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Abstract

The lipin proteins are evolutionarily conserved proteins with roles in
lipid metabolism and disease. There are three lipin protein family mem-
bers in mammals and one or two orthologs in plants, invertebrates, and
single-celled eukaryotes. Studies in yeast and mouse led to the identifica-
tion of two distinct molecular functions of lipin proteins. Lipin proteins
have phosphatidate phosphatase activity and catalyze the formation of
diacylglycerol in the glycerol-3-phosphate pathway, implicating them
in the regulation of triglyceride and phospholipid biosynthesis. Mam-
malian lipin proteins also possess transcriptional coactivator activity and
have been implicated in the regulation of metabolic gene expression.
Here we review key findings in the field that demonstrate roles for lipin
family members in metabolic homeostasis and in rare human diseases,
and we examine evidence implicating genetic variations in lipin genes
in common metabolic dysregulation such as obesity, hyperinsulinemia,
hypertension, and type 2 diabetes.
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PAP: phosphatidate
phosphatase
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THE LIPIN PROTEIN FAMILY

Several important proteins have been identi-
fied through the characterization of naturally
occurring mutations in humans and in animal
models. The family of lipin proteins was iden-
tified by elucidation of the gene defect under-
lying a spontaneous mutation that arose in the
BALB/cByJ mouse strain. This mutant mouse

had a remarkable lack of adipose tissue as well
as other defects in lipid homeostasis, and the
mutation was traced to a novel gene that be-
came the founding member of the lipin family,
Lpin1 (47). Two additional mammalian genes,
Lpin2 and Lpin3, were identified based on se-
quence similarity (47). This has raised the ques-
tion of what specific roles each of the three lipin
family members play in vivo. Each is expressed
with a distinct but overlapping tissue expres-
sion pattern. Lpin1 is expressed at highest lev-
els in adipose tissue, skeletal muscle, and testis,
and at lower levels in numerous other tissues,
including kidney, lung, brain, heart, and liver
(47). Lpin2 is prominently expressed in liver and
brain, and Lpin3 is expressed in the gastroin-
testinal tract and liver (14). Evidence available
thus far suggests that the three mammalian lipin
proteins perform similar molecular functions in
different tissues.

Thus far, most studies have focused on the
function of the founding member of the lipin
family, lipin-1, which therefore constitutes the
major subject of this review. In addition, the
work of Carman and colleagues on the single
lipin homolog present in yeast has contributed
important information about the cellular and
molecular functions of lipin proteins (23, 24).
However, here we largely focus on the mam-
malian lipin genes and proteins and refer read-
ers elsewhere for excellent reviews on the yeast
protein (8, 9).

LIPIN PROTEIN MOLECULAR
FUNCTION

Lipin proteins in all species share two highly
conserved regions, termed the N-terminal
lipin (N-LIP) and C-terminal lipin (C-LIP)
domains, based on their locations at oppo-
site ends of the protein (Figure 1) (47).
Lipin proteins in most species also contain
at least one nuclear localization sequence.
The C-LIP domain contains two known func-
tional motifs: (a) a DIDGT motif, which
is present in all species and constitutes the
catalytic site for phosphatidate phosphatase
(PAP) enzyme activity (24), and (b) an LXXIL
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motif, which is present in mammalian lipin pro-
teins and is required for activity as a transcrip-
tional coactivator (21). The Mg2+-dependent
PAP enzymes catalyze the penultimate step in
triglyceride synthesis, converting phosphatidic
acid (PA) to diacylglycerol (DAG) (reviewed in
8). The resulting DAG also serves as the im-
mediate precursor of phosphatidylcholine and
phosphatidylethanolamine. PAP proteins nor-
mally reside in the cytosol and translocate to
the endoplasmic reticulum membrane to bind
PA and catalyze the enzymatic reaction (4). Al-
though all three mammalian lipin proteins have
the DIDGT motif and demonstrable PAP ac-
tivity, lipin-1 exhibits higher PAP specific ac-
tivity than lipin-2 and lipin-3 as assessed by an
in vitro assay (14). The DIDGT motif is ab-
solutely required for PAP enzyme activity, but
mutation of this motif does not affect transcrip-
tional coactivator function (21, 24).

A role for lipin protein transcriptional coac-
tivator activity has been demonstrated most
convincingly thus far for mouse lipin-1. Lipin-1
coactivator activity was first discovered by Finck
et al. (21) in studies of the hepatic response to
fasting in mice deficient for the peroxisome pro-
liferator activated receptor γ coactivator-1α

(PGC-1α) transcriptional coactivator. Lipin-
1 is required for the induction of peroxisome
proliferator-activated receptor (PPAR) α ex-
pression during fasting: It associates with the
PPARα promoter nuclear receptor response el-
ement and coactivates the PPARα promoter
with PGC-1α. This coactivation is enhanced
upon fasting and probably involves an indi-
rect association between lipin-1 and the PPARα

gene promoter since lipin-1 has no DNA bind-
ing domain. Lipin-1 also coactivates PPARα

and PGC-1α to upregulate fatty acid uptake
and oxidation, TCA cycle, and mitochondrial
metabolism genes (21). The PAP DIDGT mo-
tif is not required for this coactivation activity,
but interestingly, mutation of the LXXIL coac-
tivation motif abolishes both coactivator and
PAP activity (21). There is also some evidence
that lipin-1 coactivates mitochondrial biogene-
sis genes in response to endurance exercise (26).
Lipin-1 coactivator activity has also been linked

PA: phosphatidic acid

PGC-1α: peroxisome
proliferator activated
receptor γ

coactivator-1α

fld: fatty liver
dystrophy

to the suppression of very-low-density lipopro-
tein secretion in mouse liver, although no ef-
fects on the levels of related gene expression
were detected (11).

The yeast lipin homolog, known as Pah1p,
has been shown to have a role in phospholipid
biosynthetic gene expression during expansion
of the nuclear membrane (52). However,
unlike mammalian lipin-1, this transcriptional
activity appears not to be separable from
the PAP activity of Pah1p (23), indicating
that the observed effects on gene expression
in yeast and mouse may occur by different
mechanisms. Little is known about whether
other lipin proteins have physiological roles
in gene regulation. Lipin-2 exhibits similar
transcriptional coactivator activity as lipin-1
in a cell-based assay (16), but a role for this
activity in vivo has not been demonstrated.

