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Abstract The mouse lipin gene, Lpinl, is important for
adipose tissue development and is a candidate gene for in-
sulin resistance. Here, we investigate the adipose tissue ex-
pression levels of the human LPINI gene in relation to
various clinical variables as well as adipocyte function. LPINI
gene expression was induced at an early step in human pre-
adipocyte differentiation in parallel with peroxisome pro-
liferator-activated receptor . Lipin mRNA levels were higher
in fat cells than in adipose tissue segments but showed no
difference between subcutaneous and omental depots. More-
over, LPINI expression levels were reduced in obesity, im-
proved following weight reduction in obese subjects, and
were downregulated in women with the metabolic syndrome.
With respect to adipocyte function, adipose LPINI gene ex-
pression was strongly associated with both basal and insulin-
mediated subcutaneous adipocyte glucose transport as well
as mRNA levels of glucose transporter 4 (GLUT4).HE We
show that body fat accumulation is a major regulator of hu-
man adipose LPINI expression and suggest a role of LPIN1 in
human preadipocyte as well as mature adipocyte function.—
van Harmelen, V., M. Rydén, E. Sj6lin, and J. Hoffstedt. A role
of lipin in human obesity and insulin resistance: relation to
adipocyte glucose transport and GLUT4 expression. J. Lipid
Res. 2007. 48: 201-206.
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Obesity is a major risk factor for insulin resistance and
associated metabolic aberrations. Although visceral fat
accumulation is of pathophysiologic importance (1), asso-
ciations with insulin resistance have been found also for
increased total and subcutaneous fat mass (2). Thus, en-
largement of subcutaneous adipocytes showing both
resistance to insulin-mediated glucose uptake (3) and in-
creased rate of lipolysis (4) may also play an important role
in insulin resistance development. It has been suggested
that the reduced triglyceride storage capacity of enlarged
fat cells is followed by ectopic fat storage in liver, skeletal
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muscle, and pancreas, resulting in insulin resistance and
other features of the metabolic syndrome (2, 5).

This overflow hypothesis is supported by findings from
studies in patients lacking subcutaneous fat, lipodystrophy
(6), a condition characterized by often severe insulin resis-
tance due to excess accumulation of nonadipose tissue
fat. In mice, the gene responsible for this syndrome,
Lpinl, was recently isolated through positional cloning
and found to encode an 891 amino acid protein, lipin,
with a putative nuclear localization but hitherto unknown
function (7). Lipin mRNA expression was induced during
3T3-L1 preadipocyte differentiation and was found pre-
dominately in adipose tissue, skeletal muscle, and testis.
Moreover, two mutant alleles of the Lpinl gene, fld1 and
fld2, were associated with a markedly reduced adipose tissue
mass, consistent with an important role for lipin in adipose
tissue development and function (7). Altogether, these find-
ings suggest that Lpinl is a candidate gene in the path-
ogenesis of various adipose-related conditions, including
obesity, insulin resistance, and type 2 diabetes mellitus.

In screening for mutations in the human gene ortholog,
LPINI (gene ID: 23175), no sequence variants exclusive for
lipodystrophy were found (8). However, in a recent study,
findings on both gene variation and adipose mRNA levels
implicate LPINI in human glucose metabolism (9). Here,
we further investigate the adipose tissue expression of the
human LPINI gene in relation to clinical variables and fat
cell function.

METHODS

Subjects

Four separate cohorts including obese and lean women were
used. All were healthy and free of medication and ate a standard
Swedish diet. They were all living in the Stockholm area and were at

Abbreviations: BMI, body mass index; GPDH, glycerol-3-phosphate
dehydrogenase; HOMA, homeostasis model assessment algorithm;
PPARY2, peroxisome proliferator-activated receptor -y transcript variant 2.
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least second generation Scandinavian. None were completely sed-
entary or involved in athletic performances and none had un-
dergone a slimming effort or experienced a change in body weight
>1 kg within 6 months of the study, according to self-report. The
study was explained in detail to each subject and her informed
consent was obtained. The study was approved by the hospital’s
committee on ethics.

