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Abstract
Background/Aims: Obesity is increasingly becoming a major public health problem 
worldwide. Peripheral LKB1 inhibits white fat generation, but the effect of central LKB1 on diet-
induced obesity (DIO) is unknown. Therefore, we examined whether LKB1 over-expression in 
the hypothalamus can inhibit the development of obesity. Methods: Adult male Sprague-
Dawley rats were anesthetized and placed in a stereotaxic apparatus. LKB1-AAV-EGFP (2.0 
× 108 or 2.0 × 1010 vector genomes) or Control-AAV-EGFP (2.0 × 108 vector genomes) was 
injected into the third ventricle. After administration, the rats were fed a high-fat diet (HFD) 
for 9 weeks to induce obesity. Rats fed a chow fat diet were used as normal controls. Results: 
LKB1 delivery decreased body weight, energy intake, fat mass, and serum lipid levels. LKB1 
also improved HFD-induced hepatic fatty degeneration. Interestingly, LKB1 over-expression 
in the hypothalamus activated the AMPK-POMC neurons-sympathetic nervous system (SNS) 
axis, which can release epinephrine to promote white fat browning. Conversely, the elevated 
expression of MC3R/MC4R inhibited food intake. These two factors worked together to inhibit 
the development of obesity. Conclusions: LKB1 in the hypothalamus may have therapeutic 
potential for DIO through the activation of the AMPK-POMC neurons-SNS axis.
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Introduction

The global obesity issue is associated with an increased risk for metabolic diseases 
such as type 2 diabetes, stroke, heart disease, hypertension, and cancer [1-3]. Obesity is 
likely caused by an energy imbalance characterized by high energy intake relative to low 
energy expenditure [4, 5]. Thermogenesis in adipose tissue is an important factor for overall 
energy expenditure; therefore, enhancing thermogenesis in adipose tissue is a promising 
therapeutic strategy to improve obesity conditions [6-9].

LKB1 serine/threonine kinase (also known as stk11) is a tumor suppressor and a key 
regulator of energy metabolism [10-12]. It is expressed extensively in mammalian cells and 
plays important roles in various biological processes including cell polarity, cell metabolism, 
and cancer initiation and progression [13, 14]. These cellular functions of LKB1 are thought 
to be achieved by the direct phosphorylation of AMP-activated protein kinase (AMPK) at site 
Thr172 of α subunit [7, 15]. AMPK is a conserved serine/threonine kinase that functions in 
the regulation of energy metabolism [16]. A previous study showed that LKB1 is necessary 
for white adipose tissue (WAT) growth and differentiation [17]. Moreover, the LKB1/
AMPK signaling pathway negatively regulates WAT [18]. The activation of LKB1 as well as 
its downstream kinase AMPK inhibits preadipocyte differentiation and adipogenesis and 
down-regulates the expression of peroxisome proliferator-activated receptor γ (PPARγ) 
and CCAAT/enhancer-binding protein α [19]. Adipose tissue-specific LKB1 knockout (KO) 
mice exhibit reduced amounts of WAT; LKB1 deletion murine embryonic fibroblasts also 
show impaired adipogenesis [20]. A previous study demonstrated that deletion of LKB1 
in adult mice results in body weight reduction and lethality. More recently, Adipoq-Cre KO 
LKB1 was shown to promote brown adipose tissue (BAT) development and thermogenesis 
[21]. Collectively, these findings indicate that LKB1 plays an important role in regulating 
adipocyte growth and differentiation.

The arcuate nucleus (ARC) of the hypothalamus receives and integrates different inputs 
from peripheral organs and subsequently controls food intake and energy expenditure [22]. 
ARC neurons are divided into two distinct populations acting together to regulate feeding 
behavior: those expressing the orexigenic neuropeptides NPY/AgRP (neuropeptide Y/
agouti-related peptide) and those expressing the anorexigenic peptides POMC/CART (pro-
opiomelanocortin and cocaine- and amphetamine-related transcript) [23]. Different energy 
sensors have been implicated in the cellular mechanism in the ARC that regulates whole-
body metabolism. Down-regulation of AMPKα in the ARC promotes body weight loss and 
reduces food intake. Thus, AMPK is necessary for glucose sensing in both AgRP and POMC 
neurons and thereby for the control of energy balance [24]. LKB1-deficient POMC neurons 
display impaired hepatic glucose metabolism with an underlying reduction in the release of 
α-melanocyte-stimulating hormone (α-MSH) from the hypothalamus [18].

Adeno-associated virus (AAV) delivery has been demonstrated to be safe and resulted 
in high and long-term expression in preclinical and clinical studies [25]. Previously, we 
unexpectedly found that rats with diet-induced obesity (DIO) have a low level of LKB1 in 
the hypothalamus [26]. In the present study, to precisely analyze the anti-obesity effect of 
LKB1 in DIO rats, we administered LKB1 through AAV delivery into the third ventricle. We 
found that LKB1 up-regulation in the hypothalamus activated the AMPK-POMC neurons-
sympathetic nervous system (SNS) axis, which can release epinephrine to promote white fat 
browning. Conversely, the elevated expression of MC3R/MC4R inhibited food intake. These 
results suggest that LKB1 in the hypothalamus plays a key role in the central regulation of 
obesity and provide a new approach for the research of centrally regulated energy balance.

Materials and Methods

Animals
Male Sprague-Dawley rats (140-160 g) were purchased from the Beijing Academy of Military Sciences 

(Beijing, China). The animals were housed in a controlled environment with constant temperature and 
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maintained in a standard 12:12 h light/dark cycle (lights on at 07:00, lights off at 19:00). To acclimatize 
to their new environment, all rats were fed with standard laboratory chow and water available ad libitum 
during the first week. After adaptation, the rats were given intraventricular (ICV) injections of AAV. After 
surgery, the rats were divided randomly into four groups: (1) chow-fat group with Control-AAV-EGFP 
(CF-AAV; 2.0 × 108 vector genomes), fed with standard laboratory chow (3.8 kcal/g); (2) high-fat group 
with Control-AAV-EGFP (HF-AAV; 2.0 × 108 vector genomes); (3) high-fat group with a low titer of LKB1-
AAV-EGFP (HF-LKB1-L; 2.0 × 108 vector genomes); and (4) high-fat group with a high titer of LKB1-AAV-
EGFP (HF-LKB1-H; 2.0 × 1010 vector genomes), fed with a high-fat diet (HFD; 4.76 kcal/g). Body weight 
was recorded weekly. Food intake was measured daily. After feeding for 9 weeks, adipose tissue, liver, and 
hypothalamus were collected at the end of the study.

