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Summary

Objective: The effects of metformin on adiponectin pro-
duction are controversial and have never been investi-
gated in human adipose tissue. We analysed whether
metformin modulates, in vitro and in vivo, gene ex-
pression, protein content, and secretion of adiponec-
tin. Methods: For the in vitro study, subcutaneous
adipose tissue (SAT) and visceral adipose tissue (VAT)
samples from 5 non-diabetic obese patients were col-
lected. For the in vivo investigation, 22 obese patients
were randomly assigned to metformin+lifestyle (ML) or
placebo+lifestyle (PL) intervention. SAT specimens and
blood samples were collected before and after the inter-
vention in both groups. Results: In in vitro experiments,
treatment with metformin increased the expression and
secretion of adiponectin in SAT, but not in VAT explants.
In the in vivo study, a significant increase in adiponec-
tin and a decreased expression of a macrophage activa-
tion marker (CD68) were observed only in SAT of the ML
group. Conclusion: These results demonstrate that met-
formin is able to up-regulate adiponectin gene expres-
sion, both in vivo and in vitro, and to stimulate adiponec-
tin protein secretion from human SAT in vitro. It could
be hypothesised that metformin-induced adiponectin
increase within adipose tissue may have an unexpected
role in the reduction of local inflammation.

Introduction

Metformin is an insulin sensitizer agent widely used for the
therapy of type 2 diabetes. This drug lowers glucose levels
mainly by decreasing hepatic glucose production [1, 2]. In ad-
dition, metformin ameliorates hyperglycaemia through reduc-
tion of lipolysis [3], increase in skeletal muscle glucose uptake
[4, 5], intestinal glucose utilisation [6], and improvement in
beta-cell survival [7]. Increasing evidence suggest that met-
formin has many other effects independent of its anti-hyper-
glycaemic action. Examples are the improvement in endo-
thelial function, haemostasis, microvascular flow, oxidative
stress, inflammation, inhibition of macrophage lipid accumu-
lation, and cancer cell proliferation [8-10].

Controversial results have been reported on the ability of
metformin to influence the endocrine functions of human adi-
pose tissue [11]. In particular, it is unclear whether metformin
regulates adiponectin synthesis and secretion. This issue re-
quires a thorough study, because adiponectin modulates a wide
number of processes that are also influenced by metformin.

Adiponectin is a protein hormone exclusively secreted by
the adipocytes that improves insulin sensitivity and glucose
homeostasis by suppressing hepatic glucose production, in-
creasing insulin-mediated glucose uptake by skeletal muscle
and promoting fatty acid oxidation [12, 13]. In addition, adi-
ponectin directly inhibits inflammation, angiogenesis, and tum-
origenesis [14-16]. All these effects are mediated through the
activation of AMP-activated protein kinase which is also the
mediator of metformin actions [13, 17-19]. Although up-regu-
lation of adiponectin expression and secretion by insulin-sensi-
tising agents, such as thiazolidinediones, has been established
[20, 21], the role of metformin in the modulation of adiponectin
expression and secretion is controversial [2, 22-27].
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To date, the in vitro effects of metformin on adiponectin
synthesis and secretion have never been investigated in
human adipose tissue. Therefore, the aim of this study was to
evaluate: 1) the in vitro effects of metformin on adiponectin
expression, intracellular protein content and secretion in
human subcutaneous adipose tissue (SAT) and visceral adi-
pose tissue (VAT), as well as in isolated adipocytes differen-
tiated from the stroma-vascular fraction (SVF) cells and ii)
the in vivo effects of a short-time metformin+lifestyle (ML) or
placebo+lifestyle (PL) intervention on adiponectin and CD68
expression in SAT of obese non-diabetic subjects.

Material and Methods

Experimental Design

SAT and VAT specimens were obtained during bariatric surgery inter-
ventions from 5 non-diabetic obese subjects (females; BMI 38 + 11.57 kg/m?;
39 £ 8 years; mean * SD) to analyse the in vitro effects of metformin. Two
patients of the enrolled 5 had impaired fasting glucose tolerance (IFG;
defined by fasting glucose >100 mg/dl and <126 mg/dl).

