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Abstract

The present study aimed to examine the effects of thyroid hormone (TH), more precisely triiodothyronine (T3), on the
modulation of leptin mRNA expression and the involvement of the phosphatidyl inositol 3 kinase (PI3K) signaling
pathway in adipocytes, 3T3-L1, cell culture. We examined the involvement of this pathway in mediating TH effects by
treating 3T3-L1 adipocytes with physiological (P=10nM) or supraphysiological (SI=100 nM) T3 dose during one hour
(short time), in the absence or the presence of PI3K inhibitor (LY294002). The absence of any treatment was
considered the control group (C). RT-qPCR was used for mRNA expression analyzes. For data analyzes ANOVA
complemented with Tukey’s test was used at 5% significance. T3 increased leptin mRNA expression in P (2.26 ±
0.36, p< 0.001), SI (1.99 ±0.22, p< 0.01) compared to C group (1± 0.18). This increase was completely abrogated by
LY294002 in P (1.31±0.05, p< 0.001) and SI (1.33±0.31, p< 0.05). Western blotting confirmed these results at protein
level, indicating the PI3K pathway dependency. To examine whether leptin is directly induced by T3, we used the
translation inhibitor cycloheximide (CHX). In P, the presence of CHX maintained the levels mRNA leptin, but was
completely abrogated in SI (1.14±0.09, p> 0.001). These results demonstrate that the activation of the PI3K signaling
pathway has a role in TH-mediated direct and indirect leptin gene expression in 3T3-L1 adipocytes.
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Introduction

Thyroid hormones (THs) actions are especially important
during development, this actions regulate the growth and
maturation of many organs and tissues during the fetal and
neonatal life [1,2]. Many tissues are regulated by THs up to
their complete development, including actions on groups of
genes involved in the differentiation program. The adipose
tissue (AT) is an important target for THs. The AT is
specialized in the transport, synthesis, storage, and
mobilization of lipids. Its main function is the storage of energy
in the form of triglycerides, and it constitutes a reservoir of
energy to be used in times of caloric deprivation [3]. AT is the
largest endocrine organ in the body, secreting hormones,
chemokines, and cytokines (commonly referred to
as adipokines) that are important paracrine/endocrine
regulators [4].

The leptin is an AT product and together with THs are
involved in the energy balance [5]. TH status also influences
leptin, various studies try to correlate leptin with TH [6].
Administration of 3,5,3’- triiodothyronine (T3) to hypothyroid
rats also decreased leptin mRNA expression in adipose tissue
and circulating leptin levels [7]. However, in other reports, THs
up-regulate leptin in differentiated adipocytes. T3, but not
thyroxine (T4), stimulated ob mRNA expression and leptin
secretion in 3T3-L1 adipocytes [8], cells in which leptin
expression is less than 1% of intact adipose tissue.
Additionally, human studies show no conclusive evidence on
the relationship between TH and leptin levels [9,10].

The presence of thyroid hormone receptors (TRs) in AT
suggests that there might be a direct interference of the thyroid
activity in the production of adipokines at AT [11]. Studies in a
microarray investigation, showed that the THs regulates 19
genes from humans white AT [12]. These genes originate
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proteins that are involved in signal transduction, lipid
metabolism, apoptosis, and inflammatory responses.

Studies from our group showed that a T3 physiological dose
increases leptin gene expression in obese animals subjected to
diet restriction [13]. However, animals subjected to
supraphysiological doses of T3 showed a diminishment in
leptin mRNA expression [14]. These findings suggest that THs
physiological levels might be necessary for the adequate leptin
secretion [13]. Notwithstanding, our methodology did not
enable us to verify if THs acts directly on AT modulating leptin
expression.

The concept regarding the THs action has been diversified,
including non-classical actions of T3 and T4. T3 has been
shown as an activator of the phosphatidyl inositol 3-kinase
(PI3K), which leads to an increase in certain genes, such as
Hypoxia-inducible factor 1 (HIF-1α) and calcineurin inhibitor
(ZAKI-4α) [15,16]. Hence, the present study assessed the
effect of physiological and supraphysiological T3 doses in
leptin mRNA and protein expression levels at 3T3-L1,
adipocytes culture, after one hour of treatment.

We have evaluated the influence of protein synthesis in the
leptin transcription rate regulated by T3 using the translation-
inhibitor cycloheximide (CHX). LY294002 was used to check if
the non-classical pathway (PI3K) was involved in the T3 action
in the leptin mRNA levels. We have found that T3 increases the
leptin expression levels in one hour (short time) of treatment,
and such increase occurs directly in T3 physiological dose and
indirectly in supraphysiological dose, but both depend on the
activation of PI3K pathway.