LIPIN-1 DEFICIENCY IN THE
MOUSE: IMPAIRED LIPID
METABOLISM IN LIVER,
ADIPOSE TISSUE, AND
PERIPHERAL NERVE

Spontaneous mutations that cause impaired
lipin-1 function in the mouse have been instru-
mental in both the identification of the Lpin1
gene and analysis of the physiological role of
lipin-1. The original mutant phenotype, named
fatty liver dystrophy ( fld), was first character-
ized by Langner et al. (32, 33) and was later
found to be due to a gene rearrangement and
null mutation in Lpin1 (47). A second, indepen-
dent mouse mutation that causes virtually the
same phenotype as the null mutation resulted
from a point mutation at a conserved amino acid
in the N-LIP domain (47). Recently, a chem-
ical mutagenesis screen identified a point mu-
tation in the C-LIP domain that resulted in a
protein with attenuated function and a modest
phenotype with effects primarily in the periph-
eral nerve (17).

The lipin-1-deficient fld mutant mouse has
been extensively studied. The name “fatty liver
dystrophy” reflects the presence in neonatal
mice of an enlarged, triglyceride-rich fatty
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TAG: triacylglycerol

liver and the development in adult mice of a
dystrophic movement (i.e., neuropathy) char-
acterized by whole-body tremor and apparent
weakness in the hind limbs (32). In addition,
neonatal fld mice have hypertriglyceridemia,
altered hepatic lipid metabolism gene expres-
sion, and decreased lipoprotein lipase activity
in adipose tissue. The fatty liver and hyper-
triglyceridemia spontaneously resolve around
the time of weaning, although this appears to
be a genetically programmed event rather than
a result of weaning (32). The two most no-
table phenotypes in adult fld mice are the
absence of functional white and brown adi-
pose tissue throughout the body (51) and the
progressively worsening neuropathy, which is
caused by impaired formation and maintenance
of the myelin sheath in peripheral nerves (33).
Analysis of PAP activity in tissues of fld mice
revealed that lipin-1 accounts for virtually all of
the PAP activity in white and brown adipose tis-
sue, the endoneurium of sciatic nerve, skeletal
muscle, heart, and lung, and contributes a large
proportion of the PAP activity in liver, brain,
and kidney (14, 25, 44). Male mice are infer-
tile, perhaps related to high expression levels of
lipin-1 in testis, although an analysis of the PAP
activity in fld testis has not been reported.

The lack of lipin-1 PAP activity appears to
contribute to the pathology observed in tis-
sues of fld mice by at least two mechanisms.
First, the impaired triacylglycerol (TAG) syn-
thesis may directly affect the normal function
of tissues that store lipid for local and/or sys-
temic use. Second, PAP deficiency may lead
to an accumulation of the enzyme substrate,
PA, which acts as a lipid signaling molecule
and may lead to dysregulation of downstream
signaling pathways (6). There is evidence that
both of these mechanisms contribute to the
effects of lipin-1 deficiency in tissues such as
peripheral nerve and adipose tissue. In sciatic
nerve, lipin-1 deficiency causes lipoatrophy of
adipocytes that occur in the epineurium as well
as impaired lipid synthesis in the endoneurium
(56). Furthermore, PA accumulates in the en-
doneurium due to lack of lipin-1 PAP function
(44). PA was shown in vitro to have a direct

effect on Schwann cells, reducing both myelina-
tion and expression of a marker of differentiated
Schwann cells. In addition, PA was shown to ac-
tivate the MEK-Erk signaling pathway in cul-
tured mouse Schwann cells, a mechanism that
was shown to be important for the demyelinat-
ing action of PA (44).

In adipose tissue, the loss of lipin-1 PAP ac-
tivity and resulting impairment in triglyceride
synthesis clearly contribute to the failure of adi-
pose tissue in fld mice to store lipids and the
resulting lipodystrophy (14, 51). Both white
and brown adipose tissue depots in fld mice ex-
hibit an 80% reduction in mass compared to
wild-type mice, leading to a 25% reduction in
body weight. This defect cannot be overcome
by feeding a high-fat diet, which results in vir-
tually no weight gain in fld mice (48). At the mi-
croscopic level, fld adipose tissue appears poorly
differentiated, with cells having a fibroblas-
tic appearance and sparse, small lipid droplets.
This reflects the fact that lipin-1 expression
in differentiating preadipocytes is required for
normal expression of adipogenic transcription
factors, including PPARγ and CAAT/enhancer
binding protein (C/EBP) α, which are induced
prior to triglyceride synthesis (48). Thus, the
lack of lipin-1 in preadipocytes has effects be-
yond impaired TAG accumulation and may in-
dicate a requirement for lipin-1 in the activa-
tion of gene expression during early adipocyte
differentiation (46) or aberrant cellular func-
tion resulting from the accumulation of PA in
adipocytes (44).

The lack of lipin-1-mediated TAG synthe-
sis in fld adipose tissue has important systemic
metabolic consequences. Fat stores play a crit-
ical role as a sink for excess dietary fatty acids
and as a fuel source during fasting and starva-
tion. Wild-type mice utilize glucose in the fed
state; during the fasted state, they switch ini-
tially to glycogen stores in liver and muscle and
then to triglyceride stores in adipose tissue. The
lack of fat stores in the fld mouse prevents it
from making use of the normal fuel choice pro-
gram during fasting. To compensate, lipin-1-
deficient mice store excess glycogen during the
feeding period to use as a sustained fuel source
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during fasting (59). To spare glucose and allow
its storage as glycogen, the fld mice also induce
hepatic fatty acid synthesis to supply muscle and
other tissues during the feeding period. The en-
hanced oxidation of fatty acids as fuel in periph-
eral tissues is a likely mechanism for the lack of
fatty liver in the adult fld mice.

