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Abstract

Dietary fat provides essential nutrients, contributes to energy balance, and regulates blood lipid
concentrations. These functions are important to health, but can also become dysregulated and
contribute to diseases such as obesity, diabetes, cardiovascular disease, and cancer. Within
enterocytes, the digestive products of dietary fat are re-synthesized into triacylglycerol, which is
either secreted on chylomicrons or stored within cytoplasmic lipid droplets (CLDs). CLDs were
originally thought to be inert stores of neutral lipids, but are now recognized as dynamic organelles
function in multiple cellular processes in addition to lipid metabolism. This review will highlight
recent discoveries related to dietary fat absorption with an emphasis on the presence, synthesis,
and metabolism of cytoplasmic lipid droplets within this process.
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1. Dietary Fat Absorption - Overview

Dietary fat provides essential nutrients (fatty acids (FAs) and lipid soluble vitamins),
contributes to energy balance, and regulates blood lipid concentrations. These functions of
dietary fat all contribute to health; however, when dysregulated they can also contribute to
diseases such as obesity, diabetes, cardiovascular disease and cancer. Dietary fat is
consumed as triacylglycerol (TAG), the most energy dense nutrient. TAG is efficiently
digested in the gastrointestinal lumen and absorbed by enterocytes. The digestive products
taken up by enterocytes are re-synthesized into TAGSs, and packaged in chylomicrons (CMs)
for secretion or in cytoplasmic lipid droplets (CLDs) for storage. CLDs were once thought to
be inert stores of neutral lipids, but are now recognized as dynamic organelles that have
functions beyond lipid metabolism [1, 2]. In the past ten years, a burst of information about
CLDs in general, as well as in specific cell types and disease states has been generated. This
review will highlight recent discoveries related to dietary fat absorption with an emphasis on
the presence, synthesis, and metabolism of CLDs within enterocytes.

1.1 Triacylglycerol (TAG) digestion and uptake of fatty acids (FAs) and monoacylglycerol
(MAG) by enterocytes

Dietary fat is efficiently digested and taken up by enterocytes as indicated by low amounts of
TAG and digestive products excreted in feces. Digestion involves mechanical and chemical
processing along the length of the gastrointestinal tract. Lipases hydrolyze ester bonds in
TAG resulting in the production of FAs and 2-MAG [3, 4]. These digestive products are
emulsified by bile acids and phospholipids (PLs) in the intestinal lumen, forming micelles.

The absorption process encompasses the uptake of digestive products, intracellular
trafficking, TAG synthesis, and TAG packaging for either secretion on CMs or storage in
CLDs by enterocytes. All regions of the small intestine are capable of uptake and absorption
of digestive products of TAG; however, the jejunum is responsible for the majority of uptake
and absorption [5, 6]. Enterocytes are polarized epithelial cells with an apical and basolateral
membrane responsible for the uptake and absorption of most nutrients. The apical
membrane, or brush border membrane, has an unstirred water layer through which the
digestive products are transported. There is a low pH that is generated by an H+/Na+
antiport exchange system creating an acidic environment that allows the digestive products
to dissociate from micelles. FAs cross the apical membrane by either passive diffusion or
protein mediated transport (reviewed in [7]).

1.2 Triacylglycerol (TAG) synthesis and packaging in enterocytes

Once FAs are taken up by enterocytes, they are transported in cytoplasm by FA-binding
proteins [8] and primarily utilized for TAG synthesis (reviewed in [9]). The major fate of
FAs is the ER where FAs are activated to fatty acyl-CoAs by acyl-CoA synthetase (ACS)
activity. The fatty acyl-CoAs are produced within thirty seconds and primarily incorporated
into TAGs in the postprandial period [10]. The first step involves the synthesis of
diacylglycerol (DAG) from 2-MAG and a fatty acyl-CoA by acyl-CoA:monoacylglycerol
acyltransferase (MGAT) activity. The second, final and committed step involves the
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synthesis of TAG from DAG and a fatty acyl-CoA by diacylglycerol acyltransferase (DGAT)
activity.

TAG is hydrophobic and requires assistance for transport or storage in aqueous
environments like blood or cytoplasm. TAG is packaged either in CMs for secretion and
transport in blood or in CLDs for temporary storage in the cytoplasm [5]. CMs and CLDs
share some similar as well as unique features. In addition to packaging neutral lipids like
TAGs and cholesteryl esters (CEs) in their core [11], CMs and CLDs are surrounded by a
monolayer of PLs that also incorporates free cholesterol and proteins. Although their general
structures are similar, CMs tend to be smaller than CLDs. In addition, the specific types of
lipids within and proteins present on CMs or CLDs are also unique and specific to their
cellular and physiological functions.

1.3 Packaging and hydrolysis of triacylglycerol (TAG) in chylomicrons (CMs)

CMs are the major TAG-rich lipoprotein produced by enterocytes in response to a meal
containing dietary fat (reviewed in [12, 13]). CMs are synthesized in the ER and transported
through the Golgi and secretory pathway via pre-CM transport vesicles (PCTVs) on the
basolateral side of the enterocyte where they enter the lymphatics [14]. From the lymphatics,
CMs are transported via the thoracic duct that empties into circulation at the left subclavian
vein. CMs deliver dietary FAS to tissues throughout the body through the activity of
lipoprotein lipase, which hydrolyzes TAG present in the core of the CM at the surface of
parenchymal cells releasing FAs for uptake [15]. The postprandial triglyceridemic response
includes an initial peak and a return to baseline due to rapid and efficient clearance of TAG
from blood via lipoprotein lipase. The postprandial triglyceridemic response influences
systemic FA and energy delivery and can also serve as a risk factor for cardiovascular
disease [16].

1.4 Packaging and hydrolysis triacylglycerol (TAG) in cytoplasmic lipid droplets (CLDs)

When dietary TAG levels are high, TAG is incorporated into CLDs and stored temporarily in
enterocytes. CLDs are cellular organelles with a neutral lipid core surrounded by a
phospholipid monolayer with associated proteins [1, 2]. CLDs are present within enterocytes
of several species such as zebrafish [17], C. elegans[18], garter snakes [19], Burmese
pythons [20], mice [5], rats [21], and humans [22] in response to dietary fat consumption.
Within enterocytes, TAG stored in CLDs has the same FA composition of the TAG
consumed [23]. In addition, the number and size of CLDs increase and then decrease over
time after a meal containing TAG in mice [5]. The majority of CLDs are present in the upper
jejunum; however, every section of the small intestine has the capacity to store TAG in
CLDs. The number and size of CLDs decrease distally along the length of the small intestine

[5].

TAG rich CLDs are also present within enterocytes in diseases and in response to treatments
where CM synthesis or secretion is inhibited. Chylomicron retention disease (Anderson’s
disease) [24] and abetalipoproteinemia [25, 26] are two examples of diseases where CM
synthesis or secretion are inhibited and TAG accumulates in CLDs within enterocytes,
ultimately resulting in fat malabsorption or steatorrhea due to enterocyte turnover. Pluronic
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L81 (PL81) is a surfactant that has been investigated because of its beneficial effects on
reducing blood TAG and cholesterol levels. PL81 is thought to reduce TAG secretion by
inhibiting incorporation of TAG into CMs during the second step of CM synthesis [27].
Treatment of cells or animals with PL81 increases TAG storage in CLDs within enterocytes,
which are mobilized upon removal of PL81 [28]. Finally, protein synthesis inhibitors result
in the presence of large CLDs in enterocytes [29]. This is thought to be due to the inability
to make proteins required for CM synthesis and secretion, thus preventing lipid transport out
of the enterocytes.

The metabolism of CLDs within enterocytes remains unclear; however, recent discoveries
are beginning to provide information about the synthesis and catabolism of CLDs within
enterocytes and their role in the absorption of dietary fat. The mechanism of CLD synthesis
is proposed to involve budding of excess TAG from the smooth ER membrane with specific
proteins mediating this process [30]. The mechanism of CLD catabolism may involve
cytoplasmic lipolysis [31] and/or lysosomal lipolysis also known as lipophagy [32, 33]. FAs
and other lipids released from CLDs in enterocytes may serve as substrates for re-
esterification into TAGs, PLs or CEs destined for secretion on lipoproteins, use in membrane
synthesis, or re-synthesis of CLDs. In addition, these FAs can be directed toward fatty acid
oxidation (FAQ), or serve as signaling molecules.

1.5 Systems for investigating dietary fat absorption

Human, animal, and cell systems have been used for investigating CLDs in the process of
dietary fat absorption. Animal and cell enterocyte models have some important
characteristics that differ from what is observed in human tissue and may directly or
indirectly affect CLD metabolism and the contribution of CLDs to the process of dietary fat
absorption. These include established differences in the mechanism for TAG synthesis,
proteins associated with secreted lipoproteins and the size of lipoproteins secreted. For
example, mice are able to synthesize and secrete apoB48-containing lipoproteins from both
the intestine and the liver [34]. This differs from humans, where apoB48 is exclusively
synthesized in the small intestine [34]. In addition, mice express a different complement of
TAG synthesis enzymes in the small intestine [35-37]. Caco-2 cells, which are derived from
a human colorectal carcinoma, are a commonly used /n vitro model for studying intestinal
lipid metabolism. However these cells exhibit little to no MGAT activity, which is involved
in the predominant TAG synthesis pathway in human enterocytes in response to dietary fat
consumption [38, 39]. In addition, Caco-2 cells secrete a large proportion of lipid in
lipoprotein particles that are smaller than the CMs secreted from human small intestine and
they contain additional lipoproteins [38, 40]. These details are important to note when
considering the application of the presented results to human health and medicine.
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2. Chylomicron (CM) and Cytoplasmic Lipid Droplet (CLD) Synthesis in
Enterocytes

2.1 Triacylglycerol (TAG) synthesis for the generation of chylomicrons (CMs) and
cytoplasmic lipid droplets (CLDs) in enterocytes

In response to a meal, the digestive products of TAG are re-esterified at the ER membrane
and then either incorporated into CMs and secreted or into CLDs and stored (Figures 1 and
2). TAG is synthesized through one of two pathways in the small intestine: the MGAT
pathway or the glycerol-3-phosphate (G3P) pathway [9, 41]. The MGAT pathway accounts
for approximately 70 - 80% of newly synthesized TAG within enterocytes in the
postprandial state [42, 43]. The G3P pathway is also present in the small intestine and
although it has long been thought to be only a minor contributor to TAG synthesis in the
postprandial state [44], emerging evidence suggests it may play a more significant role [45].

2.1.1 Acyl-CoA:monoacylglycerol acyltransferase (MGAT or Mogat) pathway—
Multiple MGAT enzymes have been identified and are differentially expressed in tissues and
species. The first step of the MGAT pathway for TAG synthesis is the acylation of MAG by
fatty acyl-CoA to produce DAG which is catalyzed by MGAT activity (reviewed in [9]).
MGAT activity is highest in the proximal small intestine and progressively decreases in
distal regions [46]. Three MGAT isoforms have been identified, but only MGAT?2 and
MGAT3 are present in the small intestine [41]. MGAT2 is abundant in the intestine of both
mice and humans, with both mRNA and protein levels reflecting MGAT activity along the
length of the small intestine [46]. MGATS3, on the other hand, is expressed in humans, but
not mice, and is highest in the ileum [36].