In the in vivo protocol, 150 obese patients without known diabetes
were screened who were referred for clinical management to the Istituto
Auxologico Italiano, a specialized centre for the treatment and study of
obesity.

All patients underwent an oral glucose tolerance test (OGTT) and
were considered eligible for the study if they had impaired glucose toler-
ance (IGT defined by 2-hour glucose 2140 and <200 mg/dl) or OGTT-di-
agnosed diabetes (defined by 2-hour glucose 2200 mg/dl) or a value =5 of
homeostasis model assessment of insulin resistance (HOMA-IR). Anti-
diabetic therapy, liver and renal dysfunction, and/or acute/chronic inflam-
matory diseases were criteria of exclusion.

After the screening, 24 obese patients were eligible for this study. Pa-
tients were submitted to physical examination, blood sample collection
for the measurement of HDL cholesterol, triglycerides, insulin and adi-
ponectin, and bio-impedance analysis (BIA-101; RJL Systems, Clinton
Township, MI, USA) for body composition assessment.

In all enrolled subjects, a peri-umbilical SAT needle biopsy was per-
formed following the standardised protocol (European Framework 5
project NUGENOB, www.nugenob.com). All patients underwent a
3-month lifestyle intervention that consisted of two educational group
sessions/week with nutritionists, dieticians, physical trainers, and psychol-
ogists. The alimentary diary was weekly reviewed and discussed. Twice a
week patients participated in a 1-hour gym session under a trainer guid-
ance. A questionnaire on the frequency, duration, and/or intensity of
housework-, job- and sports-related physical activity was administered
[28]. Compliance to the exercise program was classified as insufficient (1),
sufficient (2), and good (3) [28].

Patients were randomised through a random number table allocation
to receive metformin (850 mg twice a day) (ML group) or placebo (PL
group). Adherence to the treatment regimen was assessed every 2 weeks
on the basis of pill counts and interviews. After 3 months of treatment, all
baseline assessments including SAT biopsies were repeated. This study
was approved by the Ethic Committee of Istituto Auxologico Italiano,
and written informed consent was obtained from all subjects after
individual explanation.

Cultures of Human White Adipose Tissue Explants

The SAT samples collected from 5 non-diabetic obese subjects were
stored in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen
Corporation, Jefferson City, MO, USA) containing 2% BSA (Sigma,
St. Louis, MO, USA), penicillin (100 U/ml, Invitrogen Corporation), and
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streptomycin (100 mg/ml, Invitrogen Corporation) until metformin
(Sigma) stimulation. A time-dependent dose-response assay was per-
formed to establish the metformin concentration able to stimulate adi-
ponectin expression (0.1 mmol/l, 1 mmol/l, 5 mmol/l and 10 mmol/l for
1 h, 24 h and 48 h). Metformin at 10 mmol/l for 1 h and 24 h was chosen
and added to the culture medium after 2 h of serum starvation. At the
end of the stimulation, SAT and VAT were collected and processed for
total RNA extraction as described in the following section.

Preparation of Human Preadipocytes

A fragment of the collected biopsies was cut in small pieces and digested
with 1 mg/ml collagenase type 2 (Sigma) for at least 1 h at 37 °C. The di-
gested tissue was filtered through a sterile gauze and then a nylon filter
(BD Bioscience, Franklin Lakes, NJ, USA). The SVF cells were isolated
by centrifugation and then treated with a buffer containing 154 mmol/l
NH,C], 10 mmol/l KHCOj3, and 0.1 mmol/l EDTA for lysis of contaminat-
ing red blood cells. SVF cells were then plated and cultured with a me-
dium containing a 1:1 mixture of Ham’s F12/DMEM (Invitrogen Corpo-
ration) supplemented with 5% decomplemented foetal bovine serum
(FBS; Sigma) and antibiotics (penicillin and streptomycin) until conflu-
ence. At confluence, cells were differentiated into mature adipocytes
using NH AdipoDiff medium (Miltenyi Biotec Bergisch Gladbach, Ger-
many) for 10 days. In vitro differentiated adipocytes, with clearly visible
lipid droplets, were starved in 1:1 mixture of Ham’s F12/DMEM without
FBS for 2 h and then stimulated by 10 mmol/l metformin for 1 h and 24 h.
After stimulation, differentiated SVF were collected and processed for
RNA and/or protein extraction.