Cohort 1 was composed of 80 obese (body mass index [BMI]
31-53 kg/m?% and 16 lean (BMI 20-24 kg/m? women. At
~07.30 AM, after an overnight fast, a venous blood sample was
obtained for analyses of plasma levels of glucose, insulin, tri-
glycerides, cholesterol, and HDL cholesterol, which were per-
formed by the hospital’s accredited chemistry laboratory. Insulin
sensitivity was calculated from the homeostasis model assessment
algorithm (HOMA) based on plasma glucose and plasma insulin
(p-insulin X p-glucose/22.5). Systolic and diastolic blood pres-
sures were measured in the supine position after 15 min of rest.
Thereafter, an adipose sample (1-4 g) was obtained by needle
biopsy from the abdominal subcutaneous area under local an-
esthesia, as previously described (10). This tissue was frozen in
liquid nitrogen, kept frozen at —70°C, and used for subsequent
mRNA analysis (see below). In 70 of the obese subjects, there was
adipose tissue available also for fat cell glucose transport studies
(see below).

Cohort 2 consisted of 18 obese (BMI 38-53 kg/mQ) women
undergoing weight reduction surgery at the Department of Sur-
gery, Karolinska University Hospital, Huddinge. From these wo-
men, perioperative fat biopsies from subcutaneous and omental
adipose tissue (1-2 g) were taken for subsequent mRNA analysis
using a laparoscopic technique. mRNA analyses were performed
as described below. In 13 of these women, there was a second
subcutaneous fat biopsy taken 2-4 years after surgery (cohort 3).
All subjects were weight stable after the weight reduction, and their
BMI had decreased by an average of approximately 15 kg/ m?,
Cohort 4 consisted of 11 subjects from which adipose tissue
biopsies were taken for preadipocyte differentiation, see below.

Fat cell isolation

Isolated fat cells were prepared and isolated as described pre-
viously (11). In brief, adipocytes were separated from stroma cells
by treatment in a shaking bath at 37°C for 60 min with 0.5 mg/1
collagenase in 5 ml Krebs-Ringer phosphate (KRP) buffer (pH
7.4) with 40 g/1 of purified BSA. Adipocyte suspensions were
then rinsed three times in collagenase-free buffer using nylon
filters. Fat cell sizes were measured by direct microscopy, and the
mean adipocyte diameter was calculated from measures of 100 cells.
The total lipid weight of the incubated fat cells was determined
after organic extraction. The number of fat cells incubated was
determined by dividing total lipid weight by the fat cell weight.

Adipocyte glucose transport

We used an indirect method, which is described in detail else-
where (12). In brief, isolated fat cells were incubated at a concen-
tration of 2% (v/v) in KRP buffer (pH 7.4) containing albumin
(20 mg/ml), (3-*Hlglucose (5 X 10° dpm/ml), unlabeled glu-
cose (1 pwmol/1), and human insulin in different concentrations
(107'5-107° M). The incubations were conducted for 2 h at
37°C with air as the gas phase. Incubations were stopped by rap-
idly chilling the incubation vials to 4°C and adding HyoSO,. There-
after, the incorporation of radiolabeled glucose into adipocyte
lipids was determined. This incorporation into lipids (i.e., lipo-
genesis) reflects glucose transport, because at micromolar glucose
concentrations, glucose transport is the rate-limiting step for li-
pogenesis in human fat cells, as discussed previously (12). Glucose
transport, basal and maximal insulin-stimulated minus basal, was
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expressed as the amount of glucose incorporated per fat cell num-
ber (nmol/2 h/107 cells), as described previously (12). The half-
maximum effective concentration (ECs) of insulin was calculated
by log-logit transformation of concentration-response curves and
converted to the negative logarithm of mol/1 (pDs), which corre-
sponds to insulin receptor sensitivity (12).

Studying gene expression during the preadipocyte
differentiation process

From 11 subjects, 2 males and 9 females (cohort 4), adipose
tissue (9 abdominal subcutaneous, 2 hip) biopsies were taken,
from which preadipocytes were isolated and differentiated into
adipocytes as described previously (13). The mean BMI and age
in this subject group were 28.4 = 6.1 kg/m? and 42 = 11 years,
respectively. The differentiation process was enhanced by add-
ing rosiglitazone (10 wM) during the first 6 days of the differ-
entiation process. The cells reached full differentiation after
12-14 days. At days 4, 8, and 12, cells were lysed for the isolation
of total RNA or for the measurement of glycerol-3-phosphate
dehydrogenase (GPDH) activity for assessment of differentia-
tion capacity, which was performed as described previously (14).

