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Abstract
Our knowledge of how the body absorbs triacylglycerols (TAG) from the diet and how this
process is regulated has increased at a rapid rate in recent years. Dietary TAG are hydrolyzed in
the intestinal lumen to free fatty acids (FFA) and monoacylglycerols (MAG), which are taken up
by enterocytes from their apical side, transported to the endoplasmic reticulum (ER) and
resynthesized into TAG. TAG are assembled into chylomicrons (CM) in the ER, transported to the
Golgi via pre-chylomicron transport vesicles and secreted towards the basolateral side. In this
review, we mainly focus on the roles of key proteins involved in uptake and intracellular transport
of fatty acids, their conversion to TAG and packaging into CM. We will also discuss intracellular
transport and secretion of CM. Moreover, we will bring to light few factors that regulate gut
triglyceride production. Furthermore, we briefly summarize pathways involved in cholesterol
absorption.
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2. Introduction
Triacylglycerols (TAG) are the major storage and transport forms of energy that provide 9
kcals/g. Under normal conditions, humans consume about 90–120 g of fat per day and more
than 95% of it is absorbed. Absorption of dietary TAG is defined as transport from the
intestinal lumen to the blood circulation and is essential for maintaining growth and
development. Over several decades, enzymes and proteins involved in intestinal TAG
hydrolysis, synthesis, transport and metabolism have been identified and focus has now
turned to their regulation.

Enterocytes in the duodenum and proximal jejunum are the primary cells involved in lipid
absorption. TAG absorption involves several steps; lumenal hydrolysis of dietary lipids,
uptake of hydrolyzed products by the apical side of enterocytes; intracellular transport to
endoplasmic reticulum (ER), synthesis of TAG, packaging into chylomicrons (CM) and
their intracellular transport for secretion from the basolateral side. The lumenal hydrolysis of
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TAG in the intestinal lumen involves emulsification, hydrolysis and solubilization in bile
salt micelles (Fig 1). The uptake process is facilitated by different transport proteins, such as
FABPpm, FATP4, and FAT/CD36. Fatty acids are then transported to the ER by
cytoplasmic fatty acid binding proteins (FABPs). In the ER, TAG are synthesized via two
different pathways (monoacylglycerol acyltransferase (MAG) and glycerol phosphate
pathway (Fig 1). Newly synthesized TAG are packaged into CMs. The assembly of CMs is
critically dependent on two proteins; apolipoprotein B and microsomal triglyceride transfer
protein (MTP). The newly assembled particles are transported from the ER in
prechylomicron transport vesicles (PCTVs) and delivered to the Golgi via fusion.
Ultimately, these particles are transported from the trans Golgi to the plasma membrane for
secretion. In what follows, we shall describe a number of key proteins involved in different
steps of intestinal TAG transport and their regulation (Table).

3. Hydrolysis of dietary triacylglycerols in the lumen of the intestine
Before absorption, dietary TAG are hydrolyzed in the intestinal lumen in a two step process.
First, large aggregates of dietary TAG, which are virtually insoluble in an aqueous
environment, are broken down physically in the mouth and stomach and solubilized in bile
acid micelles in the duodenum and jejunum (Fig 1). Second, TAG molecules are digested by
various lipases/colipases to yield monoacylglycerols (MAG) and fatty acids [32,82]. TAG
hydrolysis starts in the mouth with lingual lipase and this has been shown to be important
for sensing dietary fat in rodents [52]. However, lingual lipase dependent hydrolysis of TAG
may not be important for food sensing in humans because their diet contains significant
amounts of free fatty acids. A significant hydrolysis of dietary TAG occurs in the stomach
by the action of lingual and gastric lipases [64] and is completed in the duodenum/jejunum
by several pancreatic lipases that include pancreatic triglyceride lipase, pancreatic
triglyceride lipase related protein 2 and carboxyl ester lipase [42,56]. More information
about these enzymes and lumenal hydrolysis can be found in the reviews cited and
references therein.

4. Uptake of MAG and fatty acids by the enterocytes
When concentrations are high, both these products can diffuse across the enterocyte
membranes. However, these molecules can also be transported with the help of proteins into
enterocytes against their concentration gradient. Although no specific protein(s) for MAG
transport have yet been described, several proteins that facilitate long chain fatty acid uptake
have been identified (Fig 2). Fatty acid uptake essentially involves three steps; interaction of
extracellular fatty acids with the outer monolayer of the plasma membrane, flip-flop within
the membrane bilayer, and intracellular delivery from the inner monolayer of the plasma
membrane. Studies suggest that flip-flop may be the rate limiting step and membrane
proteins can facilitate this process. Several proteins that interact and facilitate fatty acid
uptake have been identified. They can be broadly classified into three categories: peripheral
plasma membrane fatty acid-binding protein (FABPpm), fatty acid transport proteins
(FATPs), and fatty acid translocase/cluster determinant 36 (FAT/CD36) [29,90,97]. Apart
from these three types of fatty acid transporters, fatty acid uptake is also facilitated by other
plasma membrane and intracellular proteins. A membrane protein that has been suggested to
facilitate fatty acid uptake is caveolin. This protein is an important structural component of
membrane domains called caveolae. Recruitment of CD36 into caveolae might enhance
uptake of fatty acids through CD36. Another protein that is known to facilitate fatty acid
uptake is acyl-CoA synthase 1; this membrane enzyme acylates fatty acids with Co-A on the
cytosolic side of the plasma membrane essentially trapping fatty acids into the cytosolic
compartment for different metabolic pathways. Intracellular proteins that facilitate fatty acid
uptake are cytosolic fatty acid binding proteins. These proteins bind fatty acids delivered to

Pan and Hussain Page 2

Biochim Biophys Acta. Author manuscript; available in PMC 2013 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the cytosolic side and transport them to other intracellular compartments for different
metabolic usages and therefore assist in fatty acid uptake.

