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cell membranes. The biosynthesis of TAG thus serves 
many physiological functions. Because it is highly reduced 
and anhydrous, TAG is the primary energy substrate stored 
in adipose tissues to sustain animals during fasting. TAG is 
also synthesized in the liver for the assembly and secretion 
of VLDL to transport neutral lipids to other tissues, as well 
as in the mammary gland for the formation of milk fat 
globules to deliver fatty acids and other lipid-soluble nutri-
ents to mammalian neonates. 

 In the intestine, TAG synthesis is prominent for its role 
in the absorption of dietary fat ( 2, 3 ). TAG forms the bulk 
of animal fats and plant oils. It accounts for approximately 
95% of dietary fat, depending on the food sources, with 
the rest as phospholipids and trace amounts of sterols, 
lipid-soluble vitamins, and other lipophilic components. 
Because of its hydrophobicity, TAG does not traverse the 
cellular membrane. Its absorption involves hydrolysis to 
fatty acids and monoacylglycerol (MAG) in the intestinal 
lumen, lipid uptake by the enterocytes, resynthesis of TAG, 
and assembly and secretion of ApoB-containing chylomi-
crons for delivery of TAG and other lipid-soluble nutri-
ents. Like with most nutrients, the absorption of TAG 
occurs mostly in the proximal half of the intestine and less 
so in the distal intestine, where specifi c compounds, such 
as bile acids and vitamin B12, are absorbed. The activity of 
TAG synthesis coincides with the absorption of dietary fat 
along the length of the intestine, and it is more active in 
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 Triacylglycerol (triglyceride; TAG) is an inert storage 
and transport molecule of fatty acids ( 1 ). Whereas fatty 
acids are crucial substrates for fueling metabolism and 
forming membrane phospholipids, they can trigger meta-
bolic signaling and their detergent-like property can disrupt 
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of relatively lipid-poor VLDL-sized particles secreted during 
fasting ( 11–17 ). 

 The uptake of fatty acids generated from digestion in 
the lumen is mediated through passive diffusion and pro-
tein-facilitated processes ( 18–20 ). The acidic microenvi-
ronment of the unstirred water layer coating the brush 
border membrane of enterocytes is conducive for taking 
up a large amount of fatty acids through “fl ip-fl op” across 
the plasma membrane, which may be independent or be 
part of protein-facilitated fatty acid uptake ( 21 ). While the 
role of proteins in facilitating fatty acid uptake is well-doc-
umented, whether they function as classic transmembrane 
transporters is controversial. For example, fatty acid trans-
port protein (FATP)4 is a member of the SCL27A gene 
family thought to transport long-chain fatty acids. It shares 
sequence homology with the acyl-CoA synthetase (ACSL) 
family and is expressed intracellularly. FATP4 likely facili-
tates fatty acid uptake by trapping fatty acids as fatty acyl-
CoAs ( 22 ). In mice, FATP4 is crucial for lipid homeostasis 
in the skin but its role in intestinal lipid absorption is dis-
pensable ( 23 ). Likewise, a fatty acid binding protein 
(FABP) associated with the plasma membrane on the mi-
crovilli of the intestine has been reported ( 24 ). The pro-
tein appears to be identical to the mitochondrial aspartate 
aminotransferase ( 25, 26 ), and its role in intestinal fatty 
acid uptake is not yet proven. 

 Cluster of differentiation (CD36 or fatty acid translo-
case), a transmembrane protein with a broad ligand speci-
fi city, is another protein facilitating fatty acid uptake and 
is highly expressed on the brush border membrane of villi 
in the proximal intestine   ( 20, 27 ). Its role in facilitating 
fatty acid uptake and directing fatty acids for chylomicron 
production is well-established in animal and human stud-
ies ( 28 ). However, the mechanisms for its functions seem 
multifactorial. Recent studies suggest that CD36 is in-
volved in sensing long-chain fatty acids and may regulate 
fat absorption at various stages, including the release of 
two gut hormones, secretin and cholecystokinin ( 29 ). 
Overexpression of CD36 facilitates fatty acid uptake by in-
creasing TAG synthesis, but not fatty acid transport across 
the plasma membrane, in a cultured cell study ( 30 ). Thus, 
whether CD36 functions as a major fatty acid transporter 
in the intestine is questionable. CD36-mediated fatty acid 
uptake in adipocytes requires its localization to the lipid 
rafts on the plasma membrane ( 31 ). More recently, the 
lipid raft protein caveolin-1 has been shown to mediate 
intestinal fatty acid uptake using mice defi cient in the pro-
tein ( 32 ). This series of observations supports the interesting 
hypothesis that lipid rafts on the brush border membranes 
and endocytotic vesicles mediate intestinal fatty acid up-
take and transport them to the endoplasmic reticulum 
(ER), where TAG is synthesized. 

 The intestinal brush border membrane can take up 
MAG from digested fat through passive diffusion ( 33 ). A 
protein transporter for MAG has also been proposed, as 
MAG uptake can be saturated ( 34 ). The transporter, if it 
exists, is shared by MAG and fatty acids, because MAG (but 
not glycerol, DAG, or TAG) can competitively suppress 
fatty acid uptake ( 34, 35 ). The identity of such a transporter 

the differentiated absorptive enterocytes populating the 
upper villi than in the progenitor cells in the crypts ( 4 ). 

 The assimilation of dietary TAG is remarkably effi cient, 
partly because the absorption is near complete even when 
intake is high ( 5, 6 ). The metabolic costs of processing fat, 
including the conversion to body fat, are also low com-
pared with carbohydrate and protein; thus, dietary fat has 
a lower thermic effect, the increase in energy expenditure 
after consumption, than the other two energy-yielding nu-
trients ( 7, 8 ). In addition, the hydrolysis products of di-
etary TAG trigger enteroendocrine and neural signals to 
coordinate systemic metabolism. Therefore, TAG synthe-
sis is integral to the pivotal roles played by the intestine: 
the portal for dietary nutrients, a producer of TAG-rich li-
poproteins, and an endocrine and neural organ that sig-
nals current nutritional status to regulate metabolism  . 
Consequently, intestinal TAG synthesis can contribute to 
excessive accumulation of TAG in tissues, a hallmark of 
obesity and related pathologies including insulin resis-
tance, diabetes, and hepatic steatosis. 

