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a b s t r a c t

NR5A2 is a nuclear receptor which regulates the expression of genes involved in cholesterol metabolism,
pluripotency maintenance and cell differentiation. It has been recently shown that DLPC, a NR5A2 ligand,
prevents liver steatosis and improves insulin sensitivity in mouse models of insulin resistance, an effect
that has been associated with changes in glucose and fatty acids metabolism in liver. Because skeletal
muscle is a major tissue in clearing glucose from blood, we studied the effect of the activation of
NR5A2 on muscle metabolism by using cultures of C2C12, a mouse-derived cell line widely used as a
model of skeletal muscle. Treatment of C2C12 with DLPC resulted in increased levels of expression of
GLUT4 and also of several genes related to glycolysis and glycogen metabolism. These changes were
accompanied by an increased glucose uptake. In addition, the activation of NR5A2 produced a reduction
in the oxidation of fatty acids, an effect which disappeared in low-glucose conditions. Our results suggest
that NR5A2, mostly by enhancing glucose uptake, switches muscle cells into a state of glucose preference.
The increased use of glucose by muscle might constitute another mechanism by which NR5A2 improves
blood glucose levels and restores insulin sensitivity.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

NR5A2, also known as liver receptor homolog 1 (LRH-1), is a
nuclear receptor belonging to the NR5A/Ftz-F1 subfamily. NR5A2
was initially described as an orphan receptor, but structural and
functional studies have shown that dilauroyl phosphatidylcholine
(DLPC) and several other natural phospholipids can bind to this

receptor, and open the door to the existence of other natural li-
gands [1,2]. In adult mammals, NR5A2 is predominantly expressed
in endoderm-derived tissues, such as liver, pancreas, and intestine
[3,4]. It has been also found in adrenal glands and preadipocytes,
where it enhances the transcription of genes coding for enzymes
of steroid metabolism [5,6]. Besides, NR5A2 regulates the expres-
sion of genes coding for proteins involved in reverse cholesterol
transport, such as apolipoprotein AI [7], the scavenger receptor
class B type I [8], and CETP [9] and of genes coding for proteins in-
volved in bile acid homeostasis, including CYP7A1 and CYP8B1
[10–12]. Recent results have revealed the importance of NR5A2
in glucose and fatty acid metabolism. NR5A2 binds to Glucokinase
gene promoter and induces its expression [13]. Moreover, the acti-
vation of NR5A2 with DLPC results in a decreased SREBP-1c expres-
sion in mouse liver and in a reduction of hepatic steatosis in two
mouse models of insulin resistance. In these models, DLPC treat-
ment also improves blood glucose levels [2].

In the insulin-resistant state, liver shows an impaired response
to insulin and it is unable to block gluconeogenesis [14]. The effect
is mostly due to the increment of the deposits of fat within liver
cells. The activation of NR5A2 by DLPC inhibits liver SREBP-1c, thus
decreasing fatty acid synthesis and liver fat accumulation. This ef-
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fect of DLPC provides an explanation for the improvement of insu-
lin resistance in the liver of DLPC-treated mice.

Skeletal muscle is another major tissue involved in insulin sen-
sitivity, being responsible for about 80% of the insulin-induced
glucose removal from blood. Accordingly, the impairment of blood
glucose removal has been associated with T2DM [15,16]. On the
other hand exercise, which increases the consumption of glucose
by skeletal muscle, improves insulin resistance [17]. Insulin
induces the entry of glucose into skeletal muscle cells through
the translocation of the muscle glucose transporter, GLUT4, to
the membrane. Glucose entry in skeletal muscle cells is limited
by the number of GLUT4 receptors on the cell surface [18]. Conse-
quently, an altered expression of GLUT4 has been associated with
insulin resistance and diabetes [19,20].

The study of the effect of NR5A2 activation on metabolism has
been mostly focused on liver [2,13]. Because of the importance of
skeletal muscle in the development of insulin resistance we inves-
tigated the role of NR5A2 in muscle metabolism. The role of NR5A2
in skeletal muscle had been only studied in Zebrafish, where the
NR5A2 orthologous gene ff1a is involved in muscle differentiation
and organization [21]. For this study we used C2C12, a mesoderm
cell line often used as a model of skeletal muscle. The results
presented here indicate that NR5A2 plays a major role in skeletal
muscle glucose metabolism.

2. Materials and methods

2.1. Products

Dilauroyl phosphatidylcholine (DPLC) was purchased from
Sigma Aldrich (St Louis, MO, USA) and used at 100 lM, as described
in [2].

