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The effects of metformin, an antidiabetic agent that improves insulin sensitivity, on endothelial function have not been fully
elucidated. This study was designed to assess the effect of metformin on impaired endothelial function, oxidative stress,
inflammation and advanced glycation end products formation in type 2 diabetes mellitus.

EXPERIMENTAL APPROACH

Goto-Kakizaki (GK) rats, an animal model of nonobese type 2 diabetes, fed with normal and high-fat diet during 4 months
were treated with metformin for 4 weeks before evaluation. Systemic oxidative stress, endothelial function, insulin resistance,
nitric oxide (NO) bioavailability, glycation and vascular oxidative stress were determined in the aortic rings of the different
groups. A pro-inflammatory biomarker the chemokine CCL2 (monocyte chemoattractant protein-1) was also evaluated.

KEY RESULTS

High-fat fed GK rats with hyperlipidaemia showed increased vascular and systemic oxidative stress and impaired endothelial-
dependent vasodilatation. Metformin treatment significantly improved glycation, oxidative stress, CCL2 levels, NO
bioavailability and insulin resistance and normalized endothelial function in aorta.

CONCLUSION AND IMPLICATIONS

Metformin restores endothelial function and significantly improves NO bioavailability, glycation and oxidative stress in normal
and high-fat fed GK rats. This supports the concept of the central role of metformin as a first-line therapeutic to treat diabetic
patients in order to protect against endothelial dysfunction associated with type 2 diabetes mellitus.

Abbreviations

8- OHAG, 8-hydroxy-2’-deoxyguanosine; AD, atherogenic diet; AGEs, advanced glycation end products; CCL2 (MCP-1),
monocyte chemoattractant protein-1; CML, carboxymethyl-lysine; DHE, dihydroethidium; eNOS, endothelial nitric
oxide synthase; FFA, free fatty acids; GK rats, Goto-Kakizaki rats; L-NAME, N-nitro-L-arginine- methyl ester; pVASP,
phosphorylated vasodilator-stimulated phosphoprotein; SNP, sodium nitroprusside; VASP, vasodilator-stimulated

phosphoprotein

Introduction

The worldwide prevalence of diabetes mellitus, particularly
type 2 diabetes, has increased significantly in recent years.
Type 2 diabetes alters the vascular responsiveness to several
vasoconstrictors and vasodilators and is a major factor under-
lying development of cardiovascular disease (De Vriese et al.,
2000a). Many of the complications in diabetes are related to

increased serum glucose and increased generation of reactive
oxygen species, which lead to endothelial dysfunction.
Impaired endothelium-dependent relaxation to vasodilators
such as acetylcholine is a common feature in both conduit
and resistance arteries from experimental models of type 1
and type 2 diabetes (Cosentino and Luscher, 1999; De Vriese
et al., 2000b; Ding et al., 2005; Pannirselvam et al., 2005; Sena
et al., 2008).
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Metformin is a biguanide derivative that exerts an anti-
hyperglycaemic effect with minimal risk of hypoglycaemia. It
has been widely used in the management of type 2 diabetes,
with a 31% reduction in incidence (Knowler et al., 2002).
Metformin lowers blood glucose concentration and improves
insulin sensitivity by reducing hepatic gluconeogenesis and
enhancing insulin-stimulated peripheral glucose uptake
(Yoshida et al., 2009). It also inhibits adipose tissue lipolysis,
thereby reducing circulating levels of free fatty acids (FFA)
(Kirpichnikov et al., 2002). In addition, metformin improves
lipid profile and lowers blood pressure in both patients and
animals with impaired glucose tolerance and type 2 diabetes
(Verma et al., 1994; Kirpichnikov et al., 2002). It has also been
described that metformin not only improves the antioxidant
defence but is also a powerful activator of AMP-kinase, which
is a major regulator of glucose and lipid metabolism (Leverve
etal.,, 2003). In overweight type 2 diabetic patients, met-
formin use is associated with decreases in macrovascular mor-
bidity and mortality, effects that appear to be independent of
the improvement in glycaemic control (UKPDS, 1998). More-
over, metformin seems to improve endothelial function.
Indeed, metformin restores the microvascular reactivity to
histamine, bradykinin or acetylcholine, of arterioles and
venules from neonatal streptozotocin-diabetic rats (Sartoretto
et al., 2005). More recently, metformin has been shown that
it improves the flow-mediated dilatation of normoinsuline-
mic subjects (Romualdi et al., 2008).

On the basis of these observations, we hypothesized that
metformin, already used clinically for diabetes, would be
beneficial at the macrovascular level through a mechanism
that involves glycation, oxidative stress, nitric oxide (NO)
bioavailability and inflammation in aortic vessels of diabetic
rats. As model of type 2 diabetes, we used GK rats, some of
which were fed with high-fat diet for 4 months (GK + AD) to
induce hyperlipidaemia and more pronounced macrovascu-
lar complications. GK rats exhibit a spontaneous polygenic
mild type 2 diabetes. They are characterized by an early
increase in serum insulin, normolipidaemia and also by mild
hyperglycaemia and insulin resistance (Nunes et al., 2007).
There are several reports of abnormalities of vascular function
in this diabetic model (Cheng etal., 2001; Rosen and
Wiernsperger, 2006; Sena et al., 2008).