 Over the last two decades, genes encoding many of the 
enzymes involved in the synthesis of TAG have been iden-
tifi ed, including acyl-CoA:monoacylglycerol acyltransfer-
ase (MGAT) and acyl-CoA:diacylglycerol acyltransferase 
(DGAT) ( 1, 9, 10 ). Studies manipulating these genes in 
animal models have generated many insights into their 
physiological functions. The goal of this review is to provide 
an overview of TAG synthesis in the intestine, focusing on 
recent fi ndings supporting the idea that limiting the rate of 
TAG synthesis in the proximal intestine alters the kinetics 
of fat absorption and modulates systemic energy balance. 

 PROCESSING OF SUBSTRATES FOR INTESTINAL 
TAG SYNTHESIS 

 Intestinal TAG synthesis occurs mainly after meals, as the 
primary source of substrates for intestinal TAG synthesis are 
digested fats taken up from the apical membranes of en-
terocytes ( 2 ). After ingestion, partial digestion, and emulsi-
fi cation with bile, TAG is primarily hydrolyzed by pancreatic 
lipase in the proximal intestine. Pancreatic lipase, like other 
related lipases including lipoprotein lipase, hepatic lipase, 
and endothelial lipase, exhibits preference for ester bonds 
at the  sn -1 and  sn -3 positions, which leads to production of 
fatty acids and  sn -2 MAG. After digestion in the intestinal 
lumen, TAG resynthesis occurs in the enterocytes. The rate 
of TAG synthesis fl uctuates based on the availability of fatty 
acid substrates. In contrast, the biosynthesis of phospholip-
ids is constitutive and tightly coordinated with the produc-
tion of cellular membranes. In the intestine, phospholipid 
synthesis increases upon feeding to form the monolayer 
covering the surface of intracellular lipid droplets and se-
cretory lipoproteins. In addition to dietary fatty acids taken 
up from the apical membranes, fatty acids can be de novo 
synthesized in enterocytes and plasma fatty acids can be 
taken up through basolateral membranes. Fatty acids from 
the latter two sources are used more for phospholipid mem-
brane synthesis, oxidation as fuel, or TAG synthesis as part 
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 Enzymes involved in major TAG synthesis pathways are 
dependent on long-chain acyl-CoA for acyl groups ( 22 ), 
not fatty acids. Thirteen ACSLs have been identifi ed that 
activate long-chain fatty acids (16 or more carbons) by 
thioesterifi cation of the carboxyl group with CoA. Among 
them, ACSL5 is most highly expressed in the intestinal 
mucosa. A recent study of mice defi cient in ACSL5 found 
a reduction in total ACSL activity by 60% in the intestine. 
Surprisingly, no differences were found in fat absorption 
after a challenge of olive oil gavage, or in weight gain in-
duced by high-fat feeding ( 48 ). The functions of ACSL5 
likely can be compensated for by other ACSLs also ex-
pressed in the intestine. 

 ENZYMATIC PATHWAYS MEDIATING INTESTINAL 
TAG SYNTHESIS 

 The enzymatic activities catalyzing the biosynthesis of 
TAG have been elucidated since the 1950s (  Fig. 1  ) ( 49–52 ).  
Two major pathways for TAG synthesis in mammals use ei-
ther glycerol-3-phosphate (G3P) or MAG as the initial acyl 
acceptor. Both pathways use fatty acyl-CoA thioesters as do-
nors of acyl groups ( 53, 54 ), and they converge on the fi nal 
acylation step ( 9 ). In most tissues, the biosynthesis of TAG is 
mainly mediated by the G3P pathway, in which DAG is pro-
duced from G3P after two acylation steps and the removal 
of phosphate. This series of reactions is catalyzed sequen-
tially by three enzymes: G3P acyltransferase (GPAT), 1-acyl-
glycerol-3-phosphate acyltransferase (AGPAT; also known 
as lysophosphatidic acid acyltransferase or LPAAT), and 
phosphatidic acid (PA) phosphatase (PAP or lipin). The 
G3P pathway also generates precursors for major glycero-
phospholipids ( 50 ), forming all cellular membranes. In the 
intestine with prolonged digestion, pancreatic lipase and 
several other lipases can convert MAG to fatty acids and 
glycerol. In the absence of MAG, these fatty acids are resyn-
thesized through the G3P pathway. 

 The MAG pathway, using MAG for the biosynthesis of 
DAG and then TAG, is most prominent in the intestine 
and features the activity of MGAT ( 55–58 ). As MAG is 
mostly a hydrolysis product of TAG, MGAT activity is 
thought to be important only when recycling of degraded 
TAG is active, as is the case of intestinal fat absorption. 

is not known. Interestingly, in genetically engineered mice 
expressing different levels of MGAT2 in the intestine, the 
levels of MGAT activity determine the rate of MAG, but 
not fatty acid, uptake from the lumen into enterocytes in a 
cell-autonomous manner ( 36, 37 ). These fi ndings suggest 
that MGAT-mediated esterifi cation may facilitate MAG up-
take by trapping MAG for DAG/TAG synthesis, consistent 
with the idea that intracellular metabolism promotes sub-
strate uptake. They also suggest that the uptake of MAG 
can be uncoupled from that of fatty acids. 