4.1. Plasma membrane fatty acid transport protein (FABPpm)
This protein of ~40-kDa was isolated from rat jejunal microvillous membrane using oleate-
affinity chromatography [95] and was found to be identical to mitochondrial aspartate
aminotransferase [9]. FABPpm protein peripherally attaches to the outer monolayer of the
plasma membranes and antibodies against the protein have been shown to inhibit (25–75%)
fatty acid binding to microvillous membranes. Because of its dual location it has been
suggested that this protein might couple fatty acid uptake to cellular redox potential [97].
More needs to be learned about its role in fatty acid metabolism.

4.2. CD36/FAT
CD36 is a cell-surface glycosylated membrane protein of the type B scavenger receptor
family. The rodent homolog of CD36 is called fatty acid translocase (FAT). It is ~53-kDa
protein that migrates as an 88 kDa protein due to several posttranslational modifications and
is expressed in a variety of cell types [1]. This protein is anchored in membranes by two N-
and C-termini and contains a large extracellular domain. CD36 is mainly present in
caveolae; microdomains of the plasma membrane enriched in sphingomyelin, cholesterol
and caveolin. The recruitment of CD36 to the lipid rafts requires caveolin-1 as its deficiency
mislocates CD36 to other regions and reduces fatty acid uptake.

In the apical brush border membrane of the duodenum and jejunum of rats, mice and
humans, CD36 is mainly expressed in the intestinal epithelial enterocytes [1,19,77]. Its
expression is increased in the small intestine by high-fat diets and long-chain fatty acids
[6,34,77,78]. CD36 is thought to play an import role in the absorption of fatty acid by the
proximal small intestine by acting as a high-affinity membrane receptor/transporter for long-
chain fatty acids. Its expression decreases from proximal to distal axes of the small intestine.
CD36 deficiency lowers secretion of apoB48 and CMs [68]. Although earlier studies
indicated that intestinal lipid absorption is unaffected in CD36 deficient mice [31], Nassir et
al reported that CD36 is important for fatty acid and cholesterol uptake in the proximal small
intestine but not in the distal intestine [67]; therefore, CD36 deficiency delays, but does not
disturb, fat absorption. Drover et al showed that CD36 is also important for the clearance of
intestinal lipoproteins [24,31]. In fact, deficiency of CD36 in mice and humans leads to
delayed clearance of triglyceride-rich lipoproteins. This has been attributed to accumulation
of free fatty acids due to their reduced uptake by tissues in the absence of CD36 and
consequent inhibition of lipoprotein lipase activity by these free fatty acids.

Apart from its role in fatty acid uptake, CD36 is known to act as a scavenger receptor for
native and modified lipoproteins [33]. It has also been shown to be involved in several other
physiological as well as pathological processes such as atherosclerosis, angiogenesis,
phagocytosis. Recently, CD36 was found in mouse circumvallate papillae and shown to
sense and impart preference for fat containing diets in rodents [52]. Further, it has been
reported to be a non-redundant sensor for microbial diacylglycerides [37]. Hence, CD36 is
truly a multifunctional protein.

4.3. Fatty acid transport proteins (FATPs)
FATP1 was identified by expression cloning that enhanced the uptake of fluorescently
labeled fatty acids into cells [84]. Subsequently, five homologs, FATP2-6, have been
identified. These integral proteins span membranes several times and have an ATP binding
site that is important in fatty acid transport [96].
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FATP4 (Fatty acid transport protein 4) is expressed in a variety of organs [36,84], but is
abundantly expressed in the small intestine. FATP4 is found on the apical microvillus border
of mature enterocytes [91]. Stahl et al have shown that knockdown of FATP4 in isolated
enterocytes decreases uptake of radiolabeled long-chain fatty acids [91]. By contrast, Shim
et al. did not observe any differences in intestinal TAG absorption or fecal losses in the
absence of intestinal FATP4 deficiency compared with WT mice [87]. Similarly, FATP4
inhibitors failed to have a significant effect on fat absorption under either basal or high fat
bolus stimulation [12].

The above discussion of several proteins involved in fatty acid uptake highlights the
redundancy of the system. Moreover, as discussed before fatty acid uptake can occur via
diffusion. Furthermore, small intestine has a large capacity to absorb fat. Another
compensatory response in the absence of individual candidate fatty transporters in animals is
the upregulation of glucose uptake and consumption mechanisms. Therefore, it is difficult to
see significant effects on fat absorption by the inhibition or ablation of single gene and these
manipulations usually do not reveal a significant phenotype. However, in several studies,
importance of individual proteins has been obtained under conditions of stress such a
fasting, exercise, insulin resistance. In short, several complementary and compensatory
mechanisms exist to ensure complete uptake of fatty acids as an important energy source for
biological functions.

