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Original Article

Lipin Expression Is Attenuated in Adipose Tissue of
Insulin-Resistant Human Subjects and Increases With
Peroxisome Proliferator–Activated Receptor �
Activation
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Neda Rasouli,

1
Vijayalakshmi Varma,

1
Leslie M. Miles,

1

Bounleut Phanavanh,
1

Tasha N. Starks,
1

Jack Phan,
2

Horace J. Spencer III,
3

Robert E. McGehee, Jr.,
4

Karen Reue,
2

and Philip A. Kern
1

Lipin-� and -� are the alternatively spliced gene products
of the Lpin1 gene, whose product lipin is required for
adipocyte differentiation. Lipin deficiency causes lipodys-
trophy, fatty liver, and insulin resistance in mice, whereas
adipose tissue lipin overexpression results in increased
adiposity but improved insulin sensitivity. To assess lipin
expression and its relation to insulin resistance in humans,
we examined lipin-� and -� mRNA levels in subjects with
normal or impaired glucose tolerance. We found higher
expression levels of both lipin isoforms in lean, insulin-
sensitive subjects. When compared with normal glucose-
tolerant subjects, individuals with impaired glucose
tolerance were more insulin resistant, demonstrated
higher levels of intramyocellular lipids (IMCLs), and ex-
pressed �50% lower levels of lipin-� and -�. In addition,
there was a strong inverse correlation between adipose
tissue lipin expression and muscle IMCLs but no evidence
for an increase in muscle lipid oxidation. After treatment
of the impaired glucose-tolerant subjects with insulin sen-
sitizers for 10 weeks, pioglitazone (but not metformin)
resulted in a 60% increase in the insulin sensitivity index
(Si) and a 32% decrease in IMCLs (both P < 0.01), along
with an increase in lipin-� (but not lipin-�) expression by
200% (P < 0.005). Lipin expression in skeletal muscle,
however, was not related to obesity or insulin resistance.
Hence, high adipose tissue lipin expression is found in
insulin-sensitive subjects, and lipin-� expression increases
following treatment with pioglitazone. These results sug-
gest that increased adipogenesis and/or lipogenesis in sub-

cutaneous fat, mediated by the LPIN1 gene, may prevent

lipotoxicity in muscle, leading to improved insulin sensitiv-

ity. Diabetes 55:2811–2818, 2006

A
long with the increasing prevalence of obesity
is a parallel increase in diabetes (1–3). With
progressive obesity, there is a significant wors-
ening of insulin resistance and the development

of features of the metabolic syndrome (4), which include
abnormalities in insulin secretion, hepatic steatosis, dys-
lipidemia, and atherosclerosis (5,6). A common element in
obesity and its complications is the accumulation of lipids
in adipose tissue and in other organs, such as liver, islets,
and muscle (7–9). However, the pathophysiology of these
relationships is not well understood.

Important insight into the role of adipose tissue in
metabolic syndrome comes from studies of lipodystrophic
animals and humans. Whereas excess adipose tissue in the
form of obesity leads to insulin resistance, the absence of
adipose tissue leads to a severe syndrome characterized
by ectopic deposition of lipids in other organs (10). This
condition can be treated and partially reversed by the
transplantation of adipose tissue in mice (11) or by the
treatment of mice or humans with recombinant leptin
(12,13). These studies suggest that adipose tissue secre-
tory proteins may be important for normal glucose and
lipid homeostasis and also suggest that the absence of
adipose tissue deprives the animal of an important lipid
storage depot, resulting in inappropriate lipid storage and
lipotoxicity in other organs. Indeed, several studies
(9,14,15) in humans have demonstrated a significant rela-
tionship between muscle lipid accumulation and periph-
eral insulin resistance.

Further insight into the role of adipose tissue in insulin
resistance comes from studies using thiazolidinediones
(TZDs). These drugs are high-affinity ligands for peroxi-
some proliferator–activated receptor (PPAR)�, a tran-
scription factor activated early in the process of adipocyte
differentiation (16), and result in improved insulin sensi-
tivity, a process that predominantly involves glucose up-
take in skeletal muscle (17,18). In recent studies, the
treatment of subjects with the TZD pioglitazone resulted in
an increase in subcutaneous adipose tissue, a decrease in
intramyocellular lipids (IMCLs), along with an improve-
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ment in insulin sensitivity (19). Such studies with TZDs
suggest that the redistribution of lipids into adipose tissue
results in the loss of ectopic lipids from other organs and
thus improves insulin action due to a relief of lipotoxicity.