 After crossing the brush border membrane, the hydro-
phobic fatty acids and MAG are carried across the aqueous 
cytosol to the ER. Intracellular FABPs may serve as the car-
riers ( 38 ). Two FABPs are highly expressed in the proxi-
mal intestine: liver-type FABP (LFABP or FABP1), which is 
also expressed in the liver and kidney, and intestine-type 
FABP (IFABP or FABP2), which is more tissue-specifi c 
( 39 ). In addition to their disparate expression patterns, 
they also have different structures and ligand binding 
properties ( 40 ). LFABP also binds other hydrophobic li-
gands, including MAG and acyl-CoA ( 41, 42 ), and can me-
diate the budding of prechylomicron transport vesicles 
from the ER ( 43 ). Studies using mice defi cient in either 
FABP support the proposition that IFABP channels fatty 
acids for TAG synthesis, while LFABP channels MAG for 
TAG synthesis and may be involved in fatty acid oxidation 
( 41 ). These mice do not show overt fat malabsorption, in-
dicating that either these FABPs play minor roles in fat 
absorption or their functions in the process can be com-
pensated for when they are absent. Upon high-fat feeding, 
mice lacking IFABP showed increased energy expenditure 
and less weight gain, while mice lacking LFABP showed a 
propensity to gain weight in a recent study ( 44 ). Other 
studies, however, found male mice lacking IFABP had 
greater liver mass and gained more weight under high-fat 
feeding than wild-type control mice did ( 45, 46 ), and mice 
lacking LFABP were protected against obesity and hepatic 
steatosis induced by diet without malabsorption of dietary 
fat ( 47 ). The strain and sex of mice, fatty acid profi les of 
the experimental diets, and other environmental factors 
could contribute to the discrepancies, but the differences 
in fi ndings remain to be resolved. Nonetheless, these fi nd-
ings are consistent with the idea that FABPs have different 
physiological roles that are indispensable. 

  Fig.   1.  Two major TAG synthesis pathways that use 
either MAG or G3P as the initial acyl acceptor.   
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activity has also been characterized in the liver of neona-
tal rodents and in the adipose tissues of migrating birds 
( 68, 69 ). The three known MGATs encoding genes, 
named  MOGAT1 ,  MOGAT2 , and  MOGAT3 , were identi-
fi ed through their sequence homology with DGAT2 
(note: the gene name  MGAT  has been used for an en-
zyme unrelated to TAG metabolism) ( 67 ). All three 
MGAT enzymes (MGAT1, -2, and -3) have been localized 
to the ER ( 63–65 ) using tagged and overexpressed en-
zymes. In cell free assays, they exhibit MGAT activity with 
broad substrate specifi cities toward long-chain fatty acyl-
CoA and MAGs. However, they show varying degrees of 
DGAT activity; MGAT2 appears to be the most specifi c 
MGAT among the three, while MGAT3 exhibits more 
DGAT activity when MAG substrate concentration is low 
( 64, 65, 70 ). They also differ in tissue expression pat-
terns. In mice, MGAT1 expression is high in the stomach 
and kidney and is detectable in the liver, uterus, and adi-
pose tissues but not in the intestine ( 63 ). A similar tissue 
expression pattern was found in humans but the levels 
seem very low. MGAT2, in contrast, is highly expressed in 
both mouse and human intestine. In mice, MGAT2 is al-
most intestine specifi c with low levels expressed in the 
kidney and adipose tissues. In humans, it is also highly 
expressed in the stomach, liver, and kidney, and has been 
found in mammary glands and adipose tissues ( 64, 71 ). 
Corresponding to the location of fat absorption, MGAT2 
expression is higher in the proximal than in the distal 
intestine and higher in villi than in crypts ( 72 ). The ex-
pression is induced by high-fat feeding, further support-
ing its role in fat absorption. MGAT3 is expressed in 
human intestine, most highly in the ileum ( 70 ), but is a 
pseudogene and not expressed in mice ( 73 ). 

 MGAT2 appears to be a major murine intestinal MGAT. 
Mice with a global deletion of the coding gene ( Mogat2   � / �  ) 
and mice with an intestine-specifi c deletion ( Mogat2 IKO  ) 
exhibit signifi cantly lower intestinal MGAT activity than 
their littermate controls by more than 60% in cell free as-
says ( 36 ). The ability of their intestines to esterify MAG 
injected into ligated intestinal pouches is also reduced 
by 90%, illustrating the predominant role of intestinal 
MGAT2 in catalyzing the esterifi cation process. Reintro-
ducing MGAT2 in the intestine of mice globally defi cient 
in MGAT2 restores the ability to convert MAG to DAG and 
TAG ( 37 ). Interestingly, as discussed in the previous sec-
tion, the ability to esterify MAG determines the amount of 
MAG, but not fatty acids, taken up by the intestinal mu-
cosa, suggesting that MGAT may facilitate the uptake of 
MAG in a manner similar to how ACSL facilitates the up-
take of fatty acids. 

 In addition to MGAT3, which is not expressed in mice, 
there are several candidates for additional intestinal MGATs. 
For example, both DGAT1 (as discussed below) as well as 
the lysophosphatidylglycerol acyltransferase, LPGAT1, ex-
hibit MGAT activity in cell free assays and are highly ex-
pressed in the intestine in both humans and mice ( 74–76 ). 
However, at least in mice, they are insuffi cient to compen-
sate for the physiological functions of MGAT2 as discussed 
in later sections. 

During postprandial states when fatty acids and MAG are 
taken up by the enterocytes, the MAG pathway accounts 
for more than 75% of TAG synthesis in the intestine ( 59 ). 
The MAG pathway likely enables the enterocytes to pro-
cess the massive infl ux of substrates after a fatty meal, con-
tributing to the effi ciency of fat absorption. MGAT may 
also facilitate the absorption of the fatty acyl group on the 
 sn -2 position of MAG. For example, MGAT may be particu-
larly important for the ability of human infants to absorb 
the long-chain saturated palmitate, which is mostly located 
at the  sn-2  position of TAG in breast milk ( 60 ). 

 Shared by the G3P and MAG pathways, the fi nal and 
committed step for TAG synthesis is catalyzed by DGAT, 
converting DAG generated from either pathway to TAG. 
Though the two TAG synthesis pathways have been consid-
ered separate, these pathways may connect at the level of 
2-MAG through acylation/deacylation cycles, especially in 
hepatocytes and enterocytes, where TAG is synthesized for 
assembly and secretion of ApoB-containing lipoproteins 
( 51, 61 ). In addition to DGAT, an acyl-CoA-independent 
DAG transacylase activity, in which two molecules of DAG 
are converted to TAG and MAG, has been reported in rat 
intestine ( 62 ). This represents a third TAG synthesis path-
way. The gene coding for an intestinal DAG transacylase 
has not been identifi ed. 

