruption of MGAT2 supports the central role
of this isoform in the distribution of dietary fat to peripheral tissues as, presumably,
chylomicron TAG (44). MGAT2™~ mice do not gain weight, and unlike wild-type mice they
do not develop aspects of the metabolic syndrome on a high-fat diet.

As with FA entry into enterocytes, the metabolic fate of MAG also depends on its site of
entry. MAG entering from the apical membrane is predominantly utilized for TAG synthesis,
whereas if it enters from the basolateral membrane phospholipid synthesis predominates,
especially that of phosphatidylethanolamine (17).

Because of isomerization or other mechanisms, when sn-1- or sn-3-MAG results from TAG
hydrolysis in the intestinal lumen and is absorbed, it is acylated by MGAT, resulting in
sn-1,3-MAG (37, 45). This DAG isomer is a metabolic dead end (46) in rodents but not in
higher species, where TAG can be produced from the sn-1,3 isomer (42).
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The sum of the data on MAG absorption suggest that the FA esterified in the sn-2 position of
dietary TAG are preserved to be incorporated into chylomicron TAG. This preservation of
the FA at the sn-2 position has led to the proposal that one way to deliver essential FA to the
liver is by this mechanism. In this scenario, essential FA esterified at the sn-2 position in
chylomicrons could, after lipoprotein lipase attack on the chylomicron resulting in a
chylomicron remnant, be retained as TAG in the remnant particle and taken up by the liver’s
chylomicron remnant uptake mechanism.

Diacylglycerol Acyltransferase

DGAT1

Acetylation of DAG to TAG in the intestine is performed by acyl-CoA:diacylglycerol
acyltransferase (DGAT). DGAT comprises three enzymes: DGAT1, DGAT2, and MGAT3.
MGAT3, although it acylates MAG to DAG, as suggested by its name, also has considerable
DGAT ability (42). DAG, from whatever source, is a branch point in complex lipid
synthesis. Either the DAG can be acylated to TAG by a member of the DGAT family, or it
can enter the phospholipid synthetic pathway through, for example, CDP-
ethanolamine:diacylglycerol ethanolaminephosphotransferase or CDP-
choline:diacylglycerol cholinephosphotransferase. In the intestine, synthesis of TAG from
DAG clearly predominates over the synthesis of phospholipids (47); nevertheless, both
processes are very active. This synthesis of TAG and phospholipids results in the quick
disposal of DAG, which might otherwise engage in its function as a second messenger. The
fact that it does not, despite its presence in reasonable concentrations during fat absorption,
is likely due to compartmentalization of the DAG to the ER in the enzyme-bound state.

Although it is not clear which enzyme with DGAT activity is regulated, chronic (7 days)
(48) but not acute (24 h) (49) fat feeding increases total DGAT activity, suggesting
transcriptional regulation rather than a more acute regulatory mechanism such as
phosphorylation.

In the overall synthesis of TAG, the function of DGAT 1—first cloned in 1998 (50)—was not
understood until a DGAT1~~ mouse model was constructed (51). Preliminary data from
these studies showed that DGAT mRNA was expressed predominantly in the villi of the
proximal intestine, as would be expected for an enzyme engaged in active lipid absorption.
On gene disruption, although the knockout mice absorbed fat normally, the fat-bolused
knockout mice were unable to mount the chylomicronemia observed in wild-type mice (51).
Despite the absence of DGATL, lipid droplets were found in the cytosol in chronically high-
fat-fed knockout mice, suggesting the presence of TAG in the mucosa, which was confirmed
by Oil Red O studies. The data further suggested that a TAG synthetic route other than
DGAT1 was present in the intestine. This route was shown to be DGAT2. Unexplained in the
DGAT1/~gene—disrupted mice was the excessive use of energy for heat production
associated with an increase in uncoupling protein 1, a protein that results in the generation of
heat rather than ATP (52). As expected, the DGAT1™~ mice tolerated fasting poorly. In
addition to TAG synthesis, DGAT1 expresses MGAT activity, synthesizes wax mono- and
diesters, and can function as a retinol acyl transferase, resulting in retinol ester synthesis
(53).
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The Farese group (54) cloned and expressed DGAT?2, a 388-amino-acid enzyme, which was
present in mice in high concentrations in actively TAG-synthesizing tissues such as liver,
white adipose, small intestine, and mammary gland. This DGAT was functionally separate
from DGAT1 in that it was sensitive to high concentrations of Mg2* and was from a
different gene family. Whereas DGAT1 is related to the acyl CoA cholesterol acyl
transferase 1 and 2 family, DGAT?2 is related to the MGAT2 (39) and the multifunctional O-
acyltransferase (MFAT) families (55). MFAT has been shown to synthesize DAG, wax
monoesters, and retinol esters, depending on the acyl substrate presented to the enzyme (55).
These activities are similar to those performed by DGAT1 (53).