Materials and Methods

2.1: Chemicals and antibodies
Isobutylmethylxanthine (IBMX), dexamethasone, insulin,

cycloheximide (CHX), triiodothyronine (T3), LY294002 (LY),
Dimethyl Sulfoxide (DMSO), Sodium hydroxide (NaOH) and
Charcoal Stripped fetal bovine serum (FBS) were purchased
from Sigma (St Louis, MO, USA). Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum and Antibiotic-Antimycotic
100X solution were purchased from Gibco BRL (Grand Island,
NY, USA). The Rabbit polyclonal to leptin antibody (AB9749)
and the mouse monoclonal GAPDH antibody (AB97069) were
obtained from ABCAM (Abcam, Cambridge, UK). The anti-
rabbit and anti-mouse secondary antibodies were purchased
from Santa Cruz Biotechnology (CA, USA). Enhanced
chemiluminescence (ECL) reagents were obtained Amersham
Biosciences (NJ, USA).

2.2 Cell culture and differentiation
Mouse 3T3-L1 preadipocytes were obtained from the Cell

Bank of Rio de Janeiro (Rio de Janeiro, RJ, Brazil), and were
grown in polystyrene six-well plates, at 37°C in DMEM
supplemented with 10% FBS (Sigma), and 1% Antibiotic-
Antimycotic 100X solution (Gibco). After cell confluence
(designated as day 0), differentiation was initiated with 1µg/ml
insulin, 1µM dexamethasone (DEX), and 0.5 mM IBMX in
DMEM containing 10% FBS. After a 4-day incubation the
culture media were replaced by DMEM supplemented with

10% FBS and 1 µg/ml insulin, and the cells were then fed every
two days with DMEM containing 10% FBS. 3T3-L1 cells were
fully differentiated by day 8. After differentiation, cells were
incubated for 24 hour in DMEM supplemented with 10%
Charcoal Stripped FBS (to deplete T3) and 1 µg/ml insulin.
After incubation, cells were treated with: either physiological T3
dose (10 nM, named P group) or supraphysiological T3 dose
(100 nM, named SI group) during one hour (1h). A non-treated
group, only 0.1% NaOH (diluent T3), was used as control (C).
For the one-hour time period, it was also formed groups of P
and SI added with CHX (10µg/ml) [16] and groups that were
added with LY (50µM) [16]. The inhibitors LY294002 and CHX
were added to the medium 1 h before T3 treatment.

2.3: Oil red O staining
3 T3-L1 cells were grown on 6-well plates and induced to

differentiate as previously described. After an 8-day incubation
(day 8), plates were twice washed with phosphate-buffered
saline (PBS), fixed with 37% formaldehyde during 30 minutes
at room temperature, and then washed twice again with PBS.
After fixation, cells were stained for 2h at room temperature
with a filtered of oil red O solution (0.5 g oil red O (Sigma) in
100 ml isopropanol), washed twice with distilled water and
visualized to confirm differentiation.

2.4: Gene expression
Total RNA was extracted from 3T3-L1 cells by Trizol

(Invitrogen) method, according to the manufacturer’s
instructions. The High Capacity cDNA reverse transcription kit
for RT-PCR® (Invitrogen, São Paulo, Brazil) was used for the
synthesis of 20 µL complementary DNA (cDNA) from 1000 ng
of whole RNA.

Leptin (assay Mm00434759_m1*- Applied Biosystems)
levels were determined by RT-qPCR. Quantitative
measurements were made in the “Applied Biosystems
StepOne Plus” detection system using the TaqMan qPCR
commercial kit (Invitrogen) according to the manufacturer’s
instructions. Cycling conditions were as follows: enzyme
activation at 50°C during 2 min, denaturation at 95°C during 10
min, cDNA products were amplified during 40 cycles of
denaturation at 95°C during 15 s and annealing/extension at
60°C during 1 min. Gene expression was quantified in relation
to the values of the C group after normalization by an internal
control, cyclophilin (Mm00434759_m1), by the 2 − ΔΔCt method,
as previously described [17].

2.5: Western blot analysis
Following treatment with T3, cells were washed twice with

cold PBS, and lysed with 100 µl of lysis buffer containing 500
mM Tris (pH 8), 150 mM NaCl, 1% Triton X-100, 0.1% sodium
dodecyl sulfate (SDS), and 0.5% deoxycholate of sodium. The
homogenate was centrifuged at 4°C for 20 minutes at 12000
rpm. The supernatant was collected and total protein content
was determined by the Bradford Method [18] using Albumin
Serum Bovine (BSA) as standard. Samples containing 50 µg of
protein were subjected to 15% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) in polyacrylamide gels. After
electrophoresis, proteins were electro-transferred to
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nitrocellulose membrane using a semidry transfer system
(BioRad Biosciences; NJ, USC). The blotted membrane was
then blocked 5% BSA in Tris buffered saline (TBS) with 0.1%
Tween-20 (T) for 1 h at room temperature (RT) and incubated
with specific antibodies overnight at 4°C. The primary
antibodies used were rabbit polyclonal anti-leptin 1: 5000 and
mouse monoclonal anti-GAPDH 1: 1000. After incubation with
secondary anti-rabbit (1: 1000) and anti-mouse (1: 10000) in
5% BSA in TBS-T for 1h RT, blots were developed using the
SuperSignal West Pico Chemiluminescent Substrate kit
(Pierce) and exposed to Hyperfilm ECL (Amersham
Bioscieneces). Quantitative analysis of immunoblot images
was performed using Gel Logic (6000 PRO) with Carestream
MI software. Results are shown as the squared pixels ratio
between leptin and GAPDH, and represented as fold activation
relatively to cells exposed to assay media.