The role of Mgat2 in dietary fat absorption has been investigated in mouse models. Mgat2
protein and mRNA levels increase in response to a high fat diet, suggesting this enzyme
contributes to the increase in MGAT activity that occurs during dietary fat absorption [46].
Two different Mogat2-deficient mouse models were generated to understand the function of
Mgat2 in intestinal TAG synthesis and dietary fat absorption [47, 48]. Although these mice
still synthesize TAG in enterocytes and secrete CM-sized lipoproteins, they exhibit a reduced
postprandial triglyceridemic response and a decreased TAG secretion rate in response to an
oral fat load compared to wild-type mice [47, 48]. In addition, they remain efficient at
absorbing dietary fat when fed a high fat diet. These results suggest that although other
enzymes must be present to catalyze this activity, the fate of TAG synthesized in enterocytes
may be different in Mogat2-deficient mice than wild-type mice. In fact, while less TAG is
secreted in the Mogat2-deficient mouse models, more TAG is found in CLDs of jejunal
enterocytes in Mogat2-deficient mice fed a high fat diet than in wild-type mice [47]. Similar
effects have been observed in intestine-specific Mogat2-deficient mice [49] and in mice
treated with an MGAT?2 inhibitor [50]. In addition, restoring Mogat2 expression specifically
in the intestine of Mogat2-deficient mice normalized the TAG absorption rate [51]. Together
these results suggest that MGAT?2 is not critical for absorption, but important for balancing
intestinal TAG storage and secretion.
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2.1.2 Glycerol-3-phosphate (G3P) pathway—The first step in the G3P pathway is the
acylation of G3P, which is catalyzed by glycerol-3-phosphate acyltransferase (GPAT)
enzymes and yields lysophosphatidic acid [52]. In the small intestine, two isoforms of GPAT
are expressed: GPAT3 (high expression, jejunum) and GPAT4 (moderate expression) [45, 52,
53]. Increased Gpat activity was observed in high fat fed obese compared to lean Zucker rats
[54], suggesting it may play a role in mediating intestinal TAG metabolism in response to
chronic high fat feeding. In addition, Gpat3-deficient mice have decreased TAG secretion
and increased TAG storage in enterocytes following a dietary fat challenge [45]. The
lysophophatidic acid formed during this first reaction is then acylated by
acylglycerolphosphate acyltransferase (AGPAT) enzymes, also known as lysophosphatidic
acid acyltransferases (LPAATS), to form phosphatidic acid. In the small intestine, AGPAT2,
AGPAT4 or AGPAT8 may contribute to the formation of phosphatidic acid. Lipin enzymes,
or phosphatidic acid phosphatases (PAPs), then remove the phosphate group to form DAG.
Lipin-3mRNA is present in the small intestine of mice and humans [55]. The presence of
players in the G3P pathway and results found in Gpat3-deficienct mice highlight that this
pathway may play a more important role in intestinal TAG metabolism than previously
recognized.

2.1.3 Final, committed step of both pathways, acyl-CoA:diacylglycerol
acyltransferase (DGAT) activity—Two proteins with DGAT activity have been
identified and investigated in intestinal lipid metabolism. DGAT enzymes catalyze the
acylation of DAG, resulting in the formation of TAG [9, 41]. This reaction is the final,
committed step of TAG synthesis, and is the point at which the MGAT and the G3P
pathways converge. Evidence of DGAT activity on both the luminal (latent activity) and
cytosolic (overt activity) sides of the ER in rat liver microsomes suggests that distinct pools
of TAG destined for storage and secretion may be present in lipoprotein-producing cells
[56]. Total DGAT activity is highest in the proximal intestine and decreases distally along
the length of the intestine [57]. The two known DGAT enzymes, DGAT1 and DGAT?2, are
both integral ER membrane proteins and are both present in the small intestine. DGAT2 has
also been shown to localize to CLDs and associate with mitochondria in other cell types [58,
59]. Although both of these enzymes catalyze the same reaction, they are members of two
different gene families, and differ from one another in terms of structure, expression pattern,
and biochemical properties. This suggests that DGAT1 and DGAT2 may play unique roles in
synthesizing TAG for storage versus secretion in enterocytes.

2.1.3.1 Acyl-CoA:diacylglycerol acyltransferase 1 (DGAT1): DGAT1 regulates intestinal
TAG metabolism in response to dietary fat. DGAT1 is ubiquitously expressed with highest
levels present in the small intestine compared to other mouse and human tissues [35, 60, 61].
Whole body DgatI-deficient mice are resistant to diet-induced obesity and have significantly
less TAG storage in all tissues except the intestine, where TAG storage is significantly higher
than in wild-type mice [62, 63]. However, Dgati-deficient mice do not have fat
malabsorption, as indicated by similar fecal fat compared to wild-type mice. TAG levels in
CLDs in the duodenum and jejunum of Dgati-deficient mice is high in response to high fat
feeding compared to wild-type mice, but disappears after an overnight fast in both models
[63]. Altered TAG storage likely contributes to the reduced TAG secretion rate and
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diminished postprandial triglyceridemic response in DgatI-deficient mice. These results
highlight how altering the mechanisms of TAG synthesis can influence the dynamics of TAG
storage in CLDs and secretion on CMs from enterocytes in response to dietary fat.

To investigate DGAT1’s effects on intestinal TAG metabolism in relation to whole body
physiology, mice expressing DgatZ only in the intestine were generated [64]. Expression of
Dagatl only in the intestine of DgatZ-deficient mice reduces enterocyte TAG storage in
CLDs, and restores the postprandial triglyceridemic response and TAG secretion rate to
similar levels found in wild-type mice. In addition, it restores susceptibility to diet-induced
obesity and hepatic steatosis, despite DgatI-deficiency in adipose tissue and liver. These
results show that DGAT1’s role in regulating TAG storage and secretion in the intestine
impacts whole body TAG metabolism and energy homeostasis.

Similar to Dgat1-deficient mice, DGATL1 inhibitors have beneficial effects on blood TAG
levels in rodents and humans [65]. In humans, however, the blunted postprandial
triglyceridemia that results from most of these inhibitors is also accompanied by severe
gastrointestinal side effects. It has been suggested that these side effects may be target
specific since a DGAT loss of function mutation in humans is associated with congenital
diarrheal disorders [66]. Recently, however, the DGAT1 inhibitor pradigistat has been shown
to effectively reduce plasma TAG concentrations in both overweight/obese individuals and
patients with familial chylomicronemia syndrome, and has been well tolerated [67, 68]. It’s
unclear why this inhibitor does not result in severe gastrointestinal side effects, but it
suggests that DGAT1 inhibitors may still have some promise in humans for treatment of
obesity and related metabolic diseases.

2.1.3.2 Acyl-CoA:diacylglycerol acyltransferase 2 (DGAT2): Residual TAG synthesis in
Dgat1-deficient mice led to the cloning of a second enzyme that also catalyzes the final,
committed step of TAG synthesis, DGAT?2 [35]. DGAT2 is expressed ubiquitously, with
highest expression in liver and adipose tissue of both humans and mice [35, 61]. This
enzyme is also present in the small intestine of mice and likely contributes to the maintained
efficiency of dietary fat absorption in DgatI-deficient mice. However, whole body Dgat2-
deficient mice are severely lipopenic and do not survive for more than twenty four hours
[69], which limits interpretation of DGAT2’s function in intestinal lipid metabolism from
this model. Whether or not DGAT? is present in human intestine is less clear.
Gastrointestinal side effects in humans treated with DGAT1 inhibitors or with a genetic
mutation have suggested that DGAT2 may not be able to compensate for reduced DGAT1
activity in humans; however, whether or not the gastrointestinal problems are due to dietary
fat malabsorption are unclear.

The presence of DGAT2 in mouse intestine suggests that it may play an important role in
synthesizing TAG for secretion on CMs. When mice are fed a high fat diet, Dgat2? mRNA
levels increase in the small intestine [4]. In addition, intestine-specific Dgat2 overexpression
in mice increases the intestinal TAG secretion rate without altering enterocyte CLD storage
[70]. Interestingly, intestine-specific Dgat2 overexpression in Dgatl-deficient mice did not
restore TAG secretion or reduce TAG storage in CLDs [64], suggesting that these two
enzymes have distinct, non-redundant functions. Together these results highlight that

Biochim Biophys Acta. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

D’Aquila et al.

Page 8

DGAT2 plays a role in directing TAG towards secretion in mouse enterocytes in response to
dietary fat.

Although DGAT2 was initially identified as an integral ER membrane protein, it has also
been shown to localize to CLDs of several cell types [59, 69, 71]. It has been observed to co-
localize with an established CLD-associated protein, perilipin 2 (Plin2, also known as
adipocyte related protein (ADRP) and adipophilin) [58]. DGAT2’s localization to CLDs in
response to increased substrate for TAG synthesis suggests it supports TAG synthesis for
CLD expansion [72, 73]. Although DGAT2 localization to enterocyte CLDs has not been
observed, it is possible that it plays a similar role in CLD expansion in this cell type.

2.2 Chylomicron (CM) synthesis and secretion from enterocytes

CMs are the major TAG rich lipoprotein produced by enterocytes in response to a meal
containing dietary fat (reviewed in [12, 13]). CMs are made by a two-step pathway within
the ER and are then secreted via pre-CM transport vesicles (PCTVs) through the Golgi and
secretory pathway on the basolateral side of the enterocyte to lymph (Figures 1, 2A and 2B)
[14]. First, TAGs and CEs are synthesized by enzymes that localize to the ER membrane.
These neutral lipids are packaged onto apolipoprotein (APO) B48 with the help of
microsomal triglyceride transfer protein (MTP or Mttp) [74]. APOBA48 serves as a lipid
acceptor and structural protein of CMs. MTP serves as a lipid transfer protein and chaperone
for maintaining APOBA48 structure. The neutral lipids, TAGs and CE, are surrounded by a
PL monolayer containing free cholesterol and proteins. This initial structure is referred to as
the primordial CM (Figure 1C) [27]. The second step in the synthesis of pre-CMs is the
expansion of the CM core by TAG [75]. The mechanisms underlying the addition of TAG is
unclear but it is known that MTP is required, and apoB-free ER lumenal lipid droplets
(LLDs) are the most likely source of TAG for core expansion [76, 77]. One possible
mechanism for this expansion is the fusion of LLDs with primordial CMs. Alternatively, it
has been suggested that hydrolysis and re-esterification of LLDs may provide lipids for the
second step of core expansion during CM assembly [76].

Pre-CMs exit the ER and are transported to the Golgi for further processing. These particles
are transported within PCTVs containing coat protein complex I (COPII). COPII is made
up of five core proteins: Secretion associated, Ras related 1B (Sar1B) GTPase, Sec23,
Sec24, Sec13, and Sec31 [77, 78]. The budding of PCTVs from the surface of the ER is
mediated by liver fatty acid binding protein [79, 80] and protein kinase C isoform zeta [81].
PCTVs are larger than protein transport vesicles (250 nm versus 55-70 nm, respectively) and
also contain the unique vesicle-associated membrane protein 7 [82]. After budding the
PCTV fuses with the cis-Golgi [83]. Within the Golgi, pre-CMs are further modified by
addition of APOAI [84] and glycosylation of APOB48 (Figure 1D) [85]. Mature CMs are
then released from the basolateral side of the enterocyte (Figure 1E) by exocytosis to the
lamina propria as imaged by transmission electron microscopy [86, 87]. The contractile
movement of lacteals mediates the process of CM drainage to mesenteric lymphatic vessels
[88]. CMs are then transported via the thoracic duct that empties into circulation at the left
subclavian vein. In addition to the nonexchangeable APOBA48, several exchangeable
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apolipoproteins can be found on the surface of CMs, including APOAI, APOAII, APOALYV,
and APOC and APOE [89].

Genetic deficiency or pharmaceutical inhibition of proteins involved in CM synthesis and
secretion often block CM synthesis and/or secretion, resulting in TAG and lipid-soluble
nutrient accumulation in CLDs within enterocytes (see following sections). The lipids
retained within enterocytes are eventually excreted in feces due to rapid enterocyte turnover,
resulting in malabsorption of lipid-soluble nutrients. Three proteins involved in CM
synthesis and/or secretion that result in TAG and lipid-soluble nutrient malabsorption when
function is reduced are APOB, MTP, and SAR1B GTPase.

2.2.1 Apolipoprotein B (APOB)—APOB48 is the major acceptor of neutral lipids in the
synthesis of CMs and serves as an essential structural component of these lipoproteins [90].
In the intestine, post-transcriptional editing of APOB mRNA by APOBEC-1 introduces an
early stop codon, and gives rise to a truncated form of APOB, APOBA48, which is the N-
terminal 48% of the full length APOB100 [91]. APOB48 is translocated across the ER
membrane in concert with the addition of TAGs and CEs by MTP for the synthesis of a
primordial lipoprotein particle. Since there is only one APOB48 per CM and APOB48 is
only made in the intestine of humans [92], APOB48 levels in blood indicate the number of
CMs present in humans. APOB48 allows for efficient absorption of TAG when levels of
dietary TAG are high. In ApoB100 only mice (Apobec-1 deficient), TAG secretion into
lymph is reduced compared to wild-type mice due to fewer CMs of similar size being
secreted into lymph in response to high levels of TAG infusion [93]. In some non-human
mammals like mice, APOB48 is synthesized in both intestine and liver. Therefore, ApoB48
levels in blood of mice do not only reflect intestine-derived lipoproteins.