Total RNA Preparation and cDNA Synthesis

The total RNA was extracted from whole adipose tissue biopsies (SAT
and VAT of 5 obese non-diabetic subjects and SAT of 22 obese patients).
All adipose tissue specimens were homogenised in RLT lysis buffer (Rne-
asy Mini Kit; QIAGEN, Valencia, CA, USA) using a rotator-stator, fol-
lowed by a chloroform delipidation step. The upper aqueous phase was
processed for total RNA extraction using silica-based spin columns (Rne-
asy Mini Kit). The yield of total SAT/VAT RNA was 1.5-7.0 pg/mg of
tissue. The RNA concentration was quantified spectrophotometrically.
Total RNA integrity was verified by agarose gel electrophoresis. The
RNA from differentiated SVF cells (from SAT and VAT of 5 obese sub-
jects) was extracted using TRIzol Plus RNA Purification Kit (Invitrogen
Corporation). The concentration and the integrity were assessed as previ-
ously described. The cDNAs were reverse-transcribed with SuperScript
III (Invitrogen, Carlsbad, CA,USA) from 1 pg of total RNA.

Determination of Gene Expression

Real-time quantitative PCR (RTqPCR) was used to quantify mRNA
copies. For each sample, 10 ng of cDNA template was amplified in dupli-
cate in PCR reactions on an ABI PRISM 7700 using Assay-on-Demand
Gene Expression Products (Applied Biosystems, Foster City, CA, USA).
TagMan probes (Applied Biosystems) for adiponectin, CD68 and the
housekeeping gene B-glucuronidase (GUSB) mRNA were labelled with
carboxyfluorescein. Analyses were performed with SDS 3 software (Ap-
plied Biosystems). For each sample the relative amount of the mRNA of
interest was normalized to the amount of GUSB transcript and data were
expressed as 27T (arbitrary units, AU).

Protein Extraction and Western Blot Analysis

Proteins were extracted from differentiated SVF cells and from SAT and
VAT explants using RIPA buffer (150 mmol/l NaCl, 1% NP-40, 0.5%
DOC, 0.1% SDS, 50 mmol/l Tris-HCI pH 8.0) containing a cocktail of
protease inhibitors (Roche, Mannheim, Germany). Total protein content
was quantified with BCA protein assay kit (PIERCE, Rockford, IL,
USA). 30 pg of proteins were separated by 12% SDS-PAGE gel under
denaturating conditions and blotted onto nitrocellulose membranes.
These membranes were blocked in TBS and 5% milk for 2 h at room
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Fig. 1. a Mean + SE
mRNA expression
levels of adiponectin
gene in SAT (n=5)
and VAT (n=Y5)
explants. Black histo-
grams represent the
adiponectin expres-
sion in untreated
explants. Grey histo-
grams represent adi-
ponectin expression
after treatment with
metformin

(10 mmol/l) for 1 and
24 h. b Intracellular
adiponectin protein
content in SAT (n =
5) and VAT (n=5)
explants. Black histo-
grams indicate the
protein content in
untreated explants.
Grey histograms
indicate the protein
content after met-
formin (10 mmol/l)
treatment in SAT
and VAT explants
for 1 and 24 h, re-
spectively. Data are
expressed as mean +
SE. A representative
Western blot image
of adiponectin and
actin protein immun-
odetection is also
shown. The adi-
ponectin intracellular
protein content was
normalised by the
intracellular actin
protein content. ¢
Adiponectin protein
secretion in culture
media of SAT (n=5)
and VAT (n =5) ex-
plants untreated
(black histograms) or
treated with met-
formin (10 mmol/l)
for 1 and 24 h (grey
histograms). Data are
expressed as mean +
SE (ng/ml/total pro-
tein content).