All animal care procedures were performed according to the Guidelines of the Animal Care Committee 
of Tianjin Medical University.

AAV vector design and preparation
Cloning and mutagenesis were performed by standard techniques. For vector preparation, two types 

of transgene were used: Control-AAV-EGFP (EGFP gene driven by the CMV promoter) and LKB1-AAV-EGFP 
(LKB1 gene driven by the CMV promoter). AAV vectors were generated by transfection of AAV-293 cells 
as described previously [27]. The physical titers (in vector genomes per microliter) were determined by 
quantitative PCR on a 2720 Thermal Cycler (Applied Biosystems, Camarillo, USA) using an In-Fusion™ PCR 
Cloning Kit (Clontech, USA) and the following primer set: forward, 5′-TGG AGG TAG TGG AAT GGA TCC CGC 
CAC CAT GGA CGT GGC TGA CCC CCA GC-3′ and reverse, 5′-CTC ACC ATG GTG GCG GGA TCCTGC TGC TTG 
CAG GCC GAG AGC-3′.

ICV injections
To administer the over-expression LKB1, the rats were anesthetized by intraperitoneal injection 

of pentobarbiturate and positioned on a stereotactic frame (KOPF, Germany). The skin over the skull 
was incised, and a small hole was made in the skull above the target using a microdrill. The stereotactic 
coordinates were 0.8 mm posterior to the bregma and 6.5 mm ventral of the skull surface [28]. A total 
volume of 4 μL was injected using a 10-μL syringe (Hamilton Co., Reno, NV). The AAV-mediated LKB1 gene 
was injected at various titers (low: 2.0 × 108 vector genomes; high: 2.0 × 1010 vector genomes) and at a flow 
rate of 1 μL/min, after which the needle was left in place for 2 min to prevent backflow before withdrawal.

Dual-energy X-ray absorptiometry scan analysis
At the end of the experiments, measurements were made using peripheral dual-energy X-ray 

absorptiometry (pDXA), as described previously [29].

Blood lipid analysis
Liver triglyceride (TG), serum total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and 

low-density lipoprotein cholesterol (LDL-C) concentrations were measured using a chemical reagent kit 
(Nanjing Jiancheng Biology Engineering Institute, Nanjing, China).

Measurement of epinephrine levels
Serum epinephrine levels were measured using an enzyme-linked immunosorbent assay kit (NOVUS, 

Ontario, Canada) according to the manufacturer’s guidelines.

Histological examinations
At the end of the treatments, WAT and the liver of each rat were removed and stored for histological 

examinations. Adipose tissue samples were preserved in 4% paraformaldehyde for 48 h, embedded 
in paraffin, sectioned at 6-μm thickness, and then stained with hematoxylin and eosin using standard 
procedures. For Oil Red O staining, liver tissues were frozen in liquid nitrogen and cut into 8-μm sections. 
The sections were stained and analyzed at 200× magnification using a microscope. In addition, the DNA 
of epididymal adipose tissue was extracted with a DNA kit (Tianjin Baibei Biology Engineering Institute, 
Tianjin, China). The frozen sections of the hypothalamus were analyzed with immunohistochemical (IHC) 
staining for NPY and POMC (1:1000 dilution; Abcam, Cambridge, England).
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Total RNA extraction and real-time PCR
Total RNA was isolated from adipose tissue by the TRIzol reagent (Invitrogen, Camarillo, USA). The 

concentration of total RNA was measured by a spectrophotometer, and cDNA was synthesized from RNA (1 
μg) using a cDNA Synthesis Kit (Thermo, Camarillo, USA) according to the manufacturer’s instructions. Newly 
synthesized cDNA was amplified with specific primers and SYBR Green reactions using the SYBR Green 
qPCR Supermix (Invitrogen). β-actin was used as an internal control. PCR for every gene was performed for 
40 cycles at 95 °C for 15 s and 60 °C for 1 min. Student’s t-test was used to evaluate statistical significance.
Sequences of primer sets used in this study are listed in Table 1.

Western blotting
Total cellular protein from adipose tissue and hypothalamus samples was harvested and lysed in RIPA 

buffer mixed with a complete protease inhibitor cocktail. Protein concentration was determined using a 
BCA Protein Assay Kit. Then, 30-100 μg of each denatured protein sample was separated on a 10-12% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis gel and transferred to a polyvinylidene fluoride 
membrane. The membrane was blocked for 2 h at room temperature in a 5% non-fat milk blocking solution, 
followed by incubation overnight at 4 °C separately with anti-LKB1, anti-MC3R, anti-MC4R (Abcam); anti-
AMPKα, anti-phosphorylated (p)-AMPKα, and anti-UCP1 (Cell Signaling, Massachusetts, USA) antibodies; 
GAPDH was used as a loading control. Following overnight incubation, the membrane was incubated with 
an HRP-conjugated secondary antibody (1:8000; Promega, Madison, USA) for 2 h at room temperature. 
The resultant immune complexes were detected using an enhanced chemiluminescence instrument (CLiNX 
Science Instruments, Shanghai, China). Protein bands were visualized via autoradiography, and intensities 
were analyzed using ImageJ.

Statistical analysis
Results are expressed as the mean ± standard error of the mean (SEM). All statistical analysis was 

performed using SPSS. Data were analyzed for statistical significance using Student’s t-test and one-way 
analysis of variance and Bonferroni’s post hoc test. Significance was set at p < 0.05.

Results

In vitro validation of AAV vectors for LKB1 over-expression
To over-express LKB1 in the hypothalamus, we cloned LKB1 cDNA into the AAV-brace 

vector (Fig. 1A). Then, we set out to up-regulate LKB1 expression by co-transfecting HEK293 
cells with the p-AAV-CMV β-globin-LKB1 plasmids. After 48 h, the expression levels of LKB1 
were quantified by immunoblotting and densitometry band evaluation (Fig. 1B). Control-
AAV-EGFP was used as the control. EGFP expression in the hypothalamus was assessed by 
fluorescence microscopy to validate the ability of the AAV vector to transduce and express 
the transgene (Fig. 1C). As seen by the EGFP immunoreactivity, these viral vectors could 
express LKB1 efficiently in the hypothalamus.