mRNA analysis

Total RNA was extracted from 300 mg of adipose tissue or
adipocytes using the RNeasy mini kit (Qiagen; Hilden, Germany).
The RNA concentration and purity were assessed spectropho-
tometrically. One microgram of total RNA from each sample
was reverse transcribed to cDNA using the Omniscript RT kit
(Qiagen) and random hexamer primers (Invitrogen; Tastrup,
Denmark). To minimize methodological errors resulting from
variation in cDNA synthesis, cDNA synthesis was performed simul-
taneously for all subjects included in the first, second, third, and
fourth cohorts, respectively, using exactly the same mix of prim-
ers and the same RT kit. The Agilent 2100 Bioanalyzer (Agilent
Technologies; Kista, Sweden) was used to confirm the integrity of
the RNA. In a final volume of 25 pl, 5 ng of cDNA was mixed with
2X SYBR green PCR master mix (Bio-Rad Laboratories, Inc.;
Hercules, CA) and primers (Invitrogen). The primer pairs were
selected to yield a single amplicon based on dissociation curves
and analysis by agarose gel electrophoresis. The primers used
were 5'-GAAAGGACAGGGCAGAAGAAC-3' (sense) and 5'-TGC-
TCAATGGGCTGGACTC-3' (antisense) for lipin (NM_145693);
5'-ACCCAGAAAGCGATTCCTTCACG-3' (sense) and 5'-CCACGG-
AGCTGATCCCAAAG-3' (antisense) for peroxisome proliferator-
activated receptor y transcript variant 2 (PPARy2) (NM_015869);
5'-CATTCCTTGGTTCATCGTG-3’ (sense) and 5'-ATAGCCTCC-
GCAACATACGC-3' (antisense) for GLUT4 (NM_001042); 5'-GGTC-
TCGAACTCCTGGCCTA-3' (sense) and 5'-TGAGATATCGACT-
GGGCATGGT-3' (antisense) for adiponectin (NM_004797);
and 5-TGACTCAACACGGGAAACC-3' (sense) and 5'-TCGCTC-
CACCAACTAAGAAG-3' (antisense) for 18S rRNA. Quantitative
real-time PCR was performed in an iCycler IQ™ (Bio-Rad Labo-
ratories, Inc.). The mRNA levels were determined by a com-
parative C; method (ABI Prism 7700, Applied Biosystems; Foster
City, CA). The subject with the highest C, value was used as a
reference; all other C, values for the target gene and reference
gene, respectively, were subtracted from this C, value. The G
values were then normalized to rRNA for 18S. All PCR reactions
were run in duplicate.

Statistical analysis

Parameter distributions were normalized when necessary by
"logarithm transformation before statistical comparison. Values
are mean * SD. The Student’s paired or unpaired ttest and single
and multiple regression analyses were used for statistical evaluation.
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A Pvalue of 0.05 or less was considered statistically significant. The
analyses were performed using StatView version 6.0 (Stata Corpo-
ration; College Station, Texas).

RESULTS

Lipin mRNA gene expression during
preadipocyte differentiation

Lipin mRNA levels were measured during preadipocyte
differentiation and compared with PPARy2 mRNA levels.
Lipin expression and PPARy2 mRNA expression displayed
similar patterns. Both mRNAs were detectable at day 4 and
increased until day 8. Lipin mRNA remained constant after
day 8, whereas PPARY2 showed a slight decrease at day 12 in
comparison with day 8. GLUT4 mRNA levels, on the other
hand, were not detectable at day 4, but increased from day
8 to day 12. The pattern of GLUT4 mRNA levels during
differentiation was very similar to the pattern of GPDH
activity, which was used as an index of the differentiation
capacity of the cells (Fig. 1).

Adipose specificity and regional distribution of LPIN1
gene expression

Lipin mRNA adipose expression in subcutaneous adi-
pocytes versus adipose tissue was measured using prepa-
rations from 14 out of 18 women of cohort 2. As shown
in Fig. 2A, the lipin as well as adiponectin mRNA/18S rRNA
ratio was approximately twice as high in the fat cells as in the
tissue, (100 = 38% vs. 53 * 29%, P < 0.0001; and 100 *
25% vs. 49 + 18%, P < 0.0001, respectively). The relative
expression level of lipin was further compared between
subcutaneous and omental adipose tissue from 18 obese
women (cohort 2). No regional adipose tissue difference in
lipin mRNA levels was found (subcutaneous 100 * 29%,
omental 100 = 21%, P = 0.84), whereas the omental
adiponectin mRNA levels (78 = 23%) were lower than in
the subcutaneous depot (100 = 41%), P = 0.04 (Fig. 2B).

