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Abstract

Triacylglycerols (TAG) serve as the predominant form of energy storage in mammalian cells, and
TAG synthesis influences conditions such as obesity, fatty liver, and insulin resistance. In most
tissues, the glycerol 3-phosphate pathway enzymes are responsible for TAG synthesis, and the
regulation and function of these enzymes is therefore important for metabolic homeostasis. Here
we review the sites and regulation of glycerol-3-phosphate acyltransferase (GPAT), acylglycerol-3-
phosphate acyltransferase (AGPAT), lipin/phosphatidic acid phosphatase (PAP), and
diacylglycerol acyltransferase (DGAT) enzyme action. We highlight the critical roles that these
enzymes play in human health by reviewing Mendelian disorders that result from mutation in the
corresponding genes. We also summarize the valuable insights that genetically engineered mouse
models have provided into the cellular and physiological roles of GPATs, AGPATS, lipins and
DGATs. Finally, we comment on the status and feasibility of therapeutic approaches to metabolic
disease that target enzymes of the glycerol 3-phosphate pathway.

1. Overview of the glycerol 3-phosphate pathway for lipid synthesis

Triacylglycerols (TAG) play an important role in the maintenance of energy homeostasis [1].
In mammals, TAG serves as the predominant form of energy storage in adipose tissue, and
can be hydrolyzed during fasting conditions to release fatty acids for energy generation in
distant tissues [2]. Adipose tissue is designed to store large amounts of TAG, but when the
storage capacity is exceeded (obesity) or is impaired (lipodystrophy), ectopic TAG storage
may occur in tissues such as liver, skeletal and cardiac muscle, and pancreatic beta cells,
contributing to conditions such as non-alcoholic fatty liver disease and insulin resistance [3—
8]. TAG storage within tissues occurs in the form of lipid droplets (LDs), which typically
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contain a core of TAG and other neutral lipids (e.g., cholesteryl esters and retinyl esters)
surrounded by a phospholipid monolayer [4]. The synthesis of TAG and their incorporation
into LDs may prevent the accumulation of fatty acids and other lipids that could otherwise
become toxic within cells [5]. In addition to a role as a lipid reservoir, LDs are linked to
diverse cellular functions. It is becoming widely appreciated that LDs function beyond lipid
storage, including serving as a reservoir for transcription factors and histone proteins,
platforms for viral replication, and for protein degradation [6-9].

The regulation of TAG biosynthesis is an important determinant of LD biogenesis and is a
key theme of this review. Early morphological studies revealed that LDs are tightly
associated with the endoplasmic reticulum (ER) [10,11]. In most mammalian tissues, the
majority of TAG is synthesized at the ER membrane through the glycerol 3-phosphate
pathway (originally described by Kennedy), which involves the esterification of fatty acids
to a glycerol 3-phosphate backbone [12-15]. The resulting TAG is then packaged into
“initial LDs” (iLD) that are stored in the cytoplasm [16,17]. iLDs may undergo expansion
through recruitment of TAG synthesis enzymes via ER-LD membrane bridges, a process that
requires Arf1/COP-1 machinery. Local TAG synthesis occurs to convert the iLDs to
“expanding LDs” (eLD) [18,19]. In the small intestine, the majority of TAG is derived from
esterification of fatty acids to monoacylglycerol, which is abundant in the intestinal lumen as
a result of hydrolysis of dietary lipids [20,21]. Excellent reviews have focused on the
monoacylglycerol pathway [22,23], and here, we will focus largely on the glycerol 3-
phosphate pathway, which is active in most tissue types.

The glycerol 3-phosphate pathway is regulated by the sequential action of glycerol-3-
phosphate acyltransferases (GPATS)], 1-acylglycerol-3-phosphate acyltransferases
(AGPATS) [24], lipin phosphatidic acid phosphatase (PAP) proteins, and diacylglycerol
acyltransferases (DGATS) (Fig. 1). GPATs, AGPATs and DGATS are resident membrane
proteins, whereas lipins do not possess transmembrane domains and translocate to the ER
membrane and other membranes transiently to catalyze their lipid phosphatase reaction [24—
26]. A large proportion of TAG synthesis occurs at the ER, but these enzymes may also
localize to LDs, the mitochondrial membrane, and in the nucleus (Fig. 1) [27].

1.1 TAG synthesis enzymes on the endoplasmic reticulum

The first and rate-limiting step of TAG synthesis in the ER is catalyzed by GPAT3 [28] or
GPAT4 [29], which convert glycerol 3-phosphate (G-3-P) and fatty acyl CoA (FA-CoA) to
lysophosphatidate (LPA). LPA is then converted to phosphatidate (PA) by AGPAT enzymes.
Most AGPAT enzymes (AGPAT1, AGPAT2 [30], AGPAT3 [30], AGPAT4 [18] and AGPAT5
[31]) have been reported to reside in the ER, anchored there through a conserved
transmembrane motif. PA is subsequently dephosphorylated to diacylglycerol (DAG) by
lipin PAP enzymes (lipin 1, 2 or 3) [32,33]. The final step of TAG biosynthesis is the
conversion of DAG to TAG, which is catalyzed by DGAT1 and DGAT2. The ER membrane
localization of DGAT1 and DGAT?2 may be distinct, as shown in both plants and mammals
[34,35]. In addition to the modulation of TAG synthesis, enzymes of the glycerol 3-
phosphate pathway also influence phospholipid synthesis. PA generated by AGPATS serves
as a substrate for the synthesis of acidic phospholipids, phosphatidylglycerol, or
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phosphatidylinositol, and cardiolipin [36]. The DAG resulting from lipin PAP enzyme action
may be converted to TAG or to zwitterionic phospholipids, phosphatidylcholine,
phosphatidylethanolamine and phosphatidylserine [36].

1.2 TAG synthesis enzymes on lipid droplets

In addition to the ER, enzymes of the glycerol 3-phosphate pathway associate directly with
LDs. The mechanism of LD formation and growth is still incompletely understood, but
recent studies have been illuminating. Parton posited that LDs are formed in the ER and
subsequently bud off into the cytoplasm [37]. Farese and Walter have identified populations
of small and large LDs, and observed that small LDs remain constant in size, while large
LDs have the capacity to grow larger [18]. The diversion point is still not fully understood,
but it is thought that initial LDs (iLDs) are first formed in the ER, and some iLDs recruit
enzymes through ER-LD membrane bridges to locally synthesize TAG and transform to
expanding LDs [38]. GPAT4, DGAT1 and DGAT?2 may be recruited to LDs through ER-LD
membrane bridges, and this may be stimulated by lipid overloading [18,35,39]. AGPAT3
[18,40], lipin [41] and DGAT2 [35] have also been detected on the surface of LDs in flies or
mammals.