5. Intracellular transport of long chain fatty acids to the ER
Intracellular transport of long chain fatty acids is carried out by fatty acid binding proteins
(FABPs) mainly present in the cytoplasm of different tissues; sometimes they are referred to
as FABPc to emphasize their cytosolic location and to differentiate with FABPpm. The
FABP family includes nine, FABP1-9, members and cellular retinoid binding protein
[93,94]. They show unique expression pattern indicative of adaptations to tissue-specific
functions, for example FABP2 is only expressed in the intestine. But, other FABPs are
expressed in more than one tissue. These proteins share very little primary sequence
homology, but have very similar tertiary structure consisting of 10-antiparallel β-barrels and
one helix-turn-helix motif. They contain one high affinity binding site for free fatty acids
except for FABP1 that binds two molecules of fatty acids. Most of the FABPs interact with
membranes to extract and deliver fatty acids. By contrast, FABP1 extracts and delivers fatty
acids to membranes via aqueous diffusion that does not involve physical contact with
membranes. Therefore, it has been suggested that FABP1 could act as a reservoir and
deliver fatty acids via protein-protein interactions.

FABP1 (L-FABP) and FABP2 (I-FABP) are highly expressed in enterocytes of the proximal
small intestine [30,99]. Based on a number of in vitro studies, it has been proposed that these
proteins may carry out different functions. L-FABP may interact with specific membrane
proteins, act as a cytosolic reservoir to assimilate long chain free fatty acids, operate as a
regulator of intracellular lipid trafficking, and participate in CM trafficking [5,53,63,69]. L-
Fabp−/− mice show decrease intestinal lipid secretion [70] perhaps secondary to its role in
the budding of prechylomicron transport vesicles (PCTVs, see below) that transport nascent
CMs from the ER to Golgi.

I-FABP might be involved in uptake and/or intracellular targeting of fatty acids toward TAG
synthesis [4]. Two naturally occurring isoforms of I-FABP have been described. Using
stably transfected Caco-2 cells, it has been suggested that the I-FABP Thr-54 isoform
increases fatty acid transport and triglyceride secretion compared with the I-FABP Ala-54
isoform [7]. Vassileva et al shown that I- Fabp−/− male mice have higher plasma TAG
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concentration compared to wild-type mice and show no defect in the absorption of dietary
fat, suggesting that I-FABP is not essential for dietary fat absorption in mice [3].

6. Synthesis of TAG
In enterocytes, MAG and FA are utilized to synthesize TAG in the ER via the sn-2-
monoacylglycerol (MAG) pathway (Fig 1). In this pathway, fatty acids and MAG are
covalently joined to synthesize diacylglycerol (DAG) by acyl coenzyme
A:monoacylglycerol acyltransferase (MGAT). Then, DAG is further acylated by acyl
coenzyme A:dicylglycerol acyltransferase 1 and 2 (DGAT1 and 2) to form TAG
[14,60,102]. Enterocytes can also synthesize DAG from glucose via the glycerol phosphate
or Kennedy pathway. This pathway involves conversion of glycerol-3-phosphate to DAG by
several enzymes (Fig 1). DAG is then converted to TAG by DGATs as in the MAG
pathway. Therefore, both these pathways share the last step of converting DAG into TAG. It
is believed that 75–80% of the TAG synthesis occurs via the MAG pathway and the rest is
synthesized by the glycerol phosphate pathway in the intestine [21,22,109]. In contrast to
enterocytes, glycerol phosphate pathway is the major pathway for TAG synthesis in the
liver. TAG synthesized via the MAG pathway is utilized rapidly for CM formation.
However, TAG formed via the glycerol phosphate pathway is primarily stored in the cytosol
and is subsequently hydrolyzed and re-esterified to produce TAG in the ER and then
incorporated into CM.

6.1. Monoacylglycerol pathway
6.1.1. MGATs—Three monoacylglycerol acyltransferase (MGAT) enzymes are present in
the ER. These enzymes use MAG and acyl-CoAs to form DAG. MGAT1 is expressed in
most tissues but not in the intestine [113]. MGAT2 and MGAT3 are expressed
predominantly in the small intestine [112,113]. However, MGAT3 is only expressed in
humans but not in rodents [61,62]. Moreover, MGAT3 levels are higher in ileum than in
jejunum. As mentioned above, MGAT3 has significant DGAT activity. Hence, MGAT2 is
the major enzyme in the intestine contributing to the MGAT activity. MGAT2 catalyzes the
acylation of sn-1-MAG, sn-2-MAG and sn-3-MAG [16] and is likely the key contributor in
TAG absorption. This is supported by the observation that Mgat2−/− mice fail to develop
hypertriglyceridemia following triglyceride ingestion and do not develop obesity on high fat
diet compared with wild type mice [111]. MGAT2 is also very responsive to a high fat diet
and is posttranslationally regulated [16]. It is likely that it could be a good target to reduce
fat absorption.

