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Abstract 

Background:  To investigate effects of metformin on the regulation of proteins of white adipose tissue (WAT) and 
brown adipose tissue (BAT) in obesity and explore the underlying mechanisms on energy metabolism.

Methods:  C57BL/6J mice were fed with normal diet (ND, n = 6) or high-fat diet (HFD, n = 12) for 22 weeks. HFD-
induced obese mice were treated with metformin (MET, n = 6). After treatment for 8 weeks, oral glucose tolerance test 
(OGTT) and hyperinsulinemic–euglycemic clamp were performed to evaluate the improvement of glucose tolerance 
and insulin sensitivity. Protein expressions of WAT and BAT in mice among ND, HFD, and MET group were identified 
and quantified with isobaric tag for relative and absolute quantification (iTRAQ) coupled with 2D LC–MS/MS. The 
results were analyzed by MASCOT, Scaffold and IPA.

Results:  The glucose infusion rate in MET group was increased significantly compared with HFD group. We identified 
4388 and 3486 proteins in WAT and BAT, respectively. As compared MET to HFD, differential expressed proteins in WAT 
and BAT were mainly assigned to the pathways of EIF2 signaling and mitochondrial dysfunction, respectively. In the 
pathways, CPT1a in WAT, CPT1b and CPT2 in BAT were down-regulated by metformin significantly.

Conclusions:  Metformin improved the body weight and insulin sensitivity of obese mice. Meanwhile, metformin 
might ameliorate endoplasmic reticulum stress in WAT, and affect fatty acid metabolism in WAT and BAT. CPT1 might 
be a potential target of metformin in WAT and BAT.
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Background
Obesity is a complicated disorder that characterized 
mainly by excessive adipose tissue accumulation, and as a 
result of an imbalance between energy intake and energy 
expenditure. White adipose tissue (WAT) and brown 
adipose tissue (BAT) are two main types of adipose 

tissue in mammals. WAT, especially visceral adiposity, 
is strongly associated with metabolic disorders. Adi-
pokines, secreted by WAT, function as pro-inflammatory 
or anti-inflammatory cytokines. Some promote insulin 
resistance and inflammation; others improve insulin sen-
sitivity in obesity. Thus, abnormal secretion of adipokines 
since the dysfunction of WAT can lead to insulin resist-
ance in obesity and its related complications [1]. Differ-
ent from WAT, BAT has small lipid droplets and is rich 
in mitochondria. Uncoupling protein 1 (UCP-1), which 
exclusively expressed in the inner membrane of the mito-
chondria in brown adipocytes, mediates energy expendi-
ture and heat production. Human studies predicted that 
BAT might be a promising target for the treatment of 
obesity [2].
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Metformin is a classical anti-diabetes agent,that not 
only reduces blood glucose and cardiovascular risk, but 
also induces weight loss and improves insulin resistance 
[3, 4]. It is reported that metformin can cross the blood 
brain barrier, inhibit the activity of adenosine monophos-
phate-activated kinase and decrease neuropeptide-Y 
(NPY), thereby reduce food intake [5]. Metformin poten-
tially raise leptin receptor expression and improve leptin 
response [6]. In addition, metformin may elevate the level 
of glucagon-like peptide-1 (GLP-1) and enhance satiation 
signals [7]. In recent years, some researches supported 
that BAT maybe a target of metformin [8]. Lipid drop-
let content of BAT was reduced by metformin in mice 
[9]. Metabolic disorder was ameliorated by metformin 
via induction of fibroblast growth factor 21 (FGF21) in 
adipose tissue [10]. However, effects of metformin on 
lipid metabolism in WAT and BAT have not yet been 
deciphered.

Our previous research indicated that high-fat diet 
(HFD) might increase the apoptosis of brown adipo-
cytes by up-regulated apoptosis-inducing factor 1 (AIF1). 
Besides, HFD also activated fatty acid β-oxidation and 
enhanced compensatory energy consuming through up-
regulating carnitine O-palmitoyl transferase 2 (CPT2) 
and UCP1 in BAT, respectively. Thus, we aimed to 
examine the effect of metformin on WAT and BAT in 
HFD-induced obese mice and explore potential targets 
of metformin and underlying mechanisms of energy 
metabolism. Using isobaric tag for relative and absolute 
quantification (iTRAQ) coupled with two dimensional 
(2D)–LC–MS/MS, we performed comparative proteome 
analysis of WAT and BAT among three groups includ-
ing, normal diet (ND), HFD, and metformin interven-
tion (MET) group. The main advantage of iTRAQ is 
high throughput and high stability; moreover it is able 
to analyze up to eight samples simultaneously by dif-
ferent iTRAQ labels [11]. Besides, 2D–LC–MS/MS is 
high-resolution that allow measure proteins at low levels 
with high precision and specificity [12, 13]. In the pre-
sent study, we took advantages of those technologies to 
demonstrate the effect of high-fat diet and metformin on 
lipid metabolism, and to further identify potential key 
proteins involved in energy metabolism with metformin 
intervention.