APOBA48 is essential for the absorption of lipid soluble nutrients. Familial
hypobetalipoproteinemia describes a heterogeneous group of disorders of lipoprotein
metabolism characterized by low concentrations of total cholesterol, low density lipoprotein
(LDL) cholesterol, and APOB in blood. This is most often due to a loss-of function mutation
in APOB that results in the synthesis of a truncated form of APOB [94]. Because of the
variety of mutations and graded effects on APOB expression and function, some patients are
asymptomatic, some present with mild hepatic steatosis, and others have severe hepatic
steatosis, intestinal fat malabsorption, failure to thrive, and neurological and ocular
dysfunctions.

Several laboratories have used transgenic and gene-targeted knockout mice for investigating
ApoB biology and physiology (reviewed in [34]). ApoB-deficiency in mice results in
embryonic lethality due to a developmental abnormality in transport of lipid nutrients to the
mouse embryo via the yolk sac [95]. Mice with ApoB-deficiency in the intestine, but not the
liver, highlight the importance of both ApoB and CM synthesis in intestinal lipid absorption
[96]. These mice lack CMs in the Golgi but have CM-sized particles present in the lumen of
the ER. This demonstrates that ApoB-deficiency completely blocks CM synthesis and
secretion, but ApoB-free ER LLDs continue to be synthesized in its absence. The inability to
synthesize and secrete CMs leads to extremely high levels of TAG stored in both CLDs and
ER LLDs and significant fat malabsorption, contributing to their failure to thrive.
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Interestingly, ApoB has been identified on CLDs in enterocytes by proteomics [97].
Although not confirmed on CLDs in enterocytes, its presence has been confirmed on CLDs
in hepatocytes where it is thought to be targeted for proteasomal and autophagic degradation
[98].

2.2.2 Microsomal triglyceride transfer protein (MTP)—MTP is an intracellular lipid-
transfer protein that transfers lipids, including TAGs and CEs, onto APOB. MTP is
expressed at highest levels in the proximal region of the small intestine and the levels
decrease distally along the length of the intestine in both mice and humans [99, 100]. MTP
physically interacts with APOB and stabilizes its structure [101]. When MTP is inhibited or
missing, APOB is misfolded and undergoes ubiquitination and degradation through the
proteasomal pathway [102]. In addition, MTP is involved in the fusion of APOB-containing
primordial CMs and APOB-free ER LLDs for expansion of CMs [74, 103, 104].

MTP is critical for intestinal lipid absorption. Abetalipoproteinemia is a rare, autosomal
recessive disease caused by mutations in both alleles of the MTP gene, which results in
undetectable levels of APOB in blood and very low blood cholesterol concentrations [25,
26]. In addition, patients have severe lipid-soluble nutrient malabsorption, steatorrhea and
TAG storage in CLDs in enterocytes and hepatocytes. These individuals require lipid-soluble
vitamin treatment early in life in order to prevent neurological disturbances from occurring
[74]. Whole body Mitip-deficiency in mice is embryonic lethal due to an inability to
transport essential lipids from the mothers to offspring [105]. Both inducible and intestine
specific Mip-deficient mice were generated to investigate the role of MTP in mouse
intestine and physiology [106-108]. Like ApoB-deficiency in mice, the inability to
synthesize and secrete CMs in Mitfp-deficient mice led to extremely high levels of TAG
stored in CLDs, and significant fat malabsorption contributed to their failure to thrive.

2.2.3 SAR1B GTPase—SAR1B GTPase is present on COPII-coated vesicles that bud
from the ER to export newly synthesized proteins and pre-CMs [109, 110]. This protein was
recently identified as the defective gene in CM retention disease (Anderson disease) [78].
CM retention disease is a rare, autosomal recessive disorder, usually diagnosed in infants
presenting with chronic diarrhea, failure to thrive, hypocholesterolemia and low fat-soluble
vitamin levels. Although they are able to synthesize APOB-containing CMs, enterocytes fail
to secrete CMs and are consequently overloaded with CMs in ER and TAG stored in CLDs
[111-113]. This shows that SAR1B GTPase is essential for CM secretion in humans.

Animal and cell models with altered SAR1B expression highlight the important role of this
protein in the secretion of CMs, as well as effects of reduced CM secretion on CLD
metabolism. For example a zebrafish model of Sar1b-deficiency has abnormally high levels
of both CMs within ER and TAG stored in CLDs within enterocytes in response to a high fat
meal compared to wild-type zebrafish [114]. Although both wild-type and SarZb mutants
have TAG stored in CLDs within enterocytes after consumption of a high fat meal, the Sar1b
mutants do not clear CLDs after the meal. In addition, overexpression of SARIBin Caco-2
cells enhances the secretion of lipids including TAG, CE and PL [115]. In this model,
SARI1B overexpression increases enzyme activity of MGAT, DGAT and MTP, as well as
production of APOB48. Overexpression of SarZbin mice also increases CM secretion from
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the intestine and contributes to the development of obesity observed in the model [116].
Overall, these models show that SAR1B plays a crucial role in CM secretion, which also
impacts enterocyte TAG storage in CLDs.

2.3 Cytoplasmic lipid droplet (CLD) synthesis and growth in enterocytes

2.3.1 Proposed models of cytoplasmic lipid droplet (CLD) synthesis—There are
several proposed models of CLD synthesis, including ER budding, bicellar excision, and
vesicle formation (reviewed in [30]). The model with the most current support is ER
budding (Figure 2C). In the ER budding model, the accumulation of neutral lipids within the
ER membrane bilayer eventually leads to the budding of a CLD, with the cytosolic ER
membrane leaflet forming its PL monolayer. This budding process may be driven solely by
lipid accumulation, or mediated by proteins that bind to the ER membrane. A model of CLD
synthesis with less support, the bicellar model, involves neutral lipid accumulation in the ER
membrane followed by excision of this lipid along with both surrounding membrane leaflets.
The issue with this model is that it would result in a transient hole in the ER membrane.
Another model of CLD synthesis with less support is the formation of CLDs within bilayer
vesicles. This mechanism would be mediated by vesicle formation machinery of the
secretory pathway, and the lipid accumulation could occur either within the ER or after the
vesicle buds. The precise mechanism of CLD synthesis in the small intestine has not been
directly investigated.

2.3.2 Proposed models of cytoplasmic lipid droplet (CLD) growth—Once CLDs
are formed, they are able to continue to accumulate TAG and increase in size. One
mechanism of CLD growth is through TAG synthesis locally at the CLD surface [30, 59]. PL
synthesis is important for CLD monolayer expansion in this growth mechanism. A second
mechanism for CLD growth is through fusion of CLDs [30, 117]. Although there is not
much known about CLD growth in enterocytes specifically, it may occur through one or
both of these mechanisms.

TAG synthesis is known to occur at the ER membrane, but more recently this process has
been observed at the CLD surface and shown to contribute locally to the growth of CLDs
(reviewed in [30]). For this to occur, TAG synthesis machinery needs to localize to the CLD
surface. One isoform of each of the enzymes involved in the G3P pathway of TAG synthesis
(GPAT4, AGPAT3, PAP, and DGAT?2) has been shown to localize to CLDs in either
Drosophila S2 cells, 3T3-L1 adipocytes, or COS7 cells [58, 59, 72]. In addition, specific
isoforms of enzymes that activate FAs to form acyl-CoAs for incorporation into TAG
(ACSL1, ACSL3, and ACSL4) have been identified on CLDs in several cell types (reviewed
in [118]). In enterocytes, TAG synthesis enzymes that have been identified on CLDs are
ACSL3, ACSL4, ACSL5, GPAT3 and MGAT2 in mice and humans (reviewed in [45, 119]).
Of these, ACSL3 [120], ACSL5 [97], and GPAT3 [45] have been validated by confocal or
electron microscopy to be present on CLDs in enterocytes.

During CLD growth, additional PLs are required for expansion of the PL monolayer
surrounding CLDs to prevent their coalescence [121]. Phosphatidylcholine (PC) is the most
abundant PL in these structures, and plays an important role in CLD growth [121, 122].
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Three pathways mediate PC synthesis and are present in most cell types. These pathways
include the de novo, or Kennedy pathway, the phosphatidylethanolamine methyl transferase
(PEMT) pathway (liver cells only), and the Lands Cycle. Enzymes in these pathways
associate with and/or contribute to CLD metabolism in many cell types; however, knowledge
of these pathways in intestinal CLD metabolism is limited.

A few enzymes in the de novo or Kennedy pathway (reviewed in [123]) of PC synthesis,
choline kinase, CTP phosphocholine cytidylyltransferase 1 (CCT1 or PCTY1A), and CCT2,
have been implicated in CLD metabolism. Choline kinase phosphorylates choline to
generate phosphocholine, and regulates CLD size without localizing to CLDs [121].
Phosphocholine is activated with cytidine triphosphate by either CCT1 or CCT2 generating
PC. Interestingly, CCT1 or CCT2 knockdown in Drosophila S2 cells results in decreased PC
levels and formation of a single or only a few very large CLDs. In addition, CCT1 localizes
to CLDs in Drosophila S2, macrophage, and neuron cells in response to oleic acid treatment
and is active on the CLD [121, 124]. Most recently, CCT1 was also identified as associated
with the CLD fraction of a human enterocyte cell model, Caco?2 cells [125]. However, the
specific role of CCT1 in CLD metabolism in enterocytes is not clear.

Also, a few enzymes in the Lands Cycle of PC synthesis have been implicated in CLD
metabolism. In this pathway, phospholipase A2 removes a FA from PC, yielding
lysophosphatidylcholine and this reaction can be reversed by lysophosphatidylcholine
acyltransferases (LPCATS) to generate PC [126]. Human LPCAT1 and 2 localize to the
surface of CLDs and synthesize PC directly on the CLD [127]. In addition, knockdown of
either LPCAT1 or LPCAT2 in a human skin cell line results in an increase in CLD size
[126]. Recently, LPCAT?2 was identified and validated by myc labeled transfection and
immunofluorescence microscopy on CLDs in Caco?2 cells [120, 125]. In addition, LPCAT3
is highly expressed in the intestine and likely contributes to CLD metabolism by regulating
chylomicron synthesis. Lpcat3-deficient and intestine specific Lpcat3-deficient mice have a
phenotype similar to ApoB-deficient mice with reduced TAG secretion, increased TAG
storage in enterocytes, reduced fat absorption, and failure to thrive [128, 129]. A third model
of Lpcat3-deficient mice was recently reported which also has reduced TAG secretion and
fat absorption, but no accumulation of TAG in enterocytes [130]. In addition, these mouse
models have low levels of arachidonic acid. The role of Lpcat3 in incorporation of
arachidonic acid into membranes is important for TAG packaging in lipoproteins for
secretion by hepatocytes and enterocytes. PC synthesis likely contributes to CLD
metabolism directly through its role in CLD phospholipid monolayer membrane synthesis
and/or indirectly by altering membrane composition and thus lipidation of CMs for TAG
secretion.

Another proposed model of CLD growth is through fusion. Soluble NSF attachment receptor
(SNARE) proteins, which facilitate the fusion of vesicles with their target membranes [131],
are also thought to play a role in the fusion of CLDs [117]. Several of these proteins have
been shown to associate with Plin2 in NIH/3T3 cells, and have also been fractionated with
CLDs from these cells ([117], reviewed by [132]). The role of SNARE proteins in enterocyte
CLD fusion, however, has not yet been investigated.
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2.3.3 Other factors involved in cytoplasmic lipid droplet (CLD) synthesis and
growth in enterocytes—A few additional proteins with potential to affect CLD synthesis
and growth within enterocytes have recently been studied. These proteins include fat
storage-inducing transmembrane protein 2 (FIT2), atlastin-1, and cell death inducing
DFF45-like effector b (CIDEB).

2.3.3.1 Fat storage-inducing transmembrane protein 2 (FIT2): FIT proteins are integral
ER membrane proteins that are suggested to play a role in partitioning TAG into CLDs [133,
134]. Both FIT1 and FIT2 induce CLD formation independent of altering TAG synthesis
when overexpressed in a kidney cell line or mouse liver [133]. In addition, FIT2 knockdown
decreased CLD accumulation and TAG synthesis in 3T3-L1 adipocytes [133]. These
observations, along with the ability of FIT proteins to bind to TAG [134], suggest that FIT
proteins are important for normal CLD accumulation within cells.