The fatty liver dystrophy (fld) mouse has features of
human lipodystrophy, and this phenotype results from a
mutation in the Lpin1 gene, whose gene product is lipin
(20). Lipin expression is required for normal adipocyte
differentiation, such that lipin-deficient mice fail to de-
velop lipid-filled mature adipocytes (21). In contrast, trans-
genic mice with enhanced lipin expression in adipose
tissue become obese, exhibiting increased lipogenic gene
expression and hypertrophic adipocytes (22). Despite in-
creased adipose tissue accumulation, the lipin transgenic
mice remain insulin sensitive, likely due to a redistribution
of lipids from ectopic sites, such as liver and skeletal
muscle, into adipose tissue. On the other hand, lipin
overexpression in muscle yielded a mouse that was obese,
insulin resistant, and with decreased muscle lipid oxida-
tive capacity (22).

In recent studies, the Lpin1 gene has been shown to
generate two alternatively spliced mRNA forms, referred
to as lipin-� and -�, which differ by 33 amino acids
encoded by an alternatively spliced exon. The two lipin
isoforms appear to have distinct roles in the adipocyte in
terms of expression dynamics, subcellular localization,
and induction of adipogenic and lipogenic gene expression
(23). Thus, lipin-� is primarily present in the nucleus and
stimulates expression of genes involved in adipocyte dif-
ferentiation such as PPAR� and CCAAT/enhancer-binding
protein �. On the other hand, lipin-� is predominantly
localized to the cytoplasm and is associated with the
expression of genes involved in lipogenesis and triglycer-
ide storage in adipocytes, including fatty acid synthase and
diacylglycerol acyltransferase (23).

The molecular function of lipin is not known, but
studies of yeast lipin homologs have revealed interactions
with proteins involved in nuclear transport and chromo-
some segregation (24) and a potential role for lipin in
phospholipid biosynthesis at the nuclear/endoplasmic re-
ticulum membrane (25). In mammals, there is evidence
that lipin may be a downstream target of insulin action in
the mTOR (mammalian target of rapamycin) pathway. In
rat adipocytes, lipin becomes phosphorylated in response
to incubation with insulin or amino acids, and this effect is
abolished by treatment with a specific inhibitor of mTOR
(26). Thus, lipin may act as an effector in this important
pathway that is known to integrate signals from nutrients
and energy status to regulate cell growth and metabolism
(27).

Except for a brief report (28) of lipin expression in 19
subjects, no studies have yet measured lipin expression in
insulin-resistant humans. To determine the possible rela-
tionship between lipin expression and insulin resistance,
we studied LPIN1 gene expression in adipose tissue and
muscle of subjects who were well characterized in terms
of obesity and insulin resistance. We also examined the
influence of pioglitazone, a TZD drug agonist for PPAR�,
on lipin expression in subjects with impaired glucose
tolerance.

RESEARCH DESIGN AND METHODS

Healthy subjects without diabetes were recruited by local advertisement. All
subjects provided written informed consent under protocols that were ap-
proved by the local institutional review board, and studies were conducted at
the University of Arkansas for Medical Sciences/Central Arkansas Veterans