1.3 TAG synthesis enzymes at the nuclear membrane

Nuclear LDs have been visualized in various cell types, including human liver, rat liver and
HepG2 cells [42,43]. Since the ER is contiguous with the nuclear envelope, it was unclear
whether these LDs are simply cytoplasmic LDs surrounded by nuclear membrane
invaginations, or whether they truly reside within the nucleus. It was difficult to distinguish
these possibilities using fluorescence microscopy. Recent studies using electron microscopy
of serial sections has revealed that LDs may indeed reside within the nucleoplasm [42,44].
Nuclear LDs may be limited to specific cell types. They have been detected in human liver
and human and mouse hepatic cell lines, but are much less abundant in fibroblasts and
adipocytes [42,44]. Nuclear LDs appear to localize with protrusions from the inner nuclear
cell membrane, and depend on SUN proteins and PML (promyelocytic leukemia) bodies for
formation [44]. It appears that there is capacity for expansion of LDs locally within the
nucleus, as nuclear LDs co-localize both with DGAT?2 and with the rate-limiting enzyme for
phosphatidylcholine synthesis in the CDP-choline pathway, phosphocholine
cytidylyltransferase [44]. Fatty acyl-CoAs are also present in the nucleus [45,46], and
AGPAT3, AGPATS, lipin 1 and lipin 3 can all localize to the nucleus [26,44]. Lipin 1 has
been shown to have a nuclear role outside of lipid synthesis, acting as a transcriptional
modulator in conjunction with nuclear receptors and transcriptional coactivators. This role of
lipin 1 has been reviewed elsewhere [47]. The function of nuclear LDs is not well
understood, and possibilities include supplying lipids for lipid signaling, nuclear membrane
expansion, or serving as reservoirs for histones and other proteins.

1.4 TAG synthesis enzymes on mitochondria

Another organelle that is associated with LDs and TAG synthesis is the mitochondrion.
There is evidence that representative enzymes for each of the steps of the glycerol 3-
phosphate pathway may associate with mitochondria. GPAT1 and GPAT2 both are resident
in the outer mitochondrial membrane [13,48-50]. Whereas GPAT1 has well characterized
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substrate preference for saturated fatty acids, GPAT2 has no apparent specificity for fatty
acid substrates [13]. Proteomic analyses of mitochondria in white and brown adipocytes
suggests that AGPAT2 and AGPAT3 are mitochondrial forms [51]. Ectopically expressed
AGPATS5 has also been associated with mitochondria, but it is not clear if the endogenous
protein also associates with this organelle [52]. Lipin 1 may be recruited from the cytosol or
other cellular compartments to the mitochondrial membrane in response to the action of
mitochondrial-resident phospholipase D, which hydrolyzes cardiolipin to generate PA, the
substrate for lipin PAP enzyme activity [53]. DGAT enzymes are also known to associate
with mitochondria. DGAT?2 co-localizes with mitochondria in cultured adipocytes [35].
Furthermore, DGAT activity is enriched in mitochondria-associated membranes, and it is
possible that DGAT?2 translocates from the ER to LDs through these membranes [54,55]. It
is not clear at present whether the role of glycerol 3-phosphate enzymes on mitochondria is
to produce mass synthesis of glycerolipids, to modulate levels of lipid intermediates, or
some other function. This merits additional investigation.

2 Critical physiological roles for glycerolipid synthesis enzymes in man

Spontaneous mutations in human genes for AGPATZ, LPINI, LPINZ, DGATI, and D GAT2
have been extremely informative about the role of these glycerolipid synthetic enzymes in
normo- and pathophysiology.

2.1 AGPAT2 mutation and lipodystrophy

AGFATZhomozygous or compound heterozygous inactivating mutations cause congenital
generalized lipodystrophy, type 1 [56-58]. Subjects with AGPAT?2 deficiency lack
metabolically active adipose tissue in abdominal and thoracic fat depots, as well as bone
marrow, but retain mechanical fat tissue in sites such as the scalp, orbits, palms and soles
[59]. This phenotype underscores a critical role for AGPAT2 enzyme activity in the
generation of metabolically functional adipose tissue, which cannot be compensated by
other AGPAT family members. The inability to store lipids within adipose tissue leads to
triglyceride accumulation in liver and skeletal muscle. The very low leptin and adiponectin
levels that result from lack of functional adipose tissue likely contribute to increased appetite
and metabolic dysfunction leading to diabetes. Indeed, treatment with leptin or synthetic
leptin analogs is effective at reducing metabolic dysfunction in individuals with congenital
general lipodystrophy caused by AGPAT?2 deficiency and other genetic defects, working in
large part through action in the hypothalamus to reduce appetite [59,60].

2.2 LPIN1 mutation and childhood rhabdomyolysis

LPINI mutations cause childhood rhabdomyolysis, severe muscle degradation that leads to
complications such as kidney failure and may prove fatal [61-63]. LP/NI is expressed in
many human tissues, but the very severe muscle phenotype may relate to the fact that human
skeletal muscle has among the highest LP/NI expression levels, with little or no expression
of LPINZor LPIN3[27]. Several pathogenic LP/NI mutations have been identified,
including deletions, nonsense, missense or frame-shift changes in the protein coding
sequence. /n vitro assessment of a pathogenic missense mutation (R725H) suggests that the
disease is related to the loss of lipin 1 PAP enzyme activity, and not related to a deficit in the
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coactivator function of lipin 1 [64]. The disease is typically asymptomatic until lipin 1-
deficient individuals experience metabolic stress such as fever, fasting or anesthesia.
Heterozygous carriers of LP/NI missense mutations may experience muscle symptoms in
response to statin drug use [61], which suggests that LP/N1 genotype may be a determinant
for the development of statin-related myopathy, the most common side effect of statin drugs
[65]. The analysis of lipids in muscle or myaoblasts of lipin 1-deficient subjects revealed mild
changes in phospholipid content, increased free fatty acids, and an increase in the lipin 1
enzyme substrate, phosphatidic acid [61,66]. Histology of patient myoblasts grown in
culture revealed an accumulation of lipid droplets, and this was enhanced by treatment with
cytokines (as a proxy for inflammation that may occur during rhabdomyolytic episodes /n
vivo) [66]. Lipin 1-deficient myoblasts also exhibited increased expression of the gene
encoding acetyl-CoA carboxylase 2, which could reduce fatty acid oxidation in these cells,
contributing to lipid accumulation [66].

2.3 LPIN2 mutation and Majeed syndrome

LPIN2 mutations cause Majeed syndrome, a rare autoinflammatory disease typically
detected in affected individuals during early childhood [67,68]. Key symptoms are
osteomyelitis in the absence of infection and dyserythropoietic anemia. Affected children
also may exhibit failure to thrive, hepatomegaly, and neutrophilic dermatosis. It has been
shown that the loss of lipin 2 PAP enzyme activity is responsible for Majeed syndrome
symptoms, as one pathogenic mutation (S734L) encodes a lipin 2 protein that lacks PAP
activity, but retains coactivator activity [69]. As is the case with LP/NI-associated
rhabdomyolysis, the symptoms in Majeed syndrome occur episodically. The triggers of
inflammatory episodes have not been well established, although one hypothesis suggests
saturated fatty acids may activate toll-like receptors and lead to production of pro-
inflammatory cytokines [68].