The purpose of the present study was to evaluate the
effect of metformin on endothelial dysfunction and analyse
the influence of the drug on glycation, oxidative stress and
early inflammation in a model of type 2 diabetes, using the
aorta from Goto-Kakizaki diabetic rats fed with normal or
high-fat diets.

Methods

Animals

All animal care and experimental protocols were in accor-
dance with the Portuguese Law on Experimentation with
Laboratory Animals (last amendment, 2004), which is based
on the principles of laboratory animal care as adopted by the
EC Directive 86/609/EEC for animal experiments. Adult male
Wistar and spontaneously diabetic GK rats were obtained
from the local breeding colony in Coimbra (Portugal). GK rats

are characterized by an early increase in serum insulin and
also by mild hyperglycaemia, insulin resistance and mild type
2 diabetes (Nunes et al., 2007). There are several reports of
abnormalities of vascular function in this diabetic model
(Cheng et al., 2001; Résen and Wiernsperger, 2006; Sena et al.,
2008). Control animals were fed, ad libitum, with a standard
commercial pellet chow (Diet AO4-Panlab). As a model of type
2 diabetes, we used GK rats, some of which were fed with
high-fat diet for 4 months (GK + AD). The GK rats were
divided into four groups: (i) GK diabetic control rats (n = 16,
GK) maintained with standard diet until 6 months of age; (ii)
GK diabetic rats treated with metformin (60 mg-kg'-day', in
drinking water) during the last 4 weeks (n = 6, GK + M) and
maintained with standard diet; (iii) high-fat diet fed GK dia-
betic rats for 4 months (n=16, GK+ AD, containing: 70% AO4
standard Chow, 7.5% cocoa butter and 1.25% cholesterol) and
(iv) high-fat diet fed GK diabetic rats treated with metformin
(60 mg-kg'-day’, in drinking water) during the last 4 weeks
(n=16, GK+ AD + M). All animals were allowed free access to
water; they were kept in rooms with 12 h periods of light and
darkness. Urine and blood were collected at the end of treat-
ment. The aorta was excised and used for vascular function
studies and histological examination.

Determination of metabolic and oxidative
Stress parameters

After a 15 h fast, animals were anaesthetized with ketamine/
chlorpromazine [ketamine chloride (75 mg-kg™, i.m., Parke-
Davis, Ann Arbor, MI, USA) and chlorpromazine chloride
(2.65 mg-kg™', i.m., Lab. Vitéria, Portugal)] and killed by
decapitation. Blood was taken by heart puncture for determi-
nation of lipids, carbonyl compounds, free fatty acid levels
and insulin. For glucose tolerance tests, rats were fasted over-
night and were given an intraperitoneal injection of glucose
(1.75 g-kg ! body weight) in phosphate-buffered saline (PBS).
Blood glucose was determined by sampling from the tail vein
at 0, 60 and 120 min after injection by a glucose-oxidase
method using a glucometer (Glucometer-Elite-Bayer, Portugal
S.A.) and compatible reactive test strips. Fasting plasma lipids
[total and high density lipoprotein (HDL) cholesterol, triglyc-
erides and phospholipids] and plasma insulin levels were
quantified using commercially available kits and by an
in-house enzyme-linked immunosorbent assay (Seica et al.,
2004) respectively. To assess insulin resistance in the fasted
state, the homeostasis model assessment of insulin resistance
(HOMA) and quantitative insulin-sensitivity check index
(QUICKI) were calculated, as previously described (Sena et al.,
2007). HOMA was calculated as [(Go) x (Iy) / 22.5] where Gy is
the fasting glucose level (mmol-L™"), and I, is the fasting
insulin level (WU-mL™). QUICKI was calculated as 1 / [log(Go)
+ log(Iy)], where Gy is fasting glycaemia (mg-dL™"), and I is
fasting insulin level (WU-mL™).

Plasma FFA levels were evaluated using enzymatic assay
kits (Roche Applied Science, Amadora, Portugal). Rats were
placed in metabolic cages for 24 h and urine collected.
Urinary 8-hydroxydeoxyguanosine (8-OHdG), albumin and
plasma carbonyl protein concentrations were measured using
ELISA kits (OXIS health Products, Portland, OR, USA; Nephrat
II, Exocell, Philadelphia, PA, USA and Cayman Chemical
Company, Ann Arbor, MI, USA, respectively).

British Journal of Pharmacology (2011) 163 424-437 425



CM Sena et al.