Another consequence of lipin-1 deficiency
in metabolic tissues is severely impaired glucose
homeostasis. The fld mouse exhibits impaired
glucose clearance and elevated nonfasting and
glucose-stimulated insulin levels, indicating in-
sulin resistance (51, 59). Analysis of hepatic
glucose production revealed that fld mice have
normal insulin sensitivity in the liver but im-
paired glucose uptake in peripheral tissues such
as adipose tissue and skeletal muscle (59). This
is consistent with studies of primary cells iso-
lated from fld and wild-type mice. Cells from
both sources were responsive to serum as in-
dicated by formation of elongated actin stress
fibers, but only wild-type cells responded to in-
sulin as evidenced by membrane ruffling (31).
Furthermore, in human primary adipocytes,
lipin-1 mRNA levels exhibit a strong positive
correlation with basal and insulin-stimulated
glucose transport and with expression of the
insulin-sensitive glucose transporter 4 (55). De-
spite the fact that fld mice have a nonathero-
genic plasma lipid profile, they are more sus-
ceptible than wild-type mice to diet-induced
atherosclerosis (51). Although the cause is un-
known, it is interesting to speculate that the
increased atherosclerosis is influenced by the
insulin-resistant state and/or impaired adipose
tissue function and adipokine production, both
of which are risk factors for cardiovascular
disease (38).

LIPIN-1 EXPRESSION LEVELS
INFLUENCE ADIPOSITY,
ENERGY METABOLISM, AND
INSULIN SENSITIVITY

Lipin-1 represents a link between opposite
extremes of adiposity, with lipin-1 deficiency
causing lipodystrophy and enhanced expression
causing obesity. This was demonstrated first in

Tg: transgenic

the mouse, in two transgenic (Tg) mouse mod-
els that overexpress lipin-1 in either mature
adipocytes (aP2-lipin-1 Tg mice) or skeletal
muscle (Mck-lipin-1 Tg mice). Increased lipin-
1 expression in either adipose tissue or muscle
led to obesity, in stark contrast to the lipodys-
trophy observed in lipin-1 deficient mice (49).
However, as described below, the mechanism
underlying obesity and the resulting effects
on glucose homeostasis differed depending on
whether lipin-1 expression was enhanced in adi-
pose tissue or muscle.

Transgenic mice with increased lipin-1 ex-
pression in adipose tissue have normal weight
when fed a chow diet but accumulate twice as
much fat mass as wild-type mice when fed a
high-fat diet (49). Muscle-specific expression of
the lipin-1 transgene leads to increased body
weight on chow as well as on high-fat diets,
and accumulation of four times the fat mass of
wild-type mice after eating the high-fat diet.
Although food intake is normal for the trans-
genics, increased feed conversion efficiency was
observed in both transgenic strains, consistent
with the increased weight gain. Additionally,
the extreme weight gain of Mck-lipin-1 Tg
mice on both chow and high-fat diets was char-
acterized by a 15% reduction in energy expen-
diture, reduced body temperature, and reduced
fatty acid oxidation in muscle (49). Interest-
ingly, the energy balance parameters in Mck-
lipin-1 Tg mice are the opposite of those in fld
mice, which exhibit increased energy expendi-
ture, elevated body temperature, and increased
fatty acid oxidation in muscle. It was demon-
strated that these aspects of the fld phenotype
can be largely attributed to the lack of lipin-1
specifically in muscle, since expression of the
Mck-lipin-1 transgene in fld mice normalized
these energy parameters but did not restore adi-
pose tissue function (49).

The effects of enhanced lipin-1 expression
levels on glucose homeostasis diverged in
adipose tissue and muscle-specific lipin-1
transgenic strains. Despite their increased fat
mass, aP2-lipin-1 Tg mice exhibited greater
insulin sensitivity, whereas Mck-lipin-1 Tg
mice had increased insulin resistance compared
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to wild-type mice (49). The insulin resistance
in Mck-lipin-1 Tg mice is likely secondary to
the profound obesity, although it is not pos-
sible to discount a direct effect due to specific
alterations in muscle lipid metabolism. It is,
however, counterintuitive that aP2-lipin-1 Tg
mice would exhibit improved glucose home-
ostasis, which was associated with enhanced
lipogenic gene expression in fat, and a 60%
increase in triglyceride content per cell in
adipose tissue (46, 49). This may reflect more
efficient fatty acid trapping and incorporation
into adipose tissue triglycerides, thereby pre-
venting lipid deposition in muscle, liver, and
other tissues, which could compromise insulin
action. Furthermore, the induction of en-
dogenous lipin-1 expression may be a positive
adaptive response in insulin-sensitive states, as
lipin-1 expression in adipose tissue is induced
by insulin-sensitizing drugs such as thiazo-
lidinediones and harmine (20, 57, 60). Levels of
lipin-1 expression in human adipose tissue are
also positively correlated with insulin sensitivity
in humans, as described in a later section.

REGULATION OF LIPIN-1
EXPRESSION AND ACTIVITY

Lipin-1 action is regulated at multiple levels, in-
cluding gene transcription, alternative mRNA
splicing, protein phosphorylation, and subcel-
lular protein localization. This complex array of
regulatory mechanisms suggests that the lev-
els and activity of this protein are modulated
to adjust to changing physiological conditions.
These are summarized in Figure 2 and de-
scribed below.

Lipin-1 Transcriptional Regulation

Even before the molecular identification of the
lipin proteins, it was known that hepatic PAP
activity is increased in fasting, diabetes, and in
response to glucocorticoids (5). Consistent with
these early observations, lipin-1 is regulated at
the transcriptional level by glucocorticoids in
adipocytes and hepatocytes (40, 63). In primary
rat and mouse hepatocytes, lipin-1 mRNA

levels are induced by treatment with the
synthetic glucocorticoid, dexamethasone, and
this effect is augmented by cAMP or glucagon
and diminished by insulin (40). In adipocytes,
lipin-1 expression is dramatically induced dur-
ing differentiation, and this was found to be due
to stimulation by dexamethasone present in the
differentiation cocktail (63). In vivo, conditions
associated with increased glucocorticoid levels,
such as obesity or fasting, also lead to increased
lipin-1 mRNA in adipose tissue (63) and in liver
(21). Glucocorticoid regulation is mediated by
a glucocorticoid response element within the
Lpin1 promoter region, which was shown to
bind the glucocorticoid receptor upon addi-
tion of dexamethasone (63). Fasting-induced
induction of lipin-1 in liver is dependent on
the presence of PGC-1α, a protein whose
expression is stimulated by dexamethasone
(21). An interesting link between cellular
cholesterol levels and triglyceride biosynthesis
was demonstrated by the determination that
sterol depletion in human hepatoblastoma cells
induces lipin-1 mRNA expression (28). This
induction is regulated by the sterol regulatory
response element binding protein 1 (SREBP1)
and nuclear factor Y (NF-Y), which bind to
sequence motifs upstream of the LPIN1 gene.