2.3 DGAT1 mutation and congenital diarrhea disorder

DGAT1 mutations have been identified by exome sequencing in two families, and found to
be associated with severe diarrhea resembling a group of congenital diarrheal disorders [70].
In the initial family identified, two siblings carried homozygous DGAT1 loss-of-function
mutations and developed intractable diarrhea within 3 days of birth [71]. This proved fatal in
one of the affected individuals, but resolved in the other by 12 months of age. Although
DGAT1 is expressed in most tissues, the severe intestinal phenotype in DGAT 1-deficient
individuals may relate to the fact that DGAT expression is highest in human intestine [72].
A plausible mechanism for the observed severe diarrhea is impaired fat absorption and
accumulation of lipid intermediates within the intestinal mucosa [71]. The basis for the
distinct clinical outcomes of the two siblings carrying the same mutation is unknown;
possibilities include differential compensation by DGATZ or other genetic modifiers.

In a second family, two siblings carrying homozygous missense DGATI mutations (L105P)
exhibited watery diarrhea shortly after birth that was less severe than in the initial family
studied [73]. The mutant DGAT1 protein in these individuals retained partial function, and
could catalyze triglyceride synthesis in patient fibroblasts, albeit at lower levels than in
fibroblasts from unaffected individuals. Thus, the severity of diarrhea associated with
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DGAT1 mutations depends upon the degree of protein function remaining. These findings
confirm a critical role for DGAT1 in intestinal lipid homeostasis, highlight DGAT1
mutations as a contributor to congenital diarrheas with a range of severity, and raise caution
about the therapeutic use of DGATL inhibitors.

2.5 DGAT2 mutation and dominantly inherited Charcot-Marie-Tooth disease

A family has been identified with DGAT2 missense mutation (Y223H) associated with
dominantly inherited Charcot-Marie-Tooth disease [74]. The affected individual had
peripheral neuropathy and decreased serum triglyceride levels. Although it is not fully
understood how the mutant DGAT2 protein confers neuropathy symptomes, it is possible that
the missense mutation confers gain-of-function, as it is inherited in an autosomal dominant
fashion. Furthermore, expression of the variant DGAT2 protein inhibited axonal branching
of peripheral nerves in zebrafish, and also inhibited the proliferation of mouse motor neuron
cells in vitro[74].

3 Mouse models to study the physiology of glycerolipid metabolism

Several mouse models with mutations in enzymes of the glycerol 3-phosphate pathway have
been characterized. These models have allowed mechanistic studies that are not feasible in
humans and have greatly augmented our understanding of the physiological and cellular
roles of these enzymes. Here we summarize key features of these models, and refer the
reader to several excellent reviews for additional information [13,27,47,75-79].

3.1 GPAT1-deficient mice

Gpatl expression levels are highest in brown and white adipose tissues and liver, with
substantial levels also in muscle, heart, and lower levels in kidney, brain, and lung [50]. To
study the role of the mitochondrial GPAT1 enzyme, multiple mouse strains have been
engineered. GpatI™~ mice exhibit reduced body weight and gonadal fat pad weight in
females, likely resulting from reduced TAG synthesis [80,81]. Of particular interest has been
the contribution of GPAT1 activity in the regulation of TAG content in liver, where this
enzyme accounts for 30-50% of total GPAT activity [13]. GpatZ~'~ mice exhibit reduced
hepatic TAG levels when fed either chow or high fat diets, and when bred onto the highly
steatotic leptin-deficient ob/0b background [81-83]. The latter model of combined GPAT1
and leptin deficiency revealed that while lack of GPAT1 successfully normalizes liver TAG
and DAG content, this is not sufficient to improve insulin resistance that occurs in ob/0b
mice [83]. GPAT1 deficiency also lessens TAG accumulation in the heart in response a high
fat/high sucrose diet [84]. The reduced TAG storage observed in GpatI™'~ mice in tissues
such as adipose tissue, liver, and heart may be related to a combination of reduced TAG
synthesis and increased fatty acid oxidation [81,85]. Conversely, adenoviral overexpression
of Gpatlin mouse liver produces steatosis within 7 days [49,86].

Owing to the propensity of GPAT1 to incorporate unsaturated fatty acids into acyl glycerol
phosphate, GPAT1 deficiency reduces the amount of palmitic acid that is incorporated into
glycerolipids, including phosphatidylcholine and phosphatidylethanolamine, in liver and
heart, as well as in isolated liver mitochondria [80,84,85]. GPAT1 deficiency reduces the
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occurrence of liver tumors in mice treated with a carcinogen, likely related to altered lipid
content and composition [87]. Altered membrane phospholipid content may underlie the
observed effects of GPAT1 deficiency on T cell proliferation and cytokine production [88—
90]. Additional details about GPAT1 function have been recently reviewed [13,79].

3.2 GPAT4—deficient mice

The ER-associated GPAT4 enzyme is expressed at highest levels in brown adipose tissue and
testis, and a moderate levels in white adipose tissue, liver, intestine, kidney, mammary
epithelium and brain [91-93]. Gpat4~/~ mice were generated using gene-trap insertional
mutagenesis into the gene originally named Agpat6, based on sequence similarity to genes
encoding AGPAT proteins [91,93]. Subsequent analysis of enzyme activity revealed that the
enzyme is indeed a GPAT, and does not have detectable AGPAT activity [29,92]. Gpat4™'~
mice were initially analyzed on a C57BL/6J background that still contained a small
proportion of 129 strain background. These mice have reduced body weight and fat pad
mass in the gonadal and subdermal depots, and small adipocytes, indicating reduced TAG
storage per cell [91]. GPAT4-deficient mice resist weight gain when fed a high fat diet, and
female mice also exhibit about 20% reduction in body weight when bred onto the ob/0b
background (male mice were not analyzed) [91]. The reduced body weight is associated
with increased energy expenditure, which may be secondary to enhanced thermogenic
requirements due to the reduced storage of insulating subdermal adipose tissue. Liver TAG
accumulation is reduced by about 50% in Gpat4~'~ mice. Besides reduced TAG
accumulation in adipose tissues and liver, the other major phenotype of Gpat4'~ mice is
impaired lactation and inability to produce milk with sufficient TAG content to suckle their
progeny [93]. The mammary alveoli and ducts that produce milk are undeveloped, pointing
to a critical role for GPAT4 in mammary epithelium. Thus, GPAT4 has key roles in adipose
tissue, mammary gland and liver, but the liver effects are likely buffered by GPAT1 activity
in this tissue.