FIT proteins likely play a role in CLD synthesis and growth in enterocytes; however, their
specific function is unclear. Both FIT1 and FIT2 are expressed in zebrafish small intestine
[133]. FIT2 knockdown in zebrafish prevents diet-induced CLD accumulation in
enterocytes, as demonstrated by reduced neutral lipid staining after high fat feeding
compared to wild-type zebrafish. More recently, a whole body postnatal FIT2-deficient
mouse model was generated and found to lack CLDs in enterocytes in response to a dietary
fat challenge [135]. Interestingly, these mice have similar postprandial triglyceridemic
response and enterocyte TAG content as TAG accumulates in the ER. Surprisingly, intestinal
epithelial cell specific FIT2-deficient mice have normal enterocyte CLD storage and
secretion, suggesting that FIT2 in cells other than enterocytes is crucial for enterocyte CLD
accumulation [135]. These results are surprising in light of the ability of FIT2 to bind
directly to TAG, but suggest that FIT2 may also have the ability to regulate enterocyte CLD
storage through an indirect mechanism.

2.3.3.2 Atlastin-1: Atlastin-1 is an integral ER membrane protein that is proposed to play a
role in CLD growth in C. elegans intestine [18]. Atlastin-1 is expressed in several tissues,
but is most highly expressed in the brain, where mutations result in hereditary spastic
paraplegia [136]. Atlastin proteins localize to ER and are important for normal formation of
the tubular ER network [137]. Beyond abnormal ER morphology, C. elegans atlastin-1
mutants present with smaller, abnormally distributed CLDs in their intestinal cells [18]. In
addition, when atlastin-1 is knocked down in C. elegans, the size of CLDs is reduced,
suggesting that continuous expression of Atfastin-1is important for maintaining CLD size.
Together these results suggest that normal ER morphology, which is maintained by
atlastin-1, may be required for normal intestinal CLD formation. Alternatively, atlastin-1
may play a more direct, but still unknown function in regulating CLD size.

2.3.3.3 Cell death inducing DFF45-like effector B (CIDEB): Members of the CIDE
protein family are also thought to play a role in regulating CLD size in several cell types [30,
138]. In particular, CIDEC (also known as Fsp27) is important for the formation of large
CLDs in adipocytes (reviewed in [138]). Both CIDEC and CIDEA localize to CLD contact
sites, which is the location at which CLD fusion events are thought to occur [139]. CIDEB is
expressed in the small intestine of both mice and humans, with highest levels in jejunum and
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ileum [140]. The expression of Cideb is increased by chronic high fat feeding in mice [140].
In Caco-2 cells CIDEB localizes to both the ER and CLDs, and is also able to interact with
APOBA48 [140]. In addition, Cideb-deficient mice have a decreased TAG secretion rate,
decreased CM size, and increased TAG accumulation in CLDs in enterocytes [140].
Together, these results suggest that CIDEB plays a role in CM lipidation, which indirectly
affects enterocyte CLD storage.

3. Cytoplasmic Lipid Droplet (CLD) Catabolism in Enterocytes

Lipolysis mediates the biochemical hydrolysis of neutral lipids and CLD catabolism. The
biochemical reaction of lipolysis is catalyzed by enzymes that hydrolyze ester bonds of
lipids including TAGs, CEs, and PLs. TAGs are hydrolyzed to glycerol and FAs, CEs are
hydrolyzed to free cholesterol and FAs and PLs are hydrolyzed to lysophospholipid and FAs.
In a cell, lipolysis often refers to the breakdown of CLDs; however, lipolysis can take place
wherever lipids containing ester bonds are present. Through lipolysis, the neutral lipids in
the core of CLDs are able to be mobilized to a variety of metabolic fates. In enterocytes, the
size and number of CLDs increase and then decrease over time after dietary fat is consumed
[5]. This depletion of CLDs over time suggests active lipolysis during dietary fat absorption.
In addition, an /n vitro experiment showed that the cytoplasm exhibits the highest lipolytic
activity compared to other fractions in Caco-2 cells [141], indicating CLD catabolism is an
important function of intestinal lipid metabolism. CLD catabolism may regulate the quantity
and rate at which dietary fat is absorbed.

There are two identified pathways that mediate lipolysis of CLDs in cells (Figure 2D).
Cytoplasmic TAG lipolysis is the most well-known pathway and has been defined primarily
by studies in adipocytes (reviewed in [31]). Lipophagy is a newly-identified pathway and
refers to the selective degradation of CLDs through autophagy (reviewed in [33]). The
enzymes and co-activator involved in cytoplasmic TAG lipolysis and lipophagy are present
in enterocytes and some have been identified as regulators of CLD catabolism in these cells.

3.1 Cytoplasmic triacylglycerol (TAG) lipolysis

Proteins involved in cytoplasmic TAG lipolysis, adipocyte triglyceride lipase (ATGL,
encoding gene, patatin-like phospholipase domain containing 2 (PNPLAZ)) hormone-
sensitive lipase (HSL, encoding gene, L/PE), monoacylglycerol lipase (MGL, encoding gene
MGLL), and comparative gene identification-58 (CGI-58, also known as abhydrolase
domain containing 5), are all present and regulated in enterocytes [4]. These enzymes
catalyze the sequential cleavage of FAs from glycerol and have all been identified on CLDs
in enterocytes using proteomics (but not validated by imaging) [97, 120, 125]. Interestingly,
Atgl, Hsl, and Cgi-58 mRNA levels are increased in enterocytes in response to a dietary fat
challenge in lean, but decreased in obese mice [4]. In addition, mRNA levels of Afg/and Hs/
are reduced in enterocytes in response to exercise in a rat model of obesity [142]. Together,
these results suggest that CLD catabolism through cytoplasmic TAG lipolysis in enterocytes
may be altered in obesity and modifiable by exercise.
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3.1.1 Adipocyte triacylglycerol lipase (ATGL)

ATGL catalyzes the first step of cytoplasmic lipolysis by hydrolyzing an ester bond in TAG
to generate DAG and FA [143]. TAG storage in CLDs inversely correlates with ATGL
activity in enterocytes. In enterocytes of C. elegans, reducing ATGL activity via RNA
interference leads to increased TAG storage in CLDs, whereas increasing ATGL activity by
overexpression decreases TAG storage in CLDs [144]. In addition, whole body Afg/-
deficient mice have a severe defect in lipolysis and abnormal accumulation of TAG in CLDs
in many tissues (including enterocytes), and they develop obesity [145]. Intestine-specific
Atgl-deficient (/Atg/deficient) mice were generated to investigate the role of ATGL in
intestinal TAG metabolism and dietary fat absorption [146]. iAzg/i-deficient mice have
reduced TAG hydrolase activity in enterocytes from the proximal small intestine and
increased TAG storage in CLDs compared with wild-type mice fed either chow or a high fat
diet. However, [Afgl-deficient mice have similar TAG secretion from enterocytes and no fat
malabsorption compared to wild-type mice. /Afgl-deficient mice have lower mRNA levels of
PPARa target genes, which are involved in regulating fatty acid oxidation (FAO), oxidative
stress response, and cholesterol absorption in enterocytes compared to wild-type mice. The
decreases in PPARa target genes in /Afg/l-deficient mice may contribute to their intracellular
TAG accumulation, as well as their delayed cholesterol absorption. Overall, these results
suggest that intestinal ATGL directs FAs released from TAG stored in CLDs towards
oxidation mediated by PPARa activation, and is not directly involved in CM synthesis for
TAG secretion into circulation.

3.1.2 Comparative gene identification-58 (CGI-58)

CGI-58 is a cofactor that regulates ATGL activity and is present in intestine of humans, mice
and C. elegans. CGI-58 binds to ATGL and is required for efficient ATGL activity; however,
it has no measurable hydrolase activity [147]. Mutations in CG/-58 in humans cause
Chanarin-Dorfman Syndrome [148]. Chanarin-Dorfman Syndrome is a rare genetic disease
resulting in ichthyosis and abnormal lipid accumulation in multiple tissues including the
intestine [149]. CGI-58 also plays an important role in mouse physiology, including
intestinal lipid metabolism. Whole body Cgi-58-deficient mice die shortly after birth due to
a severe skin barrier defect [150]. Intestine-specific Cgi-58-deficient (/Cg/-58-deficient)
mice have a significant reduction in intestinal TAG hydrolase activity, which results in
massive TAG storage in CLDs in enterocytes compared to wild-type mice when fed chow or
a high fat diet [151]. Unlike /Afg/i-deficient mice, the TAG accumulation in enterocytes of
iCgi-58-deficient mice leads to steatorrhea, indicating fat malabsorption. In addition,
iCgi-58-deficient mice have lower postprandial blood TAG levels and reduced intestinal
FAO activity compared to wild-type mice. These results suggest that CGI-58 is involved in
mobilizing FAs stored in CLDs that are used for both secretion and oxidation. Recently, lipid
droplet protein 1, a homolog of CGI-58, was identified in enterocytes of C. elegans and
found to activate lipolysis by binding to ATGL during fasting [144].

3.1.3 Hormone sensitive lipase (HSL)

HSL has broad substrate specificity; but is thought to primarily catalyze the second step of
TAG hydrolysis, the hydrolysis of an ester bond in DAG to generate MAG and FA. HSL also
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possesses hydrolytic activity towards TAGs, MAGs, CEs and retinoid esters, but lacks
phospholipase activity [reviewed in [152]). Whole body Hs/deficient mice accumulate
DAGs in adipose and non-adipose tissues but do not develop obesity [153, 154]. The link
between HSL deficiency and human disease is not clear; however, a recent clinical study
identified a frameshift mutation in the L/PE gene (encodes HSL) that reduces adipose tissue
lipolysis in both basal and stimulated states [155]. However, no information on intestinal
lipid metabolism has been reported for this mutation.

HSL is expressed along the length of the intestine in mice and primarily regulates intestinal
cholesterol metabolism. Whole body Hs/deficient mice have mild reductions in DAG
hydrolase activity in intestine but totally abolished CE hydrolase activity [156]. Mice with
intestine-specific HSL deficiency (/HSL-deficient mice) were generated to study the role of
HSL in intestinal lipid metabolism [157]. /HSL-deficiency has little effect on TAG
metabolism in the intestine. /HSL-deficient mice have similar TAG secretion into circulation
and similar intracellular lipid species (including TAG, DAG, FA and PL) in enterocytes
compared to wild-type mice. However, /HSL-deficiency has a significant effect on intestinal
cholesterol metabolism [157]. /HSL-deficient mice have higher levels of CEs, enhanced
cholesterol uptake and reduced cholesterol biosynthesis in enterocytes compared to wild-
type mice. These results suggest that in the intestine HSL is not required for TAG
metabolism, but plays an important role in CE hydrolysis, which is required for normal
intestinal cholesterol metabolism.

3.1.4 Monoacylglycerol lipase (MGL)—MGL catalyzes the final step of cytoplasmic
lipolysis by hydrolyzing MAG to glycerol and FA, and is present in many tissues including
intestine [158, 159]. Intestinal levels of MGL are highest in duodenum [160] and its activity
increases in mice fed a high fat diet [161]. Beyond hydrolyzing dietary MAG species, MGL
also hydrolyzes the endogenous cannabinoid 2-arachidonylglycerol and is known to regulate
cannabinoid signaling in the central nervous system (reviewed in [162]). Therefore, effects
of altered MGL expression may be due to either TAG hydrolysis or cannabinoid signaling,
and are challenging to differentiate. So far there are no studies reporting mutations that
inactivate MGL in humans; however multiple drugs that inhibit MGL activity have been
generated and tested for their role in regulating cannabinoid signaling (reviewed in [163]).

Several mouse models with altered Mg/ expression have been generated to study the role of
this enzyme in intestinal lipid metabolism. Whole body Mg/-deficient mice have
significantly less MAG hydrolase activity and massive accumulation of MAG species in
multiple tissues, including small intestine [164, 165]. Whole body Mg/l-deficient mice are
either leaner compared to wild-type mice fed either a low or high fat diet [164], or of similar
body weight with improved glucose tolerance and insulin sensitivity [165]. In addition, these
mice display blunted intestinal TAG secretion without fat malabsorption, as determined by
fecal fat content [164]. They also have reduced mRNA levels of genes involved in the G3P
pathway and increased levels of genes involved in the MGAT pathway in enterocytes.
Overall, the alterations in lipid metabolism in the absence of Mgl may contribute, in part, to
the lean and/or improved glucose and insulin sensitivity phenotype observed in these
models. Mice with intestine-specific overexpression of MGL (/Mg/ overexpression mice)
have higher intestinal MGL activity, resulting in decreases in MAG species in the intestine
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compared to wild-type mice [166]. /Mg/ overexpression mice are hyperphagic and have
reduced energy expenditure, which contributes to increased susceptibility to obesity when
fed a high fat diet. This phenotype is probably due to altered endocannabinoid signaling in
the intestine since /Mgl overexpression mice have little changes in intestinal lipid
metabolism. Intestinal TAG synthesis, metabolism of MAG into different lipid species, and
intestinal FAQ activity are similar in /Mg/ overexpression mice compared to wild-type mice.
However, iMg/ overexpression mice have significantly greater TAG accumulation in the
intestine compared to wild-type mice when fed a high fat diet, but do not have fat
malabsorption, as determined by fecal fat content. Whether this intestinal TAG accumulation
has effects on dietary fat absorption or contributes to the obese phenotype is unclear.