Health Care System General Clinical Research Center. None of the subjects
had a history of coronary artery disease or were being treated with fibrates,
ACE inhibitors, or angiotensin II receptor blockers. Subjects were included if
fasting glucose was �110 mg/dl and 2-h postchallenge glucose was �200
mg/dl, as determined by an initial 75-g oral glucose tolerance test. Based on
the oral glucose tolerance test, subjects were defined as either normal (fasting
blood glucose �110 mg/dl, 2-h glucose �140 mg/dl) or impaired (2-h glucose
140–199 mg/dl) glucose tolerant. A total of 51 subjects were recruited (44
women and 7 men; 48 Caucasians and 3 African Americans; aged 20–66
years), of which 27 were normal glucose tolerant and 24 were impaired
glucose tolerant. All subjects were weight stable and underwent subcutaneous
adipose tissue and muscle biopsies and insulin sensitivity testing using a
frequently sampled intravenous glucose tolerance test (FSIGT). Impaired
glucose-tolerant subjects were then randomized to receive either metformin
or pioglitazone for a 2-week dose escalation followed by 8 weeks at a
maximum dose (1,000 mg metformin twice a day or 45 mg pioglitazone daily).
After 10 weeks of treatment, the oral and intravenous glucose tolerance tests
and biopsies were repeated.
Insulin sensitivity measurement. Insulin sensitivity was measured by an
insulin-modified FSIGT using 11.4 g/m2 glucose and 0.04 units/kg insulin (29).
Plasma insulin was determined using a chemoluminescent assay (Molecular
Light Technology Research, Cardiff, Wales, U.K.), and plasma glucose was
measured by a glucose oxidase assay in duplicate. Insulin sensitivity was
calculated according to the insulin and glucose data using the MinMod
program (30). In five normal glucose-tolerant subjects, the FSIGT was
performed with an injection of tolbutamide (125 mg/m2) instead of insulin.
However, tolbutamide was subsequently discontinued by the manufacturer.
Although the tolbutamide-modified FSIGT and the insulin-modified FSIGT
correlate well with each other and with the euglycemic clamp (31), the insluin
sensitivity index (Si) values obtained by the tolbutamide method are different
from the values obtained by insulin injection. Hence, the Si data of those five
normal glucose-tolerant subjects were excluded.
Adipose tissue and cells. Adipose cell and stromal fractions were isolated
from adipose tissue as previously described (32). Briefly, subcutaneous
adipose tissue was digested with collagenase, and the adipocytes were
separated from the stromal vascular fractions by centrifugation. Cultured
human adipocytes were prepared by differentiation of preadipocytes obtained
from discarded adipose tissue from normal women undergoing liposuction
(32,33). Differentiation was assessed by Oil Red O staining and the detection
of adipocyte-specific mRNA and/or protein expression.
Total RNA isolation and real-time RT-PCR. Total RNA from adipose tissue
was isolated using an RNAeasy Lipid Tissue Mini kit from Qiagen (Valencia,
CA), following the manufacturer’s instruction. Total RNA from muscle biop-
sies was isolated using an Ultraspec RNA Isolation System kit from Biotex
(Houston, TX), according to the manufacturer’s instruction. The quantity and
quality of the isolated RNA was determined by ultraviolet spectrophotometry
and formaldehyde–agarose gel electrophoresis, respectively. One microgram
of total RNA was reverse transcribed using random hexamer primers with
TaqMan Reverse transcription reagents (Applied Biosystems, Foster City,
CA). Reverse-transcribed RNA was amplified with 1� SYBR Green PCR
Master Mix (Applied Biosystems) plus 0.3 �mol/l of gene-specific upstream
and downstream primers during 55 cycles on a Rotor-Gene 3000 Real-Time
Thermal Cycler (Sydney, Australia). Each cycle consisted of denaturation at
94°C for 20 s, annealing at 58°C for 20 s, and extension at 72°C for 20 s.
Amplified 18S ribosomal RNA expression was used as a standard to normalize
the differences in individual samples. All data were expressed in relation to
18S RNA, where the standard curves were generated using pooled RNA from
the samples assayed. The strategy for identification and measurement of
lipin-�, lipin-�, and total lipin was similar to the strategy for measurement of
mouse lipin isoforms, which was previously described (23). The primer
sequences were as follows: 18S forward TTCGAACGTCTGCCCTATCAA, 18S
reverse ATGGTAGGCACGGCGACTA, lipin forward TGCTGGAGAGCAGCA
GAACTC, lipin-� reverse GAACCGGAAGGACTGGGAGTG, lipin-� reverse
AAGACTGTGGAGGGCAAGAAC, and total lipin reverse TAGGGTATGAG
GCTGACTGAG. Each primer set was validated for specificity by visualization
of products by agarose gel electrophoresis before use in these studies.
Muscle biopsy, immunohistochemistry, and measurement of IMCLs. Mus-
cle biopsies from the vastus lateralis were performed under local anesthesia
and immediately processed for fiber typing and lipid content (IMCLs) as
previously described (19). Muscle lipid content was determined by Oil Red O
staining (19,34), and images of the muscle sections were analyzed using the
NIH Image program v. 1.60. The total area of lipid droplets in a muscle fiber
was divided by the total area of the same muscle fiber, yielding a percentage
of lipid content in the muscle fiber. To assess the oxidative capacity of the
muscle, we measured the activity of succinate dehydrogenase and carnitine
palmitoyltransferase (CPT)-1 mRNA, as previously described (19,35).
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Cell culture. To study lipin expression in response to TZDs in vitro, the
mouse 3T3-L1 cell line was used. Human preadipocytes were not used because
these cells require the addition of TZDs for differentiation to mature adipo-
cytes. 3T3-L1 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FCS until confluent and then refed with fresh
medium for 2 more days. Adipocyte differentiation was induced by treating the
cells with DMEM containing 5 �g/ml insulin, 0.25 mmol/l 3-isobutyl-1-methyl-
xanthine, 1 �g/ml dexamethasone, and 10% FCS, with or without 1 �mol/l
rosiglitazone. For a subset of cells, RNA expression was assessed 10 h later.
For the remaining cells, the differentiation medium was removed after 48 h
and the cells were maintained in DMEM supplemented with 10% FCS with
insulin until day 6. On day 6, the cells were subsequently refed with DMEM
supplemented with 10% FCS, with or without 1 �mol/l rosiglitazone for 24 h.
Afterward, the cells were lysed and homogenized for RNA isolation, and
real-time PCR quantitation of mouse lipin mRNA was performed using
previously described primers (23). All experiments were performed in tripli-
cate.
Statistical analysis. Student’s two-sample t tests were used to compare
groups with respect to continuous variables, while paired t tests were used to
compare baseline and posttreatment measures within a group. Pearson’s
correlation coefficients were used to describe the linear association between
variables. For each of these analyses, distributional assumptions were evalu-
ated and appropriate transformations were applied as necessary. Results
based on analyses requiring transformations will be noted. All data from
human samples are expressed as means � SE.