3.3 AGPAT2—-deficient mice

Agpat2is highly expressed in visceral white adipose tissue depots, brown adipose tissue,
and liver [91]. Agpat2~/~ mice exhibit generalized lipodystrophy, as observed in their human
counterparts [94]. 3T3-L1 preadipocytes with Agpat2 knockdown, and preadipocytes from
Agpat2”~ mice, exhibit impaired differentiation characterized by reduced expression of the
adipogenic differentiation program, including reduced levels of PPARy and C/EBPa
[95,96]. Thus, defects in differentiation may be the fundamental defect in Agpat2™~
preadipocytes, prior to a need for TAG synthesis. There is also evidence that brown adipose
tissue of Agpat2”~ mice exhibits massive necrosis and is ablated in young mice, whereas
white adipose tissue undergoes apoptosis and/or necrosis as the mice age [96,97]. White
adipose tissue in newborn Agpat2~”~ mice has several ultrastructural abnormalities,
including an absence of caveolae, aberrant mitochondria, and an accumulation of autophagic
organelles [96]. In addition to reduced neutral lipid accumulation, adipose tissue from
Agpat2~~ mice exhibits altered phospholipid content, with an unexpected increase in the
levels of the AGPAT2 product, phosphatidic acid [96]. Disruption of phospholipid
homeostasis is a common feature in human and mouse tissues with defects in components of
the glycerol 3-phosphate pathway.
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As observed in human generalized lipodystrophy, Agpat2~~ mice develop hepatic steatosis,
insulin resistance, and diabetes [94]. The TAG that accumulates in liver of these mice is
associated with increased expression of Mogat! (encoding monoacylglycerol
acyltransferase), raising the possibility that activity of this enzyme contributes to the
increased TAG [94]. However, this appears not to be the case, as mice that are deficient for
both Agpat?and Mogat1 still accumulate hepatic TAG [98]. Additionally, hepatic steatosis
in AgpatZ”~ mice cannot be reversed by adenoviral expression of AGPAT2 directly in liver,
suggesting that steatosis does not result from local AGPAT deficiency, but rather is a
secondary result of the insulin resistance that occurs due to lipodystrophy and reduced leptin
levels [99,100]. In addition to hepatic abnormalities, Agpat2~~ mice develop pancreatic islet
hypertrophy, possibly in response to chronic hyperglycemia [97].

3.4 Lipin 1-deficient mice

Lpinlis expressed at highest levels in white and brown adipose tissues, skeletal muscle, and
testis, with lower levels in heart, liver, kidney and other tissues [101]. The LpinI gene was
isolated through positional cloning of the mutation responsible for the fatty liver dystrophy
(fla) spontaneous mouse mutant [101]. The fd mouse was originally characterized as having
a fatty liver and hypertriglyceridemia during the neonatal period, and peripheral neuropathy
that progressively worsens throughout the lifetime of the mouse [102,103]. The mice were
also found to have reduced body weight, an 80% reduction in white and brown adipose
tissue mass, and insulin resistance—characteristics of generalized lipodystrophies [104]. The
fld mouse is homozygous for a LpinI gene rearrangement that leads to complete lack of
protein product; a second mutant allele containing a Lp/n1 point mutation (G84R) resulted
in the same phenotype, confirming the identity of the gene [101]. Analysis of the LpinI gene
sequence revealed two additional family members in mammals (Lp/n2and Lpin3), and
orthologs in invertebrates, plants and yeast [101]. The identification of lipin proteins as PAP
enzymes was made by Carman and colleagues through purification and peptide sequencing
of yeast PAP enzyme activity, and matching the peptide sequence to the mammalian lipin
sequences [32].

The identification of lipin proteins as PAP enzymes provided a lens through which to
interpret phenotypes of mutant mouse models. The lack of normal adipose tissue in lipin 1-
deficient f/d' mice was shown to result from impaired adipocyte differentiation in addition to
reduced TAG content in adipocytes [105,106]. Conversely, expression of a lipin 1 transgene
in adipose tissue causes increased fat storage per adipocyte, consistent with a role for lipin 1
in promoting TAG synthesis in adipocytes [107,108]. Lipin 1 is also required for lipid
storage and development of mature myelinated nerves, providing an explanation for the
peripheral neuropathy of lipin 1-deficient f/dmice [109]. The impaired differentiation of
preadipocytes and myelinated peripheral nerve are associated with an accumulation of the
lipin 1 PAP enzyme substrate, phosphatidic acid, which leads to activation of ERK signaling
[106,109]. The role of lipin PAP activity in regulation of phosphatidic acid levels and cell
signaling has been previously reviewed [77].

Tissue-specific engineered Lpin1 alleles have been studied to address the role of lipin 1 in
specific tissues. An adipose tissue-specific mutant allele, which deletes the first 115 amino
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acids of the 890 amino acid lipin 1 protein and abolishes PAP enzyme activity, leads to
substantially reduced white adipose tissue weight and TAG synthesis, similar to global lipin
1 deficiency [110]. This mutant allele retains the transcriptional coactivator activity that is
present in full-length lipin 1, demonstrating that the lipodystrophic phenotype is primarily
due to loss of PAP activity. This model also revealed a role for lipin 1 in the regulation of
TAG hydrolysis through modulation of phosphatidic acid levels and cAMP signaling
through protein kinase A [110]. Hepatocyte-specific lipin 1 deletion causes increased
susceptibility to alcohol-induced hepatic steatosis, potentially through reduced activation of
PGC-1a and fatty acid oxidation [111]. It was also shown that loss of lipin 1 PAP activity
does not prevent TAG accumulation in liver in response to dietary lipid overload, possibly
related to compensation by the other lipin family members expressed in liver [112]. In
contrast to the results with manipulation of lipin 1 in hepatocytes, deletion of lipin 1 in
myeloid cells reduces inflammation associated with alcohol-induced steatosis [113].

As noted in a previous section, human lipin 1 deficiency is characterized by episodes of
rhabdomyolysis, rather than lipodystrophy. It is not fully understood why lipin 1 deficiency
has a dramatic effect on adipose tissue in mouse and not in humans, but may be related to
compensation for TAG synthesis by alternative means in human adipose tissue. In cultured
human Simpson-Golabi-Behmel syndrome preadipocytes, knockdown of lipin 1 resulted in a
95% reduction in N-ethyl maleimide-sensitive PAP activity and some alterations in early
adipogenesis. Nevertheless, after depletion of lipin 1, lipin 2 and lipin 3 in these cells, they
maintained the ability to differentiate and accumulate neutral lipids [114]. It is proposed that
this may be a result of adaptive induction of additional PAP activities and reduced lipolysis
[114].

Despite some species differences in lipin 1-deficient mice and humans, the mouse has
provided mechanistic insight into the role of lipin 1 in skeletal muscle. Analysis of muscle
from fld mice revealed that there is substantial myocyte turnover and an accumulation of
abnormal mitochondria, which exhibit impaired respiratory capacity [115]. In response to
injury, muscle from fld mice has reduced capacity for regeneration owing to impaired
differentiation [116]. The accumulation of damaged mitochondria is associated with
impaired autophagy to remove these organelles, and subsequent impaired muscle function
[115]. The defect in autophagy in lipin 1-deficient muscle can be traced to impaired
generation of DAG from PA at the surface of lysosomes, which is required for fusion with
autophagosomes and effective degradation of damaged proteins and organelles [115,117].
Both human and mouse skeletal muscle is characterized by altered phospholipid content,
which likely influences cellular membranes and may contribute to the impaired muscle
function [61,115]. The action of lipin 1 at multiple membrane sites has been recently
reviewed [27].

3.5 Lipin 2—deficient mice

LpinZis expressed in a distinct array of tissues compared to Lpin, although there is some
overlap. Lpin2expression is prominent in liver, small intestine, kidney, brain, and
macrophages, with very little expression in adipose tissues and muscle [69]. Similar to
individuals with Majeed syndrome, Lpin2~~ mice develop dyserythropoietic anemia [118].
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LpinZ™~ mice exhibit reduced trabecular bone density, but under standard laboratory
conditions do not show evidence of inflammatory bone lesions that are typically observed in
Majeed syndrome [118]. Osteomyelitis in lipin 2-deficient humans occurs episodically in
response to unknown metabolic stressors, which laboratory mice presumably do not
experience. Recent work has identified lipin 2 as a regulator of NLRP3 inflammasome
activation [119]. Lipin 2 influences MAP kinase signaling to regulate interleukin (IL)-1p
production during inflammasome priming. Lipin 2 knockdown in human macrophages led to
enhanced IL-1p production, as is observed in Majeed syndrome [119]. Lipin 2-deficient
mice injected with high doses of lipopolysaccharide had an exaggerated response, producing
high levels of inflammatory cytokines (IL-1p, IL-18, tumor necrosis factor ), and reduced
expression of anti-inflammatory cytokines (IL-10) [119].