Materials and methods
Animals
All animals were handled according to the Standards for 
Laboratory Animals (GB14925-2001) and the Guide-
line on the Humane Treatment of Laboratory Animals 
(MOST 2006a) established by the People’s Republic of 
China. The two guidelines were conducted in adherence 
to the regulations of Institutional Animal Care and Use 

Committee (IACUC) and  all animal procedures were 
approved by Beijing Administration Office of Laboratory 
Animal (approval number: SCXK-Beijing- 2009-0004). 
All efforts were made to minimize suffering. Six- to eight-
week-old female C57BL/6J mice were purchased from 
HFK Bioscience Laboratories (Beijing, China). All mice 
were maintained under SPF conditions and 12  h light/
dark cycle at 23 ± 2  °C, with free access to water and 
diet. Mice were divided into two groups: one was fed 
with standard chow (SC; 10% lipids) diet and another 
group was fed with high-fat diet (HFD; 45% lipids) for 
22 weeks. Food intake for 24 h and body weight (once per 
week) were dynamically monitored. After 22 weeks, body 
weight of mice in HFD group was increased by 65.7% 
when compared to normal diet (ND) mice. Then obese 
mice fed HFD were randomized into two groups, one was 
control group (HFD,ddH2O 200 mg/kg BW, qd, i.g.), the 
other was treated with metformin (MET, 200 mg/kg BW, 
qd, i.g.) for 8 weeks.

Oral glucose tolerance test (OGTT) and hyperinsulinemic–
euglycemic clamp
For OGTT, 5 h fasted mice were given oral glucose (2.0 g/
kg body weight, I.G.). Blood was taken at 0 min and 30, 60 
and 120 min after glucose was given. Blood glucose con-
centrations were measured by glucose oxidase method 
[14]. Plasma levels of total cholesterol (TC) and triglyc-
eride (TG) were tested by enzymic method (Biosino 
bio-technology & science Inc, China). Hyperinsuline-
mic–euglycemic clamp were performed after 8  weeks 
of metformin therapy. With overnight fasted, mice were 
anesthetized with 80  mg/kg pentobarbital sodium, and 
inserted a single implantation tubing into the right jug-
ular vein for infusion of insulin or glucose. Indwelling 
catheter infused with constant rate of human insulin (20 
mIU/kg/min) and variable rate of glucose solution (25%, 
w/v) to maintain blood glucose level at 5.5 ± 0.5 mmol/L. 
The insulin sensitivity was measured by glucose infusion 
rate (GIR) during the last 80 min [15].

Preparation of BAT and WAT samples
Inter scapular BAT and gonadal WAT of mice among 
three groups were excised and washed with a cold saline 
solution. BAT and WAT was snap frozen in liquid nitro-
gen and kept at − 80  °C until analysis. Total WAT and 
BAT proteins, extracted in each group, were pooled at 
the same amount respectively.

iTRAQ labeling
BAT and WAT peptide samples were respectively labeled 
with iTRAQ reagent as follows: The digested ND samples 
were considered as internal standard. The internal stand-
ard, HFD and MET samples were labeled by 114, 115, 116 
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iTRAQ. Labeling was performed according to the manu-
facturer’s protocol (ABsciex, Massachusetts, USA) [16]. 
The ND, HFD and MET samples were mixed into one 
sample at the same amount and lyophilized.

LC–MS/MS
The pooled mixture from labeled samples was first 
fractioned by high-pH RPLC column from Waters 
(4.6  mm × 250  mm, C18, 3  μm). Triple TOF 5600 were 
used to analyze the sample. The MS data were acquired 
with high sensitivity mode using the following parame-
ters: 30 data-dependent MS/MS scans per every full scan; 
full scans was acquired at resolution 40,000 and MS/MS 
scans at 20,000; 35% normalized collision energy, charge 
state screening (including precursors with +2 to +4 
charge state) and dynamic exclusion (exclusion duration 
15  s); MS/MS scan range was 100–1800  m/z and scan 
time was 100 ms.

Database search
The MS/MS spectra were respectively searched against 
the SwissProt mouse database from Uniprot website 
(http://www.unipr​ot.org) using Mascot software version 
2.3.02 (Matrix Science, UK). Scaffold was used to fur-
ther filter the database search results by decoy database 
method. The following filter was used in this study, 1% 
false positive rate at protein level and each protein with 2 
unique peptides. After filtering the results by above filter, 
the peptide abundances in different reporter ion channels 
of MS/MS scan were normalized.

Gene ontology (GO) functional analysis
All differential proteins identified by two approaches 
were assigned their gene symbol via the PANTHER data-
base (Protein Analysis through Evolutionary Relation-
ships, http://www.panth​erdb.org/). Protein classification 
was performed based on their functional annotations 
using GO for cellular component, biological process, and 
molecular function. When more than one assignment 
was available, all of the functional annotations were con-
sidered in the results.

IPA network analysis
All differential proteins were used for pathway analysis. 
For this purpose, the SwissProt accession numbers were 
inserted into the Ingenuity Pathway Analysis (IPA) soft-
ware (Ingenuity Systems, Mountain View, CA). This soft-
ware categorizes gene products based on the location of 
the protein within cellular components and suggests pos-
sible biochemical, biological and molecular functions. 
Furthermore, proteins were mapped to genetic networks 
available in the Ingenuity and other databases and ranked 
by score. These genetic networks describe functional 

relationships between gene products based on known 
interactions in literature. Through the IPA software, the 
newly formed networks were associated with known bio-
logical pathways.