 
Target gene Forward Reverse 
SIRT1                        TTCCAGCCATCTCTGTGTC GATCCTTTGGATTCCTGCAA 
CPT1 ATGACGGCTATGGTGTCTCC   GGCTTGTCTCAAGTGCTTCC 
PGC-1α                    CCGAGAATTCATGGAGCAAT GTGTGAGGAGGGTCATCGTT 
UCP1                       GCCTGCCTAGCAGACATCAT GGTGGTGATGGTCCCTAAGA 
PRDM16                   GTGCAGGTACTGTGGCAAGA GGAGGAGATGCTGAATGACC 
SREBP1                     CCAGCCTTTGAGGATAACCA TGCAGGTCAGACACAGGAAG 
LPL                        CAGCTGGGCCTAACTTTGAG GGATCCCAATACTTCGACCA 
NPY                          TCGTGTGTTTGGGCATTCT TAGTGTCGCAGAGCGGAGTA 
POMC                       CTATCGGGTGGAGCACTTC TTCTTGATGATGGCGTTCTT 
β-actin                    GAGGACCAGGTTGTCTCCTG TTACTCCTTGGAGGCCATGT 

 
 

Table 1. The primary sequence used for real-time quantitative PCR
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LKB1 changed the body 
weight and food intake of 
HFD-fed rats
We evaluated the impact 

of LKB1 modulation on body 
weight gain. As shown in Fig. 
2A, rats fed the HFD gained 
more body weight than those 
fed a chow fat diet (CFD) from 
week 5 to week 9 (p < 0.05). 
Compared with the rats in the 
HF-AAV group, the body weight 
decreased in the rats in the 
HF-LKB1-H group, beginning 
at week 4 and continuing until 
the end of the experiment (p 
= 0.037). A significant differ-
ence was seen in body weight 
between the HF-AAV and HF-
LKB1-L groups at week 7 (p 
= 0.045). However, when the 
LKB1 treatment groups were 
compared with the CFD group, 
only the HF-LKB1-H group ex-
hibited a dramatic difference, 
which occurred at week 8 (p 
= 0.034) (Fig. 2A). Consistent-
ly, the rats in the HFD group 
consumed more calories than 
those in the CFD group (Fig. 
2B). During weeks 8-9, both 
the HF-LKB1-L and HF-LKB1-
H groups reduced their energy 
and food intake to not being 
significantly different from in-
take in the CF-AAV group (Fig. 
2B-C). These results indicate 
that LKB1 administration in-
hibited body weight gain by 
suppressing energy intake.

At the end of the experi-
ment, we measured the fat 
mass and lean mass and calcu-
lated body composition. Fig. 2D 
shows the subregions of rats 
identified by pDXA. The CF-
AAV group had lower %whole 
body fat than the HF-AAV 
(-41%), HF-LKB1-L (-31%), 
and HF-LKB1-H (-29%) groups 
(Fig. 2E). When compared with 
the HF-AAV group, this trend 
was clearly reduced in the HF-
LKB1-L and HF-LKB1-H groups, 

Fig. 1. In vitro validation of the LKB1 AAV vector for the up-
regulation of LKB1 expression. (A) Schematic representation of the 
AAV vector. ITR, inverted terminal repeats; PolyA, polyadenosine 
sequence. (B) Assessment of LKB1 expression by western blot 
analysis. Control: the GFP gene plasmid was transfected into 293T 
cells; Normal: 293T cells; Sample: the LKB1 gene plasmid was 
transfected into 293T cells. (C) Transduction of LKB1-positive 
expression (EGFP, green) in the hypothalamus (magnification: 
×100 and ×200; scale bar: 100 μm).

 
 
 

Fig. 2. Effect of LKB1 on HFD-induced obese rats. (A) Body weight 
changes following LKB1 administration compared with the CF-AAV-
control and HF-AAV-control groups. (B-C) Average energy intake 
and food intake (n = 6 independent experiments in different rats). 
(D) Subregions of rats identified by pDXA [64]. Fat mass % and lean 
mass % of the rats in the different groups were measured. Data are 
the mean ± SEM. *p < 0.05 and ***p < 0.001 vs. CF-AAV group; #p < 
0.05 vs. HF-AAV group.
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as demonstrated by their 13.5% and 
16.2% decrease, respectively. Further-
more, trunk fat mass% showed a simi-
lar trend to whole body fat % (Fig. 2E). 
However, compared with the HF-AAV 
group, only the HF-LKB1-H group ex-
hibited a marked difference (Fig. 2F). 
There was no significant difference in 
limb fat mass or lean mass between 
the groups (p > 0.05). These results 
suggest LKB1-treated rats gained lean 
mass and less fat mass.

LKB1 over-expression altered the 
histopathology of HFD-fed rats
We assessed possible phenotypic 

alterations of WAT on the modulation 
of hypothalamic LKB1 expression. 
The histopathology of WAT showed 
that the HF-AAV group rats had larger 
adipocytes than the other groups, 
whereas total DNA content was the 
smallest of all groups (Fig. 3A-B). 
Furthermore, the administration 
of LKB1 resulted in smaller lipid 
droplets within WAT, implying high 
metabolic activity. As for the controls, 
DNA content was comparable in all 
groups (Fig. 3B). Oil Red O staining 
suggested that the HF-AAV rats had 
larger lipid droplets and developed 
fatty liver. However, LKB1 treatment 
resulted in a notable improvement of 
lipid droplets and hepatic steatosis 
(Fig. 3C). In addition, we measured 
liver lipid content. Compared with the 
CF-AAV group, liver TG levels were 
significantly increased in the rats of 
the HF-AAV group (p = 0.000). TG 
levels were significantly decreased in 
the HF-LKB1-H and HF-LKB1-L groups 
by 26.7% and 21.6%, respectively, 
compared with the HF-AAV group 
(Fig. 3D). As shown in Fig. 3E-F, LKB1-
treated rats had significantly more 
BAT mass than the CF-AAV and HF-
AAV groups. These results showed 
that LKB1 treatment attenuated HFD-
induced adipocyte hypertrophy in 
WAT, prevented hepatic steatosis, and 
promoted BAT formation.

 
 

Fig. 3. LKB1 altered the histopathology of rats. (A) Paraf-
fin-embedded sections of WAT were stained with hema-
toxylin and eosin. (B) DNA content of epididymal WAT was 
measured (magnification: ×200; scale bar: 100 μm). (C) 
Frozen sections of liver were stained with Oil Red O. (D) 
Liver TG levels were measured in all groups. (E) BAT in the 
interscapular region. (F) Weight of interscapular BAT was 
measured. Data are the mean ± SEM. *p < 0.05, **p < 0.01, 
and ***p < 0.001 vs. CF-AAV group; #p < 0.05 and ###p < 0.001 
vs. HF-AAV group.