 GENES ENCODING INTESTINAL TAG SYNTHESIS 
ENZYMES 

 Many genes encoding enzymes involved in TAG synthe-
sis pathways have been cloned and identifi ed through 
their sequence similarity to known acyltransferases ( 1, 9 ). 
The identifi cation of these genes greatly advanced the 
fi eld. It is now evident that two or more enzymes that may 
or may not share sequence homology can catalyze each 
step of the TAG synthesis pathway. For example, three ho-
mologous genes have been identifi ed as MGATs ( 63–65 ), 
while two unrelated genes code for the two known DGATs 
( 66, 67 ). In the G3P pathway, four GPATs, three AGPATs, 
and three PAPs have been identifi ed. These enzymes may 
have different catalytic properties, subcellular localization, 
and regulation. They are often expressed in many tissues, 
while the expression levels vary widely. On the other hand, 
many tissues, especially those active in TAG synthesis, of-
ten express more than one isoform of these enzymes. 
Many of these enzymes may be able to compensate for the 
absence of others to some extent. However, studies ma-
nipulating the expression of these genes in rodents have 
revealed that, in many cases, they are not completely re-
dundant and may play indispensable roles in specifi c phys-
iological processes. 

 MGAT2 MEDIATES THE INTESTINAL 
MAG PATHWAY 

 MGAT is best known for catalyzing intestinal TAG syn-
thesis during the absorption of dietary fat, though the 
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found in the intestine. Whether any of them play an indis-
pensable role in intestinal TAG synthesis is yet to be 
explored. 

 GPAT initiates the pathway by catalyzing the acylation of 
G3P to form 1-acyl-G3P (lysophosphatidic acid). Of the 
four isoforms identifi ed, GPAT1 and -2 are localized to the 
mitochondrial membrane, whereas GPAT3 and -4 (origi-
nally named AGPAT8 and -6, respectively, due to sequence 
homology with AGPATs) are localized to the ER mem-
brane. Both of the ER-associated GPATs are expressed in 
mouse and human intestine, with GPAT3 showing a higher 
mRNA copy number than GPAT4 in mice ( 91 ). 

 AGPAT catalyzes the second acylation to produce PA 
and has numerous candidate genes ( 92 ). APGATs 1–3 
have been conclusively shown to have activity, and all are 
found in the intestine. PAP catalyzes the removal of phos-
phate to produce DAG ( 93 ). Three cytosolic mammalian 
PAPs (also named lipins) have been identifi ed that can 
translocate to the ER to hydrolyze PA produced by AGPAT, 
and are not related to the plasma membrane-associated 
PA phosphatases. Among them, lipin 3 is most highly ex-
pressed in the intestine. Its role in intestinal TAG metabo-
lism is yet to be explored. 

 DESTINATIONS OF TAG SYNTHESIZED IN THE 
INTESTINE 

 All of the TAG synthesis enzymes have been localized to 
the ER, where synthesis occurs ( 94 ). The end product is 
thought to release into the phospholipid bilayer (  Fig. 2  )  
( 95 ). In most cells, the growing lens of TAG between ER 
membrane bilayers partitions into the cytosol. TAG forms 
the core of cytosolic lipid droplets, coated with a mono-
layer of phospholipids and associated proteins, such as 
perilipins, that may regulate TAG metabolism ( 96, 97 ). In 
enterocytes, TAG partitions into the lumen of the ER, 
where it is assembled into the neutral lipid core of chylo-
microns, coated with polar lipids and apolipoproteins. 
The assembly of chylomicrons is likely through a similar 
two-step process described for VLDL assembly in hepato-
cytes ( 98 ). In the initial step, the microsomal TAG transfer 
protein (MTP) incorporates lipids into ApoB, which pre-
vents the degradation of ApoB during its translation and 
forms the nascent prechylomicrons ( 20, 98 ). MTP also 
transfers TAG to form ApoB-free lipid droplets in the ER 
lumen ( 99 ). In the second step, prechylomicrons are 
transported from the ER to the Golgi apparatus and the 
rest of the secretory pathway ( 100 ). Chylomicrons mature 
after incorporating more neutral lipids and exchangeable 
apolipoproteins, such as ApoAIV ( 101 ). They are exported 
through the basolateral membrane and enter the lym-
phatic system and subsequently the blood stream, bypass-
ing the liver. Chylomicrons deliver TAG for storage or for 
use as fuel in the peripheral tissues. Before uptake, TAG 
needs to undergo lipolysis within blood vessels. LPL an-
chored in the capillaries is the key regulator of this process 
( 102 ), which in turn is subject to regulation by various fac-
tors modulating the fl ux of lipid nutrients. The remnants 

 DGAT1, A MAJOR INTESTINAL DGAT 

 Two unrelated DGAT enzymes are known. Despite cata-
lyzing the same reaction, DGAT1 and DGAT2 do not share 
signifi cant sequence homology ( 9 ). The mammalian DGAT1 
gene has been identifi ed by its similarity to the sequences 
of acyl-CoA:cholesterol acyltransferases ( 66 ). The DGATs 
are related to a larger membrane-bound O-acyltransferase 
(MBOAT)   gene family of both lipid and protein acyltrans-
ferases, including the ghrelin activating enzyme, ghre-
lin- O -acyltransferase ( 77 ). DGAT2 belongs to a gene family 
that also includes MGATs and wax synthases ( 63, 64, 67, 
70, 71, 78, 79 ). DGAT1 of humans or mice contains around 
500 amino acids and several hydrophobic regions, three of 
which span membranes ( 80 ). The enzyme appears to form 
oligomers in the ER, exhibiting activity facing both the lu-
men and the cytosol ( 81, 82 ). In contrast, DGAT2 has 388 
amino acids and two membrane-spanning domains ( 83 ), 
with most of the protein facing the cytosol. 