6.1.2. DGATs—The final step in TAG synthesis is the acylation of DAG to TAG and is
performed by acyl-CoA:diacylglycerol acyltransferase (DGAT). Three enzymes, DGAT1,
DGAT2 and MGAT3, with DGAT activity have been identified. DGAT1 was the first
enzyme to be sequenced and was shown to be related to the acyl CoA:cholesterol
acyltransferase (ACAT) gene family [14,27,114]. In fact, using Dgat1−/− mice, Farese’s
laboratory reported that DGAT1 deletion caused a substantial decrease, but not a total loss
of CM production. It delayed fat absorption and the onset of postprandial
hypertriglyceridemia [14,15,27]. It has been reported that about 76 and 89% of the TAG
synthesis from MAG is mediated by DGAT1 in Caco-2 cells and rat intestinal mucosal
membranes, respectively. Oral gavage of XP621, a specific inhibitor for DGAT1, in rats
decreased lipid absorption by 50% and also decreased TAG and DAG synthesis in primary
enterocytes [20]. Taken together, these studies suggest that acylation of acylglycerols by
DGAT1 is important for dietary fat absorption in the intestine.

In 2001, Farese and associates cloned and expressed DGAT2. DGAT2 also plays a
significant role in TAG metabolism in several tissues. DGAT2 has no sequence homology
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with DGAT1 but performs similar function as the DGAT1. In fact DGAT2 belongs to the
MGAT family of acyltransferases [17]. Stone et al reported that knockdown of DGAT2 in
mice reduced plasma TAG, free FA and glucose by 70%, induced lethal neonatal lipopenia,
and resulted in skin barrier abnormalities [92], suggesting that DGAT2 plays a fundamental
role in mammalian TAG synthesis and is required for survival too. These findings indicate
that DGAT2 is likely the primary DGAT activity responsible for the majority of TAG
synthesis in various tissues.

6.2. Glycerol phosphate pathway
In this pathway, glycerol-3-phosphate is first acylated at the sn-1 position to form
lysophosphatidic acid by glycerol-3-phosphate acyltransferases 3 and 4 (GPAT3 and 4).
Next, the sn-2 position is acylated with another fatty acid by sn-1-acylglycerol-3-phosphate-
O-acyltranferase (AGPAT) resulting in the synthesis of phosphatidic acid. Finally,
phosphate group of the phosphatidic acid is hydrolyzed by phosphatidic acid
phosphohydrolases or lipins 1–3 generating DAG. DAG is then acylated by DGATs to form
TAG as in the MAG pathway. More details about these enzymes can be found in several
reviews [21,22,100].

7. Packaging of TAG into chylomicrons
Chylomicrons (CMs) are typically synthesized during postprandial periods to transport
dietary fat by the small intestine. They are TAG-rich lipoproteins consisting of ~ 80–95%
TAG. During interprandial and fasting periods, intestine synthesizes smaller very low-
density lipoproteins (VLDLs) that consist of ~ 60–89% TAG. Chylomicron assembly begins
in the ER by scaffolding a large hydrophobic apolipoprotein B48 (apoB48) with lipids by
the microsomal triglyceride transfer protein (MTP). In this process, newly synthesized
apoB48 interacts with the inner leaflet of the ER (Fig 2). MTP can physically interact with
apoB and also add lipids onto apoB. As a result of these processes, apoB gets associated
with lipids and is detached from the ER membrane forming a “primordial particle” that
contains neutral lipids at its core. These primordial particles are further enlarged by the
addition of lipids by MTP or by the fusion of preformed lipid droplets in a process termed
“core expansion” [43–45]. Besides lipids, these particles also acquire various
apolipoproteins. An important apolipoprotein that is known to play a role in intestinal lipid
absorption is apoAIV. This apolipoprotein may assist in the stabilization of the surface of
expanding CM particles. These prechylomicrons are transported from the ER to Golgi by
prechylomicron transport vesicles (PCTVs). In these Golgi, these CM are further modified
by the addition of apoA1 and other lipids, and the mature CM are secreted via secretory
vesicles that bud off from the trans Golgi and fuse with the basolateral membrane releasing
them into the lamina propria [28,43–45,60,62,71,72,98].

7.1. Apolipoprotein B
Apolipoprotein B (apoB) is required for the synthesis and secretion of triglyceride-rich
lipoproteins and serves as a major structural protein for their assembly. It is highly expressed
in mammalian liver and intestine. When apoB is virtually absent, as in some cases of
homozygous familial hypobetalipoproteinemia [76,86], affected individuals have extremely
low plasma levels of TAG and cholesterol and show impaired intestinal lipid absorption.
ApoB exists in two forms, apoB100 and apoB48; they are encoded by the same gene but
arise due to differential tissue-specific posttranscriptional editing of the mRNA. In the
human liver, apoB mRNA does not undergo posttranscriptional editing and is translated into
a single polypeptide of 4536 amino acids. In the intestine, apoB mRNA is
posttranscriptionally edited by Apobec-1 resulting in the introduction of a stop codon and
the edited mRNA is translated into a polypeptide of 2152 amino acids called apoB48. ApoB
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100 has a pentapartite structure, consisting of 5 structural domains (βα1, β1, α2, β2 and α3)
and is mainly present on liver derived VLDL, IDL and LDL. ApoB48 is the N-terminal 48%
of apoB100 and consists of the βα1 and β1 domains and part of the α2 domains [85]. This
peptide is used for the assembly of chylomicrons in the intestine.