Negative regulators of lipin-1 gene expres-
sion include cytokines and other members of
the lipin family. It is known that inflamma-
tion and sepsis lead to the release of free fatty
acids from adipose tissue. Consistent with this,
inflammatory conditions appear to suppress
lipin-1 gene expression, potentially contribut-
ing to the reduction in fatty acid utilization for
TAG synthesis in these conditions. In mouse
adipose tissue, lipopolysaccharide suppressed
lipin-1 mRNA and protein levels, and this ef-
fect was partially ameliorated in mice lacking
tumor necrosis factor (TNF) α, a cytokine im-
plicated in obesity and insulin resistance (37).
Indeed, lipin-1 is directly suppressed by TNF-
α treatment of cultured adipocytes, and this ef-
fect is prevented by inhibition of Jak2 signaling
(37, 54). There is also evidence in cultured cells
that lipin-1 and lipin-2 may negatively regulate
one another. In HeLa cells, siRNA knockdown
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of either lipin-1 or lipin-2 caused an increase
in mRNA and protein levels of the other lipin
(22). In 3T3-L1 cells, silencing of lipin-1 led
to higher lipin-2 expression levels. However,
the effects of these changes on PAP activity are
not straightforward, as silencing of lipin-1 dra-
matically reduces PAP activity in HeLa cells,
whereas silencing of lipin-2 increases PAP ac-
tivity (22). The interplay between different lipin
family members is an intriguing area that will
need to be confirmed in vivo.

Alternative Lpin1 mRNA Splicing

Lipin-1 is expressed as two distinct isoforms,
known as lipin-1α and lipin-1β, which rep-
resent different splice variants from the Lpin1
gene (27, 46). Lipin-1β contains an additional
33 amino acid residues that are not present in
lipin-1α (Figure 1). Lpin1 splicing appears to
exhibit tissue-specific regulation, as some tis-
sues (brain, spleen, and preadipocytes) have a
predominance of lipin-1α whereas others (liver,
heart, kidney, and mature adipocytes) have a
preponderance of lipin-1β (46). Little is known
about the regulation of lipin-1 mRNA splicing
to produce the two isoforms, but some clues
have been gleaned from the study of lipin-1
expression during adipocyte differentiation in
vitro. Lipin-1α is the major mRNA present in
undifferentiated preadipocytes, and upon treat-
ment with a differentiation cocktail, lipin-1β is
dramatically induced and constitutes the pre-
dominant form in mature adipocytes (46). Glu-
cocorticoids may influence splicing, as lipin-1β

is induced to a greater extent than lipin-1α in
response to dexamethasone (63). Notably, the
lipin-1α and lipin-1β proteins have different
properties, with lipin-1α exhibiting a greater
frequency of nuclear localization than lipin-
1β (3, 46). Furthermore, complementation of
lipin-1-deficient preadipocytes with each iso-
form independently showed that lipin-1α ex-
pression leads to the induction of adipogenic
transcription factors, whereas lipin-1β leads to
increased expression of lipogenic genes (46).
The lipin-1 transgenic mouse models that were
described in a previous section both expressed

the lipin-1β isoform (49); it would be interest-
ing to determine if similar physiological effects
are obtained with the lipin-1α isoform.

Lipin-1 Protein Modification
and Subcellular Localization

Most enzymes in the glycerolipid biosynthetic
pathway reside within the membrane of the en-
doplasmic reticulum (12). In contrast, it was
demonstrated some time ago that PAP activ-
ity resides in the cytosol until it is recruited to
the endoplasmic reticulum (ER) membrane in
a transient manner in response to fatty acids
or other stimuli (reviewed in 50). PAP phos-
phorylation was implicated in the subcellular
localization of PAP activity, since the phos-
phatase inhibitor okadaic acid can displace it
from the ER membrane. Lipin-1 phosphoryla-
tion was first demonstrated by Lawrence and
colleagues, who showed that insulin or amino
acid treatment of adipocytes caused the appear-
ance of multiple lipin-1 electrophoretic vari-
ants that could be collapsed into a common
form by phosphatase treatment (27). Lipin-1
phosphorylation by insulin is dependent upon
phosphatidylinositol-3-kinase activity and the
mammalian target of rapamycin (mTOR) sig-
naling pathways. At least 15 serine and thre-
onine phosphorylation sites have been identi-
fied along the length of the lipin-1 protein,
including serine 106, which is a key insulin-
stimulated phosphorylation site (25). Lipin-
1 dephosphorylation occurs in response to
oleic acid and epinephrine (25). Importantly,
lipin-1 phosphorylation/dephosphorylation by
metabolic regulators appears not to affect the
intrinsic PAP activity, but rather influences sub-
cellular localization of the protein. Thus, phos-
phorylation by insulin causes translocation of
lipin-1 protein and PAP activity from the sol-
uble to the microsomal fraction, whereas de-
phosphorylation by oleic acid or epinephrine
has the opposite effect (25).