Western blotting
BAT or WAT protein was extracted with a detergent 
(Applygen technology Inc, China) and lysed in buffer 
solution containing 7 M urea, 2 M thiourea, 65 mM DTE, 
83  mM Tris (Sigma-Aldrich, St. Louis, MO, USA). Pro-
tein content of adipose tissues was determined by the 
Bradford method with Bradford reagents (Thermo Fis-
cher Scientific, USA). Protein solution and loading buffer 
were mixed in proportion followed the instructions. 
The antibodies were used as follows: anti-rabbit CPT2 
(1:1000), AIF1 (1:500), RAS (1:200), CPT1a (1:1000), 
CPT1b (1:500), anti-mouse β-actin (1:4000; Sigma–
Aldrich, USA). After washing with TBST, the membranes 
were incubated with HRP conjugated goat anti-rabbit 
IgG (1:5000; Earthox LLC., San Francisco, California, 
USA) and anti-mouse IgG secondary antibody (1:3000; 
Cell Signaling Technology, Inc., Danvers, USA). Western 
blot was analyzed by scanning with LAS4000 (Fujifilm, 
Tokyo, Japan) and the data were analyzed using Image 
J software. β-actin was used as a normalization control. 
Duplicate experiments were carried out for all proteins.

Data analysis and statistics
Data derived from six mice in ND, HFD and MET group 
were presented as mean ± SEM. Data distribution was 
assessed by qq-plots and homogeneity of variance was 
checked before one-way ANOVA. Statistical analysis 
was performed using SPSS 17.0 software. All differential 
proteins were analyzed by the Ingenuity Pathway Analy-
sis. Differences with p values < 0.05 were considered to be 
statistically significant.

Results
In the study, C57BL/6J mice were induced to obesity by 
feeding HFD for 22 weeks. Then metformin was adminis-
tered to obese mice for 8 weeks, moreover, mice fed nor-
mal diet were considered as control group. Body weight 
and food intake of mice were measured per week. Oral 
glucose tolerance test (OGTT) and hyperinsulinemic–
euglycemic clamp were performed to evaluate glucose 
metabolism and insulin sensitivity of mice. Blood lipids 
and serum level of adipokines were tested to assess lipid 
metabolism and inflammation state in different groups of 
mice. Using iTRAQ-coupled 2D LC–MS/MS, with nor-
mal diet group as a control, we compared and functional 
analyzed the differential expressed proteins in WAT and 
BAT among HFD and MET group. In addition, western 

http://www.uniprot.org
http://www.pantherdb.org/
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blotting was applied to validate several potential key pro-
teins (Fig. 1).

Metformin improved glucose tolerance and insulin 
sensitivity
As compared with normal group (25.2 ± 1.0  g), body 
weight of mice fed HFD (41.1 ± 1.6 g) was increased 63%. 
Metformin inhibited food intake (Additional file 1: Figure 
S1) and induced weight loss. The body weight of obese 
mice was reduced by 10.9% with metformin (Additional 
file 1: Figure S2).

In order to evaluate effects of metformin on glucose 
tolerance, OGTT was performed on these three groups 
of mice. The area under curve (AUC) of blood glucose 
in HFD group was larger than which in ND group, while 
AUC in MET group was decreased significantly, as com-
pared with HFD group (Additional file 1: Figure S3).

Hyperinsulinemic–euglycemic clamp was applied to 
assess insulin sensitivity, which was represented by GIR. 
The GIR of HFD group was lower than that of ND group. 
The results were similar to our previous data [4]. The GIR 

in MET group were increased significantly compared 
with HFD group (Additional file 1: Figure S4).

Metformin benefited for blood lipids and adipokines
The level of TC and TG in metformin group was lower 
than HFD group. In obese mice, the serum leptin was 
increased dramatically and the level of adiponectin in 
serum was reduced significantly. In addition, metformin 
lowered the level of leptin and raised the concentration 
of adiponectin significantly. Resistin was not changed sig-
nificantly among different groups. Resistin was also iden-
tified in WAT; in addition, adiponectin was identified in 
both WAT and BAT by LC–MS/MS. The variation ten-
dency of both adipokines in adipose tissue was in accord 
with the serum level tested through ELISA. However, 
leptin was only detected by ELISA, but identified neither 
in WAT nor in BAT by LC–MS/MS that might due to the 
limitation of methodology (Table 1).