This study involved predominantly Caucasian women. Although this study
lacked power to detect differences in lipin expression related to sex and race,
none of the relationships presented were significantly changed by the elimi-
nation of men or African Americans.

The data described below include �51 subjects for each analysis. In some
instances, this is due to the limitation of the analysis to subgroups of subjects
(e.g., impaired glucose tolerance). In other instances, we wished to compare
mRNA data among subjects where the reverse transcription reaction was
performed at the same time to minimize experimental error.

RESULTS

Detection of lipin in human tissue and cell fractions.
To determine the specificity of lipin expression in different
cell types, mRNA levels of total lipin, lipin-�, and lipin-�
were measured using real-time RT-PCR in human whole
adipose tissue, adipose tissue fractionated into adipocytes
and stromal cells, cultured preadipocytes and differenti-
ated adipocytes, and muscle tissue (Table 1). The expres-
sion of lipoprotein lipase was also measured as an
indicator of adipocyte gene expression. All data were
expressed as arbitrary units in relation to 18S RNA, and all
of the samples were from normal glucose-tolerant sub-
jects. As shown in Table 1, all forms of lipin from adipose
tissue were expressed at levels at least sixfold higher in
the adipocyte fraction compared with the stromal fraction.
Similarly, in cultured cells, all forms of lipin were ex-
pressed more than fivefold higher in differentiated adipo-
cytes compared with preadipocytes. In agreement with
mouse studies, lipin was also highly expressed in human
muscle.

Adipose tissue lipin expression is associated with

obesity and insulin sensitivity. In previous studies in
mice, lipin overexpression in either adipose tissue or
skeletal muscle promoted obesity and altered insulin
sensitivity (22). To determine whether lipin expression
levels are associated with obesity and insulin sensitivity in
humans, total lipin, lipin-�, and lipin-� mRNA levels were
measured in human adipose tissue using real-time RT-PCR
and normalized to 18S rRNA. Thirty-nine human subjects
(36 women and 3 men, aged 42 � 1.7 years), including
subjects with normal and impaired glucose tolerance and
having a wide range of BMI (19–55 kg/m2), percent body
fat (15.5–54.1%), and Si (0.1–14.6 � 10	5 � min	1 per
pmol/l), were included in the analyses.

All forms of lipin mRNA (lipin-�, lipin-�, and total lipin)
tended to be decreased with obesity and increased in
subjects who were more insulin sensitive. There was a
significant negative association between lipin and BMI
(r 
 	0.33, P � 0.05 for total lipin; r 
 	0.39, P � 0.05 for
lipin-�; r 
 	0.53, P � 0.001 for lipin-�), and the relation-
ships between lipin and percent body fat were similar to
that of BMI. For both measures of obesity (BMI and
percent body fat), lipin-� had the strongest inverse rela-
tionship with obesity, and this relationship is shown in Fig.
1A. Obese subjects tend to be insulin resistant, and in the
subjects chosen for these studies, there was a significant
relationship between BMI and Si (r 
 	0.65, P � 0.001), as
expected. As shown in Fig. 1B, lipin-� expression in
adipose tissue demonstrated a positive association with
insulin sensitivity, and the relationship between Si and
lipin-� (r 
 0.44, P � 0.02) and lipin-� were similar. Lipin
expression was also inversely related to waist circumfer-
ence (r 
 	0.34, P � 0.05 for lipin-� and r 
 	0.459, P 

0.008 for lipin-�), and there was no association between
lipin and age. Thus, lipin expression in adipose tissue was
strongly linked to both obesity and Si.
Reduced lipin expression in adipose tissue from im-

paired versus normal glucose-tolerant subjects. The
studies described above were performed in a group of
subjects that included both normal and impaired glucose-
tolerant individuals. Impaired glucose-tolerant subjects
tend to be more insulin resistant, and we therefore wished
to compare lipin expression in normal versus impaired
glucose-tolerant subjects without the confounding effects
of obesity. Therefore, we selected from our group of
subjects Caucasian women between the ages of 34 and 59
years, with a BMI between 28 and 43 kg/m2, and divided
them into normal and impaired glucose-tolerant groups.
There was no significant difference in menopausal status
between the women in these two groups. As shown in