LPIN1 gene expression in obesity

The effect of obesity on LPINI gene expression was
analyzed in subcutaneous adipose tissue from 80 obese
and 16 lean women (cohort 1). As seen in Fig. 2C, the lipin
mRNA-to-18S rRNA ratio was markedly downregulated in
obese subjects, (obese, 58 = 29% vs. nonobese, 100 *
50%, P < 0.0001). The corresponding values for adipo-
nectin mRNA/18S rRNA were 78 * 30% (obese) and 100 =
24% (nonobese), P = 0.008. A similar expression pattern
was found in 13 obese women (cohort 3) undergoing
weight-reducing therapy by bariatric surgery. After weight
reduction, an increased level of lipin, 76 * 38% (before)
versus 100 + 38% (after), P = 0.03, as well as adiponectin
mRNA/18S ratio, 78 * 30% (before) versus 100 = 24%
(after), P = 0.002, was found (Fig. 2D).

Adipose tissue lipin mRNA levels and the
metabolic syndrome

The obese women of cohort 1 were classified according
to the presence or absence of the metabolic syndrome, as
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Fig. 1. Glycerol-3-phosphate dehydrogenase activity (A) and gene
expression of PPARy2 (B), LPIN1 (C), and GLUT4 (D) during the
differentiation of human preadipocytes to adipocytes. Number of
experiments = 11. ND, nondetectable. Levels at day 4 or 8 were
compared with levels at day 12 using a paired ttest. *P < 0.05.
Values are mean * SD.

defined by the National Cholesterol Education Program
(15). According to this definition, 29 women fulfilled
the criteria of the metabolic syndrome, whereas 51 did
not. In Fig. 3, the effect of the metabolic syndrome on the
subcutaneous adipose tissue mRNA levels of lipin and
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Fig. 2. Lipin and adiponectin mRNA levels in subcutaneous fat cells versus tissue (A), in omental versus subcutaneous adipose tissue (B),
in subcutaneous adipose tissue from obese versus nonobese subjects (C), and in subcutaneous adipose tissue before and after weight
reduction (D). Values are mean * SD and were compared using Student’s paired or unpaired #tests.

adiponectin is shown. In women with the metabolic syn-
drome, the lipin (67 = 25%) as well as the adiponectin
(74 = 35%) mRNA/18S rRNA were reduced as compared
with women that did not meet the metabolic syndrome
criteria (100 * 47%, P = 0.0007, and 100 *= 32%, P =
0.001, respectively).

LPIN1 gene expression and subcutaneous adipocyte
glucose transport

In 70 of the obese subjects of cohort 1, there was enough
tissue available to investigate the association of lipin mRNA
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Lipin Adiponectin
Fig. 3. Lipin and adiponectin mRNA levels in obese subjects with

or without the metabolic syndrome. Values are mean * SD and
were compared using Student’s unpaired #test.
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with human fat cell metabolism. Subcutaneous adipocyte
lipogenesis, as assessed by basal and maximal minus basal
insulin-stimulated glucose transport as well as pDs for
insulin-mediated glucose transport, was related to adipose
tissue lipin mRNA levels. As seen in Fig. 4, strong relation-
ships between both basal and maximal insulin-stimulated
minus basal glucose transport were found that were inde-
pendent of age, BMI, and insulin sensitivity measured as
HOMA (multiple regression analysis). A significant but
weaker association was also demonstrated between lipin
mRNA expression and pDy for insulin-stimulated glucose
transport (insulin receptor sensitivity). However, this asso-
ciation did not remain significant when adjusted for HOMA.
The subcutaneous adipose tissue adiponectin mRNA levels
were also correlated with both basal (r = 0.42, P = 0.0003)
and maximal minus basal glucose transport (r = 0.39, P =
0.0008) and pDy for insulin-mediated glucose transport
(r = 0.25, P = 0.04), although the latter did not remain
significant after adjustment for age, BMI or HOMA.

Lipin mRNA levels in relation to GLUT4 expression

A major regulator of glucose uptake in fat cells is glu-
cose transporter 4, GLUT4. We therefore hypothesized
that LPINI gene expression might be related also to levels
of GLUT4 mRNA in the 80 obese subjects of cohort 1. A
strong association between lipin and GLUT4 mRNA levels
was found that was independent of age, BMI, and HOMA
(Fig. 5). A similar but weaker correlation with GLUT4 was
found also for adiponectin mRNA (r = 0.59, P < 0.0001).
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Fig.4. Subcutaneous adipose tissue lipin mRNA levels in relation
to subcutaneous adipocyte (A) basal glucose transport (log nmol/
2h/107 cells), (B) maximal insulin-stimulated minus basal glucose
transport (log nmol/2 h/107 cells), and (C) pDy insulin-stimulated
glucose transport from obese subjects. Values were analyzed using
simple regression.