Protein expression profiling of WAT and BAT
To identify how metformin altered proteome of adipose 
tissue in obese mice, we applied iTRAQ-coupled with 
2D LC–MS/MS. Each protein was determined by Mas-
cot search against the Swissprot mouse database, and the 
iTRAQ quantitative analysis was performed by scaffold. 
3469 and 2734 proteins were quantified in WAT and BAT, 
respectively. The criteria were followed to determine the 
proteins: two or more high confidence unique peptides 
had to be identified; false positive rate of the identifica-
tion of protein or peptide was less than 1%. To dimin-
ish technical error, proteins with coefficient of variation 
(CV) for two runs > 0.25 were excluded (Additional file 1: 
Figure S5, S6). With ND group as a control, a fold change 
of ≥ 1.5 was assigned for the iTRAQ ratio threshold to 

Fig. 1  Work flow of the present study. C57BL/6J mice were fed 
with normal diet (ND) or high-fat diet (HFD) for 22 weeks. Six of 
HFD-induced obese mice were treated with metformin. After 
treatment for 8 weeks, oral glucose tolerance test (OGTT) and 
hyperinsulinemic–euglycemic clamp were performed to evaluate 
the improvement of glucose tolerance and insulin resistance. Protein 
expressions of WAT and BAT in mice among ND, HFD, and MET group 
were identified and quantified with iTRAQ-coupled 2D LC-MS/
MS. The results were analyzed by MASCOT, Scaffold and IPA. Finally, 
western blot analysis was performed to validate the variation of the 
key differential proteins

Table 1  Body weight, adipose tissue weight and metabolic 
profile of  C57BL/6J mice among  different groups 
(mean ± SEM)

ND normal diet, HFD high fat diet, MET metformin, WAT​ white adipose tissue, BAT 
brown adipose tissue, TC total cholesterol, TG triglyceride. *Compared with HFD 
group.*p < 0.05, **p < 0.01, ***p < 0.001

ND HFD MET

WAT mass (%) 2.16 ± 0.38** 4.74 ± 0.57 4.56 ± 0.34

BAT mass (%) 0.26 ± 0.04* 0.14 ± 0.02 0.20 ± 0.03

TC (mg/dl) 38.95 ± 0.82*** 76.20 ± 3.04 72.71 ± 1.88

TG (mg/dl) 61.45 ± 1.70** 75.88 ± 3.15 62.38 ± 1.39**

Leptin (pg/ml) 687.56 ± 50.46*** 1144.19 ± 70.59 707.91 ± 48.81***

Adiponectin 
(ng/ml)

4.98 ± 0.13*** 3.34 ± 0.26 4.09 ± 0.15*

Resistin (pg/ml) 793.91 ± 84.14 811.32 ± 75.58 667.40 ± 47.91
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minimize biological and technical errors  (Additional 
file 2: File S1 Dataset; Additional file 3: File S2 Dataset).

Global functional annotations of the quantified proteins 
in WAT and BAT
Using GO database, differential proteins were catego-
rized by cell component, molecular function and biologi-
cal process. 36.1% WAT proteins and 36.9% BAT proteins 
in HFD group belonged to cell part. For WAT, the pro-
portions of cell part were increased in MET group, while 
they were decreased in BAT. 31.2% WAT proteins and 
36.2% BAT proteins in HFD group were annotated as 

catalytic activity. Metformin decrease the percentage of 
proteins that assigned to catalytic activity in WAT and 
BAT. 29.6% and 24.4% WAT proteins in HFD and MET 
group were involved in metabolic process. 33.8% and 
36.7% BAT proteins in HFD and MET group were related 
to metabolic process. As compare with whole genome 
profile, it revealed that more proteins in BAT were took 
part in metabolism (Fig. 2a, b).

In addition, functions of differential proteins were fur-
ther analyzed by Ingenuity Pathway Analysis. With ND 
group as a control, we compared HFD and MET group. 
The related disease & biological function were ranked 

Fig. 2  We compared differential proteins from a WAT and b BAT between HFD and MET group through the PANTHER classification system. (i) 
Cell Component of whole genome and the differentially expressed proteins between ND and HFD, HFD and MET group. (ii) Molecular Function 
assigned to whole genome and the differentially expressed proteins between ND and HFD, HFD and MET group. (iii) Biological processes assigned 
to whole genome and the differentially expressed proteins between ND and HFD, HFD and MET group
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according to the degree of correlation. In WAT, the top 
five related functions were lipid metabolism, molecular 
transport, small molecule biochemistry, cardiovascular 
disease and carbohydrate metabolism. In BAT, they were 
lipid metabolism, molecular transport, small molecule 
biochemistry, cancer, and development disorder.

The statistically significant pathways were also ana-
lyzed. Differentially expressed proteins in WAT were 
predominantly in pathway of EIF2 signaling, LXR/RXR 
activation and actin cytoskeleton signaling. In the path-
way of EIF2 signaling (-log (p value) was 17.5), Phosphati-
dylinositol 3-kinase catalytic subunit type 3 (Pik3c3) as 
well as 40 s and 60 s ribosomal subunit were 1.6 fold up-
regulated in HFD group, and were 1.4 fold up-regulated 
in MET group. Moreover, the pathway of EIF2 signaling 
in BAT was diverse since cluster of GTPase HRas (Hras1) 
was 1.5 fold up-regulated in HFD group, but metformin 
intervention decreased Hras1 to normal level.