The membrane orientation of DGAT? is organized such that both the N and C termini are
cytosolically disposed with two transmembrane domains (amino acids 66—115, 86-93)
joined by a short bridge (56). The transmembrane domains and bridge are located near the N
terminus. Unfortunately, the experiments designed to more precisely localize the bridge
could not differentiate between an ER luminal and an intramembrane location (56).

DGAT2 overexpression in McA-RH7777 cells resulted in TAG accumulation in the cytosol
to a greater extent than when DGAT1 was overexpressed, emphasizing the role of the former
in TAG synthesis (57). However, when DGAT2™~ mice were constructed, the mice died
shortly after birth. In the gene-disrupted mice, circulating TAG, FA, and glucose were all
severely reduced at birth (57); the mice were underweight; and there was a severe reduction
in carcass TAG. Their lack of fat stores was not the only cause of early death, however.
There were gross, microscopic, and chemical changes in their skin that resulted in
transdermal water loss, which, when reduced by keeping the mice in a more humid
atmosphere, resulted in a few more hours of life (57). These data indicate that DGAT1 does
not compensate for the loss of DGAT?2 activity, a hypothesis supported by the severe
reduction in VLDL TAG output by the liver in DGAT2~/~ mice despite adequate functioning
of DGAT1 (58).

Sn-Glycerolphosphate-3-Acyltransferase

The synthetic pathway utilizing MGAT and DGAT is the predominant pathway used by
dietary FA and MAG to produce TAG. Separate from this pathway, however, is a second
pathway that produces TAG de novo. This pathway begins with G-3-P, which is acylated at
the sn-1 position to sn-1-lysophosphatidic acid (LPA) by G-3-P acyltransferase. The next
enzyme acylates LPA to phosphatidic acid, which is mediated by sn-1-acylglycerol-3-
phosphate-O-acyltransferase (AGPAT). Phosphatidic acid phosphohydrolase or lipin
removes the phosphate group to form DAG, which is then acylated to TAG by DGAT.

There are no data in the intestine that elucidate the rate-limiting step in TAG synthesis by the
de novo pathway. However, in liver, both PAP (59) and DAG (60) have been proposed to be
limiting. Current data favor DAG.
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Formation of the Prechylomicron in Intestinal Endoplasmic Reticulum

The apoB48 found in chylomicrons is the N-terminal 48% translation of the whole apoB
gene (apoB100) and is the only form of apoB synthesized in the adult human and rat
intestines. This truncation occurs because of the action of apoB-editing catalytic component
1 (APOBEC1), which deaminates cytidine 6666 of apoB100 DNA to produce uridine,
resulting in a stop codon (61). Thus far, two major functional differences between apoB48
and apoB100 have been elucidated. Mice whose APOBEC1 gene was disrupted and thus
make only apoB100 in their intestine have a reduced chylomicron output into the lymph and
TAG accumulation in the mucosa on feeding lipid loads as compared with wild-type mice
(62). Secondly, apoB48 lacks the low-density lipoprotein receptor recognition site (63).