Isometric tension studies

Aorta were rapidly excised and freed of connective tissue. The
aorta was divided into two segments (4 mm width). Ring
segments were mounted between stainless steel triangles into
individual organ chambers filled with oxygenated (95% O,
5% CO,) modified Krebs-Henseleit buffer (37°C, pH 7.4)
(composition in mM: NaCl 119; KCI 4.7; CaCl, 1.6; MgSO,
1.2; NaHCOs; 25; KH,PO, 1.2; glucose 11.0). Indomethacin
(10 uM) was present in the experiments to inhibit prostag-
landin synthesis. Aortic rings were subject to a resting tension
of 14.7 mN. After equilibration for 60 min, all vessels
were preconstricted with 0.3 uM phenylephrine. Ligand-
stimulated receptor-mediated NO bioavailability was assessed
by a concentration-dependent relaxation to acetylcholine
(ACh, 10 to 102 M), whereas sodium nitroprusside (SNP,
10 to 10 M) was used as an endothelium-independent
agonist. Relaxation responses to ACh and SNP were expressed
as percentage of relaxation from a submaximal
phenylephrine-induced constriction and concentration—
response curves were obtained as previously described (Sena
et al., 2008, 2009).

Detection of superoxide anion

Unfixed frozen, 30 um-thick sections of proximal aorta were
incubated with dihydroethidium (DHE) (2 x 10° M) in PBS
for 30 min at 37°C in a humidified chamber protected from
light. DHE is oxidized on reaction with O,~ to ethidium
bromide (EtBr), which binds to DNA in the nucleus and
fluoresces red (Miller efal., 1998). Polyethylene glycol-
superoxide dismutase (PEG-SOD, 500 U-mL™) abolished EtBr
fluorescence, confirming specificity of the fluorescent signal
for O, (data not shown). For EtBr detection, images were
obtained with a fluorescence microscope (Leica DMIRE200,
Wetzlar, Germany). Fluorescence was detected with a 568 nm
filter. Normal and diabetic tissues were processed and imaged
in parallel with identical settings. Microscope and camera
settings were kept constant for all preparations. Fluorescence
was quantified using Image]J (1.40 g, NIH).

Assessment of aortic immunofluorescence
Sections (6 um) of abdominal aorta were washed with PBS
and fixed in ice-cold acetone for 10 min. Sections were then
permeabilized for 10 min in 1% Triton X-100 in PBS, pH 7.4,
and blocked with 10% goat serum for 30 min. Primary anti-
bodies were diluted in PBS containing 0.02% BSA (PBS/BSA).
The primary antibodies were added, and the sections were
incubated overnight at 4°C. After incubation, the sections
were extensively washed with PBS/BSA solution. After, sec-
tions were incubated with the secondary antibodies and
diluted in PBS/BSA for 1 h. The coverslips were washed before
mounting with Glycergel Dako mounting medium (Dako,
Carpinteria, CA, USA). Immunostained aortic sections were
visualized with a Leica DMIRE200 fluorescence microscope.
Immunostained aortic sections were counterstained with
4’,6-diamidino-2-phenylindole and examined, photographed
and quantified as described above for DHE fluorescence.

Aortic nitrite levels
Nitrite levels were determined as an index of NO generation
in aortic homogenates by the Griess reaction after conversion
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of nitrate to nitrite by nitrate dehydrogenase (Green et al.,
1982) as previously described (Majithiya et al., 2005). An
aliquot of the supernatant was mixed with an equal volume
of Griess reagent (sulfanilamide 1% w/v; naphtylethylenedi-
amine dihydrochloride, 0.1% w/v; and orthophosphoric acid,
25% v/v) and incubated at room temperature for 10 min. The
absorbance of the samples at 540 nm was determined and
compared with those of known concentrations of sodium
nitrite. The amount of nitrite formed was normalized to the
protein content of the respective aorta.

Determination of advanced glycation end products (AGEs). After
incubation for the required time, AGE production was
assessed by fluorescence and Western blotting. The fluores-
cence was assessed with excitation at 370 nm and emission at
440 using a microplate reader (Synergy HT, Biotek Instru-
ments, Alcobendas, Madrid, Spain). The amounts of
carboxymethyl-lysine (CML) were measured by Western blot-
ting using anti-CML antibody, as described previously
(Rocken et al., 2003).

Western blot analysis
Segments of endothelium-intact thoracic aortas were washed
with cold PBS and chilled in buffer containing in mM the
following: Tris-HCI 50, NaCl 150, EDTA 1, EGTA 0.1, as well
as NP-40, 0.1%, SDS 0.1% and deoxycholate 0.5%. Phenylm-
ethylsulfonyl fluoride (1 mM), aprotonin (10 ug-mL™), leu-
peptin (10 pg-mL™") and pepstatin (10 ug-mL™") all from Sigma
Chemicals (St. Louis, MO, USA) were added as the protease
inhibitors. Tissues were homogenized in a standard fashion
followed by centrifugation at 14 000x g for 20 min at 4°C.
The supernatants were collected, and total protein concen-
tration was determined. Samples containing 40 pg of protein
were loaded on to a 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel, run and
electroblotted onto polyvinylidene difluoride membrane.
Prestained molecular weight marker proteins were used as
standards for the SDS-PAGE. Ponceau staining was performed
to confirm the quality of the transfer and to ensure equal
protein loading. Blots were blocked in 5% skimmed nonfat
milk in PBS for 1 h, treated overnight with antibody against
CML, VASP, pVASP or CCL2 and then incubated with alkaline
phosphatase secondary antibodies for 1 h. Anti-VASP phos-
phoserine 239 antibody was used for the analysis of the
phosphorylation state of VASP at Ser®*’ (pVASP), which is a
reliable biochemical marker of vascular cGMP-dependent
protein kinase-1 activity. Commercial VASP (20 ng) was used
as an internal standard for Western blotting. Activation of
VASP was indicated by the intensity ratio pVASP/VASP. Immu-
noblots were developed with an ECF Western blotting detec-
tion system (Amersham Biosciences, Carnaxide, Portugal).
Protein content was determined using a Bio-Rad protein
assay Kkit.