In contrast, proteins in BAT were characterized by 
the pathway of mitochondrial dysfunction and oxida-
tive phosphorylation. In the pathway of mitochondrial 
dysfunction (−log (p value) was 28), apoptosis-inducing 
factor 1 (AIF1) was 2.3 fold up-regulated in HFD group, 
while it was 1.65 fold up-regulated in MET group. Volt-
age-dependent anion-selective channel protein 1–3 
(Vdac1–3), carnitine O-palmitoyltransferase1b (CPT1b), 
CPT2 and dihydroorotate dehydrogenase (quinone), 
mitochondrial (Dhodh) were up regulated, whereas 
protein DJ-1 (Park7), peroxiredoxin-1, 2, 3 (PRDX) and 
caspase-3 were down regulated. In addition, differen-
tial expressed proteins involved in mitochondrial dys-
function of WAT mainly including, the up-regulation of 
carnitine O-palmitoyltransferase1a (CPT1a), CPT1b, 
Cytochrome b5 (CYB5b), and the down-regulation of 
Cluster of Alpha-synuclein (Snca) and Pyruvate dehydro-
genase E1 component subunit alpha, somatic form, mito-
chondrial (Pdha1).

Confirmation of potential key proteins by western blotting
Through functional analysis of differential proteins in 
WAT and BAT among different groups, and also based 
on previous data, five proteins involved in mitochon-
drial dysfunction and EIF2 signaling were verified by 
western blotting. In WAT, although HFD did not alter 
Hras1 obviously, metformin down regulated it statisti-
cally significant. AIF1 was up-regulated in MET group. 
HFD up regulated CPT1a and CPT1b significantly, while 
metformin down regulated the expression of CPT1a. 
CPT2 was not changed among different groups in WAT 
(Fig. 3a, b).

As for BAT, HFD up regulated Hras1 and AIF1, and 
those were not affected by metformin. CPT1b and CPT2 

were up-regulated by HFD, while they were down-reg-
ulated by metformin significantly. However, CPT1a did 
not alter by different interventions (Fig. 4a, b).

Discussion
Metformin is widely used for diabetes in the world. It was 
found that metformin is effective for the control of body 
weight and improvement of insulin sensitivity [17]. How-
ever, the effect of metformin on adipose tissue in obesity 
is less clear. In the current study, we explored the poten-
tial targets of metformin on energy metabolism.

Metformin improved insulin sensitivity and regulated 
adipokines
It was reported that high-dose metformin increased 
insulin sensitivity in high-fat fed rats [18]. In our study, 
obese mice were treated with metformin for an appro-
priate dose. We found that the body weight of mice was 
reduced obviously by metformin, and hyperinsuline-
mic–euglycemic clamp showed that metformin improved 
insulin sensitivity. There were researches demonstrated 
that metformin ameliorated insulin sensitivity in rodents 
by activating AMP-activated protein kinase [4]. Con-
sequently, it might explain that metformin is benefit for 
insulin sensitivity in human. However, further researches 
are required to determine whether the improvement 
of insulin sensitivity by metformin is independent from 
weight loss.

Leptin, functions as a pro-inflammatory adipokine, 
regulates appetite through the central nervous system 
and the serum leptin positively correlates with adipose 
mass [19]. Metformin may ameliorate chronic inflamma-
tion by decreasing the level of leptin. Besides, adipocytes 
synthesize and secrete anti-inflammatory adipokines like 
adiponectin, which was decreased in obesity. A posi-
tive correlation was found between plasma adiponectin 
and insulin sensitivity [20]. Here the variation tendency 
of adiponectin in different group, indicating the insu-
lin resistance was increased by HFD but improved by 
metformin. Resistin is a pro-inflammatory adipokine, in 
addition it regulates insulin resistance and inflammation 
via IL-6 and TNF secretion from macrophages [21, 22]. 
Resistin in our study was decreased in obese mice, indi-
cated that insulin resistance may not evoked by resistin.

Metformin ameliorated fatty acid metabolism in WAT 
and BAT
Based on our previous study, HFD up regulated CPT1b 
and CPT2 in BAT, and it indicated that HFD might 
increase the compensated energy expenditure in BAT 
[23]. CPT1 regulates mitochondrial beta-oxidation, and 
this protein is highly expressed in liver, muscle, adi-
pose tissue and brain [24]. CPT1a is liver isoform, while 
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CPT1b is muscle isoform [25]. Some studies indicated 
that the different expressed of CPT1 is depended on 
species, gender or tissue [26–28]. In the present study, 
we found that HFD stimulated fatty acid β-oxidation 
through up-regulated CPT1a and CPT1b in WAT. 
Interestingly, with metformin intervention, CPT1a was 
down regulated in WAT significantly, while CPT1b 
was not affected obviously. As for BAT, we discovered 
CPT1b and CPT2 were both down regulated by met-
formin. Those implied that metformin might improve 
energy metabolism in WAT and BAT,then attenuate the 

compensated energy expenditure. Furthermore, CPT1a 
might be predominant expressed in WAT, while CPT1b 
and CPT2 were more important with fatty acid metab-
olism in BAT.