2.6: Statistical analysis
Gene expression was analyzed using the analysis of

variance (ANOVA) followed by Tukey’s test. Data are
expressed as mean ± standard deviation. The significance
level was set at 5%.

Results

3.1: 3T3-L1 cell culture and differentiation
Figure 1A presents 3T3-L1 cells before differentiation. In the

presence of a differentiation mix (insulin, dexamethasone, and
IBMX) the pre-adipocytes turn into adipocytes presenting the
morphology of mature adipocytes (Figure 1B and 1C), whose
main characteristic is the presence of a great amount of
cytoplasmic lipid droplets. Oil red O makes these droplets more
evident and lipids are stained red (1C).

3.2: Leptin mRNA and protein levels increase after one
hour of T3 incubation

Figure 2 shows that T3 increased the levels of leptin mRNA
(Figure 2A) and protein (Figure 2B) in 3T3-L1 adipocytes in P
and SI if compared to the C group after one hour of incubation.

3.3: The increase of Leptin mRNA and protein induced
by T3 action is sensitive to LY294002

In order to check if PI3K pathway is involved in the mediation
of leptin mRNA and protein expression after one hour of
incubation with T3, groups P and SI were treated with a PI3K
inhibitor (LY294002). Figure 3 shows that the addition of LY to
different T3 doses led to the diminishment of leptin expression
that were increased in P and SI (Figure 3A, B, C and D).

3.4: Effects of the protein synthesis inhibition upon the
modulation of T3 induced leptin mRNA levels

In order to determine the need of protein synthesis for T3
regulation of leptin mRNA levels after one hour of treatment,
groups P and SI were incubated with CHX. The addition of
CHX to the P group did not change the levels of leptin mRNA
(Figure 4A). However, CHX decreased the mRNA leptin levels
in SI (Figure 4B).

Discussion

Since the adipose tissue is a target of thyroid hormones
[19,20], some authors suggest that the leptin and thyroid might
have a parallel response [21]. However, many studies
investigating the possible relationship between thyroid
hormone and leptin levels, reported conflicting results.
Whereas some studies show no association between leptin
serum concentration and thyroid hormone levels [6,22,23],
others report a negative [24,25] or a positive correlation
[26,27]. These divergent results may occur due to the use of
different models, which demonstrate that THs might have
different actions according to the model and the systemic
factors involved. Thus, the present study aims to elucidate the
AT response to different T3 doses on leptin mRNA expression
without the interference of systemic factors.

Experimental model of 3T3-L1 cells (embryonic Mus
musculus cells) (Figure 1A) were differentiated in vitro into
adipocytes (Figure 1B and C). These cells represent a well-
established adipogenesis model [28]. Our findings suggest that
T3 has rapid effects in the modulation of leptin expression,
since P and SI showed an increase in leptin gene expression
(Figure 2A) and protein (Figure 2B) after 1 hour of T3

Figure 1.  3T3-L1 cells before and after their differentiation into adipocytes.  A) Non-differentiated cells. B) Cells with ten days
of differentiation. C) Cells in oil red O after ten days differentiation. Arrows show adipocyte with cytoplasmic lipid droplet.
doi: 10.1371/journal.pone.0074856.g001
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incubation. These results agree with the findings of Yoshida et
al. [8], who were the first to measure the leptin secretion levels
in 3T3-L1 cells in the presence of T3. However, they have
observed an increase in leptin mRNA levels after 24 hours of
incubation. Expression of leptin increases during adipocyte
differentiation, and peaks as mature adipocytes fill with lipids
[29] and in Jiang et al. [30] showed that administration of T3 to
the differentiating 3T3-L1 cells enhanced the accumulation of
triglyceride.