 
 

Fig. 4. Effects of LKB1 on the blood lipid profile of HFD-fed 
rats. (A-D) TC, LDL-C, HDL-C, and epinephrine levels were 
measured in the serum of each group. Data are the mean ± 
SEM. *p < 0.05, **p <0.01, and ***p < 0.001 vs. CF-AAV group; 
#p < 0.05 and ###p < 0.001 vs. HF-AAV group.
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Effect of LKB1 on the blood lipid 
profile of HFD-fed rats
Compared with the CF-AAV 

group, there was a dramatic increase 
of serum TC and LDL-C levels in the 
rats of the HF-AAV group (Fig. 4A-
B). LDL-C levels were decreased by 
30% in the HF-LKB1-H group (Fig. 
4B), whereas there was no significant 
change in TC levels (Fig. 4A). LDL-C 
levels were decreased by 16.7% in the 
HF-LKB1-L group (Fig. 4B). The serum 
HDL-C levels of the HF-LKB1-H group 
were increased by 1.8-fold compared 
with the HF-AAV group (Fig. 4C). 
In addition, serum epinephrine 
concentrations were significantly 
increased in the HF-LKB1-H group 
compared with the HF-AAV and HF-
LKB1-L groups (p = 0.038). These 
results suggest that LKB1 treatment 
beneficially modulated the blood lipid 
profile.

LKB1 regulated the expression 
levels of factors in the 
hypothalamus
The protein levels of LKB1 were 

down-regulated in the hypothalamus 
of HF-AAV group rats compared 
with the CF-AAV group (Fig. 6D). 
The expression of LKB1 protein was 
increased in the LKB1-treated groups 
compared with the HF-AAV group. 
The levels of p-AMPKα in the hypothalamus of LKB1-treated rats were increased compared 
with the HF-AAV group (Fig. 6D-E). Further, in IHC analysis of the hypothalamus sections 
of all groups, NPY was substantially decreased in the rats fed an HFD, whereas POMC was 
increased (Fig. 5A-B). Then, we measured the mRNA levels of NPY and POMC. We found a 
remarkable increase in hypothalamic POMC mRNA levels following LKB1 administration, 
whereas NPY mRNA levels were decreased (Fig. 5C-D). As shown in Fig. 5E-F, MC3R and 
MC4R levels in the hypothalamus of the LKB1-treated groups were increased compared 
with the HF-AAV-control group. These results suggest that LKB1 treatment inhibited energy 
intake via the up-regulation of MC3R/4R expression and down-regulation of NPY expression.

LKB1 promoted the browning of WAT
We detected the expression of browning markers such as uncoupling protein 1 (UCP1), PR 

domain-containing 16 (PRDM16), and PPARγ co-activator 1α (PGC-1α). After administration 
of LKB1, the mRNA expression levels of browning markers were significantly up-regulated 
(Fig. 6A). As shown in Fig. 6F-G, we also examined the effect of LKB1 infusion on UCP1 
protein expression. LKB1 administration promoted a significant increase in UCP1 protein 
levels in WAT. Thus, LKB1 treatment led to a significant elevation in carnitine palmitoyl-
coA transferase-1 (CPT1) mRNA levels, although no differences were observed in silent 
information regulator 1 (SIRT1) mRNA expression levels in the LKB1-treated rats (Fig. 6B). In 
contrast, the expression levels of sterol regulatory element binding protein 1 (SREBP1) and 

Fig. 5. Effects of LKB1 on the expression of genes in the 
hypothalamus. [19] NPY and POMC expression in the 
hypothalamus of rats was detected by IHC (magnification: 
×100; scale bar: 100 μm). (C-D) The mRNA expression 
levels of NPY and POMC in the hypothalamus. The levels of 
MC3R and MC4R protein were determined [64]. Data are 
the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. CF-
AAV group; #p < 0.05 and ###p < 0.001 vs. HF-AAV-control; 
╄╄╄p < 0.001 HF-LKB1-L group vs. HF-LKB1-H group.
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lipoprotein lipase (LPL) were down-
regulated following LKB1 treatment 
(Fig. 6C), suggesting that lipogenesis 
was inhibited. Collectively, these 
results indicate that LKB1 promoted 
the browning of WAT and inhibited 
lipogenesis. Collectively, these results, 
summarized in Fig. 7, indicate that 
LKB1 promoted the browning of WAT 
and inhibited lipogenesis.

Discussion

In this study, ICV injections of 
an LKB1 over-expression vector into 
the hypothalamus of HFD-fed rats 
affected body weight gain and food 
intake. LKB1 up-regulation resulted in 
decreased body weight and fat mass, 
consistent with previous reports [13]. 
This provides evidence that LKB1 
administration triggered a negative 
energy balance by suppressing energy 
intake. Additionally, LKB1 over-
expression induced browning of WAT 
by the activation of the AMPK-POMC 
neurons-SNS axis.

We previously observed 
dysregulation of the LKB1/AMPK 
signaling pathway in the hypothalamus 
of DIO rats [26]. Several other studies 
showed that the hypothalamus plays 
an important role in regulating 
feeding and maintaining energy 
balance via several neuropeptide 
signaling systems [30]. Recent studies 
demonstrated that the LKB1/AMPK 
signaling pathway negatively regulates adipogenesis in the periphery. Zhang et al. generated 
a FABP4-Cre-mediated LKB1 KO mouse model and demonstrated that LKB1 is required for 
WAT growth and differentiation. They showed that a lack of LKB1 leads to a reduction of WAT 
and early death [18]. KO of LKB1 in skeletal muscle prevents AMPK activation and glucose 
uptake in response to contraction and phenformin, indicating its important function in energy 
metabolism [31]. To determine whether ICV LKB1 can inhibit the development of obesity, 
we delivered LKB1-AAV into the third ventricle before the rats became obese. HFD-fed rats 
characteristically have significantly increased body weight and fat mass, as well high levels of 
plasma lipids and fatty liver. However, ICV injections of LKB1 significantly suppressed body 
weight gain, energy intake, and fat accumulation in a dose-dependent manner. Besides, ICV 
LKB1 improved blood lipid profile levels. It has been reported that adipose tissue-specific 
LKB1 KO mice have improved glucose metabolism and insulin sensitivity and are resistant 
to DIO [32]. DIO is therefore strongly associated with WAT hypertrophy. Our HFD group had 
a larger volume of adipocytes in epididymal adipose tissue than the CFD group and LKB1 
treatment group. However, the LKB1 treatment group exhibited smaller adipocytes. These 
results suggest that LKB1 inhibited WAT formation. The development of fatty liver is strongly 