Nascent apoB48 interacts with inner leaflet of the ER membrane. It is either lipidated by
MTP or degraded by proteasomes. MTP mediated lipidation results in the formation of
primordial particles that are secretion competent. There is evidence that particles can exist
for long time towards the apical side in the enterocytes probably within the ER [18,65].
During postprandial conditions, these particles are further enriched with TAG and enlarged
into prechylomicron particles that are larger in size. They are then transported to Golgi for
further maturation and secretion as outlined below.

7.2. MTP
MTP is a heterodimer of a 97 kDa catalytic subunit and protein disulfide isomerase (PDI),
predominantly found in the ER of hepatocytes and intestinal epithelial cells, where it loads
TAG, cholesterol esters, and phospholipids onto apoB. In the absence of MTP-mediated
lipid transfer, apoB is degraded and chylomicrons are not secreted from the intestines.

MTP knockout mice are not viable as embryos die at midgestation. There was a substantial
accumulation of cytosolic fat in the Mttp−/− visceral yolk sac endoderm and very rare lipid-
staining particles were observed within the Golgi compartments suggesting for defect in
lipoprotein assembly [81]. However, the role of MTP in intestinal lipid absorption has been
studied using intestine-specific Mttp KO (I-Mttp−/−) mice. Using I-Mttp−/− mice, Davidson's
lab showed that CM secretion was reduced dramatically in vivo as well as there was 80%
decrease in apoB48 secretion from primary enterocytes [107,108]. Additionally, using I-
Mttp−/fl partially deficient mice, Iqbal et al showed that intestinal absorption of radiolabeled
triolein was decreased by 63% compared with Mttpfl/fl mice [50]. Thus, partial and complete
intestine-specific MTP deficiency leads to substantial decrease in triglyceride absorption.

7.3. Apolipoprotein A-IV
ApoAIV is an exchangeable apolipoprotein mainly synthesized by enterocytes. It is
incorporated into nascent chylomicrons at an early stage of biogenesis in the ER and is
secreted on the surface of chylomicrons at the basolateral membrane [26]. ApoAIV
synthesis by the enterocytes is stimulated by active lipid absorption [11,32,101]. Recent
studies have shown that apoAIV levels affect intestinal lipoprotein assembly. For instance,
Black and colleagues have shown that increased apoAIV expression is associated with
increased formation of CM and TAG [57,58]. Most recently, they have shown that
overexpression of ApoAIV increases packaging of TAG into nascent CMs in the ER lumen
as well as increases MTP expression [110]. In agreement with these data, we also observed
that ApoAIV−/− mice have lower intestinal MTP levels (data not shown). At this time, it is
not clear how apoAIV regulates MTP expression.

8. Intracellular transport and secretion of chylomicrons
Intracellular transport of chylomicrons has been explained by the excellent work of
Mansbach and associates [60,62,69,88]. They showed that TAG carrying chylomicrons are
exported from the ER in distinct vesicles called the prechylomicron transport vesicles
(PCTVs) (Fig 2), which are different from the vesicles that transport proteins. These vesicles
of about 250 nm in diameter are membrane enclosed structures that carry nascent
prechylomicrons to the Golgi. Apart from chylomicron specific apolipoproteins B48 and
apoAIV, these PCTVs contain COPII proteins, e.g. sar1, sec23, sec24, sec13, sec31, and
unique proteins such as vesicle-associated membrane protein 7 (VAMP7), CD36 and L-
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FABP. The formation of these PCTVs is perhaps initiated by L-FABP (FABP1) as
recombinant FABP1 can generate PCTVs on its own. PCTV biogenesis also requires ATP
dependent phosphorylation of an unknown protein by PKCδ. FABP1 generated PCTVs lack
COPII proteins and do not fuse with the Golgi [60,69,88];. Therefore, formation of PCTVs
involves two types of proteins; first those involved in the formation of PCTV and cargo
selection and second necessary for their fusion with Golgi. Proteomic analysis identified
several more proteins in these vesicles, but their role in prechylomicron transport has not
been determined [105,106].

After exiting from the ER, the PCTVs fuse with the cis-Golgi. Fusion of PCTVs with the
cis-Golgi involves interaction of VAMP7 with syntaxin 5, rbet1, and vit1a present on the
Golgi membrane. In the Golgi, chylomicrons acquire apoAI and apoB48 undergoes
glycosylation [89] [10]. Although it is known that chylomicrons are transported from the
trans Golgi to the basolateral membrane, very little is known about the exit of these particles
from the Golgi and their fusion with the basolateral membrane. After secretion,
chylomicrons are concentrated in lymphatics by unknown mechanisms and are delivered to
blood circulation at the thoracic duct.