At physiological concentration of 10nM of T3, administered to
the P group, there was na increased in both mRNA expression
and secretion of leptin. Findings of Luvizotto et al. [13] suggest

Figure 2.  Dose-response for T3 effects upon leptin mRNA
expression and protein in 1h. P =10 nM T3, SI = 100 nM T3,
C = without T3.  A) T3 effects in leptin mRNA expression by
10 nM and 100 nM doses. B) T3 effects in leptin protein by 10
nM and 100 nM doses. Data expressed in average and
standard deviation (ANOVA supplemented with Tukey’s test).
n.s = non-significant; n = 3 in each treatment.
doi: 10.1371/journal.pone.0074856.g002

that physiologic levels of thyroid hormone are necessary for
appropriate leptin expression and this dose of T3 could be
used safely in the treatment of obesity because, at this level,
T3 increases the expression of leptin, a hormone with central
actions that cause a reduced food intake and an increase in
energy expenditure, but does not decrease body protein.

Several studies have shown that neither chronic
hyperthyroidism nor acute T3 treatment has affected serum
leptin levels [31,32]. In the study of Luvizotto et al. [14,33], the
supraphysiological dose of 50 fold greater than physiological
levels, significantly reduced leptin gene expression. In
hyperthyroid patients, plasma leptin levels were unaffected by
treatment for 12–28 weeks with methimazole [34]. These data
indicate that, in humans, the plasma leptin status in individuals
with relatively low plasma leptin levels is little affected by
thyroid status. However, Yoshida et al. [8] and the present
study reported that T3 enhanced the accumulation of leptin
mRNA as well as leptin release by mouse 3T3-L1 cells, in
supraphysiological concentration of 100nM of T3. One reason
for the difference between in vivo and in vitro expressions is
due the fact that leptin expression levels in 3T3-L1 and 3T3-
F442A cells is less than 1% compared to intact adipose tissue
[35,36].

It is known that THs may act by mechanisms other than the
classical TRs/Thyroid Hormone Responsive Elements (TREs)
[15]. These mechanisms can be called non-classical or non-
genomic because their initiation sites may be in the plasma
membrane, like the activation of integrin αvβ3 pathway, or in
the cytoplasm, where the TH activates the mitogen-activated
protein kinase (MAPK) or PI3K pathway. The initiation sites are
proteins that are characterized as iodothyronine receptors
[16,37].

PI3K participates in a wide variety of cellular process,
including intracellular trafficking, organization of the
cytoskeleton, cell growth and transformation, and prevention of
apoptosis [38,39]. PI3K has a role in differentiation of several
cell lines [40,41], including adipocytes.

We used specific inhibitor of PI3K, LY294002, signaling
cascades regarding leptin expression, because T3 have been
reported to activation at these signaling pathways to modulate
specifics genes [15,16]. It was observed that leptin mRNA and
protein levels that were T3-increased in P and SI, were then
suppressed by the presence of LY294002 (Figure 3A, B, C and
D), without cell toxicity. These findings strongly suggest that
up-regulation of leptin gene transcription is mediated via the
PI3K pathway by T3.

In order to check if the T3 action was direct or indirect upon
the modulation of leptin gene, it was used a protein synthesis
inhibitor in parallel with the use of a PI3K pathway inhibitor.
The addition of CHX, which is a protein synthesis inhibitor,
induced a leptin mRNA levels diminishment in group SI (Figure
4B), indicating that the effects of T3 upon this gene need
protein synthesis prior to transcription. Under physiological T3
dose (group P) the CHX did not display any effect in leptin
mRNA (Figure 4A), indicating that T3 has direct action upon
the leptin mRNA expression increase. To our knowledge, this is
the first study using CHX to determine the direct/indirect action
of T3 upon the levels of leptin.
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In summary, these data suggest that physiological and
supraphysiological dose of T3 increase leptin mRNA
expression after one hour of incubation without the
characterization of a dose-dependent event. After one hour of
T3 treatment, there is a direct increase in leptin levels when
using physiological dose, whereas supraphysiological dose
show an indirect leptin levels increase that depends on the
PI3K pathway activation. Since leptin is an important
adipostatic signal to the brain and it was observed that it is
modulated by T3 through the activation of PI3K cytosolic
pathway, the understanding of its mechanism of action is of
utter importance.

Acknowledgements

We are grateful to Sueli A Clara, José C Georgete, Mário B
Bruno, Camila R C Camacho and Keize Nagamati Junior for
their technical support. We also would like to thank Dr. Luis C
O Magalhães for the translation of the manuscript into English.
This manuscript has been proofread by native English
speakers with related background in Biomed Proofreading.