 
 Fig. 6. Effects of LKB1 on the expression of genes. mRNA 

expression levels of mitochondrial biogenic genes (A), 
thermogenic genes (B), and adipogenesis genes (C) in 
WAT. (D-E) Protein expression levels of LKB1, AMPKα, 
and p-AMPKα in the hypothalamus. (F) Protein expression 
levels of UCP1 in WAT. Densitometry analyses are presented 
as a relative ratio to GAPDH. Data are the mean ± SEM. *p < 
0.05, **p < 0.01, and ***p < 0.001 vs. CF-AAV group; #p < 0.05 
and ###p < 0.001 vs. HF-AAV group; ╄╄╄p < 0.001 HF-LKB1-L 
group vs. HF-LKB1-H group.
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associated with obesity [13]. HFD 
feeding induced an accumulation of 
numerous fatty droplets, which is 
typical of fatty liver. Treatment with 
LKB1 reduced this accumulation, 
thereby ameliorating fatty liver, 
implying that LKB1 inhibited body 
weight gain by suppressing energy 
intake.

The hypothalamus plays a 
major role in the regulation of 
BAT thermogenesis through the 
SNS [33, 34]. The hypothalamus 
encompasses several anatomically 
well-defined nuclei, including the 
ARC, ventromedial hypothalamus 
(VMH), dorsomedial hypothalamus, 
lateral hypothalamus, and 
paraventricular hypothalamus [35]. 
Some peripheral signals arrive at 
the VMH to activate thermogenesis 
in BAT and browning of WAT, such 
as GLP-1, estradiol, and thyroid 
hormone [36, 37]. A large number 
of experiments have shown that 
AMPK in the VMH is a key negative  
regulator of sympathetically activated BAT thermogenesis [38]. In addition to controlling 
feeding behavior, the ARC also regulates energy expenditure. For example, POMC/CART 
neurons decrease food intake and increase energy expenditure through the activation of 
MC3R or MC4R via the release of α-MSH [39, 40]. Conversely, AgRP/NPY neurons promote 
food intake and decrease energy expenditure [41]. In our study, POMC expression was up-
regulated and NPY expression was down-regulated in the ARC, which might also contribute 
to the activation of thermogenesis in the obese rats. A previous study reported that POMC-
derived neuropeptides bind to and stimulate MC3R/MC4R to inhibit food intake and increase 
energy expenditure [42]. In line with our observations, the expression of both MC3R and 
MC4R protein was up-regulated in the ICV LKB1 rats. Our data showed that a high-titer LKB1 
injection increased epinephrine levels. Collins et al. demonstrated that MC4R activation 
may increase the sympathetic drive to BAT to trigger thermogenesis via norepinephrine 
stimulation of the β3-adrenergic receptor, which is thought to be principally involved in this 
response [43]. Such observations suggest that the activation of browning WAT may be via 
the up-regulation of MC3R and MC4R expression.

Adipose tissue is one of the largest organs in the body and plays an important role in 
central energy balance and lipid homeostasis [44]. WAT and BAT are the two types of adipose 
tissue found in mammals [45]. WAT stores energy and BAT specializes in energy expenditure 
[46]. In addition to classical BAT, a novel type of inducible “brown-like” adipose tissue (named 
brite adipose) was discovered some years ago [47]. Brite fat cells show multilocular lipid 
droplets that are comparable to the levels of UCP1 and similar to the physiological functions 
of classic brown fat cells [48]. Brite adipose tissue has been shown to develop within WAT 
deposits upon cold or β-adrenergic stimulation [49]. BAT is activated by increased firing 
of sympathetic neurons, leading to the release of noradrenaline and activation of the β3-
adrenergic receptor [50]. Activation of the AMPK pathway is known to inhibit lipid synthesis 
but promote mitochondrial synthesis [7, 51]. Additionally, the thermogenesis of mature brown 
adipocytes is activated by agonists of the β-adrenergic receptor, such as norepinephrine and 
epinephrine, which are released from sympathetic neurons [52]. A high-titer LKB1 injection 

Fig. 7. Mechanism by which LKB1 inhibits DIO through the 
stimulation of the AMPK-POMC neurons-SNS axis.
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increased epinephrine levels. These findings raise the possibility that the administration of 
LKB1 activated the AMPK-POMC neurons-SNS axis to induce browning. In the present study, 
LKB1 attenuated HFD-induced adipocyte hypertrophy and increased the number of brite 
adipose cells in WAT and increased brown adipose mass.

We further measured the expression of related proteins to study the molecular 
mechanisms associated with the morphological changes in adipose tissue. UCP1 is a 
hallmark of BAT, and recent studies have revealed that this protein is induced along with an 
increase in mitochondrial content in WAT during browning [53]. Moreover, accumulating 
studies have identified several other dominant transcriptional regulators of brown fat 
development and function, including PPARγ, PGC-1α, and PRDM16 [54]. PGC-1α is α major 
cofactor known to play a key role in mitochondrial biogenesis [50]. PGC-1α interacts 
with multiple transcription factors to stimulate mitochondrial metabolic capacity [55]. 
In muscle-specific PGC-1α transgenic mice, there is significant up-regulation of UCP1 and 
Cidea mRNA in subcutaneous adipose tissue [56]. PRDM16 is a determining factor of brown-
fat development and sufficient to promote brown adipogenesis [57]. PRDM16 transgenic 
mice display increased energy expenditure and improved glucose tolerance when fed an 
HFD [58]. The expression of PRDM16 in white fat cells can induce the molecular procedure 
underlying the development of brown fat cells [59]. Moreover, transgenic mice that over-
express PRDM16 in all fat cells exhibit clusters of multilocular brown-like fat cells within 
their white fat tissue as well as have increased energy expenditure [60]. Deletion of PRDM16 
in fat cells, using adiponectin-Cre mice, causes complete ablation of beige fat function, severe 
insulin resistance, and hepatic steatosis, despite only mild obesity [61]. These results show 
that LKB1 administration up-regulates the mRNA expression of BAT markers, indicating the 
increased browning of WAT. CPT1 and SIRT1 play an important role in fatty acid β-oxidation 
[62, 63]. The levels of CPT protein were increased, suggesting enhanced fatty acid oxidation 
and mitochondrial biogenesis. Besides, the expression levels of SREBP1 and LPL were 
decreased, demonstrating an inhibition of adipogenesis. These results reveal that LKB1 
administration inhibits the development of DIO by up-regulating the expression of BAT 
markers and inhibiting adipogenesis.