Studies in HeLa cells showed that both
lipin-1 and lipin-2 are phosphorylated dur-
ing mitosis, at cyclin-dependent kinase (Cdk1)
phosphorylation consensus sites (22). In
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BMI: body mass index

contrast to the changes in phosphorylation sta-
tus by metabolic regulators described above,
mitotic phosphorylation was found to decrease
PAP activity, whereas dephosphorylation was
found to increase it. In addition, phosphoryla-
tion changed the affinity of the lipin proteins
for membranes in HeLa cells: Phosphorylated
lipin-1 and phosphorylated lipin-2 were found
to be enriched over dephosphorylated forms in
the soluble fraction of HeLa cells (22). The
phosphatase Dullard has been shown to de-
phosphorylate lipin-1 (30), but the physiologi-
cal role of Dullard in regulation of lipin-1 ac-
tivity is not clear.

In addition to the regulation of cytosolic/ER
membrane localization of lipin-1 by phospho-
rylation, other protein modifications may mod-
ulate cytosolic/nuclear localization. In neuronal
cells, lipin-1α nuclear localization is regulated
by sumoylation at two lysine residues occur-
ring within sumoylation consensus sites (35).
Intact sumoylation sites are required for tran-
scriptional coactivator activity of lipin-1α in
cultured neuronal cells, suggesting that sumoy-
lation provides a mechanism to regulate nuclear
localization and transcriptional activity of lipin-
1α in the brain. The sumoylation of lipin-1α

occurs at sites that are distinct from the nuclear
localization signal, suggesting that changes in
protein conformation may function in combi-
nation with the nuclear localization site to op-
timize nuclear translocation.

ALTERED LIPIN-1 GENE
EXPRESSION AND
METABOLISM IN HUMANS

Studies of lipin-1 regulation in humans have
uncovered significant associations between
variations in lipin-1 mRNA expression levels
and various metabolic traits. Consistent with
studies in mouse models described above, mul-
tiple studies found that human adipose tissue
lipin-1 expression is positively correlated with
insulin sensitivity, as measured by glucose tol-
erance, euglycemic-hyperinsulinemic clamp,
HOMA-IR, and intramyocellular lipids (13,
15, 42, 53, 55, 60). Furthermore, upregulation

of lipin-1 by treatment with thiazolidinedione
antidiabetic drugs was correlated with im-
proved insulin sensitivity (60). In a unique
study, lipin-1β expression was increased in
liver and adipose tissue after weight-reduction
surgery, and insulin sensitivity was improved
(13). Adipose tissue lipin-1β expression levels
were reduced in patients with polycystic ovary
syndrome, which is characterized by insulin re-
sistance (43).

The relationship between lipin-1 levels and
adiposity is not as clear-cut in humans as was
observed in mouse models. As described earlier,
in the mouse, extreme differences in lipin-1
levels in adipose tissue positively correlate with
adiposity, with lipin-1-deficient mice having
virtually no adipose tissue mass, and lipin-1
transgenics having enhanced adipose tissue
accumulation. In man, a different relationship
between lipin-1 expression and adiposity [typ-
ically measured as body mass index (BMI)] has
been observed. Although one study reported
no correlation (53), others have reported a
negative correlation between adipose tissue
lipin-1 expression levels and BMI (10, 42,
43), percent body fat, fat cell size, fasting free
fatty acid levels, and other measures of adipose
tissue mass (15), and metabolic syndrome (55).
One explanation for the different relationships
between lipin-1 and adiposity in mouse and
man is that forced lipin-1 expression via
transgene leads to continuous PAP activity and
increased TAG synthesis in the mouse, whereas
the expression of endogenous human lipin-1
is regulated such that when a certain degree
of adiposity is reached, expression levels are
attenuated. Interestingly, in addition to cor-
relations with metabolic traits, lipin-1 mRNA
expression levels are also highly correlated with
expression levels of genes involved in several
metabolic processes, including PPARα and
other genes involved in fatty acid oxidation,
adiponectin, glucose transporter 4, and genes
involved in lipid biosynthesis (10, 15, 55).

The relationship between lipin-1 levels and
lipodystrophy that occurs secondary to hu-
man immunodeficiency virus (HIV) infection
and antiretroviral drug treatment has also been
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investigated. Lipin-1 expression levels in adi-
pose tissue were compared between HIV pa-
tients who have developed lipodystrophy and
those who have not. Consistent with a role for
lipin-1 in maintaining adipose tissue, HIV pa-
tients with lipodystrophy exhibited decreased
lipin-1 mRNA levels in adipose tissue compared
to patients without lipodystrophy (34). In addi-
tion, lipin-1 levels in adipose tissue were pos-
itively correlated with percentage limb fat and
negatively correlated with percentage truncal
fat. Finally, lipin-1 expression was negatively
correlated with inflammatory cytokine expres-
sion in abdominal subcutaneous fat in two inde-
pendent studies (34, 42). However, one of these
groups found no correlation between lipin-1
expression and HIV-associated lipodystrophy
syndrome (42). Discrepancies between the two
studies may be due to many factors, including
differences in the stage of lipodystrophy pro-
gression among subjects.

LIPIN-2 AND LIPIN-3
EXPRESSION AND PHYSIOLOGY

The two remaining lipin family members, lipin-
2 and lipin-3, are much less well characterized
than lipin-1. Lipin-2 exhibits PAP activity at
about one-quarter the level of lipin-1-specific
activity (14). It also exhibits transcriptional
coactivator activity in combination with
PPARα and PGC-1α that is comparable to
lipin-1 coactivator activity in an in vitro assay
(16). Lipin-2 is expressed at high levels in the
liver, kidney, and brain, and is the predominant
lipin family member expressed in red blood
cells, bone marrow, thymus, and spleen, al-
though at levels that are much lower than those
in liver (16). Lipin-2 expression, like lipin-1,
is elevated in the liver during fasting (16,
21). However, unlike lipin-1, lipin-2 does not
appear to be regulated by PGC-1α (21). Very
little is known about the regulation of lipin-2
expression or activity. During differentiation of
cultured adipocytes, lipin-2 exhibits a pattern
opposite to that of lipin-1, with expression in
preadipocytes that is suppressed by differentia-

tion to mature adipocytes (22). Similar to lipin-
1, lipin-2 is phosphorylated during mitosis on
Cdk1 phosphorylation consensus sites, but the
physiological significance is unknown (22).