Statistical analysis

All data were analysed by standard computer programs
(GraphPad Prism PC Software version 3.0, ANOVA) and are
expressed as mean * SE (n = 6-16 individual animals per
group). Significant differences were evaluated using either
the t-test or ANOVA. P < 0.05 was considered significant.
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Table 1

Body weight, and plasma lipid levels in 6 months old nondiabetic Wistar and diabetic Goto-Kakizaki (GK) rats and in GK rats fed with atherogenic
diet (AD) with (W + M; GK + M; GK + M + AD) or without metformin treatment (W; GK; GK + AD)

GK control
Body weight (g) 403.9 + 6.9 439.6 = 7.4 312.7 £ 5.8° 351 = 8.9 387.3 + 4.3 383.6 + 10.6°
Total cholesterol (mM) 1.82 = 0.04 2.46 + 0.17¢ 2.3 = 0.05¢ 2.6 = 0.03° 2.6 = 0.14° 2.79 + 0.08*°
Non-HDL cholesterol 0.7 = 0.04 1.1 £ 0.05 0.71 £ 0.03 0.99 = 0.02 1.29 = 0.122b 1.5 + 0.07*°
(mM)
Triglycerides (mM) 1.23 = 0.08 1.24 = 0.1 1.69 = 0.13 0.6 = 0.02¢ 2.52 +0.23%d 2.99 + 0.13*
FFA (mM) 0.71 £ 0.08 0.69 + 0.05 0.79 + 0.04 0.53 + 0.02 1.13 = 0.04%b 0.77 + 0.05¢

Data are expressed as mean = SE (n = 6-16 animals in each group).

?P < 0.001 versus Wistar rats.

bP < 0.001 versus GK control group.
‘P < 0.01 versus Wistar rats.

4P < 0.01 versus GK control group.
€P < 0.001 versus GK + AD group.

Dose-response curves were fitted by nonlinear regression
with simplex algorithm. Relaxation responses were given as
the percentage of phenylephrine preconstriction. Compari-
sons of dose-response curves were evaluated by two-way
ANOVA for repeated measures.

Materials

1,1-Dimethylbiguanide hydrochloride (metformin), phenyle-
phrine, acetylcholine, N-nitro-L-arginine- methyl ester
(L-NAME) and polyethylene glycol-superoxide dismutase
were obtained from SIGMA (St. Louis, MO, USA). Anti-CML,
VASP, pVASP and nitrotyrosine were obtained from Trans
Genic, Inc. (Tokyo, Japan), Cell Signaling Technology
(Danvers, MA, USA) and Upstate Biotechnology (Lake Placid,
NY, USA) respectively. Anti-CCL2 and B-actin were obtained
from Chemicon International, Inc. (Temecula, CA, USA),
whereas DHE was obtained from Invitrogen (Barcelona,
Spain). All other chemicals and reagents used in the study
were of high grade.

Results

Animal characteristics

The rats used in our experiments exhibited similar fasting
plasma glucose levels at the beginning of the study. Food
consumption and water intake did not significantly change
over the experimental period between the different groups
studied (data not shown). Body weight was significantly
lower in GK rats compared with age-matched Wistar rats. GK
+ AD significantly increased body weight, while metformin
treatment (W + M; GK+ M; GK + AD + M) did not change this
parameter (Table 1). Glycaemia, fasting and 2 h after glucose
load and FFA during the post-absorptive state were elevated
in GK and GK + AD rats when compared with their corre-
sponding control Wistar values (Figure 1A,B and Table 1).
Treatment with metformin for 4 weeks effectively reduced
fasting glucose and circulating concentrations of FFA in dia-
betic rats (Figure 1A and Table 1).

HOMA was significantly higher in GK and GK + AD rats
when compared with Wistar rats and significantly reduced
to nondiabetic levels after treatment with metformin
(Figure 1C). In addition, QUICKI sensitivity index was signifi-
cantly lower in GK and GK + AD groups than in Wistar rats
and significantly increased in the diabetic groups treated with
metformin (Figure 1D).

Although GK rats exhibited normal non-HDL-cholesterol
and triglycerides, GK rats fed with the high-fat diet had
elevated levels of these variables, compared with GK rats fed
the control diet (control diabetics). The plasma levels of total
cholesterol remained high in GK + AD rats and did not
change in the diabetic groups treated with metformin, while
triglycerides were significantly reduced in the GK + M group
(Table 1).