Studies of lipin 2-deficient mice revealed a relationship between lipin 1 and lipin 2 in vivo.
Lipin 2 deficiency in liver and cerebellum are compensated by upregulation of lipin 1, which
maintains PAP activity and normal lipid profile in these tissues under basal conditions [118].
However, upon feeding LpinZ~~ mice a high fat diet, the increased lipin 1 levels lead to
enhanced hepatic triglyceride accumulation [118]. Additionally, as mice age, lipin 1 levels in
the cerebellum diminish, leaving LpinZ™~ mice with a deficit of PAP activity and abnormal
phospholipid content that is associated with age-related ataxia [118]. Finally, crosses
between Lpin1™~and LpinZ”~ mice revealed that deficiency for the two lipins is
incompatible with life and results in embryonic lethality [118].

3.6 Lipin 3—deficient mice

Lpin3is expressed at low levels across several tissues, with most prominent expression in
small intestine, and lower levels in kidney, liver, heart and adipose tissues [33]. Despite the
dominant role of lipin 1 as the key PAP activity in mouse and human adipocytes, lipin 3 is
also induced during differentiation of mouse 3T3-L1 preadipocytes and primary human
preadipocytes [26]. In a panel of 114 mouse strains, Lpin3expression levels are highly
significantly correlated with adiposity traits such as total body fat and weights of femoral,
gonadal, retroperitoneal and mesenteric fat pads [77]. Mice deficient for either lipin 1 or
lipin 3 showed >85% reduction in adipose tissue PAP activity [77]. Nevertheless, Lpin3 '~
mice do not exhibit lipodystrophy, presumably due to compensation by lipin 1, although
lipin 3 cannot compensate for lipin 1 /n vivo. Mice made deficient for both lipin 1 and lipin
3 exhibit severe generalized lipodystrophy that is even more pronounced that that in
LpinI™~ mice [77]. Lipin 1 and lipin 3 proteins influence the levels and subcellular
localization of one another when expressed in cultured cells [77]. When expressed together
from heterologous promoters, levels of both proteins are dramatically increased compared to
levels when expressed independently. Lipin 1 and lipin 3 proteins show substantial co-
localization when expressed in combination, with enhanced perinuclear localization of both
proteins compared to their localization when expressed independently. These observations
suggest that a complex interactive relationship exists between lipin family members within
some cell types and may influence their /n vivo function.
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3.7 DGAT1-deficient mice

Dgat1 expression is prominent in small intestine, adipose tissue, mammary gland, skeletal
muscle, heart, and other tissues [78]. DgatZ™~ mice are leaner than littermates and exhibit
reduced weight gain on a high fat diet [120]. However, unlike Agat2~'~ and Lpini~'~ mice,
DgatI™'~ mice are not lipodystrophic. Their lean phenotype is associated with enhanced
energy expenditure and altered intestinal fat absorption, which can be corrected by replacing
Dgat1 expression specifically in small intestine [121,122]. When bred onto the genetically
obese agouti yellow (A7) background, DGAT1 deficiency results in a 20% reduction in
body weight and increased insulin sensitivity [123]. Interestingly, DGAT1 deficiency does
not improve adiposity or insulin sensitivity on the ob/0b background, suggesting that leptin
may be required for this effect. Conversely, expression of a DgatZ transgene in adipose
tissue leads to larger fat pads and hypertrophic adipocytes on a chow diet, and 20%
increased body weight on a high fat diet with improved insulin sensitivity compared to wild-
type mice [124]. Expression of a Dgat1 transgene in muscle replicates the “athlete’s
paradox,” with increased intramyocellular fat stores, but increased insulin sensitivity [125].
The improved insulin sensitivity with enhanced DGAT1 may be associated with channeling
fatty acid substrates into TAG, preventing the accumulation of DAG and ceramides.

DGAT1 is also required for normal sebaceous gland physiology and for lipid levels [126].
As a result, Dgat1~'~ mice have impaired thermoregulation when challenged by conditions
such as water immersion. DgatZ~'~ mice that also lack apolipoprotein E develop fewer
atheroslcerotic lesions than their Apoe™~ counterparts [127]. This may be due to reduced
intestinal cholesterol uptake and absorption, as well as increased cholesterol efflux from
macrophages.

3.8 DGAT?2-deficient mice

Dgat2is expressed in liver, adipose tissue, mammary gland, heart, peripheral white blood
cells, and testis [78]. The Dgat2~~ mouse has a severe deficiency in skin barrier function,
leading to dehydration, hypothermia and death shortly after birth [128]. Altered skin
physiology in Dgat2”~ mice is associated with abnormalities in the lamellar body secretory
system. Mice are born with reduced body weight, which suggests additional problems
during intrauterine development. Newborn mice fail to suckle, leading to hypoglycemia,
which is likely to be a main contributor to early death.

3.9 Comparison of mouse and human deficiencies in glycerolipid synthesis

Phenotypes associated with enzyme deficiencies in the glycerol 3-phosphate pathway exhibit
some differences between mouse and human. Evidence available at present suggests that
these species differences reflect the degree to which mice and humans compensate for the
loss of specific enzymes. For example, lipin 1 accounts for = 95% of PAP enzyme activity in
both human and mouse adipose tissue, yet the occurrence of lipodystrophy exclusively in
mouse appears to be due to induction of a compensatory mechanism for TAG synthesis in
human adipocytes [33,114]. Despite these differences, there also exist strongly convergent
mechanisms across mouse and human deficiencies for glycerolipid biosynthetic enzymes.
For example, AGPAT 2-deficient humans and mice, as well as lipin 1-deficient mice, exhibit
impaired phospholipid homeostasis in adipose tissue, including an accumulation of the lipid

Biochim Biophys Acta. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 12

intermediate, phosphatidic acid. Phosphatidic acid accumulation also occurs in adipose
tissue of the lipodystrophic seipin-deficient mouse [129], and in muscle of lipin 1-deficient
humans and mice. Disturbed phospholipid homeostasis may underlie impaired lipid droplet
expansion during adipocyte differentiation and altered membrane remodeling, with
deleterious effects on organelles such as mitochondria and autophagososmes, as well as
dysregulation of intracellular signaling pathways [130]. Further evidence for conserved roles
of glycerolipid synthetic enzymes in human and mouse physiology comes from the
association of human genetic variants with traits observed in mouse models. For example,
although humans with lipin 1 deficiency do not develop lipodystrophy as observed in the
mouse, genetic variants in LP/N1 are associated with adiposity traits such as body mass
index and waist circumference in four different human populations [131].