Figure 3.  Effects of T3 and LY294002 upon the modulation of leptin mRNA and protein levels in 1h of treatment.  P =10 nM
T3, SI = 100 nM T3, C = without T3, LY = 50µM LY294002. A) T3 influence (10 nM) in the leptin gene expression under the
presence/absence of LY. B) T3 influence (10 nM) in the leptin protein under the presence/absence of LY. C) T3 influence (100 nM)
in the leptin gene expression under the presence/absence of LY. D) T3 influence (100 nM) in the leptin protein under the presence/
absence of LY (ANOVA supplemented with Tukey’s test). n.s = non-significant; n = 3 in each treatment.
doi: 10.1371/journal.pone.0074856.g003

Triiodothyronine upon mRNA/Protein Leptin Levels

PLOS ONE | www.plosone.org 5 September 2013 | Volume 8 | Issue 9 | e74856



Author Contributions

Conceived and designed the experiments: MO CRN RAML.
Performed the experiments: MO FCFM RMCO MTS. Analyzed

Figure 4.  Effects of T3 and CHX upon the modulation of
leptin mRNA levels in 1h treatment.  P =10 nM T3, SI = 100
nM T3, C = without T3, CHX = 10µg/ml CHX. A) T3 influence
(10 nM) in the leptin gene expression under the presence/
absence of CHX. B) T3 influence (100 nM) in the leptin gene
expression under the presence/absence of CHX (ANOVA
supplemented with Tukey’s test). n. s = non-significant; n = 3 in
each treatment.
doi: 10.1371/journal.pone.0074856.g004

the data: MO CRN SJC RMCO MTS. Contributed reagents/
materials/analysis tools: MO RAML CBRS CRN. Wrote the
manuscript: MO CRN RAML SJC.

References

1. Bernal J (2002) Action of thyroid hormone in brain. J Endocrinol Invest
25: 268–288. PubMed: 11936472.

2. Morreale de Escobar G, Obregon MJ, Escobar del Rey F (2004) Role
of thyroid hormone during early brain development. Eur J Endocrinol
151 Suppl 3: U25–U37. doi:10.1530/eje.0.151U025. PubMed:
15554884.

3. Obregon MJ (2008) Thyroid hormone and adipocyte differentiation.
Thyroid 18: 185-195. doi:10.1089/thy.2007.0254. PubMed: 18279019.

4. Gregor MF, Hotamisligil GS (2011) Inflammatory mechanisms in
obesity. Annu Rev Immunol 29: 415–445. doi:10.1146/annurev-
immunol-031210-101322. PubMed: 21219177.

5. Vendrell J, Broch M, Vilarrasa N, Molina A, Gómez JM et al. (2004)
Resistin, adiponectin, ghrelin, leptin, and proinflammatory cytokines:
relationships in obesity. Obes Res 12: 962-971. doi:10.1038/oby.
2004.118. PubMed: 15229336.

Triiodothyronine upon mRNA/Protein Leptin Levels

PLOS ONE | www.plosone.org 6 September 2013 | Volume 8 | Issue 9 | e74856

http://www.ncbi.nlm.nih.gov/pubmed/11936472
http://dx.doi.org/10.1530/eje.0.151U025
http://www.ncbi.nlm.nih.gov/pubmed/15554884
http://dx.doi.org/10.1089/thy.2007.0254
http://www.ncbi.nlm.nih.gov/pubmed/18279019
http://dx.doi.org/10.1146/annurev-immunol-031210-101322
http://dx.doi.org/10.1146/annurev-immunol-031210-101322
http://www.ncbi.nlm.nih.gov/pubmed/21219177
http://dx.doi.org/10.1038/oby.2004.118
http://dx.doi.org/10.1038/oby.2004.118
http://www.ncbi.nlm.nih.gov/pubmed/15229336


6. Näslund E, Andersson I, Degerblad M, Kogner P, Kral JG et al. (2000)
Associations of leptin, insulin resistance and thyroid function with long-
term weight loss in dieting obese men. J Intern Med 248: 299-308. doi:
10.1046/j.1365-2796.2000.00737.x. PubMed: 11086640.

7. Fain JN, Bahouth SW (1998) Effect of tri-iodothyronine on leptin
release and leptin mRNA accumulation in rat adipose tissue. Biochem J
332: 361-366. PubMed: 9601064.

8. Yoshida T, Monkawa T, Hayashi M, Saruta T (1997) Regulation of
expression of leptin mRNA and secretion of leptin by thyroid hormone
in 3T3-L1 adipocytes. Biochem Biophys Res Commun 232: 822-826.
doi:10.1006/bbrc.1997.6378. PubMed: 9126361.

9. Obermayer-Pietsch BM, Frühauf GE, Lipp RW, Sendlhofer G, Pieber
TR (2001) Dissociation of leptin and body weight in hyperthyroid
patients after radioiodine treatment. Int J Obes Relat Metab Disord 25:
115–120. doi:10.1038/sj.ijo.0801724. PubMed: 11244466.

10. Simó R, Hernández C, Zafon C, Galofré P, Castellanos JM et al. (2000)
Short-term hypothyroidism has no effect on serum leptin
concentrations. Diabetes Obes Metab 2: 317-321. doi:10.1046/j.
1463-1326.2000.00086.x. PubMed: 11225748.

11. Saito T, Kawano T, Saito T, Ikoma A, Namai K et al. (2005) Elevation of
serum adiponectin levels in Basedow disease. Metabolism 54:
1461-1466. doi:10.1016/j.metabol.2005.05.011. PubMed: 16253634.