NO-dependent vascular relaxation

in rat aorta

In 6 month old GK rats, endothelium-mediated vascular
relaxation of phenylephrine-precontracted aorta arterial rings
in response to ACh was impaired compared with age-
matched Wistar rats, but the endothelium-independent
relaxations to SNP were similar in both strains (Figure 2A, B).
Preincubation of the arterial rings with the NOS inhibitor
L-NAME and the cyclooxygenase inhibitor indomethacin
almost completely abolished relaxation by ACh in GK rats
and Wistar rats (Figure S1 online supplement). The residual
component due to other vasodilators is around 15% in our
experimental conditions. High-fat diet further impaired
vascular relaxation in response to ACh in GK rats.
Indeed, maximal endothelium-mediated relaxation of
phenylephrine-precontracted rings in response to ACh
declined by 42% (Figure 2A). No differences on maximal
relaxation were observed in the concentration—effect curves
for SNP between any of the groups of rats. Vascular sensitivity
to SNP was decreased in GK + AD rats (Figure 2B, Table 2). The
metformin treatment normalized endothelium-dependent
and independent vascular relaxation (Figure 2A, B). Detailed
data on maximal relaxations and ECs, values are summarized
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o0P < 0.01, ¢dpdP < 0.001 versus GK + AD group.

in Table 2. These results indicated that treatment with met-
formin normalized this index of endothelial function in
normal and high-fat fed diabetic GK rats. Note that treating
normal Wistar rats with metformin did not change
endothelium-mediated relaxation in response to ACh
(Figure 2A).

Systemic oxidative stress biomarkers

Urinary levels of 8-OHdG were significantly higher in GK
rats, when compared to age-matched Wistar rats, while
plasma levels of protein carbonyl compounds were not sta-
tistically different between the two groups (Table S1, online
supplement). Feeding AD diet for 4 months to GK rats sig-
nificantly increased protein carbonyl compounds levels by
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62% and did not change the levels of 8-OHdG (Table S1,
online supplement). Supplementation with metformin sig-
nificantly reduced 8-OHdG and protein carbonyl compounds
levels (Table S1, online supplement).

Oxidative stress in the vascular wall

We determined the potential impact of metformin on the
generation of superoxide anion in the diabetic vasculature
assessed by DHE. Interestingly, diabetes induced a 2.8-fold
increase in superoxide production in diabetic aorta (P < 0.001;
Figure 3B, G). The density of DHE was 1.5-fold higher in the
aorta of diabetic rats fed with high-fat diet compared with GK
controls (P < 0.001; Figure 3C, G). Metformin significantly
reduced superoxide production in normal and high-fat fed
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Table 2

Maximal relaxation responses (%) and pEC50 (-logECso) in isolated aorta arteries of 6 month old variously treated spontaneously diabetic
Goto-Kakizaki (GK) rats and age-matched nondiabetic Wistar (W) rats

GK control

Wistar
Ach
PECso 6.87 = 0.04 6.88 = 0.02
Maximal relaxation (%) 98.9 + 4.8 99.9 = 3.8
SNP
pECso 6.20 = 0.04 6.27 £ 0.3
Maximal relaxation (%) 99.95 = 0.11 99.75 = 0.2

6.94 + 0.09 6.94 + 0.05 5.02 = 0.14%° 6.6 = 0.17¢
72 £ 2.1° 98.8 = 3.9° 58 + 1.8 99.7 + 420
6.43 + 0.04 6.51 = 0.03 5.42 + 0.032P 5.93 + 0.11b¢

99.5 £ 0.12 99.3 £ 0.3 99.41 + 0.4 99.9 + 0.12

Data are expressed as mean = SE (n = 6-16 animals in each group). pECso values are presented as the negative logarithm (-logECss) of

concentration of the agonist.

2P < 0.001 versus Wistar rats.

P < 0.001 versus GK control group.
‘P < 0.001 versus GK + AD group.
4P < 0.05 versus GK control group.

diabetic GK rats (P < 0.01; P < 0.001, Figure 3E, F, G). L-NAME
(100 uM) significantly reduced superoxide production in dia-
betic GK rats fed with high-fat diet (data not shown). Accord-
ingly, we sought to investigate whether the enhanced O’ -
production in aortic tissue of GK rats was associated with
peroxynitrite formation and the nitration of tyrosine resi-
dues. Diabetic GK rats also had increased immunoreactive
nitrotyrosine levels in their aortas, suggesting increased

peroxynitrite-mediated protein oxidation (Figure 4B). High-
fat diet significantly increased nitrotyrosine staining in the
GK + AD rats (Figure 4C).