2.2. Cell cultures

C2C12 cells were grown in Dulbecco’s modified Eagle’s medium,
supplemented with 10% fetal bovine serum, 50 u/ml penicillin, and
50 lg/ml streptomycin in a 5% CO2 atmosphere at 37 �C. When the
cells reached 80–90% confluence, the growth medium was changed
to differentiation medium (Dulbecco’s modified Eagle’s medium,
supplemented with 2% horse serum, 50 u/ml penicillin, and
50 lg/ml streptomycin), until the cells were fully differentiated.

2.3. RNA preparation and qPCR analysis

RNA samples were prepared with TRIzol� (Life technologies,
Carlsbad, California, USA) according to the manufacturer’s
instruction. RNA quality was checked by electrophoreses in 1%
TAE formaldehyde/agarose gel. Total RNA (1 lg) was used for cDNA
synthesis (cDNA synthesis kit, Bio-Rad Laboratories Inc, Hercules,
CA, USA). The primers used for qPCR are listed in the Supplemen-
tary Table 1. qPCRs were performed in the qPCR thermal cycler
Bio-Rad IQ5� analysis system.

2.4. Western blot experiments

80 lg of proteins extracts, in 2� Laemmli buffer, were
separated in a 10% SDS–PAGE and transferred to a nitrocellulose
membrane in 25 mM Tris, 192 mM glycine, and 20% methanol
using a Trans Blot� SD semi dry transfer cell (BioRad), for 20 min
at 15 V. Following transfer, the membrane was blocked in 3%
nonfat milk for 30 min. at room temperature. Membranes were
then incubated for 1 h with primary and secondary antibodies at
a concentration of 1:500 (Glut4), 1:200 (Glut1) or 1:1000 (Actin)
respectively in TTBS, and supplemented with BSA 1% (p/v). Blots

were developed with secondary antibodies conjugated to
IRDye680 or IRDye800 (Li-Cor Biosciences) at 1:10,000 and
visualized in an Odyssey scanner. The primary antibodies were
anti-GLUT4 (N-20), anti-GLUT1 (H-43) and anti-ACTIN (I-19) from
Santa Cruz Biotech.

2.5. Growth curves and glucose-consumption assays

Glucose consumption assays were performed as described [22].
Glucose concentration was determined in the culture medium at
several time points up to 24 h. Cell cultures were trypsinized, cells
counted and the glucose consumption calculated as micrograms of
glucose uptaked by 104 cells.

2.6. Fatty acid oxidation assays

[1-14C]-Oleyl-CoA (Perkin Elmer, Waltham, Massachusetts,
USA) was used to determine fatty acid oxidation rate. Experiments
were performed as described [23]. Total protein was estimated to
normalize samples. Fatty acid oxidation rates were expressed as
the CPM of the precipitated 14CO2 per microgram of protein.

2.7. Glucose oxidation assays

[6-14C]-Glucose (Perkin Elmer, Waltham, Massachusetts, USA)
was used to determine the glucose oxydation rate. C2C12 myotu-
bes were treated with 0.1 lCi/ml and incubated for 2 h. Glucose
oxidation rates were determined by measuring the release of
14CO2 using the same protocol as in [23]. Glucose oxidation was ex-
pressed as CPM of the precipitated 14CO2 per microgram of protein.

2.8. Glycogen synthesis assays

[6-14C]-Glucose was used to determine the glycogen synthesis
rate. C2C12 myotubes were treated with 0.1 lCi/ml and incubated
for 2 h. Glycogen was extracted as described in [24]. Pellets were
dissolved in 1 ml of water and radioactivity was measured in a scin-
tillation counter. Total protein was used to normalize samples. Gly-
cogen synthesis was measured as CPM per microgram of protein.

2.9. Electroforetic mobility assays (EMSA)

For the EMSA experiments were used double strand oligonucle-
otides with the putative binding site for NR5A2 or mutated
(AGGCTGGCCTTGGGGTTAGAG and AGGCTGGACACGGGGTTAGAG
respectively), labelled in 50 with IRDye680�. Nuclear extracts from
C2C12 were extracted as described in [25]. EMSAs were carried out
as described in [26]. The anti-NR5A2 antibody used for the super-
shift experiments was anti-NR5A2 (H-75), from Santa Cruz Biotech.

3. Results and discussion

One of the characteristics of insulin resistance is the inability of
insulin to suppress the expression of gluconeogenesis genes [14]. It
has been recently reported that the treatment of mouse models of
insulin resistance with DLPC improves insulin sensitivity. Accord-
ingly, DLPC-treated insulin-resistant mice show a lower expression
of PEPCK and less hepatic glucose production [2]. Insulin resistance
also encompasses a defect in insulin-dependent uptake into mus-
cle [27], but the effect of DLPC treatment on glucose uptake by
muscle cells had not been studied.

To address the effect of NR5A2 activation on glucose uptake by
muscle we used a mouse cell line, C2C12, able to differentiate into
myotubes and which has been previously used for the study of
glucose transport by the insulin-dependent transporter [28].
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