AU = arbitrary units.
*p < 0.05 treated
explants versus
untreated explants.
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Table 1. Clinical
and biochemical
characteristics of 22
obese patients who

ML intervention (n = 12)

PL intervention (n = 10)

before intervention

after intervention

before intervention

after intervention

underwent 3 months BMI, kg/m? 39.5+4.8 355477 39.5+4.6 373 +£5.3"

of metformin + life- Waist circumference, cm 1205 +11.2 116.5 +13.2° 121.0+£9.1 1184 +9.7¢

style (ML interven- Fat mass / fat-free mass ratio 0.89 +0.1 0.79 +0.1° 0.81+0.2 0.81+0.2

tion group, n = 12) Fasting glucose, mg/dl 115.7+15.8 100.3 +9.5° 110.0 £9.7 103.1 + 12.0¢

or placebo + lifestyle 2-hour glucose, mg/dl 1522 +45.9° 128.2 +40.9 101.5 +55.8 100.7 + 43.1

intervention (PL Fasting insulin, mU/1 17.5 (13.3-21.0) 10.0 (8.1-22.1) 19.3 (13.9-26.5) 18.3 (11.5-32.4)

intervention group, HOMA-IR 4.6 (4.0-5.7) 2.4 (2.0-5.9) 52 (4.1-6.4) 4.4 (3.1-9.0)

n=10)* HDL cholesterol, mg/dl 2.8+1.05 2.5 +0.90 2.3 +0.40 23+0.38
Triglycerides, mg/dl 157.0 (114.5-196.5) ~ 130.0 (101.0-166.2) 133.5 (93.2-158.0) 131.0 (95.5-185.0)
Adiponectin, pg/ml 5.4 (4.4-7.5)° 5.7 (4.7-7.7) 7.8 (5.8-10-7) 7.2 (6.3-10.7)
PAS 42+2.7 7.1+2.8° 4325 72+2.9°

PAS = Physical Activity Score [28].

*Data are expressed as mean + SD except for fasting insulin, HOMA-IR, HDL cholesterol, triglycerides, and adiponectin
that are expressed as median (and inter-quartile range).

p < 0.01 versus baseline within the same group.
°p < 0.05 versus baseline in PL group.
‘p < 0.05.

temperature, incubated overnight at 4 °C in the same buffer supple-
mented with a monoclonal antibody raised against adiponectin (1:5,000;
Alexis Biochemical, Grunberg, Germany) and actin (1:15,000; Sigma).
The following day membranes were washed with TBS 0.1% Tween-20
and the secondary antibody (1:4,000, horseradish peroxidase-conjugated
anti-mouse antibody; Amersham Biosciences, Little Chalfont, UK) was
incubated for 1 h at room temperature. Enhanced chemiluminescence
plus Western blot detection system (Amersham Biosciences) was used for
detection. Results were quantified by densitometry using Scion Image
Software and normalised on human actin protein content.

Adiponectin Secretion

Culture media from SAT and VAT explants and from 10 days differenti-
ated SVF cells were collected with and without metformin stimulation
and stored at —80 °C until use. Adiponectin secretion in the medium was
measured by the same assay used for the detection of serum levels (see
following section ‘Biochemical Measurements’).

Biochemical Measurements

Circulating levels of glucose, cholesterol, and triglycerides were measured
using an automated analyzer (Roche Diagnostic). Serum insulin was
measured by a chemiluminescent assay (Roche Diagnostic) with intra-
and inter-assay coefficient of variations of 2.0 and 3.7%. Total adiponec-
tin levels in serum were determined by an enzyme-linked immuno-
absorbent assay (B-Bridge International Inc., San Jose, CA, USA) with
intra- and inter-assay coefficients of variation of 3.3% and 7.4%.