NO metabolites were assessed in aortic homogenates
using the Griess reaction. Acetylcholine-stimulated NO syn-
thesis was significantly decreased in GK rats when compared
with the Wistar counterpart (Table S1, online supplement)
and further diminished with high-fat diet (GK + AD). As with
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other parameters, we observed a reversal with metformin
treatment (Figure 4E, F, G, Table S1, online supplement).

pVASP and total VASP in the aorta. The phosphorylation of
VASP at Ser* has been shown to be an indicator of bioactive
NO and the activity of the NO-cGMP-protein kinase G sig-
nalling pathway (Oelze et al., 2000). To establish NO bioavail-
ability, we measured pVASP and total VASP in the aorta. The
ratio of pVASP/VASP in normal and high-fat fed GK rats was
significantly decreased compared with that in Wistar rats
(Figure 5A, B). Metformin treatment significantly increased
pVASP/VASP ratio in diabetic GK rats (GK + M, GK + AD + M;
Figure 5A, B). No changes were observed in the Wistar treated

group.
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Figure 4

Nitrotyrosine expression is enhanced in aortas from diabetic GK and
in GK + AD rats, indicative of increased peroxynitrite formation.
Representative aortic sections showing nitrotyrosine staining in
control Wistar (A), diabetic GK (B), diabetic GK fed with AD diet (C),
Wistar treated with metformin (W + M; D) and diabetic GK rats with
normal GK + M (E), and high-fat fed diet GK + AD + M (F) rats treated
with metformin. The endothelium is facing up in all layers. Panel G
shows quantification of the green fluorescence in the different
groups of arteries. Data are mean =+ SE. *P < 0.05, ***P < 0.001 versus
Wistar group; &P < 0.01, §88P < 0.001 versus GK control group;
0ddP < 0.001 versus GK + AD group.

Diabetes-associated accumulation of AGEs

The accumulation of AGEs and CML, in settings such as
diabetes is considered to play a role in progressive vascular
injury. As expected, diabetic GK had a significant elevation in
vascular AGE deposition when compared with the Wistar
counterpart, as detected by immunostaining for the well-
described AGE, CML (Figure 6A, B, G). CML immunostaining
was further enhanced in high-fat fed GK rats (Figure 6C, G)
and reduced in the aortas of metformin treated to levels not
significantly different from control animals (Figure 6E, F, G).
We also measured plasma AGEs concentrations (Figure 7A).
Interestingly, plasma AGEs levels were higher in diabetic GK
rats and GK + AD compared with nondiabetic W rats. A
similar pattern was seen by Western blot evaluation of aortic
AGE levels (Figure 7B-C) with increased expression AGEs in
GK and GK + AD aortas, compared with control Wistar rats,
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Effects of metformin on aortic pVASP expression. To examine
NO-cGMP signal activation, total vasodilator-stimulated phosphop-
rotein (VASP) and phosphorylated (Ser?*®) VASP (pVASP) expression
were assessed. Aortic lysates were analysed by SDS-PAGE. (A) Repre-
sentative Western blot analyses of total VASP and pVASP expression in
aortas of the different groups of arteries. (B) Averaged densitometric
data for pVASP/total VASP ratio. Densitometry data are presented as
mean * SE. **P < 0.01, ***P < 0.001 versus Wistar group; §P < 0.05
versus GK control group; ¢¢¢P < 0.001 versus GK + AD group.

and with normalization in metformin-treated GK rats
(Figure 7).

Marker of vascular inflammation
We next focused on a central mediator of inflammation and
retrieved abdominal aortas of the different groups. Levels of
the chemokine CCL2 (or MCP-1), one of the earliest molecu-
lar markers of vascular inflammation in atherogenesis (Piga
et al., 2007), were significantly increased in the aortas of GK
and GK + AD rats compared with nondiabetic Wistar rats
(Figure 8A, B). By immunofluorescence, CCL2 expression was
increased by two- and threefold in diabetic GK and GK + AD
rats, respectively (Figure 9B, C).

To assess the effects of metformin on expression of this
inflammatory marker, we examined levels of expression of
CCL2 and found that they were significantly attenuated in
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Figure 6

Effects of metformin on aortic carboxymethyl-lysine (CML) accumu-
lation in Wistar (W + M) and diabetic GK rats (GK + M; GK + AD + M).
Representative aortic sections demonstrating increased CML staining
in the diabetic and GK + AD aortas. Panel presents aorta from control
Wistar (A), diabetic GK (B), diabetic GK fed with AD diet (C), Wistar
treated with metformin (D), GK treated with metformin (E) and
diabetic GK + AD treated with metformin (F) rats. (G) Graph pre-
senting percentage of CML-positive aortic area in each group. Data
are mean * SE. **P < 0.01, ***P < 0.001 versus Wistar group;
§P<0.05, §88P < 0.001 versus GK control group; ¢0¢¢pP < 0.001 versus
GK + AD group.

the aortae treated with metformin in GK and GK + AD rats
(Figures 8A, B and 9E, F).

Discussion

Metformin is one of the most frequently used drugs to treat
patients with type 2 diabetes. In addition to reducing hyper-
glycaemia and improving insulin sensitivity, it also indepen-
dently promotes vasculoprotection (Katakam et al., 2000;
Wiernsperger, 2000; Mather efal.,, 2001; Beisswenger and
Ruggiero-Lopez, 2003; lida et al., 2003). It has recently been
suggested that metformin improves endothelial function
in humans and animal models (Romualdi etal., 2008;
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group; ¢opdP < 0.001 versus GK + AD group.