12. Viguerie N, Millet L, Avizou S, Vidal H, Larrouy D et al. (2002)
Regulation of human adipocyte gene expression by thyroid hormone. J
Clin Endocrinol Metab 87: 630-634. doi:10.1210/jc.87.2.630. PubMed:
11836296.

13. Luvizotto RA, Conde SJ, Síbio MT, Nascimento AF, Lima-Leopoldo AP
et al. (2010) Administration of physiologic levels of triiodothyronine
increases leptin expression in calorie-restricted obese rats, but does
not influence weight loss. Metabolism 59: 1-6. doi:10.1016/
S0026-0495(10)00136-8. PubMed: 19846169.

14. Luvizotto RA, Síbio MT, Olímpio RM, Nascimento AF, Lima-Leopoldo
AP et al. (2011) Supraphysiological triiodothyronine doses diminish
leptin and adiponectin gene expression, but do not alter resistin
expression in calorie restricted obese rats. Horm Metab Res 43:
452-457. doi:10.1055/s-0031-1277187. PubMed: 21557150.

15. Moeller LC, Broecker-Preuss M (2011) Transcriptional regulation by
nonclassical action of thyroid hormone. Thyroid Res 4 Suppl 1: S6. doi:
10.1186/1756-6614-4-6. PubMed: 21835053.

16. Moeller LC, Dumitrescu AM, Refetoff S (2005) Cytosolic action of
thyroid hormone leads to induction of hypoxia-inducible factor-1alpha
and glycolytic genes. Mol Endocrinol 19: 2955-2963. doi:10.1210/me.
2004-0542. PubMed: 16051672.

17. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T))
Method. Methods 25: 402-408. doi:10.1006/meth.2001.1262. PubMed:
11846609.

18. Bradford MM (1976) A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-dye
Binding Analytical Biochemistry 72: 248-254. doi:
10.1016/0003-2697(76)90527-3. PubMed: 942051.

19. Darimont C, Gaillard D, Ailhaud G, Negrel R (1993) Terminal
differentiation of mouse preadipocyte cells: adipogenic and
antimitogenic role of triiodothyronine. Mol Cell Endocrinol 98: 67-73.
doi:10.1016/0303-7207(93)90238-F. PubMed: 7511547.

20. Yen PM (2001) Physiological and molecular basis of thyroid hormone
action. Physiol Rev 81: 1097-1142. PubMed: 11427693.

21. Pinkney JH, Goodrick SJ, Katz J, Johnson AB, Lightman SL et al.
(1998) Leptin and the pituitary-thyroid axis: a comparative study in lean,
obese, hypothyroid and hyperthyroid subjects. Clin Endocrinol (Oxf) 49:
583-588. doi:10.1046/j.1365-2265.1998.00573.x. PubMed: 10197072.

22. Torgerson JS, Carlsson B, Stenlöf K, Carlsson LM, Bringman E et al.
(1999) A low serum leptin level at baseline and a large early decline in
leptin predict a large 1-year weight reduction in energy-restricted obese
humans. J Clin Endocrinol Metab 84: 4197-4203. doi:10.1210/jc.
84.11.4197. PubMed: 10566672.

23. Reinehr T, Andler W (2002) Thyroid hormones before and after weight
loss in obesity. Arch Dis Child 87: 320-326. doi:10.1136/adc.87.4.320.
PubMed: 12244007.

24. Escobar-Morreale HF, Escobar del Rey F, Morreale de Escobar G
(1997) Thyroid hormones influence serum leptin concentrations in the
rat. Endocrinology 138: 4485-4488. doi:10.1210/en.138.10.4485.
PubMed: 9322968.

25. Zabrocka L, Klimek J, Swierczynski J (2006) Evidence that
triiodothyronine decreases rat serum leptin concentration by down-
regulation of leptin gene expression in white adipose tissue. Life Sci 79:
1114-1120. doi:10.1016/j.lfs.2006.03.009. PubMed: 16624326.

26. Yoshida T, Momotani N, Hayashi M, Monkawa T, Ito K et al. (1998)
Serum leptin concentrations in patients with thyroid disorders. Clin
Endocrinol 48: 299-302. doi:10.1046/j.1365-2265.1998.00408.x.
PubMed: 9578819.

27. Nakamura T, Nagasaka S, Ishikawa S, Hayashi H, Saito T et al. (2000)
Association of hyperthyroidism with serum leptin levels. Metabolism 49:
1285-1288. doi:10.1053/meta.2000.9520. PubMed: 11079817.

28. Green H, Meuth M (1974) An established pre-adipose cell line and its
differentiation in culture. Cell 3: 127-133. doi:
10.1016/0092-8674(74)90116-0. PubMed: 4426090.