4. Regulation of glycerolipid synthesis enzymes

4.1 GPAT transcriptional and post-translational regulation

GPAT isoforms reside primarily in the mitochondrial membranes (GPAT1 and GPAT?2) or
ER membrane (GPAT3 and GPAT4). The transcriptional regulation of GpatI has been well
studied. Gpatl is regulated by proximal and distal promoters located 30 kb apart (Fig. 2)
[132,133]. SREBP (sterol response element binding protein), ChREBP (carbohydrate
response element binding protein), SP1, and CTF1 binding sites are present in the distal
promoter region, whereas hepatocyte nuclear factor (HNF-1 and HNF-4), NFxB, NFY
binding reverse CAAT box, activating protein binding site (AP1 and AP4), myocyte
enhancer factor (MEF2), upstream stimulatory factor (USF), and matrix attachment regions
(MARS) are present in the proximal promoter. Insulin and glucose activate the binding of
ChREBP to promote Gpat1 transcription, and EGF and LXRa stimulate the binding of
SREBP-1 to sterol response elements to increase Gpatl expression [134]. On the other hand,
glucagon and leptin exert inhibitory effects [134].

Mechanisms underlying epigenetic regulation of genes encoding GPAT enzymes have also
been investigated (Fig. 2). It has been shown that p300-C/EBPa/p complex binds to the
promoter of Gpatl gene and increases Gpat transcription [135]. p300 is a histone
acetyltransferase enzyme which is associated with gene activation [136]. Treatment of
human cell lines with 5-aza-2" deoxycytidine (a histone deacetylase inhibitor) induces
GFATZ expression [137]. DNA methylation is another important epigenetic player, which
normally associates with decreased gene expression. DNA methylation, which is typically
associated with repression of gene expression, has been shown to inhibit the recruitment of
SREBP-1c to the Gpat promoter in mouse liver, potentially mediated by DNA
methyltransferase 3b [138].

At the post-translational level, GPAT protein levels and activity are regulated by
phosphorylation. Insulin affects mitochondrial GPAT1 activity by increasing Vmax and Ky
for its glycerol-3-phosphate and palmitoyl-CoA substrates [139]. /n vivo, insulin treatment
of primary adipocytes induces phosphorylation at serine 632 and serine 639 of GPAT1 [139].
GPAT3 and GPAT4 are also phosphorylated by insulin at serine and threonine residues,
leading to increased GPAT activity in adipocytes [140].
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4.2 AGPAT transcriptional regulation

A limited amount of information is available regarding transcriptional regulation of AGPAT
enzymes. Analysis of the Agpat promoter shows binding sites for NOR1 and PPARa,
which are both involved in muscle development [141]. Consistent with this, cardiac AGPAT
activities are 25% lower in PPARa null mice compared with wild-type [142]. In addition,
MRNA expression of cardiac Agpat3is regulated by PPARa activation [142]. The mRNA
expression of Agpat3also responds to gonadal hormones, with increased expression in
response to p-estradiol [143].

4.3 Lipin transcriptional and post-translational regulation

The Lpini gene is highly responsive to transcriptional stimuli, and several specific factors
that modulate expression levels have been identified. LpinI expression is stimulated by
glucocorticoids, sterol depletion, or hypoxia, acting through specific transcription factor
binding sites in the proximal promoter region (Fig. 2) [144-148]. PGC-1a regulates cardiac
Lpin1 expression through transcription factors ERRa/y, which bind to an estrogen related
receptor element 1 (ERRE1) [149,150]. Hepatocyte nuclear factor 4a (HNF4a) also
cooperates with PGC-1a to regulate LpinI expression in liver cells [151]. The regulation of
Lpin1 by NF-E2-related factor 1 (Nrfl) occurs through binding to antioxidant response
elements (ARESs) [152]. Ethanol increases LpinI gene expression, which is mediated
through inhibition of AMPK and activation of SREBP-1 [153]. Inhibitors of Lp/nI gene
expression include small heteromeric partner (SHP), lipopolysaccharide, and tumor necrosis
factor a [131].

Lpinl expression is also regulated indirectly through the action of the microRNAs, miR-217.
miR-217 promotes ethanol-induced fat accumulation through down-regulating SIRT1 /n
vitroand in vivo [154]. SIRT1 is a histone deacetylase that inhibits Lpinl gene expression in
mouse AML-12 hepatocytes [154]. miR-217 action is therefore associated with increased
Lpin1 gene expression in hepatocytes. The miR-217-SIRT1-lipin 1 axis also plays a role in
macrophage-dependent inflammation in response to ethanol and LPS [154]. DNA
methylation of the LpinI gene has been shown to be decreased in the offspring of maternal
weight-loss dams, which agrees with increased LpinZ mRNA levels [155].

Lipin 1 levels and activity are also regulated through mRNA splicing and post-translational
mechanisms, which have been reviewed recently [27] and only selected aspects are briefly
described here. One of the key mechanisms for regulation of lipin 1 protein function is
through reversible protein phosphorylation. Lipin 1 protein phosphorylation can be induced
through mTOR signaling and the phosphatidylinositol-3 kinase pathway, leading to cytosolic
localization [156—-160]. Conversely, the phosphatase complex CTDNEP1/NEP1-R1
dephosphorylates lipin 1 and promotes its association with the ER membrane [161,162].
Oleic acid and epinephrine promote lipin 1 de-phosphorylation and translocation to the ER
[158]. Lipin 1 is also modified by sumoylation, which promotes entry into the nucleus [163].
Lipin 1 protein degradation occurs through ubiquitination and proteasomal degradation
[115,164,165]. At present, little is known about the transcriptional and post-translational
regulation of lipin 2 and lipin 3.
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4.4 DGAT transcriptional and post-translational regulation

DGAT enzymes are regulated at the transcriptional, epigenetic, and post-translational levels
under specific conditions. Dgatl and Dgat2 mRNA levels are induced during adipocyte
differentiation in NIH 3T3-L1 cells, with corresponding increases in DGAT activity [72].
This may be mediated, in part, through a PPAR response element (PPRE) in the Dgat1
promoter region [166]. The PPRE also likely mediates increased Dgatl expression /n vitro
and /n vivo in response to thiazolidinediones, which act as PPAR+y agonists [167]. C/EBPa
and C/EBP increase Dgat2 mRNA expression during adipogenesis [168]. Dgat gene
expression is also enhanced by glucose, insulin, and long-chain fatty acids [169,170]. In
liver, the transcriptional factor X-box binding protein 1 (XBP1), which is induced during the
unfolded protein response, increases DgatZ expression in liver [171]. MEK-ERK signaling
appears to repress Dgatl and Dgat2 mRNA expression in hepatocytes, as MEK-ERK
inhibition induces Dgat expression [172]. Leptin deficiency induces Dgat2 expression in
white adipose tissue, skeletal muscle and small intestine in mouse, suggesting that leptin
may negatively regulate Dgat expression [123,126,173]. DGAT activity is decreased by
administration of glucagon [174] and epinephrine [175] in rats. Furthermore, fasting and
refeeding regulate Dgatl and Dgat2 expression differently. Dgat2 expression is decreased by
fasting and increased by refeeding in white adipose tissue, while DgatI exhibits the opposite
pattern [169].