At present, lipin-3 is the least well-
characterized lipin family member. In vitro,
lipin-3 exhibits PAP activity at about 20% the
level of lipin-1 specific activity (14). In vivo, ex-
pression is detected in the gastrointestinal tract
and liver (14, 40). Hepatic lipin-3 expression
levels are generally much lower than those for
lipin-1 or lipin-2, but lipin-3 expression is sub-
stantially upregulated in the liver of lipin-1-
deficient mice and may partially compensate for
PAP activity in this tissue (14).

GENETIC MUTATIONS AND
VARIANTS IN LIPIN GENES AND
HUMAN DISEASE

The three human lipin proteins exhibit 44%
to 48% amino acid identity with the mouse
proteins and are encoded by the genes LPIN1,
LPIN2, and LPIN3. Studies of LPIN1 and
LPIN2 have identified both common and rare
genetic variants that are associated with human
disease (Table 1).

Lipin Gene Mutations and
Rare Disease

A striking finding is that mutations in LPIN1
and LPIN2 cause rare recessive Mendelian dis-
eases. Inactivating mutations in LPIN1 cause
recurrent episodes of myoglobinuria in child-
hood (62). The first mutation identified was
a nonsense mutation with a recessive inher-
itance pattern in a single family with three
affected children. An accumulation of lyso-
phospholipids and a slight elevation of phos-
phatidate were present in the muscle of one
of the affected children, possibly contributing
to the myoglobinuria. Five additional nonsense
or frame-shift LPIN1 mutations were identified
upon sequencing 22 other unrelated patients
suffering from recurrent rhabdomyolysis. None
of these mutations were detected in control
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Table 1 Lipin gene mutations and polymorphisms associated with human disease

LPIN1 mutations
Phenotype Genetic change/locus Details about change/locus Reference
Recurrent acute
myoglobinuria

Homozygous 643 G>T (E215X) Premature stop codon 62

Homozygous 1162 C>T (R388X) Premature stop codon
2398 C>T (R800X)/genomic deletion
of exons 18 and 19

Premature stop codon/deletion

Homozygous 297+2 T>C Activates cryptic splice site in exon 1; last
106 bp of exon 1 are deleted

1259+2 T>C/genomic deletion of
exons 18 and 19 (heterozygous)

Skips exon 8/deletion

Statin-induced myopathy 2306 A>G (Glu769Gly) Mutation of a highly conserved amino acid;
impaired PAP activity in yeast

62

LPIN1 polymorphisms
Body mass index

rs13412852 Noncoding SNP 18
(Association found in lean
men only)

rs893346 A/G, rs2577262 A/G,
rs2716610 C/T

Noncoding SNPs 53

(Association found in obese
men only)

rs11693809 C/T, rs10192566 C/G,
rs2278513 C/T, rs2577262 A/G

Noncoding SNPs 53

Haplogroup encompassing SNPs
rs33997857, rs6744682, rs6708316

One exonic SNP leads to a codon change
(V494M) and two are intronic; one risk and
two protective haplotypes identified

58

Insulin levels
Higher serum insulin rs11693809 T allele (SNP) Noncoding SNP 53
Higher fasting insulin
(generation specific)

rs2716609 C allele (SNP) Noncoding SNP 36

Waist circumference
(Generation specific) rs2716609 C allele (SNP) Noncoding SNP 36

Haplogroup encompassing SNPs
rs33997857, rs6744682, rs6708316

One exonic SNP leads to a codon change
(V494M) and two are intronic; one risk and
two protective haplotypes identified

58

Blood pressure
Lower mean systolic blood
pressure (in men only)

rs10495584 G allele (SNP) Not predicted to be pathogenic, but in high
LD with functional SNP rs11524, in which
the major allele forms an exonic splicing
silencer sequence

45

Hypertension D2S0949i (microsatellite) LPIN1 is the nearest gene to this
significantly associated microsatellite

61

Lower blood pressure Haplogroup encompassing SNPs
rs33997857, rs6744682, rs6708316

One exonic SNP leads to a codon change
(V494M) and two are intronic; one risk and
two protective haplotypes identified

58

(Continued )
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Table 1 (Continued )

LPIN1 polymorphisms
Phenotype Genetic change/locus Details about change/locus Reference
Other metabolic phenotypes
Higher resting metabolic rate
(generation specific)

rs2577262 G allele (SNP) Noncoding SNP 36

rs2577256 C allele (SNP) Noncoding SNP
Metabolic syndrome factor
score and A1C levels

Haplogroup encompassing SNPs
rs33997857, rs6744682, rs6708316

One exonic SNP leads to a codon change
(V494M) and two are intronic; one risk and
two protective haplotypes identified

58

Type 2 diabetes Haplotype ATCCG Haplotype is rare among the Chinese
population studied

10

Improved response to
rosiglitazone treatment in
type 2 diabetic patients

rs10192566 G allele (SNP) Noncoding SNP 29

Elevated hepatic lipase
activity (in women only)

rs10192566 G allele (SNP) Noncoding SNP 53

LPIN2 mutations
Majeed syndrome Homozygous 2201C>T (S734L) Mutates an amino acid conserved not only

across lipins in other species but also in all
HAD family proteins

19

Homozygous 540–541delAT Frameshift mutation; premature stop codon 19
Homozygous 2327+1G>C Mutation of splice site causes an R776S

change and a premature stop codon
1

Psoriasis 991G>T (A331S) All coding changes 41
1043C>T (P348L)
1159A>G (K387E)
1510C>T (L504F)
1801G>A (E601K)

LPIN2 polymorphisms
Type 2 diabetes and fat
distribution

rs3745012 C allele (SNP) Located within the LPIN2 3′ UTR 2

Abbreviations: HAD, haloacid dehalogenase; LD, linkage disequilibrium; SNP, single nucleotide polymorphism; UTR, untranslated region.

individuals of similar ethnic background. The
affected patients had normal fat distribution and
average weights, suggesting that there may be
compensation for lipin-1 deficiency in human
adipose tissue, although none of these patients
have yet been studied as adults. LPIN1 muta-
tions have not been detected in cases of human
lipodystrophy (7, 18), but it should be noted
that the patients analyzed did not exhibit the
full array of symptoms that characterize lipin-
1 deficiency in the mouse, including peripheral
neuropathy, male infertility, and neonatal dys-
lipidemia and fatty liver.