 Both DGATs exhibit DGAT activity, as expressed en-
zymes carry out the reaction in cell free assays and in cul-
tured cells ( 9 ). However, DGAT1 also shows activity toward 
other acyl acceptors, including retinol, and may be in-
volved in retinol absorption in the intestine and detoxifi -
cation when vitamin A levels are high ( 75, 84 ). On the 
other hand, DGAT2 appears to be a potent and specifi c 
DGAT enzyme. The two DGATs have wide tissue expres-
sion patterns. Both are highly expressed in the adipose tis-
sues, and they appear to account for all DGAT activity in 
adipocytes ( 85, 86 ). In addition, DGAT1 is highly ex-
pressed in the small intestine and mammary gland, while 
DGAT2 is most highly expressed in the liver. 

 While exhibiting broader substrate specifi city for other 
acyl acceptors, DGAT1 is an important DGAT in the in-
testine. Like MGAT2, its expression is high in the villi of 
proximal intestine and is induced by high-fat feeding. In 
mice lacking DGAT1, intestinal DGAT activity is reduced 
by 90% ( 87 ), even though DGAT2 is expressed in the in-
testine of mice. Mice lacking DGAT2 die hours after birth 
due to skin defects and a severe defi ciency in energy sub-
strates ( 88 ); thus, the functional signifi cance of DGAT2 
in mouse intestine remains to be determined. In hu-
mans, only DGAT1 is detected in the intestine ( 67, 89 ). A 
congenital diarrheal disorder in two siblings, which was 
lethal in one case, has been linked to a null mutation of 
DGAT1, likely due to a severe defi ciency of intestinal 
DGAT activity ( 89 ). 

 ENZYMES CATALYZING THE G3P PATHWAY IN 
THE INTESTINE 

 The G3P pathway has been reported in the intestine, 
but only accounts for 20–30% of TAG synthesis during fat 
absorption ( 59, 90 ). Most of its early characterization was 
performed in liver ( 1 ). As the pathway also generates 
phospholipid precursors, its activity is important for the 
fast turnover of intestinal epithelia. Many enzymes involved 
in the fi rst three unique steps of the G3P pathway are 
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intracellular TAG hydrolysis in enterocytes. In addition, 
mobilizing cytosolic TAG for secretion may involve pro-
teins, such as cell death-inducing DFF45  -like effector b 
(Cideb), that facilitate the movement of cytosolic TAG 
into the ER. Many of the proteins involved in the process, 
including ATGL, CGI-58, and Cideb, have recently been 
implicated in fat absorption ( 106–108 ). 

 What determines the partitioning of newly synthesized 
TAG toward storage in the cytosolic lipid droplets versus 
secretion in the ER lumen is unclear. A previous model 
posits that DGAT1 accounts for the latent (luminal) DGAT 
activity producing TAG for secretion, while DGAT2 ac-
counts for the overt (cytosolic) DGAT activity producing 
TAG for storage. The topology of these two enzymes, with 
the active site of DGAT2 facing the cytosol and DGAT1 
facing both the cytosol as well as the ER lumen, supports 
the model ( 80, 83 ). However, the dichotomy is not sup-
ported by the observations that overexpression of either 
enzyme in cultured hepatocytes, livers, or intestines did 
not lead to increases in TAG-rich lipoproteins or cytosolic 
lipid droplets invariably ( 109–114 ). 

 Recently, MGAT2 has been shown to heterodimerize with 
DGAT1, but not DGAT2, when coexpressed in cells ( 115 ). 
This is consistent with the idea that enzymes involved in 

of chylomicrons deliver the remaining lipids to the liver, 
where dietary TAG contributes to hepatic lipid metabo-
lism, along with fatty acids from other sources, and can 
be incorporated into VLDLs for redistribution to other 
tissues. 

 In enterocytes, the growing TAG core can also bud off 
the ER toward the cytosol and become cytosolic lipid drop-
lets, which may play a dynamic and prominent role in fat 
absorption. The cytosolic lipid droplets appear to be the 
temporal reservoir, when TAG synthesis resulting from 
the infl ux of digested fatty acids and MAG overwhelms 
the capacity for chylomicron assembly and secretion 
( 103 ). The levels of TAG accumulated in cytosolic lipid 
droplets correlate with the amount of dietary fat consumed, 
mostly in the proximal small intestine, and are cleared within 
12 h ( 104 ). 

 The cytosolic lipid droplets may play a physiological 
role in fat absorption, as suggested by phenotypes of mice 
that fail to mobilize their TAG core (  Table 1  ; discussed 
further in the next section).  The process of mobilizing 
TAG in the cytosolic lipid droplets for secretion is likely 
mediated by a lipolysis/re-acylation cycle ( 105 ). Adipose 
TAG lipase (ATGL) and its activator, comparative gene 
identifi cation-58 (CGI-58), appear to be important for 

  Fig.   2.  Hypothetical model illustrating the MAG and the G3P pathways in TAG synthesis in the ER of enterocytes. TAG products of the 
DGAT reaction may be channeled into the cores of cytosolic lipid droplets or TAG-rich chylomicrons for secretion. MGAT2 and DGAT1 with 
epitope tags have been shown as homotetramers ( 81, 115 ), and these two enzymes may form heterodimers when coexpressed in cultured cells 
( 115 ). Several enzymes in the G3P pathway have also been located on the cytosolic lipid droplets. Plin, perilipin. Adapted from ( 9 ).   
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 INTESTINAL TAG SYNTHESIS, FAT ABSORPTION, 
AND SYSTEMIC ENERGY BALANCE 

 Studies using genetically engineered mice have ad-
vanced the understanding of the physiological roles of in-
dividual genes. For example, mice defi cient in MTP or 
ApoB, required for chylomicron assembly, showed severe 
malabsorption of dietary fat as observed in human patients 
with similar mutations ( 120, 121 ). TAG synthesis is an es-
sential step forming the hydrophobic core of chylomi-
crons. However, deletion of individual enzymes involved 
in TAG synthesis does not lead to severe fat malabsorption 
in mice, refl ecting redundancy and adaptability of the pro-
cess. Nonetheless, limiting TAG synthesis in the intestine 
often alters the timing and location of fat absorption, as 
best demonstrated in mice defi cient in enzymes of the 
MAG pathway, MGAT2 or DGAT1. Like mice defi cient in 
other TAG synthesis enzymes that change the fl ux of lipid 