The biogenesis of the prechylomicron takes place in a two-step process (64). Each step is
described separately here. The first portion of the lipoprotein that forms is the primordial
chylomicron, which consists of apoB48 (65), phospholipids, cholesterol, and minor amounts
of TAG and cholesterol ester. This particle is dense with a buoyant density similar to HDL
(64). The most important part of the particle is apoB48. Its synthesis is constitutive (66), but
interestingly the amount surviving is regulated by the availability of lipid on the luminal side
of the ER membrane to rescue it from being degraded by the ubiquitin-proteasome
degradation pathway (67). Both the fully and partially translated forms of apoB are
susceptible to degradation (68). Because of its extreme insolubility in water, as the apoB48
comes slowly through the ER membrane translocon as it is being translated, both the lipid,
two chaperones [MTP (69) and BiP], and perhaps other chaperones such as HSP110 (70) are
required to prevent its degradation. At least one function of MTP is to prolong the time that
apoB48 has to interact with lipids before being degraded (71). When the apoB48 is finished
with its translation and movement through the translocon, the apoB48-containing primordial
particle detaches from the membrane and is present in the ER lumen, ready to fuse with the
lipid-rich, protein-poor particle in the second step of prechylomicron formation.

The lipid-rich particle utilized in the second step of prechylomicron formation is composed
mostly of TAG and cholesterol ester. Its protein composition is unknown, but it does not
contain apoB48 or apoAl. The TAG in the particle is synthesized at least in part on the
cytosolic side of the ER membrane and must traverse the ER membrane to its cytosolic face.
This transfer is verapamil sensitive, indicating that more than diffusion of the TAG through
the membrane occurs (72). The rapidity by which the TAG can traverse the membrane is
called into question by studies showing that, at high TAG intraduodenal input loads, TAG
piles up on the cytosolic side of the ER membrane and is susceptible to lipolytic attack (73).
This problem would be obviated if at least some of the TAG were synthesized on the luminal
side of the membrane, a possibility raised using the carnitine palmitoyl transferase 1
inhibitor etomoxir (74). Once the TAG is on the ER luminal surface, it is presumed that
MTP ferries it to the enlarging neutral lipid-rich particle (75). What controls the size of the
particle other than substrate availability (76) is not clear, but increasing the expression of
apolipoprotein-AlV (apoAlV) is known to greatly increase the size of the secreted
chylomicron (77).

There is no information on how the dense and lipid-rich particles merge. Presumably there is
target recognition and some mechanism to reduce the surface pressure of the lipid-rich
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particle, enabling the surface of the dense particle to combine with it. Once formed, there is
only one apoB48 per chylomicron (78), so studies that show an alteration in lymph apoB48
output imply that the number of chylomicrons secreted into the lymph is altered as well.

EXIT OF PRECHYLOMICRONS FROM THE ENDOPLASMIC RETICULUM

Following their biosynthesis in the ER lumen, prechylomicrons are transported to their next
destination, the c/s-Golgi, along the secretory pathway. The movement of prechylomicrons
from the ER to the Golgi consists of a cascade of complex events; however, their exit from
the ER and delivery to the Golgi are the two main steps (81-84). The ER exit of
prechylomicrons is defined as the rate-limiting step in their overall secretion from the
enterocytes (30, 85). Because of their very large size (average diameter ~250 nm) (83), how
prechylomicrons traverse the ER and Golgi membranes is unclear. Spatial constraints
impede their transit across the ER membrane. Furthermore, the prechylomicrons require
information on their surface that would target them to the Golgi, and their TAG is
susceptible to lipolysis from pancreatic lipase, expressed in the intestine and present in the
cytosol (32). These concerns could be easily addressed if a membrane-enclosed space large
enough to contain specific cargo and able to contain targeting proteins on its surface were
available to perform these functions. A well-described paradigm for this transport
mechanism, in which newly synthesized proteins are carried from the ER to the Golgi in
membrane-bound vesicles (referred to herein as protein transport vesicles), already exists.
Because coat protein complex Il (COPII) regulates the biogenesis of protein transport
vesicles, these vesicles are often termed COPII vesicles (86-89).