9. Cholesterol absorption
Cholesterol absorption largely follows the same pathway as TAG. Diet contains free and
esterified cholesterol. Esterified cholesterol is hydrolyzed to free cholesterol and fatty acids
in the intestinal lumen similar to TAG. Free cholesterol and FA are taken up by enterocytes.
FA is taken up by diffusion and protein facilitated active processes discussed above.
Niemann Pick C 1 like 1 protein (NPC1L1) is known to play a critical role in the uptake and
delivery of free cholesterol to the ER where it is acylated with fatty acids by Acyl
coA:cholesterol acyl transferases 1 and 2 (ACAT1 and ACAT2). Cholesterol ester synthesis
is facilitated by the availability of free cholesterol and inhibited by the accumulation of
cholesterol esters [51]. MTP can transfer both free and esterified cholesterol from the ER
membrane to the nascent apoB-lipoproteins and regulate cholesterol esterification. Once
incorporated, cholesterol follows the path of chylomicron processing and secretion.

Besides the secretion of free and esterified cholesterol by the apoB-dependent chylomicron
pathway, free cholesterol is also secreted by the HDL pathway. In this pathway
apolipoprotein A1 and a membrane transport protein ABCA1 have been shown to play an
important role [13,48,49].

10. Regulation of TAG secretion
A number of factors are involved in the regulation of intestinal TAG absorption. They can
affect various steps in TAG absorption. This is an emerging field and advances are being
made in various directions. We point out few developments that impact on the regulation of
intestinal TAG transport.

10.1. Insulin, Insulin Resistance, and Diabetes
Dyslipidemias in insulin resistant and diabetic animals and humans have been well
documented. Earlier studies tended to explain the origin of these dyslipidemias on defects in
lipoprotein clearance. However, recent studies point to the possibility that lipoprotein over
production could also contribute to this dyslipidemia. First, it was shown hepatic lipoprotein
biogenesis is enhanced. Now, recent studies point to the possibility that overproduction of
intestinal lipoproteins might also contribute to dyslipidemia observed in insulin resistance
and diabetes [2]. Adeli and coworker have shown that the insulin-resistant, sucrose-fed
hamsters exhibit increased de novo lipogenesis, have higher amounts of MTP and over
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produce apoB48 [35]. This can be avoided by treating these hamsters with rosiglitazone, a
PPARγ agonist, or a cinnamon extract [79]. Zoltowska et al have shown that Psammomys
obesus insulin-resistant and diabetic sand rats contain increased amounts of L-FABP, higher
MGAT and DGAT activities and show elevated apoB48 biogenesis [116,117]. Vine et al
showed that obese, insulin resistant JCR:LA-cp rats absorb more triglyceride and
accumulate more apoB48 in postprandial state [103]. Lally et al showed that streptozotocin
induced diabetic rats [54] and Zucker fatty diabetic rats absorb more triglyceride and
assemble more chylomicrons [55]. Sasase et al showed that spontaneously diabetic Torii rats
absorb more fat and have increased chylomicron production [83]. Moreover, insulin resistant
and diabetic humans also show increased intestinal lipoprotein production [25,38].
Therefore, insulin resistance and diabetes might enhance intestinal lipoprotein production
involving increased de novo lipogenesis and chylomicron production.

10.2. Glucagon like peptides
New studies indicate that incretins, hormones elaborated by intestine in response to diet,
regulate fat absorption. Glucagon like peptide 1 and 2 (GLP-1 and GLP-2) are secreted
simultaneously in 1:1 molar ratio from L-cells predominantly present in the ileum in
response to meals rich in carbohydrates and fats. GLP-1 has been shown to decrease
triglyceride absorption and lymphatic apoB and apoAIV output in rats and dogs [80,104].
Moreover, pharmacologic inhibition as well as genetic ablation of GLP-1 receptor has been
shown to increase CM production [40]. By contrast, GLP-2 stimulates CM secretion through
enhanced intestinal lipid absorption, in chow-fed Syrian Golden hamsters [39]. Additionally,
GLP-2 was shown to stimulate apoB48 secretion in jejunal fragments cultured ex vivo in
C57BL/6 mice, however, this effect was lost in CD36 knockout mice [41]. It remains to be
determined whether inhibition of GLP-2 receptor might be useful in lowering fat absorption.

10.3. Leptin
Leptin, the product of the obese gene (ob), is a hormone primarily produced in adipose
tissue and stomach in response to nutrient ingestion [115]. Administration of leptin
decreases food intake and increases energy expenditure. Leptin receptors are expressed at
the apical and basolateral membranes of enterocytes [8]. Leptin-deficient insulin-resistant
JCR:LA-cp rats secrete higher amounts of apoB48 [59]. Morton et al showed that
enterocytes in the jejunum express leptin receptors and administration of leptin reduces
apoAIV mRNA levels [66]. Doi et al have shown that leptin antagonizes lipid induced
induction of apoAIV secretion [23]. Iqbal et al have shown that LEPR deficiency
significantly decreases intestinal MTP expression and lipid absorption, but does not affect
hepatocytes MTP and triglyceride secretion in mice [50]. Therefore, it is possible that leptin
may regulate apoAIV as well as MTP gene expression and control TAG absorption.