3.2 Autophagy/Lipophagy

Autophagy is the catabolic process that breaks down cellular components sequestered within
double-membrane organelles called autophagosomes by transporting them to lysosomes.
Emerging studies identify CLDs as a selective substrate for autophagy which are delivered
by autophagosomes to lysosomes, where lysosomal acid lipase (LAL) hydrolyzes ester
bonds in lipids. This process is referred to as lipophagy (reviewed in [33]).

Lipophagy is stimulated in Caco-2 cells in response to treatment with lipid micelles, as
determined by the co-localization of TAG and components of autophagy machinery using
confocal microscopy [32]. Although little is known about mechanistic activation and
regulation of lipophagy in enterocytes, inhibition of autophagy initiators/mediators by
miRNA and drug inhibition of LAL result in an increase in TAG storage in CLDs in Caco-2
cells [32]. Together these results highlight that lipophagy is active and regulates intestinal
CLD metabolism during dietary fat absorption.

3.2.1 Lysosomal acid lipase (LAL)—LAL is expressed ubiquitously and is responsible
for hydrolyzing ester bonds in TAGs and CEs within the lysosome, generating free
cholesterol, glycerol and FAs. Mutations in LAL in humans result in two diseases: Wolman
disease (complete loss of LAL) and CE storage disease (CESD; partial loss of LAL) [167,
168]. Patients with Wolman disease usually have failure to thrive during infancy due to
severe gastrointestinal issues including vomiting, diarrhea and malabsorption. Massive
storage of TAGs and CEs are observed in the liver and small intestine of these patients [169].
Whole-body Laldeficient mice have similar features of Wolman disease. These mice can
survive into adulthood, but have a shorter lifespan than wild-type mice [170]. In addition, in
rat small intestine the enzyme activity of LAL is especially high during suckling (high-fat
mothers milk) [171]. Together these results highlight that LAL may be involved in
regulating dietary fat absorption.

Although genetic deficiency of LAL results in massive TAG accumulation in enterocytes
and fat malabsorption, pharmaceutical inhibition of LAL results in TAG accumulation in
enterocytes with little effect on dietary fat absorption. Gastrointestinal infusion of
chloroquine, which inhibits the activity of lysosomal enzymes by raising the intralysosomal
pH, results in an increase in intracellular lipid levels in lipid-infused rats [172]. However,
chloroquine infusion does not cause lipid malabsorption or affect the ability of the intestine
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to secrete lipids on CMs. Taken together, the results demonstrate that LAL is involved in
regulating TAG storage in enterocytes. However, future studies are required to determine the
mechanisms through which LAL regulates enterocyte CLD dynamics and dietary fat
absorption.

3.3 Fates and functions of fatty acids (FAs) released from cytoplasmic lipid droplets
(CLDs) in enterocytes

3.3.1 Re-esterification for lipoprotein or membrane synthesis—FAs liberated
from CLDs may be re-esterified to form TAG or other complex lipids (CEs and PLs) for
either lipoprotein or membrane synthesis. The synthesis of CLDs is thought to buffer
enterocytes from FA toxicity and control the rate of synthesis and secretion of CMs in
response to high-fat challenges. The hydrolysis and re-esterification of TAG stored in CLDs
is proposed to allow lipids to cross the membrane bilayer of the ER, where they can be re-
esterified into complex lipids destined for alternate fates. Lipoprotein synthesis in the liver
requires lipolysis of stored TAG [173]. In the intestine, it is unclear the extent to which
lipolysis is required for the mobilization of stored TAG for the synthesis of chylomicrons. A
radio-labeled tracer experiment in rats demonstrated that some TAG secreted into lymph
from enterocyte stores did not appear to undergo lipolysis; however, up to fifty percent of
TAG in CMs was hydrolyzed and re-esterified before transport to lymph [28], suggesting
that lipoprotein synthesis is a fate of TAG stored within enterocyte CLDs.

3.3.2 Fatty acid oxidation (FAO)—FAs liberated from CLDs may be oxidized through
mitochondrial B-oxidation to generate ATP. Although glutamine and glutamate are the major
fuel sources in enterocytes [174-176] and intestinal FAO activity is low in fed and fasted
states [177, 178], emerging studies highlight that regulation of intestinal FAO activity has
the capacity to alter enterocyte TAG storage and secretion. Altering FAO in the intestine may
influence systemic FA availability, which could alter postprandial blood TAG levels and/or
energy balance.

High dietary fat intake is shown to increase intestinal FAO machinery and activity. Mice
chronically fed a high fat diet have higher mRNA levels for multiple FAO genes [4, 179] and
higher FAO activity [180] in the intestine compared to mice fed a low fat diet. This increase
in FAO may be important for supplying the enterocytes with energy needed for absorption of
large quantities of dietary fat. On the other hand, an increased capacity for FAO in intestine
may limit systemic FA availability and reduce postprandial blood TAG levels and weight
gain. Recent reports of genetic and lifestyle factors regulating intestinal FAO support this
hypothesis. Mice that are resistant to high fat diet-induced obesity (A/J mice) have a greater
increase in intestinal FAO than mice that are susceptible to obesity (C57BL/6J mice) when
fed a high fat diet [180]. Endurance exercise also significantly increases mRNA levels of
FAO genes in intestine of obese rats [142]. In addition to limiting systemic FA availability,
activation of intestinal FAO has been shown to exert a satiety effect in rodent models
(reviewed in [181]). Together these results show that increasing intestinal FAO can have
beneficial systemic effects.
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Several dietary factors, pharmaceutical compounds, and molecular targets that activate
intestinal FAQ have been identified and investigated. For example, dietary supplementation
of polyunsaturated FAs (docosahexanoic acid, eicosapentanoic acid, and a-linolenic acid)
[182-184] and 1,3-DAG [185-187] were found to induce intestinal FAO and contribute to
hypotriglyceridemic and anti-obesity effects. The induction of intestinal FAO by
polyunsaturated FAs occurs through the activation of transcription factors (PPARa) or
cellular molecules (AMP-activated protein kinase [188, 189]) involved in lipid catabolism.
1,3-DAG was shown to be a less preferable substrate for DGAT enzymes compared to 1,2-
DAG (generated from normal lipolysis of TAG) [190], and thus may generate more FAs
through hydrolysis to activate FAO. In addition, fenofibrate, a synthetic PPARa agonist for
clinically treating hypertriglyceridemia, was found to lower postprandial blood lipid levels,
in part by activating intestinal FAO in high fat-fed, obese mice [191].

Several mouse models with altered intestinal TAG storage and secretion discussed
previously in this review also exhibit changes in intestinal FAO machinery and/or activity.
Rodent models with reduced TAG secretion and increased TAG storage in enterocytes,
including Mogat2- deficiency, pharmacological inhibition of DGAT1, and intestine specific
Mittp-deficiency, have increased FAO. Mogat2-deficient mice have higher mRNA levels of
FAO genes in enterocytes than wild-type mice [48, 51]. Pharmacological inhibition of
DGAT1 results in higher levels of proteins involved in FAO and ketogenesis in enterocytes
of high-fat fed rats and stimulates FAO activity in enterocyte cell models [192]. /Mttp
deficient mice have enhanced FAQ activity in enterocytes [108]. On the other hand, a model
with increased TAG secretion and similar TAG storage (mice with intestine-specific Dgat2
overexpression) was found to have decreases in mMRNA levels of FAO genes in enterocytes in
response to a chronic HFD [70]. The changes in intestinal FAO in models with altered
expression of genes involved in TAG synthesis and CM assembly may either be an adaptive
response to or the cause of the altered dietary fat absorption observed in these models.

3.3.3 Signaling—The FAs or lipids released from enterocyte CLDs have the potential to
serve as signaling molecules that regulate intestinal and/or systemic physiology. These FAs
or lipids may serve as ligands for transcription factors, or substrates for synthesizing
specialized, bioactive lipids that regulate diverse cellular functions. In the small intestine,
FAs and lipids act as ligands for transcription factors such as LXR, HFN4a and PPARa (see
details in section 4.3). In addition, arachidonic acid is the major FA precursor for
synthesizing eicosanoids (such as prostaglandins, leukotrienes, and other related molecules)
and endocannabinoids (anandamide and 2-arachidonoylglycerol). Eicosanoids and
arachidonic acid metabolites in the intestine have been shown to mediate inflammatory
processes and play a role in inflammatory bowel disease [193, 194]. Furthermore,
endocannabinoids have been shown to activate the endocannabinoid system by binding to
their receptors in the intestine and other cell types, resulting in protective effects against
inflammation [195, 196], regulation of food intake [197], and regulation of energy
homeostasis [198]. Therefore, the dynamic CLD storage in enterocytes may be important in
the regulation of lipid-mediated signaling pathways.
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4. Regulation of Cytoplasmic Lipid Droplet (CLD) Metabolism in

Enterocytes

The regulation of enterocyte CLD metabolism is a relatively new area of research. Within
the field, some factors investigated are expected based on their role in CLD metabolism in
other cell types, some may be indirect due to their effects on regulation of CM synthesis and
secretion, and others are unique and surprising. These physiological factors include dietary
components, hormones, transcription factors and signaling systems. Whether these factors
have a direct or indirect effect on CLDs in enterocytes, they regulate CLD synthesis and
catabolism, which has implications on the regulation of blood TAG concentrations and
energy metabolism.

4.1 Regulation of cytoplasmic lipid droplet (CLD) metabolism by dietary factors

4.1.1 High-fat diet-induced obesity (DIO)—Chronic high-fat diet consumption in mice
results in DIO and alters intestinal CLD metabolism. DIO mice have a reduced TAG
secretion rate in response to dietary fat compared to lean mice [4, 199]. In the fed state, DIO
mice have abundant TAG storage in CLDs within enterocytes, but after a six hour fast this
TAG storage is significantly reduced. In DIO mice given an acute dietary fat challenge,
MRNA levels of genes involved in lipolysis (Afg/and Hsl) are significantly reduced
compared to before the challenge [4]. This is a response to dietary fat that does not occur in
lean mice. These results suggest that DIO induces adaptations in CLD metabolism resulting
in decreased mobilization of enterocyte TAG stores and decreased TAG secretion.

4.1.2 Dietary glucose—Dietary glucose mobilizes TAG stored in enterocytes from a
previous meal in humans [22]. Individuals were subjected to a dietary fat pre-load five hours
before drinking either water or glucose solution. One hour after drinking the water or
glucose solution, jejunual biopsies were collected and analyzed for neutral lipid content. The
results demonstrated that individuals who drank the glucose solution had significantly less
neutral lipid storage in enterocytes compared to those who drank water. In addition, plasma
TAG concentrations peaked after glucose but not water consumption. These results indicate
that some TAG from a previous meal can be stored in enterocytes, and an additional glucose
meal is capable of mobilizing the stored TAG from the small intestine.

4.1.3 Oral fat exposure—Oral exposure to fat induces a cephalic phase response
promoting secretion of CM, whose TAG is derived from intestinal TAG stores in humans
[200]. Individuals were subjected to a dietary fat pre-load containing a radiolabeled FA
during the evening meal.. Breakfast the following morning consisted of an additional fat
load containing a different label in capsule form to avoid activation of taste receptors.
Individuals were then exposed to a sham dose (oral fat exposure) consisting of either a low
fat or high fat cream cheese. Plasma lipoprotein analysis showed that some of the TAG
within lipoproteins was derived from the previous night’s meal. These results indicate that
oral fat exposure can promote the mobilization of TAG stores from a previous meal.
Additionally, the high fat sham dose resulted in a postprandial triglyceridemic response that
was greater compared to the low fat sham dose. These results suggest that a cephalic phase
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response to dietary fat can initiate the mobilization and secretion of TAG stored within
enterocyte.