The COPII coat is composed of five different cytosolic proteins. The orderly recruitment of
these proteins to the ER membrane leads to vesicle-cargo selection and generation (90-92).
The biogenesis of these vesicles is highly organized and occurs at distinct sites on the ER
membrane known as ER exit sites (93-95). The assembly of COPII begins with the binding
of Sar1-GDP to Sec12, an integral ER-membrane protein that functions as a guanine
nucleotide exchange factor for Sarl (96-98). Sec12 catalyzes the conversion of Sar1-GDP to
Sar1-GTP, which causes the exposure of an alpha-helical component of Sarl that inserts into
the ER membrane (99, 100). The membrane-bound Sarl recruits Sec23-Sec24 as a
heterodimer, which forms the inner layer of the COPII coat. This membrane-bound Sar1-
Sec23-Sec24 complex is often termed the prebudding complex (100, 101). Sec24 helps
select proteins to be transported in the vesicle by interacting with the cytosolic domains of
specific, potential cargo proteins (101, 102). Although Sec24 plays a major role in cargo
recruitment, Sarl and Sec23 also participate in the cargo-selection process (103). Once
bound to the ER membrane, the Sar1-Sec23-Sec24 complex recruits Sec13-Sec31 as a
heterotetramer (104), which forms the outer layer of the coat and mediates membrane
deformation, thereby leading to vesicle generation (105). The size of these protein transport
vesicles, however, ranges between 55 and 70 nm in diameter (106). Recent studies from
Balch’s group (107) employing cryoelectron microscopy have elucidated the architecture of
the COPII coat. These studies revealed that the geometry of the COPII coat is flexible
enough to accommodate cargos that are large in size, but not greater than 100 um. Therefore,
the size of the coat is not sufficient for much larger cargos such as prechylomicrons (107).
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Biogenesis of the Prechylomicron Transport Vesicle

The egress of prechylomicrons from the ER does not follow the canonical COPII-mediated
ER-budding process (83). In a study of how nascent prechylomicrons do exit the ER
membrane, in vitro assays revealed the existence of a novel vesicle, the prechylomicron
transport vesicle (PCTV) (83). PCTVs were able to be isolated from other vesicles by their
light buoyant density, which is due to their TAG-rich cargo. Together, electron microscopy
and size-exclusion chromatography data suggested that the average PCTV is ~250 nm in
diameter—Ilarge enough to accommaodate prechylomicron-sized particles (83). Studies
aiming to characterize PCTV as a bona fide transport vesicle suggest that PCTVs (&) can
contain prechylomicrons, as indicated by the presence of apoB48 and apoAlV, marker
proteins of prechylomicrons, (6) do not carry ER-resident proteins calnexin or calreticulin,
(¢) are not fragmented ER membranes (prechylomicron apoB48 within PCTVs is protected
from proteolysis by strong proteases), and (d) can fuse with and deliver their cargo,
prechylomicrons, to the Golgi lumen (108). These studies also reveal that PCTVs differ from
protein transport vesicles with regard to size, density, cargo, and, most strikingly, biogenesis
from the ER membranes (83). Protein vesicles require Sarl for their formation. By contrast,
through use of Sarl-depleted cytosol and ER membranes, our laboratory has shown that
PCTYV generation not only continued but was enhanced several-fold in the absence of Sarl
(83). In the absence of Sarl, the formation of protein transport vesicles was completely
abrogated. However, addition of recombinant Sarl to the Sarl-depleted system not only
restored protein transport vesicle formation, it also brought PCTV generation back to the
level found in native cytosol.

Electron microscopy studies that used immunogold labeling, coupled with immunoblotting
data, show that PCTVs generated in the presence of wild-type intestinal cytosol contain all
five components of the COPII coat (83). These data raise the valid question of why COPI|I
proteins are present on PCTVs if they are not involved in their biogenesis. At least a partial
answer can be found in additional studies showing that when PCTVs generated via the Sarl-
depleted system were used in an in vitro PCTV-Golgi fusion assay they failed to fuse with
Golgi and did not deliver prechylomicrons to the Golgi lumen (83). Through use of blocking
antibodies to individual COPII components, it has also been shown that the PCTV-Golgi
fusion event could be stopped. Together, these results indicate that the COPII proteins,
although not necessary for PCTV formation, are essential for PCTV fusion with the Golgi,
suggesting a role for the COPII proteins in targeting PCTVs to the Golgi.