10. 4. Effect of IRE1β
IRE1β, a protein closely related to the ubiquitously expressed ER stress-response protein
IRE1α, is mainly expressed in the intestine. Ire1b−/− mice have been shown to enhance
intestinal MTP expression and increases lipid absorption and chylomicron secretion in
response to high-cholesterol and high-fat diets [47]. In addition, cell culture experiments
suggest that IRE1β reduces MTP mRNA levels by augmenting posttranscriptional
degradation [47]. These studies provide evidence for the presence of intestine-specific
mechanisms controlling the assembly and secretion of apoB lipoproteins, wherein IRE1β
regulates chylomicron production by degrading MTP mRNA.
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10. 5. Effect of diurnal rhythm
Plasma TAG shows diurnal rhythms in ad libitum fed wild type (WT) rats and mice
maintained in a 12-h photoperiod [46,73]; plasma TAG are high in the night due to changes
in apoB-lipoproteins [74]. We first observed that absorption of 3H-triolein was higher at
24:00 h than at 12:00 h, indicating that intestinal lipoprotein production shows diurnal
variations. Furthermore, intestinal MTP activity, protein, mRNA, and gene transcription also
showed diurnal variations and were high at 24:00 h suggesting that diurnal modulation of
MTP transcription might be a major determinant of daily changes in plasma lipids.

To understand the role of clock genes in the diurnal regulation of plasma lipids and MTP,
we studied Clock mutant (Clkmt/mt) mice because they show defects in diurnal regulations.
We showed that these mice absorb significantly more TAG and cholesterol at night
compared with their WT siblings [74]. Additionally, isolated primary enterocytes from
Clkmt/mt mice took up more [3H]oleic acid and [14C]cholesterol and secreted more lipids
[74]. These studies indicate that Clock might be involved in the regulation of MTP and TAG
absorption.

We have recently delineated mechanisms involved in the diurnal regulation of MTP by
Clock [75]. We showed that knockdown of Clock increases MTP expression. We further
showed that Clock regulates MTP involving a clock-controlled gene, small heterodimer
partner (SHP, NROB2). Clock knockdown decreases SHP expression involving
transcriptional regulation; Clock binds to the E-box in the SHP promoter and increases its
expression in the daytime. We further showed that SHP interacts with HNF-4α/LRH-1/
HNF-1α and reduces MTP expression (Fig 3). The role of SHP in MTP regulation was
substantiated further by over expression and knockdown of SHP in hepatoma cell lines;
these treatments decreased and increased MTP levels, respectively [75]. Further studies in
Shp−/− mice revealed that plasma TAG do not show diurnal variations in these mice. But,
these mice absorbed more TAG. To provide evidence for the role of SHP in Clock mediated
regulation, we studied the expression of SHP, MTP and plasma lipids in Clkmt/mt mice.
These mice have low levels of SHP, high MTP levels and exhibit hypertriglyceridemia.
Over expression of SHP reduced MTP expression and hyperlipidemia. Thus, these studies
indicated that Clock uses SHP to regulate MTP and plasma TAG.

11. Future perspectives
As summarized above, significant information has been gathered about different steps
involved in TAG transport by enterocytes. However, there are several gaps in this
understanding. Although several transporters have been identified for long chain fatty acid
uptake, there is still ambiguity as to their individual and collective roles in fatty acid uptake.
It is not certain whether, we are aware of all the proteins involved in fatty acid uptake. We
know the importance of apoB and MTP in the assembly of CMs, but very little is known
about how these particles are put together. Particularly knowledge about the presumed
second step of “core expansion” is poorly defined. Very little is known about the transport
of CMs from the Golgi to the plasma membrane and their ultimate secretion. Similar to
PCTVs, the transport of CM from the Golgi might involve specific vesicles different from
those involved in proteins secretion. More importantly, how different proteins involved in
various step of TAG transport are regulated is poorly understood. An area that was not
discussed here relates to identification of inhibitors for various protein and enzymes
involved in TAG production. Several proteins in this pathway are good candidates for the
management, control, and treatment of obesity. Undoubtedly, we will learn more about this
in the near future.
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Highlights

12 Triglyceride absorption involves many discrete steps

13 Dietary triacylglycerols are hydrolyzed in the lumen of the intestine

14 Enterocytes take up hydrolyzed products, free fatty acids and
monoacylglycerols, from their apical side

• Triacylglycerols are re-synthesized and packaged into chylomicrons in the
endoplasmic reticulum

• Chylomicrons are then transported to the Golgi compartment by prechylomicron
transport vesicles