4.2 Regulation of cytoplasmic lipid droplet (CLD) metabolism by hormones

4.2.1 Leptin—Leptin, a hormone secreted by adipocytes, regulates intestinal TAG
metabolism; however, results from studies where either leptin levels or leptin signaling is
altered have varied results. Some of these differences may be due to fed status when
observations were made and/or amount of dietary fat consumed, as leptin also regulates food
intake. In one study, leptin administration limited TAG secretion and increased TAG storage
in enterocytes in mice and in Caco-2 cells.

This response may be due to the reduction of Apoa-1V mRNA levels in jejunum in response
to dietary fat [201]. In a separate study, leptin administration to IEC-6 cells, a rat enterocyte
cell model, was also found to stimulate CLD accumulation via the mTOR pathway [202]. In
contrast, leptin-deficient mice were also reported to have a reduced TAG secretion rate in
response to a dietary fat challenge compared to wild-type mice and either no effect [4] or an
increase in TAG storage within enterocytes [199]. The similar results with leptin
administration and leptin-deficiency on intestinal TAG metabolism could be due to other
effects of obesity and/or food intake in the leptin-deficient model. Interestingly, a lack of
functional leptin signaling also reduces TAG secretion and increases TAG storage in
enterocytes through decreases in MTP activity and mRNA levels [107]. It also results in an
increase in fecal fat excretion [203]. The specific role of leptin in regulating intestinal TAG
metabolism and dietary fat absorption remains unclear.

4.2.2 Glucagon-like peptide 2 (GLP-2)—Recently, gut hormones have been
demonstrated to regulate intestinal TAG metabolism and the postprandial triglyceridemic
response through mechanisms that may directly or indirectly involve CLD metabolism
(reviewed in [204]). One example is glucagon-like peptide 2 (GLP-2), an anorexigenic
gastrointestinal hormone that is secreted from L-cells in the ileum in response to meals
containing fat and carbohydrate. GLP-2 increases the secretion of enterocyte TAG stores in
several species [205-207]. The effect of GLP-2 on enterocyte TAG metabolism; however, is
likely not direct as receptors for GLP-2 are not present on enterocytes. One potential
mechanism through which GLP-2 exerts this response is by altering blood flow or nitric
oxide availability [207]. GLP-2 treatment did not increase TAG secretion in hamsters treated
with a nitric oxide synthase inhibitor or in endothelial nitric oxide synthase-deficient mice.
When hamsters were treated with a nitric oxide donor, the secretion of CMs from a previous
meal increased, suggesting that nitric oxide synthesis is important for the GLP-2-induced
secretion of enterocyte TAG stores within enterocytes. Future studies will be necessary to
determine whether GLP-2 mobilizes TAG stored within CLDs or preformed CMs in
enterocytes.

4.3 Regulation of cytoplasmic lipid droplet (CLD) metabolism by transcription factors

4.3.1 Liver X receptor (LXR)—Liver X receptors (LXRs), LXRa and LXRp, are nuclear
receptor transcription factors that regulate lipid metabolism. Although LXRs are well
established as playing a role in cholesterol metabolism (reviewed [208]), LXRs also regulate
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TAG metabolism and recent studies highlight this role in the intestine. Lxr activation in mice
stimulates hepatic lipogenesis and very low density lipoprotein production, resulting in an
increase in TAG levels in liver and blood [209]. The role of Lxra in regulating dietary fat
absorption and FA trafficking in intestine was assessed using zebrafish overexpressing
Nr1h3, the gene ortholog that encodes Lxra. [210].

Overexpression of ArZh3in the intestine of zebrafish results in increased TAG accumulation
in CLDs in enterocytes and delayed TAG secretion to circulation. Interestingly, acyl-CoA
synthetase long chain family member 3 (Acs/3a), which is a known Lxra target gene and
involved in CLD synthesis and growth (Section 2.3.2) [211], is remarkably upregulated in
enterocytes with Lxra-overexpression. In addition, Lpcat3 levels also increase in response to
LXR-agonists and promote TAG packaging on CMs for secretion [128, 130]. Overall, these
results demonstrate that LXR regulates the rate of systemic delivery of dietary fat, possibly
through TAG partitioning to CLDs for storage rather than CMs for secretion.

4.3.2 Hepatocyte nuclear factor alpha (HNFa)—Hepatic nuclear factor 4 alpha
(HNF4a) is a transcription factor that belongs to a superfamily of nuclear receptors
expressed in many tissues including intestine [212]. In Caco-2 cells, HNF4a. induces the
transcription of APOA-IV in response to lipids delivered from the apical side of the cell
[213]. Intestine specific Hnf4a-deficient mice have decreases in both TAG secretion and
TAG storage in CLDs compared to wild-type mice in response to a dietary fat challenge.
This response is most likely due to a decrease in FA uptake and is accompanied by a
decrease in MTP levels and activity. Intestine specific Hnf4a-deficient mice also have
reduced ApoB, Plin2, and fatty acid transport protein 4 (Fatp4) protein levels compared to
wild-type mice in response to a dietary fat challenge [214]. Together these results highlight
an important role for HNF4a in the regulation of dietary fat absorption.

4.3.3 Peroxisome proliferator alpha (PPARa)—PPARa is a nuclear transcription
factor that regulates TAG metabolism (reviewed in [215]) and is highly expressed in liver,
skeletal muscle, brown adipose tissue, and intestine [216]. PPARa has a variety of natural
ligands (unsaturated FAs, leukotriene B4, docosahexaenoic acid, and eicosapentaenoic acid)
and synthetic ligands (fenofibrate, clofibrate, and gemfibrozil) [216]. Both natural and
synthetic PPARa agonists reduce the postprandial triglyceridemic response, a risk factor for
cardiovascular disease [182, 191]. PPARa mRNA is present along the entire length of the
small intestine with highest levels in duodenum and jejunum, as well as higher levels in
villus tips than in crypts [217, 218]. Additionally, intestinal PPARa levels increase in
response to dietary fat consumption [4, 182, 183], synthetic agonists (fenofibrate and
benzafibrate) [191, 219] and endurance exercise training [142].

Intestinal PPARa. activation increases intestinal FAO and decreases both TAG storage in
CLDs and secretion from enterocytes. Mice fed docosahexaenoic acid enriched diets have
decreased intestinal TAG storage and TAG secretion compared to mice fed an isocaloric,
non-polyunsaturated FA control diet [182]. In addition, high-fat fed mice given fenofibrate
also exhibit decreased intestinal TAG storage in CLDs and decreased TAG secretion [191].
Both studies also found increased FAO activity in enterocytes. Since PPARa target genes
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include FAO genes in mouse enterocytes, it is hypothesized that PPARa agonists limit
substrate availability for CM and CLD synthesis by inducing intestinal FAQ.

4.4 Regulation of cytoplasmic lipid droplet (CLD) metabolism by signaling systems

4.4.1 Clock genes—cClock genes, which are expressed both centrally and peripherally, are
important for controlling behavioral and physiological patterns that follow a circadian
pattern (reviewed in [220]). In enterocytes, Clock genes help regulate the normal diurnal
pattern of TAG secretion (reviewed in [221]) and disruption of these genes dysregulates this
process. One example of this is NMocturnin (Noc), which is expressed along the length of the
small intestine, with highest levels in the proximal region [222]. Moc mRNA levels are
increased in response to an acute dietary fat challenge, and Moc-deficient mice are resistant
to diet-induced obesity [222]. In addition, NMoc-deficient mice exhibit a reduced postprandial
triglyceridemic response and a reduced CM secretion rate. Interestingly, Moc-deficient mice
accumulate more TAGs and CEs in enterocytes than wild-type mice, but do not have fat
malabsorption as determined by fecal lipid content. These mice also exhibit lower levels of
mRNA for genes involved in CLD storage (P/in2), lipid mobilization (Azg/), TAG synthesis
(Dgat2), and CM secretion (ApoalV) in response to an acute fat load, along with
significantly larger CLDs compared to wild-type mice. Overall, these results suggest that
Noc contributes to regulation of CLD metabolism in the enterocytes as well as dietary fat
absorption into circulation.

4.4.2 Hedgehog (Hh)—The Hedgehog (Hh) signaling pathway has an important
regulatory role in the embryonic development of the gastrointestinal tract and impacts
intestinal lipid metabolism [223]. Mice treated with an anti-Hh monoclonal antibody
beginning in utero exhibited increased CLD accumulation within enterocytes compared to
control mice, along with fat malabsorption [224]. This result suggests that CM synthesis and
secretion is inhibited and the decreased plasma ApoA-IV concentration resulting from Hh
inhibition is consistent with a decrease in CM secretion [224]. However, reduced CM
secretion was likely not due to altered ApoB or Mttp, as no change in serum ApoB levels or
in ApoB or Mttp mRNA levels in the small intestine were observed compared to control
mice. In order to determine if inhibition of Hh signaling has similar effects in adults as in
embryos, adult mice were chronically administered the same anti-Hh antibody [225]. A lack
of Hh signaling in adult mice prevents high fat diet-induced weight gain without changes in
food intake most likely due to more FAs excreted in feces in anti-Hh antibody treated mice
compared to controls. In addition, the TAG secretion rate in response to dietary fat was
reduced in these mice. Taken together, these results suggest that Hh signaling plays an
important role in intestinal lipid metabolism and affects CLD dynamics.

4.5 Regulation of cytoplasmic lipid droplet (CLD) metabolism by other factors

4.5.1 Superoxide dismutase 1 (SOD1)—Superoxide dismutase 1 (SOD1), the protein
that protects against reactive oxygen species by scavenging superoxide radicals [226], also
plays a role in CLD metabolism in the intestine. SodZ-deficient mice have increased CLD
accumulation in enterocytes after five weeks of high fat feeding compared to wild-type mice
[227]. In addition, they have a reduced peak in postprandial plasma TAG compared to wild-
type mice. SodI-deficient mice have reduced MTP activity compared to wild-type mice and
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thus the increase in enterocyte CLDs may be due to reduced CM synthesis and secretion.
Similar effects of Sod-1-deficiency were found for TAG secretion and storage by the liver.
The CLDs that accumulated in Sod-1-deficient hepatocytes were associated with impaired
lipophagy [228, 229]. Together these results show that SOD1 is important for normal TAG
secretion from and storage within enterocytes.

4.5.2 Intestinal alkaline phosphatase (IAP or Akp3)—Intestinal alkaline phosphatase
(IAP or Akp3) plays an essential role in intestinal homeostasis through a relationship with
food, gut microbiota and immune cells, and may regulate intestinal lipid metabolism
(reviewed in [230]). IAP dephosphorylates the endotoxin, lipopolysaccharide, which is
derived from gram negative bacteria in both the intestinal lumen and circulation. Due to this
activity, AP plays an important role in protection from sepsis during acute inflammation
and chronic inflammatory conditions such as inflammatory bowel disease. In addition, IAP
is known to be involved in dietary fat absorption and intestinal lipid metabolism [231]. For
example, 1AP release associates with CM secretion [232-234], but not formation [235], and
its levels correlate with ApoB48. Akp3-deficient mice gain weight faster than wild-type
mice and also have altered intestinal TAG transport. Akp3-deficient mice have reduced
amounts of CMs in Golgi after a dietary fat challenge compared to wild-type mice which is
consistent with an increased TAG secretion rate and earlier peak in postprandial plasma TAG
[231]. Inconsistent with this increase in TAG secretion, large CLDs were frequently
observed within enterocytes of Akp3-deficient mice, but not wild-type mice, seven hours
after a dietary fat challenge. The specific role of AP in intestinal lipid metabolism is
unclear, but its role in regulation of intestinal microbiota and inflammation may contribute to
these effects.

4.5.3 Gut microbiota—Emerging evidence show that gut microbiota and its interaction
with diet regulates intestinal lipid metabolism. The connection between gut microbiota, lipid
metabolism, and metabolic disorders is an active area of research and has been recently
reviewed [236]. The specific interaction between gut microbiota and intestinal lipid
metabolism is still unclear, however evidence suggests that the presence of gut bacteria
promote FA uptake and CLD formation in enterocytes of zebrafish [237]. The interaction
between gut microbiota and enterocytes is dependent on bacterial strain (Firmicute vs. non-
Firmicute bacteria) and dietary conditions (starved vs fed state). In the fed state for example,
Firmicutes promote FA uptake into enterocytes and storage in CLDs.