Studies focusing on discovering how PCTVs bud off the ER membrane suggest that
prechylomicrons utilize a new paradigm to exit the ER in which megasized vesicles are
required to be produced from the ER to transport prechylomicrons. To determine which
proteins drive PCTV formation, intestinal cytosol was fractionated on size-exclusion
chromatography, and each fraction was tested in a PCTV-budding assay (109). In contrast to
the COPII coat, whose relative molecular mass (Mr) is ~576 kDa, the active fraction that
could generate PCTVs with an efficiency equal to native cytosol eluted off the column in the
range of very low Mr proteins. Additional chromatographic refinement of the active fraction
and subsequent identification of its proteins revealed that L-FABP is the only fully active
cytosolic protein that can generate PCTVs on its own (109). That vesicles generated using
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recombinant L-FABP alone were bona fide PCTVs was supported by their size (average
~250 nm), buoyant density, and the presence of apoB48, apoAlV, and vesicle-associated
membrane protein 7 (VAMP7), marker proteins for PCTVs (109). Interestingly, L-FABP-
generated PCTVs were not fusion competent and, therefore, could not deliver chylomicrons
to the Golgi. This could be because these PCTVs do not contain COPII proteins, which are
required for PCTV-Golgi fusion. Although L-FABP is clearly a key player in PCTV
biogenesis, other proteins are likely to play important roles in targeting, docking, and
eventual fusion of PCTVs with the Golgi.

Regulation of Prechylomicron Transport Vesicle Biogenesis

PCTV budding does not require GTP, whereas protein transport vesicle biogenesis is GTP
dependent (88). However, PCTV formation is ATP dependent, as was determined by
complete cessation of PCTV biogenesis when (&) ATP was replaced with apyrase or (4) an
in vitro budding assay was carried out in the absence of ATP (83). A clear requirement of
ATP in PCTV biogenesis suggests a role for a kinase and/or a phosphorylation event. A
variety of inhibitors of protein kinase A and protein kinase B did not have any effect on
PCTV budding. However, ER membranes and cytosol that had been pretreated with
calphostin C, a common inhibitor of all protein kinase C (PKC) isoforms, displayed a
significant reduction in PCTV formation, suggesting the involvement of a PKC (110).
Further studies from our laboratory have revealed that PKC{ plays an essential role in the
regulation of PCTV formation (110). More specifically, PKCZ-mediated phosphorylation of
a small Mr protein is shown to be critical to PCTV generation (110). Identification of this
protein would provide a better understanding of the underlying regulatory mechanism.

Fusion of the Prechylomicron Transport Vesicle with cis-Golgi

Once the PCTVs are released into the cytosol, the next steps on their itinerary are targeting
to and fusing with cis-Golgi. Because PCTVs shuttle unique cargo and appear to be
morphologically and biochemically different from protein transport vesicles, it is likely that
they utilize different fusion machinery. In general, specific soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) proteins facilitate the targeting and
fusion of a specific vesicle with its specific target membrane (111-115). SNAREs are
membrane proteins that are localized to vesicles (v-SNARESs) and their cognate target
membranes (t-SNARES). Each SNARE protein contains a characteristic ~70-amino-acid
sequence referred as the SNARE motif (116). Based on the presence of arginine (R) or
glutamine (Q) residues in their centers, SNAREs are classified either as R-SNARE
(localized to vesicles) or as Q-SNARE (localized to target membranes) (117). Q-SNARES
are further divided into Q,, Qp, and Q. subtypes. The R-SNARE docks with its cognate
target membrane by an intricate mechanism in which the R-SNARE binds to its cognate Q-
SNAREs to form a four-member alpha-helix coiled-coil structure necessary for fusion. The
SNARE complex formed between two membranes is known as a SNARE-pin (118). All
SNARE complexes are composed of one R-SNARE and one each of Qg-, Qp-, and Q.-
SNAREsS (116). Not only does the SNARE complex bring two membranes into close
proximity, but the complex alone is able to initiate fusion between the two membranes (113,
114). Studies to determine the precise molecular mechanism underlying PCTV-Golgi fusion
event revealed that PCTVs utilize VAMP7 as a v-SNARE (108). Although VAMP7 normally
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localizes to endosomes and the Golgi and is involved in post-Golgi secretory events (119-
121), in the intestine it is uniquely localized to the ER (108). Our studies have demonstrated
that PCTVs utilize VAMP7 as an R-SNARE for their fusion with Golgi (108). To investigate
the SNARE complex formation between PCTV and Golgi membranes, an in vitro docking
assay that enables SNARE complex assembly but restricts the actual fusion process was
developed. This was accomplished by eliminating Mg-ATP and incubating PCTVs with
Golgi at 4° C. Under these conditions, the SNARE complex forms, but fusion of the PCTV
and the Golgi membranes does not occur because the act of fusion is ATP driven (114, 122).
Our studies have shown that PCTVs utilize a unique set of SNARE proteins for their
docking and fusion with the Golgi. The components of the SNARE complex formed are
VAMP7 as the R-SNARE and syntaxin 5, rbetl, and vtila as the Q-SNAREs (108). Under
PCTV-Golgi docking conditions, these proteins constitute a 112-kDa SNARE complex that
can be dissociated, on boiling, to their monomeric forms. The functionality of this complex
was demonstrated by blocking each of its components, which resulted in significant
inhibition of PCTV-Golgi fusion.