TABLE 1
Lipin mRNA in human cells and tissue

Cell/tissue Lipin* Lipin-�* Lipin-�*
Lipoprotein

lipase*

Whole adipose tissue 0.59 � 0.11 0.45 � 0.08 0.71 � 0.23 4.06 � 0.86
Adipocytes from adipose tissue 1.59 � 0.31 1.33 � 0.23 1.81 � 0.39 5.03 � 0.85
Stromal fraction from adipose tissue 0.23 � 0.03 0.15 � 0.04 0.28 � 0.06 0.68 � 0.17
Adipocytes from cultured preadipocytes 1.81 � 0.25 1.45 � 0.15 2.56 � 0.29 0.76 � 0.31
Cultured preadipocytes 0.36 � 0.04 0.21 � 0.00 0.50 � 0.01 ND
Muscle tissue 1.32 � 0.23 1.72 � 0.37 0.63 � 0.04 0.11 � 0.03

Data are means � SE. *The pooled RNA from all the samples was used for a standard curve. Hence, the data are expressed relative to each
other. ND, not detectable.
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Table 2, there were no differences in BMI between groups.
As expected, normal and impaired glucose-tolerant sub-
jects differed in their 2-h glucose levels and Si. As shown in
Fig. 2, the expression levels of total lipin, lipin-�, and
lipin-� were approximately twofold higher in normal glu-
cose-tolerant subjects compared with impaired glucose-
tolerant subjects of the same age, sex, race, and BMI.
Pioglitazone increases lipin-� expression in adipose
tissue. Pioglitazone is an agonist for PPAR�, which is
highly expressed in adipose tissue, and treatment with
pioglitazone improves insulin sensitivity. To determine

whether pioglitazone affects lipin expression, 21 impaired
glucose-tolerant subjects (mean age 50.5 years; mean BMI
33.4 kg/m2) were randomized to receive treatment for 10
weeks with either pioglitazone or metformin. There were
no significant differences in baseline characteristics be-
tween the pioglitazone and metformin groups, and there
were no significant changes in serum lipids following
either treatment. Pioglitazone treatment resulted in an
increase in Si from 2.2 to 3.1 � 10	5 � min	1 per pmol/l
(P � 0.005), whereas metformin had no effect on insulin
sensitivity.

Lipin mRNA levels were measured in adipose tissue
obtained before and after treatment. As shown in Fig. 3,
metformin treatment yielded no change in lipin expres-
sion. In the pioglitazone-treated subjects, however, total
lipin expression was increased 92% (P 
 0.05) (Fig. 3).
When levels of lipin-� and lipin-� mRNA were examined
separately, pioglitazone treatment resulted in no change in
lipin-� expression, but lipin-� mRNA level increased 200%
(P 
 0.02). Therefore, pioglitazone treatment improved
insulin sensitivity in adipose tissue and caused increased
expression specifically of the lipin-� isoform.

The observation that human adipose tissue lipin mRNA
levels increase in response to pioglitazone treatment
raised the question of whether this was a direct response
to the TZD or to changes that occur as a consequence of
treatment, such as increased insulin sensitivity. To distin-
guish between these, we assessed the effect of TZD on
lipin mRNA expression in cultured 3T3-L1 adipocytes. The
experiment was performed in adipocytes at two stages of
development and with two TZD drugs, pioglitazone and
rosiglitazone. As shown in Fig. 4, treatment of 3T3-L1
preadipocytes with rosiglitazone for 10 h during the dif-
ferentiation period resulted in a significant 40% increase in
lipin-� and more than twofold increase in lipin-� mRNA
levels. In mature adipocytes cultured for 6 days and
treated with rosiglitazone for 24 h, there was only a slight
increase in lipin-�, but as with the preadipocytes, a two-
fold increase in lipin-� expression. Similar results in
human mature adipocytes were observed with pioglita-
zone treatment (data not shown). Thus, results in mature
3T3-L1 adipocytes mirror those observed in vivo and
suggest that this represents a direct effect of the TZD on
lipin mRNA transcription and/or mRNA splicing.

FIG. 1. Relationships between adipose lipin-� expression and BMI (n �
39) (A) and Si (SI; n � 32) (B). Lipin-� mRNA level was determined by
real-time RT-PCR analysis and was expressed in relation to endoge-
nous 18S RNA. Si value was determined by the method of FSIGT. The
natural log of lipin-� was plotted against the natural log of BMI (A) and
Si (B). All relationships remain statistically significant after removal
of apparent “outliers.” Male subjects are indicated by open symbols.