Dgat gene expression is also subject to regulation through histone acetylation and
microRNA. It has been shown that the p300-C/EBPa./B complex binds to the Dgat gene
promoter and increases Dgattranscription [135]. miR-125b reduces the transcriptional
activity of Dgat1 [176].

DGAT1 phosphorylation and DGAT?2 ubiquitination may regulate DGAT protein levels and
activity. DGAT1 phosphorylation inactivates DGAT enzymatic activity [177]. Protein kinase
C phosphorylates T15 and S244 residues on DGAT1 [178]. DGAT2 can be degraded by the
ubiquitin-proteasome pathway [179]. Specifically, DGAT?2 degradation is regulated by gp78,
an E3 ligase involved in ERAD (endoplasmic reticulum-associated protein degradation).

4.5 MGAT transcriptional and post-translational regulation

Although MGATSs function in an alternative pathway for TAG synthesis, it is interesting to
compare MGAT regulation with that of the enzymes of the glycerol 3-phosphate pathway.
Transcriptional and post-translational regulation of MGAT have been reported. PPARy
regulates MGAT1 promoter activity in human primary hepatocytes, likely acting through
PPAR response elements in the promoter (Fig. 2) [180]. MGAT protein phosphorylation
sites are predicted, including consensus sites for phosphorylation sites for protein kinase C,
tyrosine kinase, and/or casein kinase 2 [181].

5. Structural insights into GPAT and AGPAT function

5.1 Crystallization of non-mammalian GPAT/AGPAT-related enzymes

To date, mammalian glycerolipid biosynthetic enzymes have not been crystallized. However,
analysis of related enzymes from plants and lower organisms has begun to provide some
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insights about the structural basis for their function. GPATs and AGPATSs belong to a large
and diverse superfamily of proteins known as the lysophospholipid acyltransferases
(LPLATS) that catalyze an acyl-transfer reaction primarily using acyl-Coenzyme A (acyl-
CoA\) as an acyl-donor [182]. Members of this family acylate a diverse set of substrates. For
example, GPATSs catalyze the esterification of glycerol-3-phosphate (G3P) at the sn-1
position and AGPATS catalyze the esterification of lyso-phosphatidic acid (lyso-PA) at the
sn-2 position. LPLATS all share a canonical HX4D motif with the histidine and aspartate
residues predicted to be critical components for the enzymes’ catalytic mechanism
[183,184].

The first structure of an LPLAT family member was of the GPAT from Cucurbita moschata
(squash plant) [185]. This structure revealed an a/p fold with a hydrophobic cleft ~20A in
length that was suggested as the acyl-CoA binding site (Fig. 3A). The HX4D motif was
located at one end of the cleft near a cluster of positively charged residues that was
suggested to be important for G3P binding [185] and later confirmed biochemically [186].
Three years later, another group determined a new structure of squash GPAT with a sulfate
ion, which can occupy phosphate-binding sites, bound by the cluster of positively charged
residues [187]. Using the position of the sulfate ion as a guide for the phosphate moiety of
G3P, investigators were able to model the position of G3P with the sn-1 hydroxyl group of
G3P within hydrogen bonding distance of the catalytic histidine residue. A plausible
catalytic mechanism was proposed that was similar to serine proteases [187,184]. In this
proposed mechanism, the histidine and aspartate residues of the HX,4D maotif would
participate in a charge-relay system to increase the nucleophilicity of the sn-1 hydroxyl
group of G3P, which attacks the acyl-CoA to form lyso-PA (Fig. 3B).

Since these initial studies, additional structures of LPLAT family members have been
determined that have provided new insight into the binding site of acyl-CoA [188,189].
These include the structure of Mycobacterium smegmatis PatA, which uses palmitoyl-CoA
in the biosynthesis of mycobacterial phosphatidyl-myo-inositol mannosides [188]. Several
structures of PatA were determined bound to either palmitate or a nonhydrolyzable
palmitoyl-CoA analog [188]. The structures revealed that palmitoyl-CoA binds within a
bending hydrophobic cleft, previously suggested as the acyl-CoA binding site from the
squash GPAT structure [185]. Importantly, the thioester of the acyl-CoA is adjacent to the
catalytic histidine residue for nucleophilic attack and consistent with the previously
proposed catalytic mechanism.

An important goal for the future is to elucidate GPAT and AGPAT structures in mammals.
Only then will it be possible to test the structure-based hypotheses derived from the squash
GPAT structure. In addition, it will be interesting to visualize how presumably subtle
differences in the structure of GPATs and AGPATSs allow them to specifically recognize and
acylate the sn-1 and sn-2 positions of the glycerol backbone of G3P and lyso-PA to carryout
their respective functions. Lastly, structural studies of PAP and DGAT enzymes remain to be
carried out.
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5.2 Membrane topology of DGAT enzymes

Several groups have experimentally determined the membrane topology of DGATs from
different species and examined the role of highly conserved residues in catalytic function.
This has established distinct membrane topologies for DGAT1 and DGAT2, with the most
prominent differences being in the number of transmembrane spanning segments and the
location of their respective catalytic sites on different sides of the ER membrane.

DGAT2 belongs to the DGAT2 and MGAT enzymes belong to the same acyl-CoA:
monoacylglycerol acyltransferase gene family. Studies of mouse, S. cerevisiae, and tung tree
DGAT2 have all found DGAT2 to be an integral membrane protein with both the N- and C-
termini oriented towards the cytosol [34,190,191]. Proteolytic protection analysis and
indirect immunofluorescence suggested that a long-hydrophobic region near the N-terminus
of murine DGAT2 forms two transmembrane segments or a single membrane-embedded
domain [190]. The majority of the protein was found to reside in the cytoplasm, which
suggests the catalytic site generates TAG on the cytosolic leaflet of the ER. In contrast, using
cysteine-accessibility assays, the S. cerevisiae homolog of DGAT2 was proposed to have
four transmembrane domains, with the first corresponding to murine DGAT and the latter
three being unique [191]. In this model, the active site was proposed to be embedded in the
membrane.

A highly conserved HPHG motif in DGAT2 enzymes represents the most conserved motif
and has been shown to be important for catalytic activity [190,191]. This motif is also
conserved in all of the related MGAT enzymes [192,193]. Mutation of the individual His
residues in yeast DGAT2 completely abolished catalytic activity [191], while in murine
DGAT2, ~50% and ~10% catalytic activity was retained upon mutation of the first and
second His residues, respectively, of the HPHG motif [190]. Notably, the HPHG motif is
conserved among yeast and animal DGAT2 enzymes, but plant DGAT2 enzymes contain a
slightly modified ESHG motif that only conserves the latter His and Gly residues [191].
Together, the current data suggest that the latter His residue is the most critical residue for
catalysis and may be directly involved in the catalytic mechanism for the DGAT2 and
MGAT enzymes.