Chylomicron Transformation in the Golgi and Post-Golgi Transport

Once fused with the Golgi membrane, a PCTV delivers its prechylomicron cargo to the
Golgi lumen. In the Golgi lumen, two transformational events occur. In the first, apoAl—
which is not on the prechylomicrons in PCTVs—is acquired by the prechylomicrons in the
Golgi (123). In the second, the glycosylation of apoB48 is altered such that it becomes
endoH resistant (124), indicating replacement of mannose residues with other carbohydrates.
More controversial is the question of the expansion of the developing chylomicron by
additional TAG within the Golgi. Some of the requirements for this potential are present.
Microsomal triacylglycerol transfer protein (MTP) has been shown to be present in the
Golgi (125), although it is considered primarily an ER-localized protein (126) and although
most of the lipid transfer activity is located in the microsomes (127). However, the
possibility of Golgi localization is enhanced by its lack of the C-terminal ER-retention
signal, KDEL, which is present on its heterodimer partner, protein disulfide isomerase (PDI)
(79), but not on MTP (126). A newly described splice variant of MTP, MTP-B, is poorly
localized to the intestine and likely has little physiological relevance, although it is found in
the Golgi (128). Prechylomicrons in PCTVs have the same average diameter as mature
chylomicrons (83), suggesting that if additional TAG is added to the chylomicrons in the
Golgi, the amount is small.

Little is known about the exit of chylomicrons from the Golgi, but morphological data
suggest that a vesicle transports them, several at a time, to the basolateral membrane (129).
There, the vesicle fuses with the basolateral membrane, and the chylomicrons are released
into the lamina propria by reverse exocytosis (129). The transit of chylomicrons from their
formation in the ER to their exit from the enterocyte at the basolateral membrane is
summarized in Figure 2.

Annu Rev Physiol. Author manuscript; available in PMC 2016 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mansbach and Siddiqi

Page 13

SUMMARY

In sum, dietary lipid absorption is the complex process whereby water-insoluble lipids such
as TAG are made more water interactive, enabling absorption into enterocytes. Enterocytes
convert these hydrolytic products rapidly back into water-insoluble TAG to avoid membrane
disruption and package the TAG into a transport vehicle, the chylomicron, so that ultimately
the dietary lipid can be directed to specific organs in the body for metabolism or storage.
How FA and MAG are desorbed from the apical membrane of enterocytes is controversial,
but the process has been shown to involve several proteins that transport the FA and MAG to
the ER. There, the FA and MAG are rapidly resynthe-sized to TAG, in part to avoid their
membrane-disruptive effects and in part to enable their inclusion in the unique intestinal
TAG-rich lipoprotein, the chylomicron. Within the ER lumen, the mature chylomicron is
formed in a two-step process and, in the rate-limiting step, exits from the ER in a specialized
transport vesicle, PCTV, and is transported to the Golgi. There the chylomicron matures by
the addition of apoAl, constituent proteins undergo glycosylation changes, and the mature
chylomicron is exported into the lamina propria from the basolateral membrane to join the
circulation via the thoracic duct lymph.