FIG. 2. Adipose lipin expression profile in normal (NGT; n � 15) and
impaired (IGT; n � 13) glucose-tolerant subjects. Total lipin, lipin-�,
and lipin-� mRNA levels were measured in adipose tissue as described
in RESEARCH DESIGN AND METHODS. The values represent relative values,
normalized by 18S RNA. *P < 0.05 vs. impaired glucose tolerance; †P <
0.005 vs. impaired glucose tolerance. f, normal glucose tolerance; �,
impaired glucose tolerance.

TABLE 2
Characteristics of BMI-matched normal and impaired glucose-
tolerant subjects

Impaired glucose
tolerance

Normal glucose
tolerance

n 13 13
Age (year) 48 � 2 43 � 2
BMI (kg/m2) 35.2 � 0.6 33.9 � 1.1
Si (10	5 � min	1/pmol/l) 1.8 � 0.2 3.7 � 0.6*†
Fasting glucose (mmol/l) 5.0 � 0.14 4.6 � 0.10
2-h glucose (mmol/l) 10 � 0.4 6.1 � 0.3†
Triglycerides (mmol/l) 1.9 � 0.2 1.5 � 0.2
LDL (mmol/l) 2.4 � 0.2 3.0 � 0.2†
HDL (mmol/l) 1.3 � 0.1 1.5 � 0.1†

Data are means � SE. *n 
 9 (four Si values were excluded, see
RESEARCH DESIGN AND METHODS). †P � 0.05 vs. impaired glucose toler-
ance.
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Adipose tissue lipin expression levels are inversely
correlated with IMCLs. In previous studies, insulin
resistance has been associated with elevated IMCLs, and
in mice, lipin overexpression in adipose tissue resulted in
improved insulin sensitivity (22). Therefore, we wondered
whether elevated lipin expression in adipose tissue would
be associated with decreased IMCLs in humans. To assess
this, we measured IMCLs in 31 subjects, including normal
and impaired glucose-tolerant subjects, and examined the
relationship between adipose tissue lipin expression and
IMCLs in both type 1 and type 2 fibers. As shown in Table
3, adipose tissue lipin expression was significantly in-
versely related to IMCLs, and this inverse correlation
between lipin-� expression in adipose tissue and IMCLs is
illustrated in Fig. 5. However, both obesity and insulin
resistance are associated with higher IMCLs. To determine
whether adipose lipin expression was associated with
IMCLs independent of obesity and insulin resistance, the
relationship between lipin and IMCLs was adjusted for
BMI and Si, and the partial correlation coefficients are
shown in Table 3. The relationship between lipin and
IMCLs in type 1 fibers was no longer significant after
adjustment for BMI and Si. However, IMCLs in type 2
fibers remained significantly associated with total lipin

(r 
 	0.49, P � 0.02) and lipin-� (r 
 	0.43, P � 0.05)
after adjustment for obesity and insulin resistance.

Changes in IMCLs could be due to increased lipid
oxidation in muscle or could be due to a partitioning of
lipids into adipose tissue and away from skeletal muscle.
To determine whether adipose tissue lipin was affecting
muscle lipid oxidation, we examined the relationship
between adipose tissue lipin expression and muscle lipid
oxidation. We found no significant relationship between
lipin expression (total, lipin-�, or lipin-�) and succinate
dehydrogenase activity or CPT-1 mRNA expression (data
not shown). The lack of association between adipose
tissue lipin levels and muscle lipid oxidation suggests that
the association of lipin with IMCLs may be due to a
diversion of lipids into adipose tissue and away from
skeletal muscle.
Muscle lipin expression. Previous studies in mice dem-
onstrated abundant lipin expression in muscle, and over-
expression of lipin in muscle resulted in obesity and
changes in muscle energy utilization (22). Therefore, we
measured lipin expression in muscle from the normal and
impaired glucose-tolerant subjects described above. In
contrast to adipose tissue lipin expression, there was no
significant relationship between muscle lipin (either total
lipin, lipin-�, or lipin-�) and obesity (BMI or percent body
fat) or insulin sensitivity (Si). In addition, there was no
significant difference in muscle lipin expression between
impaired or normal glucose-tolerant subjects, nor was
there any significant change in lipin expression following
treatment of impaired glucose-tolerant subjects with ei-
ther pioglitazone or metformin (data not shown). Because
overexpression of lipin in the muscle of mice resulted in
increased fatty acid storage and decreased lipid oxidation
(22), we examined our data carefully for any relationship
between muscle lipin expression and muscle lipid storage
or oxidation. We found no significant relationship between
muscle lipin and IMCLs, CPT-1 expression, or fiber type
(data not shown).