In addition to the mutations causing lipin-
1 deficiency described above, LPIN1 missense
mutations were identified in two of six patients
who developed myopathy while taking statin
drugs, a serious side effect that occurs in a
small percentage of patients (62). The associ-
ation of LPIN1 mutations with statin-induced
myopathy is intriguing but awaits confirmation
in larger numbers of subjects.

Mutations in the LPIN2 gene cause a rare
recessive Mendelian disease known as Majeed
syndrome (1, 19, 39). Majeed syndrome is
characterized by chronic recurrent multifocal
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osteomyelitis, an autoinflammatory condition
that usually occurs sporadically. Other symp-
toms include congenital dyserythropoietic
anemia and an inflammatory dermatitis. These
phenotypes may be related to the loss of lipin-2
in erythrocytes and lymphocytes, where lipin-2
seems to be the major lipin expressed (16).
Three affected families have been described:
Two involve mutations that introduce a pre-
mature stop codon, and one is a single missense
mutation at a serine residue in the C-LIP do-
main that is conserved in all mammalian lipin-1,
lipin-2, and lipin-3 proteins (1, 19, 39). Mu-
tation of the serine residue abolishes the PAP
activity of lipin-2 (and also of lipin-1) but does
not impair the association of lipin-2 with micro-
somal membranes or its transcriptional coac-
tivator function (16). Several distinct missense
mutations in lipin-2 have been associated with
psoriasis, although the functional consequences
of these amino acid substitutions on lipin-2
protein function have not been evaluated (41).

Genetic Variations in Lipin Genes
Associated with Common Disease

Based on the established roles of lipin-1 as
a determinant of adiposity, lipid metabolism,
and insulin sensitivity, several studies have an-
alyzed LPIN1 genetic variants for association
with these and related metabolic traits (see
Table 1). Several different variants in noncod-
ing and intronic regions, as well as one exonic
variant that leads to an amino acid substitu-
tion, have been associated with BMI and/or
waist circumference in four different popula-
tions (18, 36, 53, 58). LPIN1 associations with
insulin levels or type 2 diabetes, or with blood
pressure (45, 58, 61), have also been reported
in multiple populations. Other metabolic traits
associated with LPIN1 polymorphisms or hap-
lotypes include resting metabolic rate, hepatic
lipase activity, overall metabolic syndrome fac-
tor score, and improvement of type 2 diabetes
in response to rosiglitazone (10, 29, 36, 53, 58).
In some cases, the LPIN1 genetic associations

were significant only in one sex, suggesting that
interactions may occur with other sex-specific
biological factors.

A genomewide scan of type 2 diabetic pa-
tients led investigators to a significant common
variant of LPIN2 (2). Refinement of the signal
at 18p11 revealed a single nucleotide poly-
morphism within the 3′ untranslated region
of LPIN2 that is significantly associated with
BMI and fat distribution, glucose, and insulin
levels. The polymorphism alters a putative
micro-RNA nucleation site, but experimental
assays failed to demonstrate a significant
difference in lipin-2 mRNA levels in nucleated
blood cells from homozygotes compared to
heterozygotes for the associated allele. It will
be important to assess the association of LPIN2
polymorphisms with similar metabolic traits in
additional populations.

SUMMARY AND FUTURE
DIRECTIONS

Lipin proteins are present in organisms rang-
ing from yeast to man and play a fundamental
role in cellular metabolism. All lipin proteins
appear to function as PAP enzymes that play a
key role in glycerolipid biosynthesis. The mam-
malian lipins may also have roles in the reg-
ulation of gene expression through activity as
transcriptional coactivators. Lipin-1 and lipin-
2 are necessary for normal physiological func-
tion, as evidenced by severe disease phenotypes
in mice and humans with inactivating mutations
in the corresponding genes. A particularly ex-
citing finding is that common polymorphisms
in both the LPIN1 and LPIN2 genes may influ-
ence important metabolic traits that underlie
prevalent diseases such as increased adiposity,
hypertension, psoriasis, insulin sensitivity, and
response to commonly used antidiabetic drugs.
Further studies in mouse models and human ge-
netic variants will be instrumental to fully elu-
cidate the role of lipin family members in main-
tenance of metabolic homeostasis in health and
disease.
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SUMMARY POINTS

1. Lipin proteins are phosphatidate phosphatase enzymes that provide diacylglycerol for
synthesis of triacylglycerol and phospholipids. Mammalian lipin proteins also exhibit
transcriptional coactivator activity.

2. The three mammalian lipin proteins—lipin-1, lipin-2, and lipin-3—appear to have
nonredundant physiological roles, as evidenced by mutations in mice and humans.

3. Lipin-1, the founding member of the lipin family, is critical for lipid homeostasis in
adipose tissue, skeletal muscle, liver, and peripheral nerve in mouse. In humans, lipin-1
deficiency is associated with childhood myopathy.

4. Lipin-1 gene expression levels are regulated by glucocorticoids, sterols, fasting, and lipin-
2 levels and are correlated with insulin sensitivity in humans.

5. Lipin-1 activity is regulated by protein modification (phosphorylation, sumoylation) and
subcellular localization.

6. Lipin-2 deficiency in humans causes Majeed syndrome, an inflammatory condition as-
sociated with osteomyelitis and anemia.