Metformin may improve endoplasmic reticulum stress 
in WAT​
Among differentially expressed proteins, according to 
IPA, the highest-scoring pathway in WAT was EIF2 
signaling. EIF2 signaling is associated with endoplasmic 
reticulum stress [29], which is one of pathomechanisms 

Fig. 3  Western blotting was performed to validate proteomic data for some WAT proteins of interest and differential expressed in ND, HFD and 
MET groups. a Gel images of western blotting in ND, HFD and MET groups (n = 6/group). b β-actin was used as a normalization control. Compared 
normalized density values from blots among ND, HFD and MET groups. HFD group was considered as the control group. RAS, cluster of GTPase 
HRas; AIF, apoptosis-inducing factor 1; CPT1a, carnitine O-palmitoyltransferase1a; CPT1b, carnitine O-palmitoyltransferase1b; CPT2, carnitine 
O-palmitoyltransferase 2



Page 8 of 10Yuan et al. Diabetol Metab Syndr           (2019) 11:96 

of metabolic diseases, including type 2 diabetes mel-
litus, hypertension, dyslipidemia and coronary artery 
disease [30]. In the present study, we found that Pik3c3, 
a catalytic subunit of the phosphatidylinositol 3-kinases 
(PI3  Ks), was increased in WAT of mice fed HFD as 
compared to ND. PI3Ks consist of three classes of iso-
forms. Pik3c3, the only class III PI3K, was also known 
as vacuolar protein sorting 34 (VPS34), which was 
first identified in saccharomyces cerevisiae as the gene 
product involved in the trafficking vesicles from the 

Golgi complex towards the vacuole [31]. It has been 
shown that Pik3c3 is a nutrient-regulated lipid kinase 
that regulates glucose and amino acid for protein syn-
thesis and cell growth through mTOR-S6K1 signaling 
pathway [32, 33]. In addition, there was evidence that 
Pik3c3 regulated autophagy activity and correlated with 
endoplasmic reticulum stress [34]. Here in the study, 
high-fat diet increased Pik3c3 and 40 s/60 s ribosomal 
subunit downstream. This is an indicator that overload 
of lipid may stimulate cell proliferation and energy 
storage by activating Pik3c3 in white adipocytes. The 

Fig. 4  Western blotting was performed to validate proteomic data for some BAT proteins of interest and differential expressed in ND, HFD and 
MET groups. a Gel images of western blotting in ND, HFD and MET groups (n = 6/group). b β-actin was used as a normalization control. Compared 
normalized density values from blots among ND, HFD and MET groups. HFD group was considered as the control group
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expressions of Pik3c3 in WAT were normalized via 
treated with metformin, which suggested that met-
formin may improve endoplasmic reticulum stress and 
be benefit for lipid metabolism.

Conclusions
In summary, we discovered that metformin might affect 
energy metabolism in adipose tissue, and improve endo-
plasmic reticulum stress in WAT. Besides, metformin 
improved fatty acid metabolism via CPT in WAT and 
BAT. CPT1a might be an important enzyme for WAT, 
while CPT1b and CPT2 were more predominant for BAT 
in lipid metabolism.
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groups were given glucose (2.0 g/kg body weight, I.G.) for an OGTT. Blood 
was taken at 0 min and 30, 60 and 120 min after glucose was given. Blood 
glucose concentrations were measured by glucose oxidase method. 
Results are given as mean ± SEM. HFD group was considered as the 
control group. Figure S4 With overnight fasted, hyperinsulinemic–eugly‑
cemic clamp was conducted and lasted for 120 min. The insulin sensitivity 
was measured by glucose infusion rate (GIR) during the last 80 min. The 
glucose infusion rate in MET group was increased significantly compared 
with HFD group. Figure S5 Distribution of the coefficient of variation (CV 
value) in WAT from two run assays in LC-MS/MS was exhibited. In order 
to minish technical error, proteins whose CV value greater than 0.2 were 
excluded. Figure S6 Distribution of the coefficient of variation (CV value) 
in BAT from two run assays in LC-MS/MS was exhibited. In order to minish 
technical error, proteins whose CV value greater than 0.2 were excluded. 

Additional file 2: File S1 Dataset. Scaffold report for proteins in WAT 
identified by iTRAQ coupled with 2D LC–MS/MS. 

Additional file 3: File S2 Dataset. Scaffold report for proteins in BAT 
identified by iTRAQ coupled with 2D LC–MS/MS.

Abbreviations
WAT​: white adipose tissue; BAT: brown adipose tissue; ND: normal diet; HFD: 
high-fat diet; OGTT​: oral glucose tolerance test; UCP-1: uncoupling protein 
1; NPY: neuropeptide-Y; FGF21: fibroblast growth factor 21; GLP-1: glucagon-
like peptide-1; AIF1: apoptosis-inducing factor 1; CPT: carnitine O-palmitoyl 
transferase; iTRAQ: isobaric tag for relative and absolute quantification; LC–MS/
MS: liquid chromatography-tandem mass spectrometry; TC: total cholesterol; 
TG: triglyceride; GIR: glucose infusion rate; GO: gene ontology; IPA: ingenuity 
pathway analysis; AUC​: area under curve; CV: coefficient of variation; Pabpc1: 
polyadenylate-binding protein 1; Vdac: voltage-dependent anion-selective 
channel protein.

Acknowledgements
This work was supported by grants from Beijing Natural Science Foundation 
(7122144), Wu Jieping Medical Foundation (320.6750.15188) and the National 
Key Program of Clinical Science (WBYZ2011-873).

Authors’ contributions
TY, JL, WGZ and WS researched data, contributed to discussion, wrote the 
manuscript, and reviewed and edited the manuscript. ZFS, SNL and QL 
researched data, contributed to discussion, and reviewed and edited the 

manuscript. YF contributed to discussion and reviewed and edited the manu‑
script. All authors read and approved the final manuscript.