29. Yu YH, Zhu H (2004) Chronological changes in metabolism and
functions of cultured adipocytes: a hypothesis for cell aging in mature
adipocytes. Am J Physiol Endocrinol Metab 286: E402-E410. PubMed:
14625202.

30. Jiang W, Miyamoto T, Kakizawa T, Sakuma T, Nishio S et al. (2004)
Expression of thyroid hormone receptor alpha in 3T3-L1 adipocytes;
triiodothyronine increases the expression of lipogenic enzyme and
triglyceride accumulation. J Endocrinol 182: 295-302. doi:10.1677/joe.
0.1820295. PubMed: 15283690.

31. Corbetta S, Englaro P, Giambona S, Persani L, Blum WF et al. (1997)
Lack of effects of circulating thyroid hormone levels on serum leptin
concentrations. Eur J Endocrinol 137(6): 659-663. doi:10.1530/eje.
0.1370659. PubMed: 9437233.

32. Kristensen K, Pedersen SB, Langdahl BL, Richelsen B (1999)
Regulation of leptin by thyroid hormone in humans: studies in vivo and
in vitro. Metabolism 48: 1603–1607. doi:10.1016/
S0026-0495(99)90252-4. PubMed: 10599995.

33. Luvizotto RDAM, Nascimento AFD, Síbio MTD, Olímpio RMC, Conde
SJ, et al. (2012) Experimental Hyperthyroidism Decreases Gene
Expression and Serum Levels of Adipokines in Obesity. Scientific
World Journal. doi:10.1100/2012/780890. PubMed: 22645452.

34. Valcavi R, Zini M, Peino R, Casanueva FF, Dieguez C (1997) Influence
of thyroid status on serum immunoreactive leptin levels. J Clin
Endocrinol Metab 82: 1632–1634. doi:10.1210/jc.82.5.1632. PubMed:
9141562.

35. MacDougald OA, Hwang CS, Fan H, Lane MD (1995) Regulated
expression of the obese gene product (leptin) in white adipose tissue
and 3T3-L1 adipocytes. Proc Natl Acad Sci U S A 92: 9034-9037. doi:
10.1073/pnas.92.20.9034. PubMed: 7568067.

36. Mandrup S, Loftus TM, MacDougald OA, Kuhajda FP, Lane MD (1997)
Obese gene expression at in vivo levels by fat pads derived from s.c.
implanted 3T3-F442A preadipocytes. Proc Natl Acad Sci U S A 94:
4300-4305. doi:10.1073/pnas.94.9.4300. PubMed: 9113984.

37. Cheng SY, Leonard JL, Davis PJ (2010) Molecular aspects of thyroid
hormone actions. Endocr Rev 31: 139-170. doi:10.1210/er.2009-0007.
PubMed: 20051527.

38. Toker A, Cantley LC (1997) Signalling through the lipid products of
phosphoinositide-3-OH kinase. Nature 387: 673-676. doi:
10.1038/42648. PubMed: 9192891.

39. Vanhaesebroeck B, Leevers SJ, Panayotou G, Waterfield MD (1997)
Phosphoinositide 3-kinases: a conserved family of signal transducers.
Trends Biochem Sci 22: 267-272. doi:10.1016/S0968-0004(97)01061-
X. PubMed: 9255069.

40. Aubin D, Gagnon A, Sorisky A (2005) Phosphoinositide 3-kinase is
required for human adipocyte differentiation in culture. Int J Obes 29:
1006-1009. doi:10.1038/sj.ijo.0802961. PubMed: 15852047.

41. Fang J, Ding M, Yang L, Liu LZ, Jiang BH (2007) PI3K/PTEN/AKT
signaling regulates prostate tumor angiogenesis. Cell Signal 19:
2487-2497. doi:10.1016/j.cellsig.2007.07.025. PubMed: 17826033.