TAG synthesis form complexes, such as the TAG synthase 
complex isolated from rat intestine ( 116 ). Through physi-
cal interactions, lipid substrates can be metabolized through 
the pathway complex effi ciently. We speculate that MGAT2 
expressed in the intestine partners with DGAT1, and per-
haps other proteins such as MTP, to channel the infl ux of 
absorbed fatty acids and MAG through the secretory path-
way. In contrast, in addition to the ER, DGAT2, along with 
enzymes of the G3P pathway, has been located on cytosolic 
lipid droplets and shown to expand the TAG core ( 117, 
118 ). While TAG produced from G3P can enter the secre-
tory pathway on the ER, in the absence of the MGAT path-
way, more substrates would be available for esterifi cation by 
the G3P pathway on expanding cytosolic lipid droplets. 
Supporting the model, in mice defi cient in MGAT2 or 
DGAT1 challenged with dietary fat, cytosolic lipid droplets 
accumulate in enterocytes while TAG secretion from the in-
testine is delayed ( 87, 119 ). 

 TABLE 1. Selected mouse models of intestinal TAG metabolism      

Gene
Tissues with High 

Expression Genetic Manipulation Phenotype Reference

 Mogat2 Small intestine Global knockout Delayed fat absorption ( 119, 122 )
Increased energy expenditure
Protection from obesity 
  induced by diet or the 

agouti mutation
Intestine-specifi c deletion Delayed fat absorption ( 36 )

Partial protection from 
 diet-induced obesity

Intestine-specifi c expression Restored fat absorption rate ( 37 )
Partial recovery of weight 
  gain and metabolic 

effi ciency when fed a 
high-fat diet

 Dgat1 Small intestine, 
  adipose tissue and 

mammary gland

Global knockout Delayed fat absorption ( 85, 87 )
Increased energy expenditure
Protection from obesity 
  induced by diet or the 

agouti mutation
Intestine-specifi c expression Restored fat absorption rate ( 113 )

Recovery of weight gain 
  and hepatic steatosis 

induced by high-fat feeding
 Dgat2 Liver, adipose tissue 

 and mammary gland
Global knockout Death shortly after birth 

  with severe defi ciency in 
energy substrates and skin 
barrier defect

( 88 )

Intestine-specifi c 
 over-expression

Increased TG secretion ( 114 )
Exacerbated hepatic steatosis

 MTP Liver and intestine Conditional 
 intestine-specifi c deletion

Reduced chylomicron 
 secretion

( 120 )

Large lipid droplets in 
 enterocytes
Steatorrhea

 ApoB Liver and intestine Intestine specifi c deletion Defect in chylomicron 
 production

( 121 )

Fat malabsorption
 ATGL Adipose tissue Intestine specifi c deletion Increased cytosolic lipid 

  droplets in enterocytes 
Increased fecal fat

( 106 )

 CGI-58 Adipose tissue and testes Intestine specifi c deletion Decreased fat absorption ( 107 )
Increased fecal fat
TAG accumulation in 
 enterocytes

 Cideb Liver and intestine Global knockout Protection from 
 diet-induced obesity

( 108, 134 )

Increased energy expenditure
Reduced chylomicron 
 secretion
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esterifi cation of dietary MAG, as well as the rate at which 
dietary fat enters the circulation ( 37 ). This restoration of 
intestinal MGAT activity also improves the metabolic effi -
ciency of  Mogat2   � / �   mice. These mice, expressing MGAT2 
only in the intestine, show levels of energy expenditure in-
termediate between those of  Mogat2   � / �   and wild-type mice. 
They have an increased propensity to gain weight upon 
high-fat feeding as compared with  Mogat2   � / �   mice, but not 
to the same extent as wild-type littermates ( 37 ). 

 Findings from intestine-specifi c deletion of MGAT2 
largely confi rm its role in the regulation of fat absorption 
and systemic energy balance. Like  Mogat2   � / �   mice, mice 
with an intestine-specifi c deletion ( Mogat2 IKO  ) have impaired 
uptake and esterifi cation of MAG in the proximal intes-
tine, independent of gastric emptying ( 36 ). When these 
mice receive an intraluminal bolus of micelles containing 
FFAs and radiolabeled MAG, their enterocytes take up and 
incorporate fewer tracers into total lipid, which are mostly 
recovered as TAG. Accordingly, the secretion of TAG into 
the circulation is delayed. These  Mogat2 IKO   mice also show 
increased energy expenditure and reduced weight gain, 
as compared with littermate controls, and are protected 
against obesity-associated comorbidities induced by high-
fat feeding. 

 The mechanisms underlying the effects of intestinal 
MGAT2 are not clear. MGAT2 appears to couple TAG syn-
thesis to the assembly and secretion of chylomicrons. Even 
though chylomicron-size lipoprotein particles are found 
and dietary fat is secreted as TAG in both  Mogat2   � / �   and 
 Mogat2 IKO   mice, the size of chylomicrons as well as the tim-
ing and amount of TAG entering the circulation have 
been altered, which may in turn have impacts on the deliv-
ery of TAG substrates and metabolism of peripheral tis-
sues. In addition, the intestine initiates hormonal and 
neural signals to coordinate metabolism in response to the 
presence of nutrients ( 123 ). The change in the spatial dis-
tribution of fat absorption seen in  Mogat2   � / �   and  Moga-
t2 IKO   mice is associated with a change in the levels of gut 
hormones, most notably glucagon-like peptide 1 (GLP-1), 
in response to a fatty meal ( 36, 119 ). The change in 
gut hormone levels, like an increase in GLP-1, may lead to 
the transient reduction in food intake observed when 
 Mogat2   � / �   and  Mogat2 IKO   mice are fi rst exposed to a diet 
rich in fat ( 36 ). Because MGAT2 exhibits high activity to-
ward  sn -2-arachidonoylglycerol, an endogenous ligand of 
the cannabinoid receptor, MGAT2 may also modulate en-
ergy balance through endocannabinoid signaling. 