Funding
This work was supported by grants from Beijing Natural Science Foundation 
(7122144), Wu Jieping Medical Foundation (320.6750.15188) and the National 
Key Program of Clinical Science (WBYZ2011-873).

Availability of data and materials
All data generated or analysed during this study are included in this published 
article.

Ethics approval and consent to participate
This study was approved by Beijing Administration Office of Laboratory Ani‑
mal (Approval Number: SCXK-Beijing-2009-0004).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Endocrinology, Key Laboratory of Endocrinology of The 
National Health and Family Planning Commission, Peking Union Medical Col‑
lege Hospital, Chinese Academy of Medical Science and Peking Union Medical 
College, Beijing, China. 2 Department of Endocrinology, Beijing Tiantan Hos‑
pital, Capital Medical University, Beijing, China. 3 Core Facility of Instrument, 
Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences/
School of Basic Medicine, Peking Union Medical College, Beijing, China. 4 State 
Key Laboratory of Bioactive Substances and Functions of Natural Medicines, 
Institute of Materia Medica, Diabetes Research Center of Chinese Academy 
of Medical Sciences, Chinese Academy of Medical Sciences and Peking Union 
Medical College, Beijing, China. 

Received: 23 July 2019   Accepted: 30 October 2019

References
	1.	 Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in inflammation and 

metabolic disease. Nat Rev Immunol. 2011;11(2):85–97.
	2.	 Lidell ME, Enerback S. Brown adipose tissue—a new role in humans? Nat 

Rev Endocrinol. 2010;6(6):319–25.
	3.	 Ladeiras-Lopes R, Fontes-Carvalho R, Bettencourt N, et al. Novel therapeu‑

tic targets of metformin: metabolic syndrome and cardiovascular disease. 
Expert Opin Ther Targets. 2015;1:1–9.

	4.	 Ford RJ, Fullerton MD, Pinkosky SL, et al. Metformin and salicylate syn‑
ergistically activate liver AMPK, inhibit lipogenesis and improve insulin 
sensitivity. Biochem J. 2015;468(1):125–32.

	5.	 Lv WS, Wen JP, Li L, et al. The effect of metformin on food intake and its 
potential role in hypothalamic regulation in obese diabetic rats. Brain Res. 
2012;1444:11–9.

	6.	 Aubert G, Mansuy V, Voirol MJ, Pellerin L, Pralong FP. The anorexigenic 
effects of metformin involve increases in hypothalamic leptin receptor 
expression. Metabolism. 2011;60(3):327–34.

	7.	 Mulherin AJ, Oh AH, Kim H, et al. Mechanisms underlying metformin-
induced secretion of glucagon-like peptide-1 from the intestinal L cell. 
Endocrinology. 2011;152(12):4610–9.

	8.	 Breining P, Jensen JB, Sundelin EI, et al. Metformin targets brown adipose 
tissue in vivo and reduces oxygen consumption in vitro. Diabetes Obes 
Metab. 2018;20(9):2264–73.

	9.	 Geerling JJ, Boon MR, van der Zon GC, et al. Metformin lowers plasma 
triglycerides by promoting VLDL-triglyceride clearance by brown adipose 
tissue in mice. Diabetes. 2014;63(3):880–91.

	10.	 Kim EK, Lee SH, Jhun JY, et al. Metformin prevents fatty liver and improves 
balance of white/brown adipose in an obesity mouse model by inducing 
FGF21. Mediators Inflamm. 2016;2016:5813030.

https://doi.org/10.1186/s13098-019-0490-2
https://doi.org/10.1186/s13098-019-0490-2


Page 10 of 10Yuan et al. Diabetol Metab Syndr           (2019) 11:96 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

	11.	 Ross PL, Huang YN, Marchese JN, et al. Multiplexed protein quantita‑
tion in Saccharomyces cerevisiae using amine-reactive isobaric tagging 
reagents. Mol Cell Proteomics. 2004;3(12):1154–69.

	12.	 Keevil BG. Novel liquid chromatography tandem mass spectrometry (LC-
MS/MS) methods for measuring steroids. Best Pract Res Clin Endocrinol 
Metab. 2013;27(5):663–74.

	13.	 Allende F, Solari S, Campino C, et al. LC-MS/MS method for the simul‑
taneous determination of free urinary steroids. Chromatographia. 
2014;77:637–42.

	14.	 Schmid GM, Converset V, Walter N, et al. Effect of high-fat diet on the 
expression of proteins in muscle, adipose tissues, and liver of C57BL/6 
mice. Proteomics. 2004;4(8):2270–82.

	15.	 Liu S, Liu Q. The application of 2-NBDG as a fluorescent tracer for 
assessing hepatic glucose production in mice during hyperinsulinemic 
euglycemic clamp. Acta Pharmaceutica Sinica B. 2012;2:403–10.

	16.	 Ho JH, Lee OK, Fu YJ, et al. An iTRAQ proteomic study reveals an associa‑
tion between diet-induced enhanced fatty acid metabolism and the 
development of glucose intolerance in prediabetic mice. J Proteome Res. 
2013;12(3):1120–33.