Statistical Analysis

All analyses were performed using SPSS version 16.0 (SPSS, Inc., Chi-
cago, IL, USA). Variables that were not normally distributed were log-
transformed before the analysis. Baseline and post-treatment variables
within groups and differences between groups were compared using non-
parametric Mann-Whitney test. Pearson’s analyses were used to evaluate
bivariate relationships. Analysis of covariance with corresponding base-
line values was used to compare the intervention-induced changes. Wil-
coxon’s rank-test was used to compare mRNA expression levels, adi-
ponectin protein content as well as secretion in tissue explants and in dif-
ferentiated adipocytes after metformin treatment. A p value < 0.05 was
considered statistically significant.
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Results

In vitro Effects of Metformin

To assess if metformin has a direct effect on adiponectin in
whole adipose tissue, SAT and VAT explants and differenti-
ated SVF cells were treated with 10 mmol/l metformin. Two
stimulation times were considered: 1 h as an acute stimulus,
and 24 h as a chronic stimulus. In SAT explants, adiponectin
expression increased both after 1-hour and 24-hour treatment
with metformin, whereas in VAT explants, adiponectin gene
expression did not show significant changes (fig. 1a).

The intracellular protein content did not significantly
change in both fat compartments (fig. 1b).

A significant increase in adiponectin secretion was ob-
served after 24-hour treatment with metformin in SAT, but
not in VAT explants (fig. 1c).

In differentiated SVF cells from both fat depots, metformin
did not change adiponectin expression, protein content, and
secretion after 1 h and 24 h of stimulation (data not shown).

In vivo Effects of Metformin

22 patients completed the study. Two patients from the PL
group dropped out due to their disagreement to repeat the
adipose tissue biopsy at the end of intervention.

Baseline characteristics of the 22 obese patients are sum-
marised in table 1 (before intervention column). Compared
to those in the PL group, patients in the ML group were
similar in terms of age and sex distribution (52.6 + 10.9 vs.
52.2 + 11.4 years and 25 vs. 30% of males), lipid profile, glu-
cose and HOMA-IR levels. Because of randomisation, the
ML group included 4 subjects with OGTT-diagnosed diabe-
tes, 3 with IGT and 4 with IFG, whereas the PL group in-
cluded 1 subject with OGTT-diagnosed diabetes and 7 with
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Fig 2. a Adiponectin and b CD68 mRNA expression levels in SAT
collected from obese patients before (black histograms) and after (grey
histograms) 3 months of metformin + lifestyle intervention (ML, n = 12)
and placebo + lifestyle intervention (PL, n = 10). Data are expressed as
mean * SE.

AU = arbitrary units.

*p < 0.05 between data before intervention versus after intervention.

IFG. At baseline, subjects in ML group had higher 2-hour
glucose and lower serum adiponectin levels (p < 0.05 for
both).

The post-treatment effects of ML and PL intervention are
illustrated in table 1 (after intervention column). In the ML
group, the compliance to the exercise program was scored as
‘sufficient’ and ‘good’ in 30 and 65% of the patients, respec-
tively. In the PL group, this same score was ‘sufficient’ and
‘good’ in 36 and 61 % of the patients, respectively. At the end
of the 3-month treatment, BMI, waist circumference and fast-
ing glucose significantly improved in both groups. Fat mass /
fat-free mass ratio significantly decreased in the ML group
only (p < 0.05) despite a similar improvement in physical
activity score achieved after both interventions.

Effects of Metformin on Human Adiponectin

There was a greater decrease in insulin, HOMA-IR and
2-hour glucose in the ML than in the PL group, but these
changes were not significantly different between both groups.

At the end of ML intervention, 2 patients with OGTT-
diagnosed diabetes became IGT, and two patients with IGT
reverted to normal glucose tolerance (NGT). Four patients
with IFG reverted to NGT after PL intervention.