DGAT1 does not share significant sequence homology with DGAT2 and belongs to a
distinct family of enzymes designated as the membrane-bound O-acyltransferases
(MBOATS), which also contain the acyl-CoA:cholesterol acyltransferases (ACATS). DGAT1
has a large number of hydrophaobic sequences, which may form several transmembrane
segments. Using protease protection assays and indirect immunofluorescence, it was
suggested that murine DGAT1 contains three transmembrane domains, with most of the C-
terminus residing in the ER lumen [194]. A conserved His residue within the ER-luminal
facing C-terminal domain was essential for catalytic activity [194]. Importantly, this His
residue is conserved in the related ACAT enzymes [193] and is also essential for activity
[195]. Interestingly, a separate study found that DGAT1 activity resides on both the cytosolic
and luminal sides of the ER membrane [196]. This conclusion was based on differential
sensitivities to two specific DGAT1 inhibitors [196]. Notably, they found that DGAT1
accounted for all luminal DGAT activity, but also a substantial portion of the cytosolic
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DGAT activity [196]. Thus, the membrane topology or active site residues of DGAT1 may
be able to invert in some instances or cell types.

6. Glycerol 3-phosphate pathway enzymes as therapeutic targets

Since excess TAG storage is associated with obesity and co-morbidities such as hepatic
steatosis and insulin resistance, the past decade has seen efforts to develop therapeutic
treatments that target enzymes of the glycerol 3-phosphate pathway (Table 1). The most
widely investigated drugs are acyltransferase inhibitors [197]. The first GPAT small
molecule inhibitor (known as FSG67) was designed in 2009 to target the GPAT active site
based on the GPAT crystal structure reported for the squash enzyme [198,199]. FSG67
exhibited promising effects in studies performed in mice, leading to reduced food intake,
body weight, hepatic steatosis, and adiposity and improving insulin sensitivity. However,
FSG67 induced hypophagia during short-term administration to mice, raising concerns for
long-term use. Furthermore, the FSG67 inhibits the activity of all four GPAT isoforms,
which would be expected to produce adverse effects, especially with chronic use.

At present, no drugs directly targeting lipin enzyme activity have been developed. In
addition to the lack of information regarding lipin protein structure, a key challenge in using
lipin proteins as therapeutic target is that it has dual function as PAP enzyme and
transcriptional coregulator, which have distinct, sometimes reciprocal, physiological
consequences [47]. Thus, whereas lipin 1 PAP activity promotes glycerolipid synthesis, the
coactivation of PGC-1a in liver promotes fatty acid oxidation. It may be desirable to
enhance the coactivator activity in the nucleus while inhibiting TAG synthesis activity of
lipin 1 at the ER. One potential strategy would be to identify compounds that influence lipin
1 subcellular localization. Troxerutin is a naturally occurring polyphenol that exhibits
beneficial effects towards reducing hepatic TAG accumulation. It has been shown that
troxerutin enhances lipin 1 nuclear localization and decreases cytoplasmic localization
[200]. Additional challenges in using lipin proteins as therapeutic targets are that it may be
desirable to increase activity in some tissues, but inhibit in other tissues, and the
complexities of having multiple lipin proteins in several tissues.

At present, DGAT1 is probably the most promising therapeutic target among the enzymes of
the glycerol 3-phosphate pathway. Table 1 summarizes some of the DGAT1 inhibitors that
have been studied, including some that have been used in clinical trials. Beneficial effects of
inhibitors directly targeting DGATL1 in rodents include reduced postprandial serum TAG
levels, reduced body weight gain, and improved insulin sensitivity. Some DGAT1 inhibitors
have been investigated in clinical trials and exhibit promising outcomes. A phase |1 clinical
trial of LCQ-908 in patients with familial chylomicronemia syndrome led to 40% reductions
in fasting TAG levels [201]. However, the side effects of DGAT1 inhibitors have not been
fully vetted, and recent characterization of patients with DGAT1 deficiency showing severe
diarrhea raise concerns about potential adverse effects [71,73]. Indeed, the DGAT1 inhibitor
AZD7687 was shown to improve insulin sensitivity and induce weight loss in rodent models
[202]. However, a randomized clinical trial indicates that AZD7687 induces serious
gastrointestinal side effects including diarrhea [203]. DGAT2 [204] and MGAT2 [205]
inhibitors are still in the early stages of development. Additional basic research on
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glycerolipid synthesis and enzymes of the glycerol 3-phosphate pathway will increase the
chances of rational design of therapeutic compounds in the future.
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Highlights
. The regulation of triacylglycerol (TAG) synthesis is relevant to metabolic
disease
. The glycerol 3-phosphate pathway enzymes have roles in TAG homeostasis

. Mutations in AGPAT2, LPINI, LIPN2, DGATI1 and DGATZ cause human

disease
. TAG synthetic enzymes act in diverse tissues and cellular processes
. TAG synthetic enzymes may have potential as targets for anti-obesity

therapeutics
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Fig. 1.
Glycerolipid biosynthetic pathway enzyme localization to subcellular compartments. Four

major enzyme families control lipid synthesis including glycerol phosphate acyltransferase
(GPAT), acylglycerolphosphate acyltransferase (AGPAT), lipin (phosphatidate phosphatase),
and diacylglycerol aceyltransferase (DGAT) enzymes. LD: lipid droplets; iLD: initial lipid
droplets; eLD: expanding lipid droplets; nLD: Nuclear lipid droplets; G-3-P: Glycerol-3-
phosphate; LPA: Lysophosphatidic acid; PA: Phosphatidic acid; DAG: Diacylglycerol; TAG:
Triacylglycerol; FA-CoA: Fatty acyl-CoA.
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Fig. 2.

Regulation of key enzymes in glycerolipid biosynthesis, including GPAT, AGPAT, Lipin,
DGAT and MGAT enzymes. Transcriptional regulation, epigenetic and miroRNA regulation,
and post-translational regulation are summarized. Activation processes are marked in green
and inhibition processes are marked in red. ChREBP: Carbohydrate-responsive element
binding protein; SRE: Sterol regulatory element; SREBP-1: Sterol regulatory element-
binding protein 1; NF-Y: Nuclear factor-Y; TSS: Transcription start site; Ac: Histone
acetylaiton; Me: DNA methylation; P: Phosphorylation; Ser: Serine; Thr: Threonine; GRE:
Glucocorticoid response element: GR: Glucocorticoid receptor; GCs: Glucocorticoids;
HREs: Hormone-response elements; ERREL: ERR response element 1; ERRvy: Estrogen
related receptor gamma; ARE: Antioxidant response element; NRRE: Nuclear receptor
response element; OA: Oleic acid; AA: Amino acid; EPI: Epinephrine; Ub: Ubiquitination;
SUMO: Sumoylation; ER: Endoplasmic reticulum; Cyto: Cytoplasm.
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Fig. 3.

Pr?:)posed structure and catalytic mechanism of GPAT enzymes from studies of lower
organisms. (A) Cartoon structure of squash GPAT (pdb code: 11UQ) with sulfate ion
occupying the putative binding site for the phosphate moieties of G3P and LPA. The non-
hydrolyzable acyl-CoA analog (magenta sticks) and palmitic acid (green sticks) from
structures of M. smegmatis PatA (pdb codes: 5F34 and 5F2Z) are overlaid with the squash
GPAT structure to highlight the putative hydrophobic active site cleft for acyl-CoA. The
HX4D catalytic motif is shown in blue sticks. (B) Proposed catalytic mechanism for GPAT
enzymes involving charge relay between the Asp and His residues of the HX4D motif. G3P,
glycerol 3-phosphate; LPA, lyso-phosphatidic acid.
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