	17.	 Seifarth C, Schehler B, Schneider HJ. Effectiveness of metformin on 
weight loss in non-diabetic individuals with obesity. Exp Clin Endocrinol 
Diabetes. 2013;121(1):27–31.

	18.	 Guo J, Pereira TJ, Dalvi P, et al. High-dose metformin (420 mg/kg daily 
po) increases insulin sensitivity but does not affect neointimal thick‑
ness in the rat carotid balloon injury model of restenosis. Metabolism. 
2017;68:108–18.

	19.	 Friedman JM, Halaas JL. Leptin and the regulation of body weight in 
mammals. Nature. 1998;395(6704):763–70.

	20.	 Ryo M, Nakamura T, Kihara S, et al. Adiponectin as a biomarker of the 
metabolic syndrome. Circ J. 2004;68(11):975–81.

	21.	 Steppan CM, Bailey ST, Bhat S, et al. The hormone resistin links obesity to 
diabetes. Nature. 2001;409(6818):307–12.

	22.	 Bokarewa M, Nagaev I, Dahlberg L, Smith U, Tarkowski A. Resistin, 
an adipokine with potent proinflammatory properties. J Immunol. 
2005;174(9):5789–95.

	23.	 Li J, Zhao WG, Shen ZF, et al. Comparative proteome analysis of brown 
adipose tissue in obese C57BL/6J mice using iTRAQ-coupled 2D LC-MS/
MS. PLoS ONE. 2015;10(3):e119350.

	24.	 Schreurs M, Kuipers F, van der Leij FR. Regulatory enzymes of mitochon‑
drial beta-oxidation as targets for treatment of the metabolic syndrome. 
Obes Rev. 2010;11(5):380–8.

	25.	 van der Leij FR, Kram AM, Bartelds B, et al. Cytological evidence that the 
C-terminus of carnitine palmitoyltransferase I is on the cytosolic face of 
the mitochondrial outer membrane. Biochem J. 1999;341(Pt 3):777–84.

	26.	 Bartelds B, Takens J, Smid GB, et al. Myocardial carnitine palmitoyltrans‑
ferase I expression and long-chain fatty acid oxidation in fetal and 
newborn lambs. Am J Physiol Heart Circ Physiol. 2004;286(6):H2243–8.

	27.	 Brown NF, Weis BC, Husti JE, Foster DW, McGarry JD. Mitochondrial carni‑
tine palmitoyltransferase I isoform switching in the developing rat heart. J 
Biol Chem. 1995;270(15):8952–7.

	28.	 Esser V, Brown NF, Cowan AT, Foster DW, McGarry JD. Expression of a 
cDNA isolated from rat brown adipose tissue and heart identifies the 
product as the muscle isoform of carnitine palmitoyltransferase I (M-CPT 
I) M-CPT I is the predominant CPT I isoform expressed in both white 
(epididymal) and brown adipocytes. J Biol Chem. 1996;271(12):6972–7.

	29.	 Han J, Murthy R, Wood B, et al. ER stress signalling through eIF2alpha and 
CHOP, but not IRE1alpha, attenuates adipogenesis in mice. Diabetologia. 
2013;56(4):911–24.

	30.	 Cao SS, Kaufman RJ. Targeting endoplasmic reticulum stress in metabolic 
disease. Expert Opin Ther Targets. 2013;17(4):437–48.

	31.	 Odorizzi G, Babst M, Emr SD. Phosphoinositide signaling and the 
regulation of membrane trafficking in yeast. Trends Biochem Sci. 
2000;25(5):229–35.

	32.	 Nobukuni T, Joaquin M, Roccio M, et al. Amino acids mediate mTOR/
raptor signaling through activation of class 3 phosphatidylinositol 3OH-
kinase. Proc Natl Acad Sci USA. 2005;102(40):14238–43.

	33.	 Byfield MP, Murray JT, Backer JM. hVps34 is a nutrient-regulated 
lipid kinase required for activation of p70 S6 kinase. J Biol Chem. 
2005;280(38):33076–82.

	34.	 Ghosh AK, Mau T, O’Brien M, Yung R. Novel role of autophagy-associated 
Pik3c3 gene in gonadal white adipose tissue browning in aged C57/Bl6 
male mice. Aging (Albany NY). 2018;10(4):764–74.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Effects of metformin on metabolism of white and brown adipose tissue in obese C57BL6J mice
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Animals
	Oral glucose tolerance test (OGTT) and hyperinsulinemic–euglycemic clamp
	Preparation of BAT and WAT samples
	iTRAQ labeling
	LC–MSMS
	Database search
	Gene ontology (GO) functional analysis
	IPA network analysis
	Western blotting
	Data analysis and statistics

	Results
	Metformin improved glucose tolerance and insulin sensitivity
	Metformin benefited for blood lipids and adipokines
	Protein expression profiling of WAT and BAT
	Global functional annotations of the quantified proteins in WAT and BAT
	Confirmation of potential key proteins by western blotting

	Discussion
	Metformin improved insulin sensitivity and regulated adipokines
	Metformin ameliorated fatty acid metabolism in WAT and BAT
	Metformin may improve endoplasmic reticulum stress in WAT​

	Conclusions
	Acknowledgements
	References