DISCUSSION

Lipin is a novel gene that was discovered as the etiologic
mutation causing the phenotype in the fld mouse (20). The
fld mouse is lipodystrophic, with nearly absent adipose
tissue, a large fatty liver during the neonatal period, insulin
resistance, and hyperlipidemia. In subsequent studies,
lipin-� was overexpressed in adipose tissue and muscle
(22). With adipose lipin overexpression, mice gained mod-
est amounts of weight but, importantly, became more
insulin sensitive and demonstrated less lipids in muscle
and liver. Muscle lipin-� overexpression, however, tended

FIG. 3. Effects of pioglitazone (n � 10) and metformin (n � 11)
treatment on lipin expression in adipose tissue. Total lipin, lipin-�, and
lipin-� mRNA levels were determined as described in RESEARCH DESIGN

AND METHODS. The baseline lipin level (before treatment) was expressed
as 100%, and the data shown are the percent of baseline data following
drug treatment. *P < 0.05 vs. baseline. †P < 0.005 vs. baseline. �,
metformin; f, pioglitazone.

FIG. 4. Effect of the TZD and rosiglitazone on lipin mRNA isoform
expression in 3T3-L1 adipocytes. 3T3-L1 preadipocytes were treated
with TZD for 10 h during incubation with differentiation cocktail
containing insulin, dexamethasone, and isobutylmethylxanthine. Ma-
ture adipocytes were cultured for 6 days after initiation of differenti-
ation and treated with rosiglitazone for 24 h. Each bar represents
real-time PCR quantitation in triplicate of three independent wells.
Error bars show SD. *P < 0.05; **P < 0.005. �, �TZD; f, �TZD.

TABLE 3
Correlation coefficients of adipose tissue lipin with IMCLs before
and after adjusting for BMI and Si

Lipin-
�*

Lipin-
�*

Lipin
total*

Before adjustment for BMI and Si

IMCLs type 1 	0.44† 	0.45† 	0.44†
IMCLs type 2 	0.59‡ 	0.51§ 	0.58‡

After adjustment for BMI and Si

IMCLs type 1 	0.12 	0.04 	0.22
IMCLs type 2 	0.43� 	0.06 	0.49†

*Lipin and IMCL measures are logarithmically transformed. †P �
0.02; ‡P � 0.001; §P � 0.005; �P � 0.05.
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to have the opposite effect. Such mice became very obese,
and their skeletal muscle demonstrated a diminished
ability to oxidize lipids, leading to lipid accumulation and
insulin resistance (22).

The mouse studies described above were provocative
and suggested that lipin expression in both adipose tissue
and muscle could be related to insulin resistance and other
features of the metabolic syndrome (22). In addition, a
recent study quantitated adipose total lipin mRNA using
arrays in 19 subjects and demonstrated an inverse rela-
tionship with fasting insulin, glucose, and triglycerides
(28). To determine whether these findings could be trans-
lated to a broader spectrum of humans with insulin
resistance, we investigated whether there was any regula-
tion of lipin expression in humans and whether the phys-
iologic changes induced in mice were relevant to humans
with obesity and insulin resistance. In nondiabetic human
subjects covering a range of BMI and insulin sensitivity,
adipose tissue lipin expression was inversely correlated
with obesity and positively correlated with Si; hence, lipin
was highest in lean, insulin-sensitive subjects. However,
the regulation of lipin expression was not a simple asso-
ciation with obesity. The subjects in this study were all
nondiabetic, but some had impaired glucose tolerance.
Such subjects typically have more features of metabolic
syndrome, are more insulin resistant, and have a higher
likelihood of eventually developing type 2 diabetes than
normal glucose-tolerant subjects (36,37). When we com-
pared lipin expression in normal versus impaired glucose-
tolerant subjects who were matched for BMI, age, sex, and
race, adipose tissue lipin levels were significantly higher in
the normal glucose-tolerant subjects. Both lipin-� and
lipin-� were increased in normal glucose-tolerant subjects,

reflecting an adipose tissue profile of normal glucose-
tolerant subjects that may be primed for both increased
adipogenesis (lipin-�) and lipogenesis (lipin-�) (23). This
study was unable to analyze differences in ethnic or sex
subgroups. Overall, however, these data are consistent
with studies in transgenic mice, where enhanced lipin
expression in adipose tissue resulted in improved insulin
sensitivity (22).