 DGAT1 

 DGAT1 likely partners with MGAT2 and catalyzes the fi -
nal step of intestinal TAG synthesis, as discussed above. In 
many aspects, the phenotypes of  Mogat2   � / �   and  Mogat2 IKO   
mice resemble those of mice defi cient in DGAT1 ( Dgat1   � / �  ). 
 Dgat1   � / �   mice exhibit increased energy expenditure and 
are resistant to obesity, insulin resistance, and hepatic ste-
atosis induced by high-fat feeding or the Agouti mutation 
( 85, 124–126 ).  Dgat1   � / �   mice can assemble and secrete 

substrates, mice defi cient in MGAT2 or DGAT1, globally 
or tissue-specifi cally, exhibit changes in systemic energy 
balance. Key phenotypes observed in some of the dis-
cussed models are summarized in  Table 1 . 

 MGAT2 

 Mice defi cient in MGAT2 ( Mogat2   � / �  ) grow without ap-
parent abnormalities ( 119 ). Consistent with the purported 
role of MGAT2 in fat absorption, these mice gain less 
weight than their wild-type littermates when fed a high-fat 
diet.  Mogat2   � / �   mice are also protected from glucose 
intolerance, hypercholesterolemia, and hepatic steatosis 
induced by high-fat feeding. However,  Mogat2   � / �   mice 
consume and absorb a similarly high percentage of dietary 
fat like wild-type littermates, even when fat accounts for 
60% of caloric intake. Their fecal fat levels are not in-
creased, and their tissue stores of vitamin A and E are nor-
mal, suggesting MGAT2 is dispensable for absorbing a 
normal quantity of fat. However, defi ciency of MGAT2 im-
pairs intestinal TAG synthesis, slows gastric emptying, and 
alters the kinetics of fat absorption. In  Mogat2   � / �   mice, 
the entry of dietary fat into the circulation is delayed and 
the normal rise in plasma TAG in response to an oral oil 
bolus is blunted. More cytosolic lipid droplets accumulate 
in the proximal intestine of  Mogat2   � / �   mice, where nor-
mally MGAT2 is highly expressed, than accumulate in 
wild-type mice after a fatty meal. Following an intragastric 
bolus of radiolabeled TAG, less dietary fat is taken up in 
the proximal intestine and more fat reaches the distal in-
testine in  Mogat2   � / �   mice ( 119 ). 

 The change in the kinetics of fat absorption seen in 
 Mogat2   � / �   mice is associated with an increase in energy ex-
penditure, which accounts for the decreases in metabolic 
effi ciency and explains the resistance to obesity induced by 
high-fat feeding. Because of the established role of MGAT2 
in fat absorption, high levels of dietary fat would have been 
expected to incite the effects of MGAT2 defi ciency. Inter-
estingly, even though the increase in energy expenditure is 
exacerbated when dietary fat content is high, the pheno-
type is not dependent on high-fat feeding ( 122 ). When fed 
low-fat diets,  Mogat2   � / �   mice also exhibit increased energy 
expenditure. These mice increase their food intake to main-
tain energy balance. They lose weight when food intake is 
limited to the levels of wild-type littermates, indicating that 
the increase in food intake is an adaptive response to an 
obligatory increase in energy expenditure ( 122 ). Inactiva-
tion of MGAT2 decreases the propensity to gain weight 
when mice are fed a diet rich in refi ned carbohydrate and 
protects the hyperphagic Agouti yellow mouse from excess 
weight gain ( 122 ). These fi ndings suggest that the role of 
MGAT2 in the effi cient use and storage of metabolic energy 
is not limited to the calories from dietary fat. 

 Because of its relatively specifi c tissue expression pattern, 
MGAT2 in the intestine most likely mediates the effects on 
intestinal lipid processing and energy balance observed in 
mice. Indeed, expressing a human MGAT2 specifi cally in 
the intestine of  Mogat2   � / �   mice restores the uptake and 
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 On the other hand, several mouse models suggest that 
the mobilization of TAG synthesized in the enterocytes 
and stored in the cytosolic lipid droplets plays a physiologi-
cal role in fat absorption and possibly systemic energy 
balance. 

 Intestine-specifi c inactivation of ATGL, which catalyzes 
the fi rst step of TAG hydrolysis, increases cytosolic lipid 
droplets in enterocytes and increases fecal fat, even though 
the rate of fat absorption after an oral oil challenge re-
mains normal ( 106 ). Intestine-specifi c deletion of its acti-
vator CGI-58 in mice reduces the rate of fat absorption 
and increases fecal fat ( 107 ). In contrast, intestine-specifi c 
overexpression of MAG lipase, the enzyme converting 
MAG to glycerol and fatty acid, leads to a decreased 2-ara-
chidonoylglycerol level, hyperphagia, reduced metabolic 
rate, and obesity ( 133 ). Further, Cideb mobilizes cytosolic 
TAG to lipidate ApoB. Mice defi cient in Cideb show re-
duced chylomicron secretion and increased TAG accumu-
lation in the enterocytes, which is associated with resistance 
to high-fat diet-induced obesity ( 108, 134, 135 ). These 
fi ndings further support the idea that TAG metabolism in 
the intestine regulates systemic energy balance. 

 SPECIFIC INHIBITORS OF THE MAG PATHWAY 

 The interpretation of results from genetically engi-
neered mice can be complicated by compensatory effects, 
such as developmental programming. Studies using spe-
cifi c inhibitors of these enzymes in animals and in humans 
complement fi ndings from studies using these mouse 
models. Numerous specifi c inhibitors of DGAT1 have 
been developed as potential treatments for type 2 diabetes 
and obesity ( 136 ), based on the favorable metabolic phe-
notypes (enhanced insulin sensitivity and resistance to 
weight gain) observed in  Dgat1   � / �   mice. Several have been 
tested in animals and recapitulated the favorable out-
comes predicted by the genetically engineered mice, in-
cluding delayed gastric emptying and fat absorption, 
blunted postprandial plasma TAG, increased GLP-1 levels, 
enhanced fatty acid oxidation, reduced liver TAG, im-
proved insulin sensitivity, and weight loss ( 137–143 ). 