FUTURE DIRECTIONS

Research in the area of lipid absorption is of critical interest with the belief that better
understanding of this process will lead to new ways to combat the obesity epidemic. At each
step, important questions remain to be answered. A few are highlighted here. During the
entry of FA into the enterocyte, what mechanism drives the FA to the ER? Although
diffusion is certainly one potential mechanism, the random nature of diffusion and the
rapidity of the process by which FA become incorporated into TAG at the level of the ER
suggest the possibility of a vesicle or some other structure that offers a targeting mechanism
to move the FA more quickly to the ER. Another important area of research is which DGAT
is the main provider of TAG for chylomicrons. There is an apparent limit on the mass of
TAG that can cross the ER membrane from the cytosolic to the luminal side for eventual
incorporation into chylomicrons. Can TAG be formed on the luminal side of the ER, thus
bypassing the ER membrane transit requirement of the TAG being synthesized on the
cytosolic side? The mechanisms by which chylomicrons are formed are incompletely
understood. The approach taken by McKnight and Hussain’s groups (71) offers new
informative ways of understanding the initial steps in forming the primordial chylomicron.
There is no information on how the primordial chylomicron, once formed, combines with
the TAG-rich, apoB48-absent, lipid droplet to form the prechylomicron. The conjoining of
these two particles requires target recognition and fusion steps, both of which have not been
addressed. Another area open for exploration is the control of the prechylomicron exit from
the ER in PCTV. Protein phosphorylation is one possibility, as suggested by the crucial role
played by PKCC in PCTV budding (80). These are just some of the many areas that are open
for exploration in this exciting field of research.
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Figurel.
Absorption of dietary lipid and its conversion to triacylglycerol (TAG). Fatty acids (FA) and

sn-2-monoacylglycerol (MAG) resulting from pancreatic TAG lipase hydrolysis of dietary
TAG are absorbed by the enterocytes. The FA are then bound to either intestinal-type FA-
binding protein (I-FABP) or liver-type FABP (L-FABP), and the MAG is bound to L-FABP.
The FA may instead acylate CoA via the action of FA-transport protein 4 (FATP4) at the
level of the endoplasmic reticulum (ER). Both FA and MAG are converted to TAG by the
complex lipid—synthesizing enzymes of the ER and are incorporated into chylomicron TAG
in the ER lumen. Alternatively, especially if large lipid loads are presented to the ER for
TAG synthesis, the TAG formed on the cytosolic side of the ER may phase separate as TAG
droplets and enter the TAG storage pool. FA entering the enterocyte via the basolateral
membrane are transported to the ER, perhaps via FABPs, and are also converted to TAG.
However, this TAG is more likely to enter the TAG storage pool than to be incorporated into
chylomicron TAG. The FA may also be either incorporated into phospholipids (PL) or
metabolized to CO, in the mitochondria (not shown).
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Figure2.
Intracellular prechylomicron transport. The assembly of prechylomicrons occurs in the

lumen of the endoplasmic reticulum (ER). After their biogenesis in the ER lumen,
prechylomicrons are packaged into specialized vesicles known as prechylomicron transport
vesicles (PCTVs). The average diameter of the PCTVs is ~250 nm, which is sufficient to
enclose chylomicron-sized particles. PCTVs bud off the ER membrane and move to and fuse
with the ¢/s-Golgi, delivering their prechylomicron cargo to the Golgi lumen. Nascent
proteins are transported from the ER to the Golgi in coat protein complex 11 (COPII)
vesicles. Their size ranges between ~55 and 70 nm. PCTVs bud from the ER membrane in
the absence of COPII proteins, whereas the protein vesicles require the COPIl machinery for
their budding. After processing in the Golgi, mature chylomicrons are transported to the
basolateral membrane via a separate vesicular system.
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