7. Common polymorphisms in human LPIN1 and LPIN2 genes are associated with traits
underlying common metabolic diseases, including body mass index, hypertension, insulin
resistance, and diabetes.
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48. Phan J, Péterfy M, Reue K. 2004. Lipin expression preceding peroxisome proliferator-activated receptor-
gamma is critical for adipogenesis in vivo and in vitro. J. Biol. Chem. 279:29558–64

49. Phan J, Reue K. 2005. Lipin, a lipodystrophy and obesity gene. Cell Metab. 1:73–83
50. Reue K, Brindley DN. 2008. Multiple roles for lipins/phosphatidate phosphatase enzymes in lipid

metabolism. J. Lipid Res. 49:2493–503
51. Reue K, Xu P, Wang XP, Slavin BG. 2000. Adipose tissue deficiency, glucose intolerance, and increased

atherosclerosis result from mutation in the mouse fatty liver dystrophy ( fld) gene. J. Lipid Res. 41:1067–76
52. Santos-Rosa H, Leung J, Grimsey N, Peak-Chew S, Siniossoglou S. 2005. The yeast lipin Smp2 couples

phospholipid biosynthesis to nuclear membrane growth. EMBO J. 24:1931–41

www.annualreviews.org • Lipin Proteins in Metabolism 271

A
nn

u.
 R

ev
. N

ut
r.

 2
01

0.
30

:2
57

-2
72

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



NU30CH13-Reue ARI 7 July 2010 4:4

53. Suviolahti E, Reue K, Cantor RM, Phan J, Gentile M, et al. 2006. Cross-species analyses implicate lipin
1 involvement in human glucose metabolism. Hum. Mol. Genet. 15:377–86

54. Tsuchiya Y, Takahashi N, Yoshizaki T, Tanno S, Ohhira M, et al. 2009. A Jak2 inhibitor, AG490, reverses
lipin-1 suppression by TNF-alpha in 3T3-L1 adipocytes. Biochem. Biophys. Res. Commun. 382:348–52

55. van Harmelen V, Ryden M, Sjolin E, Hoffstedt J. 2007. A role of lipin in human obesity and insulin
resistance: relation to adipocyte glucose transport and GLUT4 expression. J. Lipid Res. 48:201–6

56. Verheijen MH, Chrast R, Burrola P, Lemke G. 2003. Local regulation of fat metabolism in peripheral
nerves. Genes Dev. 17:2450–64

57. Waki H, Park KW, Mitro N, Pei L, Damoiseaux R, et al. 2007. The small molecule harmine is an
antidiabetic cell-type specific regulator of PPARg expression. Cell Metab. 5:357–70

58. Wiedmann S, Fischer M, Koehler M, Neureuther K, Riegger G, et al. 2008. Genetic variants within the
LPIN1 gene, encoding lipin, are influencing phenotypes of the metabolic syndrome in humans. Diabetes
57:209–17

59. Xu J, Lee WN, Phan J, Saad MF, Reue K, Kurland IJ. 2006. Lipin deficiency impairs diurnal metabolic
fuel switching. Diabetes 55:3429–38

60. Yao-Borengasser A, Rasouli N, Varma V, Miles LM, Phanavanh B, et al. 2006. Lipin expression is at-
tenuated in adipose tissue of insulin-resistant human subjects and increases with peroxisome proliferator-
activated receptor gamma activation. Diabetes 55:2811–18

61. Yatsu K, Mizuki N, Hirawa N, Oka A, Itoh N, et al. 2007. High-resolution mapping for essential hyper-
tension using microsatellite markers. Hypertension 49:446–52

62. Zeharia A, Shaag A, Houtkooper RH, Hindi T, de Lonlay P, et al. 2008. Mutations in LPIN1 cause
recurrent acute myoglobinuria in childhood. Am. J. Hum. Genet. 83:1–6

63. Zhang P, O’Loughlin L, Brindley DN, Reue K. 2008. Regulation of lipin-1 gene expression by glucocor-
ticoids during adipogenesis. J. Lipid Res. 49:1519–28

272 Csaki · Reue

A
nn

u.
 R

ev
. N

ut
r.

 2
01

0.
30

:2
57

-2
72

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



NU30CH13-Reue ARI 7 July 2010 4:4

Figure 1
Mammalian lipin protein functional domains. Key lipin protein motifs are labeled at their relative position
along the length of the lipin protein. N-terminal lipin (N-LIP) and C-terminal lipin (C-LIP) domain
regions are highly conserved across evolution from yeast to mammals. The lipin-1β-specific region is
derived from alternative splicing of the lipin-1 gene. DIDGT is the motif required for PAP enzyme activity
and conversion of phosphatidate (PA) to diacylglycerol (DAG). LXXIL is the transcriptional coactivator
motif required for interaction of lipin-1 with other proteins and subsequent effects on gene expression.
HAT, histone acetyltransferase; NLS, nuclear localization signal; PGC1α, PPARγ coactivator 1α; PPARα,
peroxisome proliferator activated receptor α.
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Figure 2
Regulation of lipin-1 gene expression, protein modification, and subcellular localization.
(A) Regulation of lipin-1 gene transcription. Diagrammatic view of lipin-1 gene promoter region with known
regulatory elements is shown. Conditions known to activate lipin-1 mRNA expression are illustrated in the
upper part of the panel. Sterol depletion produces an increase in lipin-1 mRNA expression through sterol
regulatory element-binding protein-1 (SREBP-1) and nuclear factor-Y (NF-Y) acting upon a sterol response
element (SRE) and an NF-Y response element, respectively. Glucocorticoids activate lipin-1 expression
through a glucocorticoid response element (GRE). Obesity and fasting, conditions associated with increased
glucocorticoid levels, induce lipin-1 gene expression. Lipin-1 expression is also enhanced by overexpression
of PGC-1α or depletion of lipin-2. Conditions known to repress lipin-1 mRNA expression are shown
in the lower part of the panel. Proinflammatory cytokines, lipopolysaccharide, and TNFα downregulate
lipin-1 expression. (B) Regulation of lipin-1 posttranslational modification and subcellular localization. Both
insulin and amino acids induce lipin-1 phosphorylation and translocation to the endoplasmic reticulum (ER)
membrane to perform its enzymatic function. This phosphorylation is dependent on the phosphoinositide
(PI)3-kinase and mTOR signaling pathways. Oleic acid and epinephrine reverse this phosphorylation, sending
lipin-1 back to the soluble fraction. Mitosis has also been shown to induce lipin-1 phosphorylation and
translocation, but the enzyme does not become phosphatidate phosphatase (PAP) active. Finally, sumoylation
of lipin-1 induces translocation of the protein from the cytosol to the nucleus. See text for reference citations.
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