In both groups serum adiponectin did not change signi-
ficantly after the intervention (table 1). The pattern of SAT
adiponectin expression is shown in figure 2. At baseline, SAT
adiponectin gene expression was not significantly different be-
tween the two groups, and a significant increase (p < 0.05) was
observed after the intervention only in the ML group (fig. 2a).
Baseline and post-intervention mRNA levels of adiponectin in
SAT were not associated with serum adiponectin, BMI, waist
circumference, fat mass / fat-free mass ratio and blood pres-
sure as well as with all other metabolic variables considered.

In order to estimate the ‘inflammatory status’ of the col-
lected SAT in ML and PL patients, we analysed the expression
levels of CD68, a commonly used marker for macrophages. At
baseline, CD68 expression was higher in the ML than in the
PL group SAT, although this difference did not reach statisti-
cal significance. The ML intervention induced a significant
decrease in CD68 adipose tissue expression (from 2.5 + 0.26 to
1.9 £ 0.19, p < 0.05) (fig. 2b). The CD68 expression level was
unchanged in SAT of patients of the PL group (fig. 2b).

Discussion

In the present study, we assessed the effects of metformin on
adipose tissue in different experimental models: i) SAT and
VAT tissue explants that are composed by adipocytes, preadi-
pocytes, endothelial cells, fibroblasts and infiltrating immune
cells, and thus reflect the in vivo environment to which adi-
ponectin production is exposed; ii) adipocytes differentiated
in vitro from SVF cells that are synchronized for the matura-
tion rate independently from environmental influence; and iii)
whole SAT collected after 3 months metformin therapy (in
vivo study).

In SAT explants, we observed a stimulating effect of met-
formin on adiponectin mRNA expression and secretion. The
absence of stimulation in VAT suggests that SAT has a
greater sensitivity to metformin action. This finding is consist-
ent with the demonstration that SAT is the only fat depot ca-
pable to secrete adiponectin under treatment with another
insulin-sensitising agent, pioglitazone [20]. The lack of intrac-
ellular adiponectin accumulation suggests that metformin is
able to up-regulate adiponectin release by modulating post-
translational events. Supporting this hypothesis, metformin
potentiates rosiglitazone-induced decrease in endoplasmic
reticulum retention of ERp44 protein [29] that, together with
the release protein Erol-1o, modulates intracellular adiponec-
tin content and its secretion [30, 31].
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In contrast to what is observed in adipose tissue explants,
metformin did not modify adiponectin expression, protein
content, and secretion in adipocytes differentiated in vitro
from the SVF cells (data not shown). Thus, it could be hy-
pothesised that the non-adipose components of SAT (i.e.
preadipocytes, fibroblasts, infiltrating macrophages, lym-
phocytes, endothelial cells, etc.) participate in the regulation
of metformin effects on adiponectin production and secretion.
This hypothesis agrees with the inability of metformin therapy
to modify in vivo adiponectin content and secretion in a
model of isolated adipocytes of diabetic patients [26]. The
possible role of the ‘non-adipose components’ in the modula-
tion of adiponectin synthesis in SAT is also supported by our
in vivo results, demonstrating that macrophage activation (as-
sessed by CD68 expression in SAT samples) decreases after
ML intervention. This finding adds another evidence to the
anti-inflammatory properties of metformin that have been
demonstrated in vitro in human vascular smooth muscle cells,
macrophages and endothelial cells, and in vivo in diabetic and
non-diabetic subjects [9, 32-34]. Interestingly, addition of
metformin to lifestyle intervention provided more metabolic
benefits than lifestyle intervention and placebo. The meta-
bolic improvement was associated with an increase in SAT
adiponectin expression only in the ML group.

However, the increase in adiponectin adipose tissue ex-
pression, was not associated with a similar increase in the
circulating levels of this protein. This discrepancy may be
explained by assuming that the adiponectin secreted under
metformin therapy is maintained within adipose tissue to pro-
mote its local autocrine/paracrine beneficial effects [14]. The
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