4.5.4 Cluster of differentiation 36 (CD36)—CD36 is a multi-ligand protein that is
expressed in the intestine and proposed to be involved in FA uptake as well as in CM
secretion via PCTVs (reviewed [238]). CD36-deficient mice have increased lipid in CLDs in
enterocytes of the proximal small intestine [239]; however, they do not have fat
malabsorption [239, 240]. In addition, they have a reduced TAG secretion rate and CM size
compared to control mice. This suggests that the accumulation of lipid in CLDs in this
model may be due to a reduced rate of TAG secretion on CMs.

4.5.5 Fatty acid transport protein 4 (FATP4)—FATP4 is a FA transporter present in
the small intestine, but it is not required for dietary fat absorption [241]. FATP4 deficient
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mice do not have fat malabsorption on a low or high fat diet and have no differences in TAG
secretion compared to control mice. On a high fat diet, FATP4 deficient mice have increased
intestinal lipid content compared to control mice. These findings suggest FATP4 plays a role
in, but is not essential for dietary fat absorption.

5. Identification of Novel Cytoplasmic Lipid Droplet (CLD) Associated

Proteins in Enterocytes

The storage and mobilization of TAG into and out of CLDs is thought to be regulated in part
by proteins which are embedded in or associated with the CLD monolayer. The methods to
identify these proteins have progressed from a targeted (protein by protein basis) to a global
proteomics approach (mass spectrometry), and have greatly expanded the number of
proteins known to associate with CLDs. The identification of novel CLD associated proteins
in the intestine has broadened the perception of the potential roles of CLDs in enterocytes.

5.1 Methods for identification of cytoplasmic lipid droplet (CLD) associated proteins in

enterocytes

CLD associated proteins are identified using targeted and global proteomics approaches.
Targeted approaches rely on previously generated information about proteins associated with
CLDs in other cell types. In general, a targeted approach relies on immunohistochemistry
and Western Blotting of isolated CLDs. Alternatively, a global proteomics approach allows
for the identification of proteins not previously recognized as CLD associated proteins using
tandem mass spectrometry. Whether targeted or global proteomics is used, identified
proteins need to be validated by microscopy techniques.

Targeted and global proteomics performed on isolated CLDs from enterocytes have some
limitations. The isolation of CLDs has been accomplished from multiple cell and species
types [242]. While the details of isolation protocols differ based on cell type and
experimental endpoint, the basis of the protocol is consistent. In short, cells are lysed using a
high sucrose buffer and CLDs are isolated from the cell homogenate using
ultracentrifugation. One important caveat of this crude isolation technique is the potential for
isolation of contaminating proteins and membranes which can nonspecifically adhere to the
CLD fraction during the isolation process. CLDs are known to tightly associate and interact
with other organelles, specifically the ER, peroxisomes, and mitochondria [243, 244].
Proteins on tightly associated membranes, or those that bridge the gap between CLDs and
associated organelles, may be identified in the analysis of isolated CLDs. One technique to
minimize the amount of contaminating proteins is washing the isolated CLD fraction. While
this washing process is effective at reducing potential contaminating proteins, it has also
been shown to reduce the amount of bona fide CLD proteins identified [245]. The potential
for identifying contaminating proteins in proteomics analyses emphasizes the need for
validation of CLD localization using microscopy techniques.

5.2 Proteins identified by targeted proteomics

5.2.1 Perilipins (PLINs)—The first proteins identified as associated with CLDs in
enterocytes were members of the PLIN family, perilipin 2 (Plin2, also adipocyte related
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protein (ADRP) or adipophilin)) and Plin3 (also Tip47) (Figure 2C) [246]. These proteins
were investigated because the PLIN family of proteins is well established to associate with
CLDs and regulate lipid storage and hydrolysis in many cell types [247]. Plin2 and Plin3 are
the only members of the family identified in intestine and are differentially expressed and
localize to CLDs in enterocytes based on specific dietary conditions. Plin3, an exchangeable
CLD associated protein, localizes to CLDs two hours after a 200 pl olive oil bolus, but
localizes only in the cytoplasm and is absent from CLDs during fasting, as well as in chronic
high-fat fed mice in the fed state, as determined by immunofluorescence microscopy [246].
In addition, Plin3 was identified by global proteomics of mouse CLDs two hours after a 200
ul olive oil bolus [97]. Interestingly, Plin2, a constitutive CLD associated protein, was not
detected on CLDs two hours after a 200 pl olive oil bolus, however it was present on CLDs
in chronic high-fat fed mice in the fed state, as determined by immunofluorescence
microscopy [246]. In addition, PLIN2 was identified of CLDs from Caco2 cells in response
to twenty four hours of lipid treatment by proteomics [125].

The role of Plin2 in dietary fat absorption was further investigated in a PlinZ-deficient mouse
model [248]. Plin2-deficient mice had increased fecal TAG content and decreased CLDs in
jejunum and ileum when fed either low-fat or high-fat diets compared to wild-type mice.
Although the effects of Plin2-deficiency on CM synthesis and secretion were not
investigated, these results indicate that Plin2 plays a role in dietary fat absorption, and Plin3
cannot fully compensate for the loss of Plin2 in this process.

5.2.2 Additional cytoplasmic lipid droplet (CLD) associated proteins—Several
additional proteins have also been identified as associated with CLDs isolated from the
duodenum section of the small intestine [23]. Mttp, acyl coenzymeA: cholesterol
acyltransferase 1 (Acatl), Acat2, Mgat2, Hsl, Atgl and Plin2 were all identified in the CLD
fraction isolated from enterocytes harvested four hours after a 200 pl sunflower oil bolus
containing 2% cholesterol. The identification of these proteins associated with the CLD
fraction highlight the complexity of CLD associated proteins and the need to use a global
proteomic approach to identify proteins that associate with CLDs.

identified by global proteomics

The proteomes of isolated CLDs derived from Caco-2 cells and mouse enterocytes have
been analyzed using a tandem mass spectrometery approach [97, 120, 125] and have been
previously reviewed [119]. These studies identified both known and novel CLD associated
proteins. Proteins were categorized based on their gene ontology into lipid related and non-
lipid related proteins. Within the lipid related category, proteins fall into various sub
groupings including: modifiers of FAs, PL synthesis enzymes, lipid transporters, and steroid
synthesis enzymes. Several of these proteins were confirmed on the CLD through imaging
techniques, including 3-beta-hydroxysteroid dehydrogenase (3BHS1) [249, 250], ACSL3
[250], ACSL5 [97], APOA-IV [97, 249], 17B-hydroxysteroid dehydrogenase type 2 (DHB2)
[250], and LPCAT?2 [249, 250]. It is currently unclear what function many of these proteins
serve on the CLD; however, the presence of these proteins can be used to generate several
intriguing hypotheses.
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5.4 Hypotheses generated by the identification of novel cytoplasmic lipid droplet (CLD)
associated proteins

Proteins may be present on CLDs for a variety of reasons including, but not limited to,
playing a functional role on CLDs, being stored or sequestered on CLDs, or mere
contamination resulting from the CLD isolation procedure. The identification of these
proteins as present on CLDs allows for the generation of interesting hypotheses. The specific
role of proteins on CLDs will be difficult to discern; however, since these proteins are often
localized to more than one cellular location.

5.4.1 Chylomicron (CM) associated proteins present on cytoplasmic lipid
droplets (CLDs) may have similar functions on CMs and CLDs and/or regulate
CM synthesis and secretion—Select proteins found associated with CLDs through
either global proteomic or targeted techniques are also known to associate with the CM
synthesis pathway. MTP [23, 97, 249, 250], APOA-IV [97, 249], APOE [249], and protein
disulfide isomerase [97, 249, 250] are all either known components of CMs or involved in
CM synthesis and have been identified on CLDs. Given the similarity of the composition of
CLDs and CMs (neutral lipid core surrounded by a PL monolayer and coat of proteins),
perhaps knowledge of their functions in CM synthesis and metabolism may be applied to
their role on the CLD.

In addition, the association of proteins recognized as CM associated proteins with CLDs
may indicate that localization to CLDs regulates their availability for functioning in CM
metabolism. For example, APOA-IV has been identified as associated with the CLD fraction
in proteomic analyses of enterocytes [97] and Caco-2 cells [249] and confirmed through
confocal microscopy and immuno-transmission electron microscopy, respectively. However,
the function of ApoA-IV on CLDs is unclear. ApoA-/V-deficient mice have altered CM size
and the CMs in the plasma are cleared more slowly than CMs from wild-type mice [251].
While the role of Apo-AlV on CLDs is unclear, one possibility is that CLDs serve as a
storage site for excess ApoA-IV.

5.4.2 The presence of proteins on cytoplasmic lipid droplets (CLDs)
potentially regulates the targeting of stored triacylglycerol (TAG) toward
specific metabolic fates—A variety of FA modifiers and regulators of steroid and PL
synthesis have been identified as associated with the CLD fraction of enterocytes. If these
proteins are functional on the CLDs, they have the potential for directing FAs and other lipid
species toward specific metabolic fates. One example of this is LPCAT2 (described in
section 2.3.2), which is responsible for FA remodeling on PLs. As described previously, PL
synthesis is important for CLD growth. On CLDs, LPCAT2 may play a role in directing FAs
to local PL synthesis and regulate CLD growth. Additionally, 3BHS1 [249, 250] and DHB2
[250], which are responsible for steroid synthesis, have been confirmed on the CLD. When
DHB2 is depleted using shRNA, an increase in TAG secretion is observed without altering
TAG storage in enterocytes or ApoB synthesis and secretion [250]. The role of 3BHS1 on
CLDs has not yet been determined. Furthermore, ACSL3 and ACSL5 have also been
identified and confirmed on the CLD. Interestingly, ACSL enzymes are thought to partition
acyl-CoAs toward specific metabolic fates [252]. Therefore, the presence of ACSL3 and
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ACSLS5 on the CLD may help channel FAs directed to or liberated from the CLD toward
fates such as FAO or complex lipid synthesis.

5.4.3 The presence of proteins on cytoplasmic lipid droplets (CLDs)
potentially regulates non-lipid related cellular processes—Some proteins found
associated with Caco-2 cell and mouse enterocyte CLD fractions are not associated with
known lipid related pathways. These proteins include various mitochondrial, ER, chaperone,
membrane trafficking, and carbohydrate metabolism related proteins. Non-lipid related
proteins have been identified in CLD proteomic profiles from multiple species and cell types
[97, 245, 253-259]. The identification of the roles of these non-lipid related proteins on the
CLD is currently an understudied and underexplored area of research within the field of
CLD biology.