In studies with mice, enhanced lipin expression in
adipose tissue leads to increased lipid accumulation in
adipose tissue and increased insulin sensitivity (22), and it
has been proposed that efficient partitioning of lipids into
adipose tissue may “protect” muscle from lipid accumula-
tion and adverse effects on insulin sensitivity. We there-
fore examined the relationship between adipose lipin
expression and IMCLs and found that adipose lipin expres-
sion was inversely associated with IMCLs, and the rela-
tionship between lipin-� expression and IMCLs in type 2
fibers was independent of obesity and insulin sensitivity.
This variation in IMCLs was not associated with changes
suggestive of muscle lipid oxidative capacity, consistent
with data from adipose-specific lipin transgenic mice (22).
Another example in humans of improved insulin sensitiv-
ity through partitioning of lipids into adipose tissue, with
no change in muscle lipid oxidation, occurs with TZD
treatment (19). Thus, the data from mice and humans both
point to a mechanism whereby increased lipin expression
in adipose tissue influences insulin sensitivity through
preferential lipid storage in adipose tissue and diversion
away from muscle, rather than an effect on lipid oxidation
in muscle.

The TZD drugs are agonists for PPAR� and result in
improved insulin sensitivity. In a previous study, we
demonstrated that pioglitazone increased subcutaneous
(but not visceral) adipose tissue volume and decreased
IMCLs (19), suggesting that this PPAR� agonist promoted
adipose tissue lipid accumulation as a mechanism for
decreasing IMCLs and improving insulin sensitivity. In this
study, impaired glucose-tolerant subjects treated with
pioglitazone demonstrated increased expression of lipin-�,
but not lipin-�, along with improved insulin sensitivity.
Subjects treated with metformin, an insulin sensitizer that
predominantly affects hepatic glucose production, had no
effect on adipose tissue lipin expression. These data are
consistent with the concept that the mechanism of action
of TZDs is an induction of adipose tissue lipid accumula-
tion, resulting in a diversion of lipids into adipose tissue
and away from muscle. The increase in lipin-� expression
may be an important component of the adipose tissue
response to TZDs. Because lipin-� expression stimulates
lipogenic gene expression (23), increased adipose tissue
lipid accumulation in response to pioglitazone may be
associated with both PPAR� activation and enhanced
lipin-� expression.

The relationship between lipin levels and obesity ap-
pears to be complex. Although overexpression of lipin in
adipose tissue of transgenic mice promotes increased
lipogenic gene expression and obesity, this situation may
not be analogous to that in a genetically heterogeneous
human population where numerous environmental and
genetic factors interact to influence body mass. In the
current study, we observed an inverse relationship be-
tween lipin mRNA levels in the complete subject group,
which included individuals ranging from lean to obese and
normal to impaired glucose tolerance. Thus, lower levels
of lipin in subjects with higher BMI may reflect several

FIG. 5. Relationship between adipose tissue lipin expression and
IMCLs (n � 22). A: Type 1 muscle fiber IMCLs. B: Type 2 muscle fiber
IMCLs. Data are plotted on a log/log scale.
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factors, including insulin resistance or abnormal adipocyte
function that may occur in obesity. Furthermore, it is
important to consider that in addition to the levels of lipin
mRNA produced, lipin activity in the cell may be depen-
dent on posttranslational modification, as demonstrated
by insulin-stimulated lipin phosphorylation in rat adipose
tissue (26). It will be of great interest to investigate protein
levels and phosphorylation status in human adipose tissue
once adequate antibodies are available.

Although the regulation of adipose tissue lipin generally
mirrors the physiologic changes in transgenic mice with
lipin overexpression (22), the regulation of muscle lipin
expression is more complex. Whereas overexpression of
lipin in mouse muscle led to impressive obesity and insulin
resistance, there was no relationship between muscle lipin
and obesity or insulin resistance in humans, and improved
insulin sensitivity following pioglitazone treatment had no
effect on muscle lipin. Another feature of transgenic lipin
overexpression in mouse muscle, however, was a decrease
in muscle lipid oxidation, manifested by an increase in
lipid storage enzymes, and a decrease in lipid oxidation
enzymes. In human muscle, there was no association
between muscle lipin expression and IMCLs and also no
association with CPT-1. However, it is possible that a
larger study with a more homogeneous population may
detect evidence of lipin regulation in muscle.

Taken together, our data demonstrate that adipose
tissue LPIN1 gene expression is associated with insulin
sensitivity and other features of the metabolic syndrome.
These results are consistent with the role of lipin in
promoting adipocyte differentiation and lipid accumula-
tion, which could result in a diversion of lipids into
adipocytes and away from ectopic sites such as skeletal
muscle. The specific induction of lipin-�, but not lipin-�, in
response to pioglitazone provides evidence that the two
isoforms are differentially regulated. In contrast to adipose
tissue lipin expression, muscle lipin expression did not
vary with insulin sensitivity or respond to pioglitazone.
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