 In clinical trials, several DGAT1 inhibitors have shown 
effi cacy in achieving favorable outcomes, such as reduc-
ing postprandial plasma TAG, increasing GLP-1 levels, 
normalizing insulin sensitivity, and inducing weight loss. 
However, they are often associated with intolerable gastro-
intestinal problems, including nausea, diarrhea, and vom-
iting. These side effects may result from the target; unlike 
in mice, DGAT1 appears to be the only intestinal DGAT in 
humans. Inhibiting the only DGAT enzyme in human in-
testine may block TAG synthesis fully and lead to severe fat 
malabsorption, as observed in patients with a null muta-
tion in the DGAT1 gene ( 89, 144 ). Thus, the utility of 
DGAT1 inhibitors as a treatment for diabetes or obesity 
remains uncertain. Inhibiting MGAT2 will likely not cause 
as severe a defi ciency in TAG synthesis, as the alternative 
G3P pathway is active in human intestine. However, unlike 
mice, humans also have MGAT3 expressed in the distal 

chylomicrons as well as absorb normal quantities of dietary 
fat. However, in response to high dietary fat, they show 
slower gastric emptying, accumulation of cytosolic lipid 
droplets in enterocytes, and delayed entry of dietary fat 
into the circulation ( 87 ). These temporal and spatial changes 
in fat absorption are also associated with changes in post-
prandial gut hormone levels, including an increase in 
GLP-1 ( 127 ). 

 The phenotypes of  Dgat1   � / �   mice are more pleiotropic 
than  Mogat2   � / �   or  Mogat2 IKO   mice. Female  Dgat1   � / �   mice 
have defects in mammary gland development and do not 
produce milk ( 128 ). Both sexes of  Dgat1   � / �   mice also show 
skin defects in reduced fur lipids, sebaceous gland atro-
phy, and hair loss ( 75, 129 ). These phenotypes may relate 
to the observation that DGAT1 catalyzes the esterifi cation 
of several substrates, including retinol. DGAT1 may be in-
volved in detoxifi cation of vitamin A and modulating reti-
noic acid signaling by converting excess retinol to inert 
retinyl esters, as reducing dietary vitamin A corrects the 
hair follicle defects of  Dgat1   � / �   mice ( 75 ). 

 Unlike MGAT2, DGAT1 is expressed ubiquitously with 
high expression in several tissues in addition to the small 
intestine. Indeed, the increases in energy expenditure 
and sensitivity to insulin and leptin have been attributed 
to its role in the adipose tissues, as transplanting white 
adipose tissue from  Dgat1   � / �   mice confers wild-type mice 
resistance to diet-induced obesity ( 130 ). The causes for 
the increase in energy expenditure of  Dgat1   � / �   mice are 
likely multifactorial. However, its role in intestinal TAG 
synthesis appears to be a major component. Reintroduc-
tion of DGAT1 into the intestine of  Dgat1   � / �   mice re-
verses many of the fat absorption and energy balance 
phenotypes ( 113 ). Intestine-specifi c expression of DGAT1 
clears the excess TAG storage in the cytosolic lipid drop-
lets of enterocytes and restores the increases in plasma 
TAG in response to an oil bolus. More importantly, these 
mice with DGAT1 expressed only in the intestine are 
susceptible to obesity induced by a high-fat diet, like wild-
type mice. 

 OTHER ENZYMES 

 The physiological roles of other TAG synthesis enzymes 
in the intestine have not been demonstrated. DGAT2 is 
also expressed in mouse intestine. However, deletion of 
DGAT2 is lethal and  Dgat2   � / �   mice die shortly after birth 
( 88 ), likely due to severe shortage of energy substrates and 
defects in skin barrier function. Many mouse models in 
which an enzyme catalyzing the G3P pathway is deleted 
also show energy metabolism phenotypes. For example, 
mice lacking GPAT3 showed a moderate reduction in 
weight gain when fed a high-fat diet, which has been at-
tributed to changes in TAG synthesis in the adipose tissue 
( 131 ). Likewise, mice lacking GPAT4 have reduced body 
weights. They show subdermal lipodystrophy and possibly 
heat loss, which in turn increases energy expenditure 
( 132 ). However, the potential impacts of these enzyme de-
fi ciencies on fat absorption have not been reported. 
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intestine. MGAT3 could compensate for MGAT2 and pos-
sibly dampen the therapeutic effi cacy of MGAT2 inhibi-
tors. Interestingly, MGAT3, as well as MGAT2, is highly 
expressed in the liver of human subjects with nonalcoholic 
fatty liver disease and their hepatic expression levels re-
duce signifi cantly after weight loss ( 145 ). Thus, inhibiting 
both MGAT2 and MGAT3 may present a therapeutic op-
portunity for modulating hepatic lipid metabolism. 

 PERSPECTIVES 

 TAG is a condensed source of dietary calories that can 
be readily assimilated. TAG synthesis in the intestine, fea-
turing the MAG pathway, plays an integral role for this ef-
fi ciency. The process of TAG hydrolysis in the intestinal 
lumen has been a drug target for treating human obesity; 
an inhibitor to the intestinal lipases is currently one of the 
few medicines available, but with limited effi cacy and some 
unwanted side effects ( 146 ). Findings from the inactiva-
tion of enzymes involved in the MAG pathway, MGAT2 
and DGAT1, support the idea that intestinal TAG synthesis 
plays a crucial role in the regulation of fat metabolism 
and systemic energy balance. The inactivation of intestinal 
TAG synthesis leads to temporal and spatial changes in 
fat absorption, reduced postprandial triglyceridemia, 
changes in postprandial gut hormone levels, and resis-
tance to diet-induced obesity without fat malabsorption 
in rodents. The physiological mechanism for obesity re-
sistance in many of these models involves increased energy 
expenditure, but the underlying molecular mechanisms 
involved appear novel. What the mechanisms are and 
whether they also function in a similar fashion in humans 
are yet to be explored. The intestine is a major source 
of TAG-rich lipoprotein, contributing to postprandial 
hypertriglyceridemia, and it over produces the ApoB-
containing lipoproteins under insulin resistant states in 
both animal models and humans ( 147, 148 ). The thera-
peutic potential of inhibiting specifi c enzymes involved 
in intestinal TAG synthesis for treating metabolic disor-
ders associated with excess lipid accumulation warrants 
further investigation.  
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