In conclusion, we provide evidence that the over-expression of LKB1 in the hypothalamus 
exerts an anti-obesity effect in rats with HFD-induced obesity. It is probable that these actions 
of central LKB1 were partly because of the increased expression of multiple genes involved 
in WAT browning via the activation of the AMPK-POMC neurons-SNS axis. These findings 
offer a better understanding of the central regulation of energy balance and a potential new 
approach for the treatment of obesity.

Acknowledgements

This study was supported by the Natural Science Foundation of China (No. 81270927) 
to DT. Pengjiao Xi and Jianying Du contributed equally to this work.

Disclosure Statement

The authors declare no conflicts of interest.

References

1 Buzzetti E, Pinzani M, Tsochatzis EA: The multiple-hit pathogenesis of non-alcoholic fatty liver disease 
(NAFLD). Metabolism 2016;65:1038-1048.

2 Cordero P, Li J, Nguyen V, Pombo J, Maicas N, Novelli M, Taylor PD, Samuelsson AM, Vinciguerra M, Oben JA: 
Developmental Programming of Obesity and Liver Metabolism by Maternal Perinatal Nutrition Involves the 
Melanocortin System. Nutrients 2017;9:1041-1052.

http://dx.doi.org/10.1159%2F000489746


Cell Physiol Biochem 2018;47:54-66
DOI: 10.1159/000489746
Published online: May 15, 2018 64

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Xie et al.: Cental Injection of LKB1 Inhibits Obesity

3 Mbata O, Abo El-Magd NF, El-Remessy AB: Obesity, metabolic syndrome and diabetic retinopathy: Beyond 
hyperglycemia. World J Diabetes 2017;8:317-329.

4 Qiao F, Longley KR, Feng S, Schnack S, Gao H, Li Y, Schlenker EH, Wang H: Reduced body weight gain in 
ubiquilin-1 transgenic mice is associated with increased expression of energy-sensing proteins. Physiol 
Rep 2017;5:e13260.

5 Sainsbury A, Zhang L: Role of the hypothalamus in the neuroendocrine regulation of body weight and 
composition during energy deficit. Obes Rev 2012;13:234-257.

6 Ramirez S, Gomez-Valades AG, Schneeberger M, Varela L, Haddad-Tovolli R, Altirriba J, Noguera E, Drougard 
A, Flores-Martinez A, Imbernon M, Chivite I, Pozo M, Vidal-Itriago A, Garcia A, Cervantes S, Gasa R, 
Nogueiras R, Gama-Perez P, Garcia-Roves PM, Cano DA, Knauf C, Servitja JM, Horvath TL, Gomis R, Zorzano 
A, Claret M: Mitochondrial Dynamics Mediated by Mitofusin 1 Is Required for POMC Neuron Glucose-
Sensing and Insulin Release Control. Cell Metab 2017;25:1390-1399.

7 O’Neill HM, Holloway GP, Steinberg GR: AMPK regulation of fatty acid metabolism and mitochondrial 
biogenesis: implications for obesity. Mol Cell Endocrinol 2013;366:135-151.

8 Lo KA, Sun L: Turning WAT into BAT: a review on regulators controlling the browning of white adipocytes. 
Biosci Rep 2013;33:711-719.

9 Diaz MB, Herzig S, Vegiopoulos A: Thermogenic adipocytes: from cells to physiology and medicine. 
Metabolism 2014;63:1238-1249.

10 Liu Z, Zhang W, Zhang M, Zhu H, Moriasi C, Zou MH: Liver kinase B1 suppresses lipopolysaccharide-induced 
nuclear factor kappaB (NF-kappaB) activation in macrophages. J Biol Chem 2015;290:2312-2320.

11 Granot Z, Swisa A, Magenheim J, Stolovich-Rain M, Fujimoto W, Manduchi E, Miki T, Lennerz JK, Stoeckert 
CJ, Jr., Meyuhas O, Seino S, Permutt MA, Piwnica-Worms H, Bardeesy N, Dor Y: LKB1 regulates pancreatic 
beta cell size, polarity, and function. Cell Metab 2009;10:296-308.

12 Mehenni H, Gehrig C, Nezu J-i, Oku A, Shimane M, Rossier C, Guex N, Blouin J-L, Scott HS, Antonarakis SE: 
Loss of LKB1 Kinase Activity in Peutz-Jeghers Syndrome, and Evidence for Allelic and Locus Heterogeneity. 
Am J Hum Genet 1998;63:1641-1650.

13 Gan B, Hu J, Jiang S, Liu Y, Sahin E, Zhuang L, Fletcher-Sananikone E, Colla S, Wang YA, Chin L, Depinho RA: 
Lkb1 regulates quiescence and metabolic homeostasis of haematopoietic stem cells. Nature 2010;468:701-
704.

14 Fu A, Ng AC, Depatie C, Wijesekara N, He Y, Wang GS, Bardeesy N, Scott FW, Touyz RM, Wheeler MB, 
Screaton RA: Loss of Lkb1 in adult beta cells increases beta cell mass and enhances glucose tolerance in 
mice. Cell Metab 2009;10:285-295.

15 Shan T, Zhang P, Liang X, Bi P, Yue F, Kuang S: Lkb1 is indispensable for skeletal muscle development, 
regeneration, and satellite cell homeostasis. Stem Cells 2014;32:2893-2907.

16 Stark R, Ashley SE, Andrews ZB: AMPK and the neuroendocrine regulation of appetite and energy 
expenditure. Mol Cell Endocrinol 2013;366:215-223.

17 Shan T, Xiong Y, Kuang S: Deletion of Lkb1 in adult mice results in body weight reduction and lethality. Sci 
Rep 2016;6:36561.

18 Xu Z, Liu J, Shan T: New Roles of Lkb1 in Regulating Adipose Tissue Development and Thermogenesis. J Cell 
Physiol 2017;232:2296-2298.

19 Vila-Bedmar R, Lorenzo M, Fernandez-Veledo S: Adenosine 5’-monophosphate-activated protein kinase-
mammalian target of rapamycin cross talk regulates brown adipocyte differentiation. Endocrinology 
2010;151:980-992.

20 Jeong MY, Park J, Youn DH, Jung Y, Kang J, Lim S, Kang MW, Kim HL, So HS, Park R, Hong SH, Um JY: 
Albiflorin ameliorates obesity by inducing thermogenic genes via AMPK and PI3K/AKT in vivo and in vitro. 
Metabolism 2017;73:85-99.