DISCUSSION

Previous studies have shown that the LPINI gene is an
important regulator of fat cell function and a candidate
gene for insulin resistance and type 2 diabetes mellitus.
Here, we show that lipin mRNA was readily detected in
both human subcutaneous and omental adipose tissue
and showed a similar level of expression in both depots.
We also found that lipin mRNA levels in human adipose
tissue were downregulated in obesity and that weight re-
duction in obese subjects was linked to an upregulation
of lipin mRNA levels. Moreover, lipin mRNA levels were
reduced in women with the metabolic syndrome. These
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Fig.5. Lipin mRNA levels in relation to GLUT4 mRNA levels in
subcutaneous adipose tissue from obese subjects. Values were
analyzed using simple regression.

data are in agreement with findings from fld1/fld2 mice
that either do not express lipin mRNA and protein or have
a defective protein but develop glucose intolerance and
insulin resistance (7), which, in turn, has been hypothe-
sized to be a side effect of the diminished adipose tissue
mass in these animals. The present results are also in accor-
dance with two recent human studies in which reduced
levels of human adipose tissue lipin mRNA were demon-
strated in subjects with insulin resistance (9) and HIV-
associated lipodystrophy (16). Unfortunately, no antibody
specific for human lipin is available at the moment, so we
do not know how mRNA levels relate to the protein ex-
pression of lipin. As a positive control, along with mea-
sures of lipin mRNA, adipose tissue levels of adiponectin
mRNA were analyzed, and the results are in line with pre-
vious studies demonstrating that adiponectin levels are
reduced in obesity and insulin resistance, are increased
after weight reduction (17, 18), and are expressed at lower
levels in omental as compared with subcutaneous adipose
tissue (19).

A principal characteristic of insulin resistance is reduced
insulin-mediated glucose uptake in muscle and adipose
tissue, a process mediated by GLUT4 (20). In skeletal
muscle, this is mainly due to impaired recruitment of
GLUTH4 to the plasma membrane despite normal GLUT4
expression (21).In contrast, insulin resistance in adipocytes
is associated with reduced expression of GLUT4 (22, 23).
Moreover, mice having an adipose-selective reduction of
GLUT4 show a markedly impaired insulin-stimulated
glucose uptake in adipocytes accompanied by insulin re-
sistance in both muscle and liver, which is in accordance
with the overflow hypothesis, and results in ectopic fat
storage (24). Here, we found that lipin mRNA levels in
adipose tissue were highly related to both basal and insulin-
stimulated adipocyte glucose transport as well as GLUT4
mRNA levels in a large cohort of obese human subjects.
The relation between lipin mRNA and insulin receptor
sensitivity (pDg) was, on the other hand, rather weak. Ac-
cordingly, a previous study has shown that insulin may
regulate lipin protein activity by phosphorylation via a
mammalian target of the rapamycin-mediated pathway
(25). This pathway is located distal to IRS1/2 and PI3K in
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the signaling cascade and has been shown to regulate adi-
pocyte glucose transport (26). Whether lipin is a primary
regulator of adipocyte glucose transport remains, however,
to be studied.

In lipin-deficient and transgenic mouse models, it
has been found that lipin is a critical factor in the adipo-
genic gene transcription program of adipocyte dif-
ferentiation, being required prior to induction of key
transcriptional regulators including PPARy and C/EBPa
(27). In human preadipocytes, we also show that lipin
mRNA is expressed at an early stage of the differentiation
process and that it is further induced more or less in
parallel with PPARYy, indicating that lipin may also have
a role in human adipogenesis.

In conclusion, LPINI gene expression is induced at an
early stage in human preadipocyte differentiation in par-
allel with PPARy. Moreover, adipose tissue LPINI expres-
sion levels are reduced in obesity and the metabolic
syndrome and are associated with both basal and insulin-
stimulated glucose transport in human fat cells as well as
adipose GLUT4 expression. Altogether, these data suggest
a role for the LPINI gene in human adipogenesis and fat
cell function. il

This study was supported by grants from the Swedish Research
Council and the Swedish Medical Society.
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