Matsumoto et al., 2008). The precise mechanisms by which
this drug prevents the development of atherogenesis have
not yet been fully elucidated. Thus, we thought to investigate
this oral antidiabetic drug on endothelial function, oxidative
stress, inflammation and AGE formation in aorta of normal
and high-fat fed GK diabetic rats.

Type 2 diabetes is associated with elevated levels of oxi-
dative stress, glycation and endothelial dysfunction and these
are further aggravated by a high-fat diet. Furthermore, met-
formin treatment was able to reduce oxidative stress as well as
glycation and early inflammation observed in this animal
model, and these actions were associated with a recovery in
NO bioavailability and endothelial function in aorta.

432  British Journal of Pharmacology (2011) 163 424-437

In our GK rats fed with high-fat diet, plasma insulin,
glucose, triglyceride, cholesterol, FFA levels and insulin resis-
tance were increased compared with the corresponding
values in the Wistar rats. When we administered metformin
for 4 weeks, it did not improve the triglyceride or cholesterol
levels, but it did significantly lower FFA levels and blood
glucose. Nevertheless, these plasma glucose levels were still
significantly higher than those of Wistar controls. However,
the vasculoprotective actions of metformin were evident
under these conditions, suggesting that the complete resto-
ration of normoglycaemia was not a prerequisite for vasculo-
protection. This is in accordance with findings of previous
studies (Mather etal.,, 2001; Kirpichnikov etal., 2002;
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Effects of metformin on aortic contents of the chemokine CCL2 in
Wistar and diabetic GK rats fed with normal and AD diet. (A) Repre-
sentative Western blot analyses of CCL2 expressed in aortas of the
different groups of rats. (B) Averaged densitometric data for W + M
and diabetic groups expressed as a percentage of elevation over the
control value (set to 100%), after first normalizing against actin. Data
are expressed as mean * SE. *P < 0.05, **P < 0.01 versus Wistar
group; §P < 0.05 versus GK control group; ¢¢P < 0.01, versus GK +
AD group.

Matsumoto et al., 2008). It is also in agreement with the UK
Prospective Diabetes Study clinical trial where metformin use
was associated with decreases in macrovascular morbidity
and mortality, effects that appear to be independent of the
improvement in glycaemic control (UKPDS, 1998). Moreover,
metformin significantly decreased the insulin resistance
index, HOMA, and concomitantly increased insulin sensitiv-
ity index, QUICKI, which can partially explain the beneficial
effects on vascular function. These results are consistent with
other studies (Yoshida etal., 2009) that have recently
reported that the major mechanism of metformin action is to
stimulate cellular glucose utilization in GK rats.
Mechanisms that explain the beneficial effects of met-
formin on endothelial dysfunction are still undefined.
Increased NO production/efficacy might be one logical

mechanism, and some data exist, which point towards an
involvement of this mediator. Metformin treatment results in
increased production of NO by increasing AMP-activated
protein kinase-dependent activation of endothelial nitric
oxide synthase (eNOS) (Davis et al., 2006). In addition to
enhancing NO production, metformin decreases circulating
endothelin-1 levels in insulin-resistant women (Orio et al.,
2005). Sartoretto and co-workers (2005) has reported that
metformin increases NO activity, but not expression, and that
it improves microvascular reactivity in type 2 diabetic animal
models. It has also been suggested that metformin can favour
NO efficacy indirectly (Davis et al., 2006), reducing plasma
levels of asymmetric dimethylarginine (Asagami et al., 2002),
a metabolite of arginine that is considered a good predictor of
cardiovascular events in diabetes. Here we have shown a
marked reduction in aortic NO metabolites and pVASP
expression, an index of NO bioavailability (Oelze et al., 2000),
during diabetes and diabetes with hyperlipidaemia. Met-
formin treatment was able to increase NO bioavailability
and normalize endothelium-dependent relaxation in both
normal and high-fat fed GK rats. Moreover, metformin had
no effect when used in normal Wistar rats. The observation of
a decrease in vascular NO bioavailability led us to measure
O," ~anion, a well-known factor in the degradation of NO and
its conversion to peroxynitrite (Pacher etal., 2007). In
agreement with our previous studies in aged GK rats (Sena
etal., 2008), we observed a significant reduction in the
acetylcholine-induced relaxation of aortic rings in GK rats fed
with high-fat diet and an increment in vascular O, ~ anion
and nitrotyrosine staining in aortic rings. Metformin signifi-
cantly reduced O," ~ anion and nitrotyrosine accumulation in
aortic arteries along with a reduction in oxidative stress.
These effects are observed in normal and high-fat fed GK
diabetic rats.