21 Mair W, Morantte I, Rodrigues AP, Manning G, Montminy M, Shaw RJ, Dillin A: Lifespan extension induced 
by AMPK and calcineurin is mediated by CRTC-1 and CREB. Nature 2011;470:404-408.

22 Oh TS, Cho H, Cho JH, Yu SW, Kim EK: Hypothalamic AMPK-induced autophagy increases food intake by 
regulating NPY and POMC expression. Autophagy 2016;12:2009-2025.

23 Stark R, Reichenbach A, Andrews ZB: Hypothalamic carnitine metabolism integrates nutrient and 
hormonal feedback to regulate energy homeostasis. Mol Cell Endocrinol 2015;418:9-16.

24 Minokoshi Y, Shiuchi T, Lee S, Suzuki A, Okamoto S: Role of hypothalamic AMP-kinase in food intake 
regulation. Nutrition 2008;24:786-790.

http://dx.doi.org/10.1159%2F000489746


Cell Physiol Biochem 2018;47:54-66
DOI: 10.1159/000489746
Published online: May 15, 2018 65

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Xie et al.: Cental Injection of LKB1 Inhibits Obesity

25 Naso MF, Tomkowicz B, Perry WL, 3rd, Strohl WR: Adeno-Associated Virus (AAV) as a Vector for Gene 
Therapy. BioDrugs 2017; 31:317–334.

26 Fei W, Tian DR, Tso P, Han JS: Diet-induced obese rats exhibit impaired LKB1-AMPK signaling in 
hypothalamus and adipose tissue. Peptides 2012;35:23-30.

27 Muhlfriedel R, Tanimoto N, Schon C, Sothilingam V, Garcia Garrido M, Beck SC, Huber G, Biel M, Seeliger 
MW, Michalakis S: AAV-Mediated Gene Supplementation Therapy in Achromatopsia Type 2: Preclinical 
Data on Therapeutic Time Window and Long-Term Effects. Front Neurosci 2017;11:292.

28 Calik MW, Carley DW: Intracerebroventricular injections of dronabinol, a cannabinoid receptor agonist, 
does not attenuate serotonin-induced apnea in Sprague-Dawley rats. J Negat Results Biomed 2016;15:8.

29 Han J, Liang H, Tian D, Du J, Wang Q, Xi P, Wang H, Li Y: mTOR remains unchanged in diet-resistant (DR) rats 
despite impaired LKB1/AMPK cascade in adipose tissue. Biochem Biophys Res Commun 2016;476:333-
339.

30 Contreras C, Nogueiras R, Dieguez C, Rahmouni K, Lopez M: Traveling from the hypothalamus to the 
adipose tissue: The thermogenic pathway. Redox Biol 2017;12:854-863.

31 Koh HJ, Arnolds DE, Fujii N, Tran TT, Rogers MJ, Jessen N, Li Y, Liew CW, Ho RC, Hirshman MF, Kulkarni RN, 
Kahn CR, Goodyear LJ: Skeletal muscle-selective knockout of LKB1 increases insulin sensitivity, improves 
glucose homeostasis, and decreases TRB3. Mol Cell Biol 2006;26:8217-8227.

32 Shaw RJ, Lamia KA, Vasquez D, Koo SH, Bardeesy N, Depinho RA, Montminy M, Cantley LC: The kinase LKB1 
mediates glucose homeostasis in liver and therapeutic effects of metformin. Science 2005;310:1642-1646.

33 Labbe SM, Caron A, Lanfray D, Monge-Rofarello B, Bartness TJ, Richard D: Hypothalamic control of brown 
adipose tissue thermogenesis. Front syst Neurosci 2015;9:150.

34 Morrison SF, Madden CJ, Tupone D: Central neural regulation of brown adipose tissue thermogenesis and 
energy expenditure. Cell Metab 2014;19:741-756.

35 Munzberg H, Qualls-Creekmore E, Berthoud HR, Morrison CD, Yu S: Neural Control of Energy Expenditure. 
Handb Exp Pharmacol 2016;233:173-194.

36 Martinez de Morentin PB, Gonzalez-Garcia I, Martins L, Lage R, Fernandez-Mallo D, Martinez-Sanchez N, 
Ruiz-Pino F, Liu J, Morgan DA, Pinilla L, Gallego R, Saha AK, Kalsbeek A, Fliers E, Bisschop PH, Dieguez 
C, Nogueiras R, Rahmouni K, Tena-Sempere M, Lopez M: Estradiol regulates brown adipose tissue 
thermogenesis via hypothalamic AMPK. Cell Metab 2014;20:41-53.

37 Martinez-Sanchez N, Moreno-Navarrete JM, Contreras C, Rial-Pensado E, Ferno J, Nogueiras R, Dieguez C, 
Fernandez-Real JM, Lopez M: Thyroid hormones induce browning of white fat. J Endocrinol 2017;232:351-
362.

38 Lopez M, Nogueiras R, Tena-Sempere M, Dieguez C: Hypothalamic AMPK: a canonical regulator of whole-
body energy balance. Nat Rev Endocrinol 2016;12:421-432.

39 do Carmo JM, da Silva AA, Wang Z, Fang T, Aberdein N, Perez de Lara CE, Hall JE: Role of the brain 
melanocortins in blood pressure regulation. Biochim Biophys Acta 2017;1863:2508-2514.

40 Yamada-Goto N, Ochi Y, Katsuura G, Yamashita Y, Ebihara K, Noguchi M, Fujikura J, Taura D, Sone M, 
Hosoda K, Gottschall PE, Nakao K: Neuronal cells derived from human induced pluripotent stem cells as a 
functional tool of melanocortin system. Neuropeptides 2017;65:10-20.

41 Kohno D, Yada T: Arcuate NPY neurons sense and integrate peripheral metabolic signals to control feeding. 
Neuropeptides 2012;46:315-319.

42 Xiao Y, Xia T, Yu J, Deng Y, Liu H, Liu B, Chen S, Liu Y, Guo F: Knockout of inositol-requiring enzyme 1alpha 
in pro-opiomelanocortin neurons decreases fat mass via increasing energy expenditure. Open Biol 
2016;6:160131.

43 Roh E, Kim MS: Brain Regulation of Energy Metabolism. Endocrinol Meta 2016;31:519-524.
44 Cohen P, Spiegelman BM: Brown and Beige Fat: Molecular Parts of a Thermogenic Machine. Diabetes 

2015;64:2346-2351.
45 Chu DT, Gawronska-Kozak B: Brown and brite adipocytes: Same function, but different origin and response. 