Triiodothyronine upon mRNA/Protein Leptin Levels

PLOS ONE | www.plosone.org 7 September 2013 | Volume 8 | Issue 9 | e74856

http://dx.doi.org/10.1046/j.1365-2796.2000.00737.x
http://www.ncbi.nlm.nih.gov/pubmed/11086640
http://www.ncbi.nlm.nih.gov/pubmed/9601064
http://dx.doi.org/10.1006/bbrc.1997.6378
http://www.ncbi.nlm.nih.gov/pubmed/9126361
http://dx.doi.org/10.1038/sj.ijo.0801724
http://www.ncbi.nlm.nih.gov/pubmed/11244466
http://dx.doi.org/10.1046/j.1463-1326.2000.00086.x
http://dx.doi.org/10.1046/j.1463-1326.2000.00086.x
http://www.ncbi.nlm.nih.gov/pubmed/11225748
http://dx.doi.org/10.1016/j.metabol.2005.05.011
http://www.ncbi.nlm.nih.gov/pubmed/16253634
http://dx.doi.org/10.1210/jc.87.2.630
http://www.ncbi.nlm.nih.gov/pubmed/11836296
http://dx.doi.org/10.1016/S0026-0495(10)00136-8
http://dx.doi.org/10.1016/S0026-0495(10)00136-8
http://www.ncbi.nlm.nih.gov/pubmed/19846169
http://dx.doi.org/10.1055/s-0031-1277187
http://www.ncbi.nlm.nih.gov/pubmed/21557150
http://dx.doi.org/10.1186/1756-6614-4-6
http://www.ncbi.nlm.nih.gov/pubmed/21835053
http://dx.doi.org/10.1210/me.2004-0542
http://dx.doi.org/10.1210/me.2004-0542
http://www.ncbi.nlm.nih.gov/pubmed/16051672
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://dx.doi.org/10.1016/0303-7207(93)90238-F
http://www.ncbi.nlm.nih.gov/pubmed/7511547
http://www.ncbi.nlm.nih.gov/pubmed/11427693
http://dx.doi.org/10.1046/j.1365-2265.1998.00573.x
http://www.ncbi.nlm.nih.gov/pubmed/10197072
http://dx.doi.org/10.1210/jc.84.11.4197
http://dx.doi.org/10.1210/jc.84.11.4197
http://www.ncbi.nlm.nih.gov/pubmed/10566672
http://dx.doi.org/10.1136/adc.87.4.320
http://www.ncbi.nlm.nih.gov/pubmed/12244007
http://dx.doi.org/10.1210/en.138.10.4485
http://www.ncbi.nlm.nih.gov/pubmed/9322968
http://dx.doi.org/10.1016/j.lfs.2006.03.009
http://www.ncbi.nlm.nih.gov/pubmed/16624326
http://dx.doi.org/10.1046/j.1365-2265.1998.00408.x
http://www.ncbi.nlm.nih.gov/pubmed/9578819
http://dx.doi.org/10.1053/meta.2000.9520
http://www.ncbi.nlm.nih.gov/pubmed/11079817
http://dx.doi.org/10.1016/0092-8674(74)90116-0
http://www.ncbi.nlm.nih.gov/pubmed/4426090
http://www.ncbi.nlm.nih.gov/pubmed/14625202
http://dx.doi.org/10.1677/joe.0.1820295
http://dx.doi.org/10.1677/joe.0.1820295
http://www.ncbi.nlm.nih.gov/pubmed/15283690
http://dx.doi.org/10.1530/eje.0.1370659
http://dx.doi.org/10.1530/eje.0.1370659
http://www.ncbi.nlm.nih.gov/pubmed/9437233
http://dx.doi.org/10.1016/S0026-0495(99)90252-4
http://dx.doi.org/10.1016/S0026-0495(99)90252-4
http://www.ncbi.nlm.nih.gov/pubmed/10599995
http://dx.doi.org/10.1100/2012/780890
http://www.ncbi.nlm.nih.gov/pubmed/22645452
http://dx.doi.org/10.1210/jc.82.5.1632
http://www.ncbi.nlm.nih.gov/pubmed/9141562
http://dx.doi.org/10.1073/pnas.92.20.9034
http://www.ncbi.nlm.nih.gov/pubmed/7568067
http://dx.doi.org/10.1073/pnas.94.9.4300
http://www.ncbi.nlm.nih.gov/pubmed/9113984
http://dx.doi.org/10.1210/er.2009-0007
http://www.ncbi.nlm.nih.gov/pubmed/20051527
http://dx.doi.org/10.1038/42648
http://www.ncbi.nlm.nih.gov/pubmed/9192891
http://dx.doi.org/10.1016/S0968-0004(97)01061-X
http://dx.doi.org/10.1016/S0968-0004(97)01061-X
http://www.ncbi.nlm.nih.gov/pubmed/9255069
http://dx.doi.org/10.1038/sj.ijo.0802961
http://www.ncbi.nlm.nih.gov/pubmed/15852047
http://dx.doi.org/10.1016/j.cellsig.2007.07.025
http://www.ncbi.nlm.nih.gov/pubmed/17826033

	Triiodothyronine Increases mRNA and Protein Leptin Levels in Short Time in 3T3-L1 Adipocytes by PI3K Pathway Activation
	Introduction
	Materials and Methods
	2.1: Chemicals and antibodies
	2.2 Cell culture and differentiation
	2.3: Oil red O staining
	2.4: Gene expression
	2.5: Western blot analysis
	2.6: Statistical analysis

	Results
	3.1: 3T3-L1 cell culture and differentiation
	3.2: Leptin mRNA and protein levels increase after one hour of T3 incubation
	3.3: The increase of Leptin mRNA and protein induced by T3 action is sensitive to LY294002
	3.4: Effects of the protein synthesis inhibition upon the modulation of T3 induced leptin mRNA levels

	Discussion
	Acknowledgements
	Author Contributions
	References