6. Conclusions and perspectives

CLDs were once thought to be inert stores of neutral lipids, but are now recognized as
dynamic organelles that have functions beyond lipid metabolism [1, 2]. CLDs accumulate
within enterocytes in diseases where CM synthesis or secretion are inhibited, ultimately
resulting in fat malabsorption or steatorrhea due to the rapid enterocyte turnover. CLDs also
accumulate within enterocytes in response to consumption of high levels of dietary fat. In
this physiological condition; however, fat malabsorption or steatorrhea does not occur as the
CLDs increase after a meal and decrease with fasting in a time frame consistent with the
lifespan of an enterocyte. This review highlights mechanisms involved in the synthesis and
catabolism of CLDs, fates of lipid stored within CLDs, as well as factors proposed to
regulate CLD metabolism either directly or indirectly through effects on CM synthesis and
secretion. CLDs in enterocytes likely contribute to the highly efficient absorption of dietary
fat, preventing free FA toxicity in enterocytes and regulating the rate of TAG appearance in
blood. In addition, CLDs may contribute to energy needs of enterocytes, as well as serve as a
storage pool of lipid signaling molecules. Whether or not CLDs affect other functions of
enterocytes such as absorption of other nutrients, barrier function, or turnover remains
unclear. Future studies will be necessary to better understand the role of CLDs in intestinal
lipid metabolism and the process of dietary fat absorption.
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Abbreviations
APO
apolipoprotein

ACS
acyl-CoA synthetase

ACSL
acyl-CoA synthetase, long chain

ACAT
acyl-CoA:cholesterol acyltransferase

AGPAT
acylglycerophosphate acyltransferase

ATGL
adipocyte triglyceride lipase

3BHS1
3-beta-hydroxysteroid dehydrogenase

CCT
phosphocholine cytidylyltransferase

CD36
cluster of differentiation 36

CE
cholesteryl ester

CM
chylomicron

CIDE
cell death inducing DFF45-like effector

CGI-58
comparative gene identification-58
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CLD
cytoplasmic lipid droplet

COPII
coat protein complex Il

DAG
diacylglycerol

DHB2
17B-hydroxysteroid dehydrogenase type 2

DGAT
acyl-CoA:diacylglycerol acyltransferase

DIO
diet-induced obesity

FA
fatty acid

FAO
fatty acid oxidation

FATP4
fatty acid transport protein 4

FIT
fat storage-inducing transmembrane protein

GPAT
glycerol phosphate acyltransferase

G3P
glycerol-3-phosphate

HH
Hedgehog

HNFa
hepatocyte nuclear factor alpha

HSL
hormone sensitive lipase

IAP or Akp3
ilntestinal alkaline phosphatase

LXR or Nrlh3
Liver X receptor
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LLDs
lumenal lipid droplets

LPCAT
lysophosphatidylcholine acyltransferase

LAL
lysosomal acid lipase

MTP or Mttp
microsomal triglyceride transfer protein

LC3
microtubule-associated protein 1A/1B-light chain 3

MAG
monoacylglycerol

MGAT or Mogat
acyl-CoA:monoacylglycerol acyltransferase

MGL
monoacylglycerol lipase

PLIN
perilipin
PPARa

peroxisome proliferator-activated receptor alpha

PC
phosphatidylcholine

PL
phospholipid

PL81
Pluronic L81

SAR1B GTPase Secretion associated
Ras related 1B GTPase

SNARE
soluble NSF attachment receptor

SOD1
superoxide dismutase 1

TAG
triacylglycerol
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PCTV
pre-chylomicron transport vesicle
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Highlights

Cytoplasmic lipid droplets (CLDs) were once thought to be inert stores of
neutral lipids, but are now recognized as dynamic organelles that have
functions in cells beyond lipid metabolism

CLDs accumulate within enterocytes in diseases where chylomicron synthesis
or secretion are inhibited, ultimately resulting in fat malabsorption.

CLD abundance increases and then decreases over time in enterocytes after
consumption of high levels of dietary fat.

CLD:s in enterocytes likely contribute to the highly efficient absorption of
dietary fat, preventing free FA toxicity in enterocytes and regulating the rate
of triacylglycerol appearance in blood.

The metabolism of CLDs within enterocytes remains unclear; however, recent
discoveries are beginning to provide information about the synthesis and
catabolism of CLDs and their role in the absorption of dietary fat.
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Figure 1. Transmission electronic micrographs of enterocytes during active dietary fat
absorption

(A) An ultrastructural overview of enterocytes from the jejunum section of a wild-type
C57BL6 male mouse, two hours after an oral gavage of 200 pl olive oil. At this time, TAG is
directed to one of the subcellular pools and either stored in CLDs @ or packaged in CMs
for secretion. CMs are synthesized and enlarged in the lumen of ER @), then transported to
the cis-Golgi ® and Golgi-derived secretory vesicles ® for secretion from enterocytes @.
(B) CLDs have cores of neutral lipids (TAGs and CEs) surrounded by a phospholipid
membrane monolayer. (C) TAG is present within a phospholipid membrane bilayer of
smooth ER. (D) TAGs are present within the Golgi apparatus. (E) CMs are carried by
secretory vesicles (black arrows) and eventually secreted into the intercellular space
(asterisk).
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Figure 2.

(A) Molecular mechanisms of dietary fat absorption within enterocytes. Triacylglycerol
(TAG) is hydrolyzed in the lumen of the gastrointestinal tract by lipases, generating fatty
acids (FAs) and 2- monoacylglycerol (MAG). These digestive products are taken up by
enterocytes. The FAs are primarily activated to fatty acyl-CoAs by acyl-CoA synthetase
(ACS) activity and utilized for TAG re-synthesis through the acyl-CoA:monoacylglycerol
acyltransferase (MGAT) pathway. The first step involves the synthesis of diacylglycerol
(DAG) from 2-MAG and a fatty acyl-CoA by MGAT activity. The second, final step
involves the synthesis of TAG from DAG and a fatty acyl-CoA by acyl-CoA:diacylglycerol
acyltransferase (DGAT) activity. The synthesized TAG within ER membrane bilayer is
trafficked towards either the cytoplasm for cytoplasmic lipid droplet (CLD) synthesis or the
ER lumen for chylomicron (CM synthesis). (B) Mechanism and proteins involved in CM
synthesis. CMs are made by a two-step pathway within the ER. The first step is the
synthesis of primordial CMs, as neutral lipids are packaged on apolipoprotein B48
(ApoB48). The second step is the expansion of the CM core by adding neutral lipids from
ApoB-free lumenal lipid droplets (LLDs). The activity of microsomal triglyceride transfer
protein (MTP) is essential for the synthesis of primordial CMs and for CM growth in the ER
lumen. Pre-CMs exit the ER and are transported to the Golgi for further processing via a
prechylomicron transport vesicle (PCTV) containing a coat protein complex 11 (COPI]I).
SAR1B, one of the core components of COPII complex, initiates PCTV budding from ER
and directs PCTV to Golgi. CMs are eventually released from the basolateral side of the
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enterocyte by Golgi-derived secretory vesicles. (C) Mechanisms and proteins involved in
enterocyte CLD synthesis and growth. The most accepted model of CLD synthesis is
budding of excess TAG from the smooth ER membrane bilayer with specific proteins
involved in the process. Multiple proteins are identified on CLDs and shown to mediate local
CLD growth. Lysophosphatidylcholine acyltransferase 2 (LPCAT2) synthesizes
phosphatidylcholine, MGAT2 synthesizes DAG, and ACSLs synthesize fatty acyl-CoAs,
providing lipids substrates for CLD growth. PLINSs stabilize CLD structure. Cell death
inducing DFF45-like effector B (CIDEB), fat storage-inducing transmembrane protein 2
(FIT2) and ATLASTIN-1 are also shown to regulate CLD size. (D) Mechanisms and
proteins involved in enterocyte CLD catabolism. Cytoplasmic lipolysis and lipophagy are
two identified mechanisms of CLD catabolism. The lipases contributing to these two
pathways are present in enterocytes. In cytoplasmic lipolysis, adipocyte triglyceride lipase
(ATGL) (with its co-activator comparative gene identification-58 (CGI-58)), hormone
sensitive lipase (HSL), and MAG lipase (MGL) sequentially cleave FAs from the glycerol
backbone of TAG by hydrolyzing ester bonds. In lipophagy, CLDs are selectively targeted
and sequestered within autophagosomes and then transported to the lysosome where they are
hydrolyzed by lysosome acidic lipase (LAL). The FAs released from CLDs in enterocytes
may serve as substrates for re-esterification of TAG, PL, and CE for secretion on
lipoproteins or membrane synthesis, fatty acid oxidation (FAQ), or serve roles as signaling
molecules.

Biochim Biophys Acta. Author manuscript; available in PMC 2017 August 01.



	Abstract
	Graphical abstract
	1. Dietary Fat Absorption - Overview
	1.1 Triacylglycerol (TAG) digestion and uptake of fatty acids (FAs) and monoacylglycerol (MAG) by enterocytes
	1.2 Triacylglycerol (TAG) synthesis and packaging in enterocytes
	1.3 Packaging and hydrolysis of triacylglycerol (TAG) in chylomicrons (CMs)
	1.4 Packaging and hydrolysis triacylglycerol (TAG) in cytoplasmic lipid droplets (CLDs)
	1.5 Systems for investigating dietary fat absorption

	2. Chylomicron (CM) and Cytoplasmic Lipid Droplet (CLD) Synthesis in Enterocytes
	2.1 Triacylglycerol (TAG) synthesis for the generation of chylomicrons (CMs) and cytoplasmic lipid droplets (CLDs) in enterocytes
	2.1.1 Acyl-CoA:monoacylglycerol acyltransferase (MGAT or Mogat) pathway
	2.1.2 Glycerol-3-phosphate (G3P) pathway
	2.1.3 Final, committed step of both pathways, acyl-CoA:diacylglycerol acyltransferase (DGAT) activity
	2.1.3.1 Acyl-CoA:diacylglycerol acyltransferase 1 (DGAT1)
	2.1.3.2 Acyl-CoA:diacylglycerol acyltransferase 2 (DGAT2)


	2.2 Chylomicron (CM) synthesis and secretion from enterocytes
	2.2.1 Apolipoprotein B (APOB)
	2.2.2 Microsomal triglyceride transfer protein (MTP)
	2.2.3 SAR1B GTPase

	2.3 Cytoplasmic lipid droplet (CLD) synthesis and growth in enterocytes
	2.3.1 Proposed models of cytoplasmic lipid droplet (CLD) synthesis
	2.3.2 Proposed models of cytoplasmic lipid droplet (CLD) growth
	2.3.3 Other factors involved in cytoplasmic lipid droplet (CLD) synthesis and growth in enterocytes
	2.3.3.1 Fat storage-inducing transmembrane protein 2 (FIT2)
	2.3.3.2 Atlastin-1
	2.3.3.3 Cell death inducing DFF45-like effector B (CIDEB)



	3. Cytoplasmic Lipid Droplet (CLD) Catabolism in Enterocytes
	3.1 Cytoplasmic triacylglycerol (TAG) lipolysis
	3.1.1 Adipocyte triacylglycerol lipase (ATGL)
	3.1.2 Comparative gene identification-58 (CGI-58)
	3.1.3 Hormone sensitive lipase (HSL)
	3.1.4 Monoacylglycerol lipase (MGL)

	3.2 Autophagy/Lipophagy
	3.2.1 Lysosomal acid lipase (LAL)

	3.3 Fates and functions of fatty acids (FAs) released from cytoplasmic lipid droplets (CLDs) in enterocytes
	3.3.1 Re-esterification for lipoprotein or membrane synthesis
	3.3.2 Fatty acid oxidation (FAO)
	3.3.3 Signaling


	4. Regulation of Cytoplasmic Lipid Droplet (CLD) Metabolism in Enterocytes
	4.1 Regulation of cytoplasmic lipid droplet (CLD) metabolism by dietary factors
	4.1.1 High-fat diet-induced obesity (DIO)
	4.1.2 Dietary glucose
	4.1.3 Oral fat exposure

	4.2 Regulation of cytoplasmic lipid droplet (CLD) metabolism by hormones
	4.2.1 Leptin
	4.2.2 Glucagon-like peptide 2 (GLP-2)

	4.3 Regulation of cytoplasmic lipid droplet (CLD) metabolism by transcription factors
	4.3.1 Liver X receptor (LXR)
	4.3.2 Hepatocyte nuclear factor alpha (HNFα)
	4.3.3 Peroxisome proliferator alpha (PPARα)

	4.4 Regulation of cytoplasmic lipid droplet (CLD) metabolism by signaling systems
	4.4.1 Clock genes
	4.4.2 Hedgehog (Hh)

	4.5 Regulation of cytoplasmic lipid droplet (CLD) metabolism by other factors
	4.5.1 Superoxide dismutase 1 (SOD1)
	4.5.2 Intestinal alkaline phosphatase (IAP or Akp3)
	4.5.3 Gut microbiota
	4.5.4 Cluster of differentiation 36 (CD36)
	4.5.5 Fatty acid transport protein 4 (FATP4)


	5. Identification of Novel Cytoplasmic Lipid Droplet (CLD) Associated Proteins in Enterocytes
	5.1 Methods for identification of cytoplasmic lipid droplet (CLD) associated proteins in enterocytes
	5.2 Proteins identified by targeted proteomics
	5.2.1 Perilipins (PLINs)
	5.2.2 Additional cytoplasmic lipid droplet (CLD) associated proteins

	5.3 Proteins identified by global proteomics
	5.4 Hypotheses generated by the identification of novel cytoplasmic lipid droplet (CLD) associated proteins
	5.4.1 Chylomicron (CM) associated proteins present on cytoplasmic lipid droplets (CLDs) may have similar functions on CMs and CLDs and/or regulate CM synthesis and secretion
	5.4.2 The presence of proteins on cytoplasmic lipid droplets (CLDs) potentially regulates the targeting of stored triacylglycerol (TAG) toward specific metabolic fates
	5.4.3 The presence of proteins on cytoplasmic lipid droplets (CLDs) potentially regulates non-lipid related cellular processes


	6. Conclusions and perspectives
	References
	Figure 1
	Figure 2