Biochimie 2017;138:102-105.
46 Hameed S, Patterson M, Dhillo WS, Rahman SA, Ma Y, Holton C, Gogakos A, Yeo GSH, Lam BYH, Polex-Wolf 

J, Fenske W, Bell J, Anastasovska J, Samarut J, Bloom SR, Bassett JHD, Williams GR, Gardiner JV: Thyroid 
Hormone Receptor Beta in the Ventromedial Hypothalamus Is Essential for the Physiological Regulation of 
Food Intake and Body Weight. Cell Rep 2017;19:2202-2209.

http://dx.doi.org/10.1159%2F000489746


Cell Physiol Biochem 2018;47:54-66
DOI: 10.1159/000489746
Published online: May 15, 2018 66

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Xie et al.: Cental Injection of LKB1 Inhibits Obesity

47 Giralt M, Cairo M, Villarroya F: Hormonal and nutritional signalling in the control of brown and beige 
adipose tissue activation and recruitment. Best pract Res Cli Endocrinol Meta 2016;30:515-525.

48 Mossenbock K, Vegiopoulos A, Rose AJ, Sijmonsma TP, Herzig S, Schafmeier T: Browning of white adipose 
tissue uncouples glucose uptake from insulin signaling. PloS One 2014;9:e110428.

49 Virtanen KA: The rediscovery of BAT in adult humans using imaging. Best Pract Res Clin Endocrinol Metab 
2016;30:471-477.

50 Bostrom P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, Rasbach KA, Bostrom EA, Choi JH, Long JZ, Kajimura 
S, Zingaretti MC, Vind BF, Tu H, Cinti S, Hojlund K, Gygi SP, Spiegelman BM: A PGC1-alpha-dependent 
myokine that drives brown-fat-like development of white fat and thermogenesis. Nature 2012;481:463-
468.

51 Ceddia RB: The role of AMP-activated protein kinase in regulating white adipose tissue metabolism. Mol 
Cell Endocrinol 2013;366:194-203.

52 Ferrannini G, Namwanje, Fang B, Damle M, Li D, Liu Q, Lazar MA, Qiang L: Genetic backgrounds determine 
brown remodeling of white fat in rodents. Mol Metab 2016;5:948-958.

53 Cinti S: UCP1 protein: The molecular hub of adipose organ plasticity. Biochimie 2017;134:71-76.
54 Fabbiano S, Suarez-Zamorano N, Rigo D, Veyrat-Durebex C, Stevanovic Dokic A, Colin DJ, Trajkovski M: 

Caloric Restriction Leads to Browning of White Adipose Tissue through Type 2 Immune Signaling. Cell 
Metab 2016;24:434-446.

55 Scarpulla RC: Metabolic control of mitochondrial biogenesis through the PGC-1 family regulatory network. 
Biochim Biophysi Acta 2011;1813:1269-1278.

56 Roman S, Agil A, Peran M, Alvaro-Galue E, Ruiz-Ojeda FJ, Fernandez-Vazquez G, Marchal JA: Brown adipose 
tissue and novel therapeutic approaches to treat metabolic disorders. Transl Res 2015; 165: 464 - 479.

57 Chi J, Cohen P: The Multifaceted Roles of PRDM16: Adipose Biology and Beyond. Trends Endocrinol Metab 
2016;27:11-23.

58 Ishibashi J, Seale P: Functions of Prdm16 in thermogenic fat cells. Temperature 2015;2:65-72.
59 Kajimura S, Seale P, Spiegelman BM: Transcriptional control of brown fat development. Cell Metab 

2010;11:257-262.
60 Kalinovich AV, de Jong JM, Cannon B, Nedergaard J: UCP1 in adipose tissues: two steps to full browning. 

Biochimie 2017;134:127-137.
61 Li X, Wang J, Jiang Z, Guo F, Soloway PD, Zhao R: Role of PRDM16 and its PR domain in the epigenetic 

regulation of myogenic and adipogenic genes during transdifferentiation of C2C12 cells. Gene 
2015;570:191-198.

62 Wolfgang MJ, Lane MD: Hypothalamic malonyl-CoA and CPT1c in the treatment of obesity. FEBS J 
2011;278:552-558.

63 Choi SE, Kwon S, Seok S, Xiao Z, Lee KW, Kang Y, Li X, Shinoda K, Kajimura S, Kemper B, Kemper JK: Obesity-
Linked Phosphorylation of SIRT1 by Casein Kinase 2 Inhibits Its Nuclear Localization and Promotes Fatty 
Liver. Mol Cell Biol 2017;37:e00006-17.

64 Gavito AL, Bautista D, Suarez J, Badran S, Arco R, Pavon FJ, Serrano A, Rivera P, Decara J, Cuesta 
AL, Rodriguez-de-Fonseca F, Baixeras E: Chronic IL-6 Administration Desensitizes IL-6 Response 
in Liver, Causes Hyperleptinemia and Aggravates Steatosis in Diet-Induced-Obese Mice. PloS One 
2016;11:e0157956.

http://dx.doi.org/10.1159%2F000489746

	CitRef_1: 
	CitRef_2: 
	CitRef_3: 
	CitRef_4: 
	CitRef_5: 
	CitRef_6: 
	CitRef_7: 
	CitRef_8: 
	CitRef_9: 
	CitRef_10: 
	CitRef_11: 
	CitRef_12: 
	CitRef_13: 
	CitRef_14: 
	CitRef_15: 
	CitRef_16: 
	CitRef_17: 
	CitRef_18: 
	CitRef_19: 
	CitRef_20: 
	CitRef_21: 
	CitRef_22: 
	CitRef_23: 
	CitRef_24: 
	CitRef_25: 
	CitRef_26: 
	CitRef_27: 
	CitRef_28: 
	CitRef_29: 
	CitRef_30: 
	CitRef_31: 
	CitRef_32: 
	CitRef_33: 
	CitRef_34: 
	CitRef_35: 
	CitRef_36: 
	CitRef_37: 
	CitRef_38: 
	CitRef_39: 
	CitRef_40: 
	CitRef_42: 
	CitRef_43: 
	CitRef_41: 
	CitRef_44: 
	CitRef_45: 
	CitRef_46: 
	CitRef_47: 
	CitRef_48: 
	CitRef_49: 
	CitRef_50: 
	CitRef_51: 
	CitRef_52: 
	CitRef_53: 
	CitRef_54: 
	CitRef_55: 
	CitRef_56: 
	CitRef_57: 
	CitRef_58: 
	CitRef_59: 
	CitRef_60: 
	CitRef_61: 
	CitRef_62: 
	CitRef_63: 
	CitRef_64: 