• Transport of chylomicrons from the Golgi to the plasma membrane and their
secretion toward the basolateral side is poorly understood
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Fig 1. Biosynthesis of triacylglycerols in enterocytes
Dietary TAG are solubilized in bile salt micelles and lipolysed in the intestinal lumen to free
fatty acid and monoacylglycerol (MAG) that are taken up by enterocytes involving diffusion
and protein meditated uptake, transported to the ER by carrier proteins and used for the
synthesis of TAG by MAG pathway (red line, red). In this pathway, MAG and free fatty
acids are first converted to DAG by monoacylglycerol:acylCoA acyltransferase (MGAT)
enzymes. DAG is then converted to TAG by diacylglyerol:acylcoA acyltarnsfrease 1 and 2
(DGAT1 and DGAT2). TAG are also synthesized from glucose by the glycerol-3-phosphate
pathway. In this pathway, GPAT3/GPAT4 catalyze the esterification of glycerol-3-
phosphate to form lysophosphatidic acid. 1-acyl-sn-glycerol-3-phosphate acyltransferases
(AGPAT1-5; also called LPAAT) esterify lysophosphatidic acid to form phosphatidate.
Three isoforms of phosphatidic acid phosphohydrolase (PAPase, also known as lipins 1–3),
hydrolyze the phosphate to form diacylglycerol (DAG). DAG is then converted to TAG by
DGATs as in the MAG pathway.
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Fig 2. Cellular mechanisms involved in intestinal TAG absorption
Apart from diffusion, the transport of free fatty acids (FA) across the brush border
membrane (BBM) is facilitated by different proteins, such as plasma membrane fatty acid
binding protein (FABPpm), fatty acid transport protein 4 (FATP4), and fatty acid
translocase (FAT/CD36). It is then translocated to the endoplasmic reticulum (ER) by
cytosolic fatty acid binding proteins (L-FABP and I-FABP). MGAT and DGAT enzymes
then convert MAG and FA to TAG with an intermediate synthesis of DAG.
Cholesterol uptake is facilitated by Niemann-Pick C-1-like 1 (NPC1L1). There is evidence
for the involvement of other proteins in this pathway such as SR-B1. In the intracellular
compartment, free cholesterol has two fates. It can be exported back to the intestinal lumen
by ATP-binding cassette transporters G5 and G8 (ABCG5/8) or converted to cholesterol
esters by acyl CoA cholesterol acyltransferases 1& 2 (ACAT1 & ACAT2).
Newly translated apolipoprotein B (apoB-48) is lipidated by microsomal triglyceride
transport protein (MTP) to form primordial chylomicrons (CM) that is further expanded in
size by the addition of TAG in the core by MTP to form a pre-CM. These particles also
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acquire apoAIV at this time. Prechylomicrons are concentrated and exported from the ER in
PCTVs. L-FABP facilitates the budding of PCTV from the ER. These vesicles then fuse
with the cis-Golgi in a process that requires VAMP7. In the Golgi, apoA1 is added to
prechylomicrons. Later, these particles are transported to plasma membrane using different
transport vesicles and are ultimately released towards the basolateral side by enterocytes.
TAG are exclusively transported via the CM pathway. By contrast, cholesterol is transported
across the intestinal epithelial cells by two pathways. One pathway is the same as the CM
pathway. In this pathway free cholesterol and esterified cholesterol are added onto CM by
MTP. In the second apoB-independent pathway, cholesterol is secreted involving ABCA1
and apoAI.
ApoAI is synthesized in the ER and transported independent of CMs to the Golgi where
some of it associates with CMs and the rest is secreted independent of CMs. The free apoAI
might play a role in cholesterol transport.
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Fig 3. Regulation of MTP by Clock via SHP
Clock represses MTP expression through an indirect mechanism. Clock/Bmal1 binds to the
E-Box in the small heterodimer partner (SHP) promoter and increases its expression in the
daytime. SHP, in turns, interacts with transcription factors/enhancer present on the MTP
promoter and represses its activity leading to decreases in day time.
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Table

Proteins that play a role in TAG absorption

Protein
type

Major Physiological
roles

Tissue
distribution

Phenotype of KO mice

L-FABP • uptake of LCFA

• LCFA transport part of
PCTV membrane budding
complex

small intestine, liver,
kidney, pancreas

• Decreased intestinal lipid secretion

• Defective hepatic and intestinal β-
oxidation

I-FABP • LCFA partition toward
TAG synthesis

small intestine, liver • Increased body weight

• Elevated plasma TAG

FATP4 • Fatty acid uptake intestine brown/white
adipose, skeletal muscle,
heart, brain, liver, kidney,
lung

• Decreased Fatty acid uptake into
enterocytes

• No effect on fat absorption in vivo
in Heterozygous Fatp4+/− mice

CD36/FAT • Fatty acid uptake small intestine, kidney,
lung etc.

• Deficiency in CM secretion

MGAT2 • DAG synthesis small intestine • Failed to develop
hypertriglyceridemia on high fat
diet

• Decreased plasma TAG

DGAT1 • TAG synthesis small intestine, skin,
mammary gland, adipose
tissue

• 50% less body fat, normal plasma
TG, no effect on lipid absorption,

• Increased food intake

• Failed to develop
hypertriglyceridemia

DGAT2 • TAG synthesis small intestine, liver • Decreased plasma TAG

• Neonatal death

MTP • Lipoprotein assembly small intestine, liver • embryos died at midgestation

ApoB48, ApoB100 • Lipoprotein assembly small intestine, liver • Neonatal death

Sar1 • PCTV fusion small intestine • unknown

VAMP7 • PCTV fusion small intestine • unknown
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