Oxidative stress is now considered to play a key role in
metabolic and vascular derangements in diabetes with an
imbalance arising from exaggerated production and reduced
elimination of radicals. In this study, we present evidence
that metformin exerts an antioxidative effect in vivo: the
amounts of protein carbonyl compounds in serum, urinary
8-OHdG and of tissue O," ~ anion and nitrotyrosine accumu-
lation were diminished by metformin in diabetic high-fat fed
GK rats. This antioxidative effect of metformin is one impor-
tant mechanism underlying the normalization in endothelial
dysfunction observed. Several studies have reported the
inhibitory effect of metformin on oxidative stress under
various conditions: in vitro in either hyperglycaemic or hyper-
lipidaemic environments as well as in vivo (Gargiulo et al.,
2002; Bellin et al., 2006; Faure et al., 1999; Matsumoto et al.,
2008; Scarpello and Howlett, 2008). It inhibits oxidative
stress production predominantly in mitochondria (Batandier
et al., 2006). Recently, it was reported that metformin may
also diminish oxidative stress-related DNA damage (Kanigiir-
Sultuybek etal.,, 2007). Also, metformin treatment
(100 mg-kg'-day' during 6 weeks) diminished the amounts
of oxidized proteins in serum and of tissue lipid peroxides in
12 week old diabetic GK rats (R6sen and Wiernsperger, 2006).
The reduction of oxidative stress by metformin may partly be
due to inhibition of glycation — a process that directly causes
free-radical production. A recent study suggests that the intra-
cellular oxidant properties of metformin may result in the
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Effects of metformin on aortic CCL2 accumulation in Wistar and diabetic GK rats fed with normal and AD diet. Representative aortic sections
demonstrating increased CCL2 staining in the diabetic and GK + AD aortas. Panel presents aorta from control Wistar (A), diabetic GK (B), diabetic
GK fed with AD diet (C), Wistar treated with metformin (D), diabetic GK treated with metformin (E) and diabetic GK + AD treated with metformin

(F) rats.

inhibition of both the receptor for AGEs and the lectin-like
oxidized receptor 1 (Ouslimani et al., 2007).

In diabetic animals, oxidative stress is elevated in propor-
tion to the accumulation of AGEs (Forbes et al., 2002). AGEs
impair endothelial-dependent vascular relaxation mainly by
reducing the bioavailability and activity of NO. In the present
study, we show that chronic administration of high-fat diet to
GK rats significantly increased serum and aortic oxidative
stress parameters, enhanced CML accumulation in aorta and
caused early inflammation in the arterial wall, leading to a
significant decrease in endothelial dependent vasorelaxation
and NO bioavailability. Metformin treatment normalized
endothelial dysfunction in normal and high-fat fed GK
rats increasing NO bioavailability and decreasing oxidative
stress and AGEs formation. Metformin did not enhance
endothelium-dependent relaxation in normal Wistar rats
treated with this antidiabetic drug. Thus, it is not a general
endothelium-dependent relaxation effect of metformin, but
specifically, it restored endothelial function in diabetic GK
rats.

Long-term benefit from metformin could be due to its
anti-glycating properties. Glycation of proteins inhibits their
function and leads to accumulation of extracellular matrix
material. Due to its chemical structure, metformin can directly
bind some potent glycating sugars such as methylglyoxal. It
forms an adduct that has been identified (Ruggiero-Lopez
etal., 1999) and detected in blood from metformin-treated
diabetic patients (Beisswenger and Ruggiero-Lopez, 2003).
Since non-enzymatic glycation is considered as a key patho-
logical process in the development of diabetic vascular com-
plication, this unique action of metformin is of major
significance.
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The idea of a ‘metabolic memory’ suggests that agents
reducing cellular reactive oxygen species and glycation might
be ideal to minimize long-term vascular complications of
diabetes and emphasizes the central place metformin has in
this medical setting (Ihnat et al., 2007). Most importantly,
almost all the effects, whether on macro- or microcirculatory
events, have also been demonstrated in non-hyperglycaemic
conditions, i.e. in insulin-resistant or in ischaemic situations
(Scarpello and Howlett, 2008). These properties are intrinsic
to metformin and therefore add to the benefit obtained by its
improvement of metabolic control.

In vitro studies have shown that metformin is able to
significantly inhibit AGE formation (Ruggiero-Lopez et al.,
1999; Kiho et al., 2005). Chronic treatment with metformin
can also reduce AGE levels in lens, kidney and nerves in
diabetic animals (Tanaka et al., 1999). Several mechanisms by
which metformin inhibit glycation processes have been pro-
posed. It is suggested that metformin traps reactive carbonyl
species such as methylglyoxal and glyoxal (Ruggiero-Lopez
et al., 1999; 2000). It has also been proposed that metformin
reduces methylglyoxal levels enhancing methylglyoxal
detoxification through the glyoxalase pathway (Beisswenger
etal.,, 1999). Metformin may also react with post-Amadori
products (Rahbar et al., 2000).

In addition, metformin not only improves the antioxi-
dant defence but is also a powerful activator of AMP-kinase
(Zou et al., 2004), which is a major regulator of glucose and
lipid metabolism and of glucose-6-phosphate dehydrogenase
(Leverve et al., 2003). The unique efficacy in the treatment of
hyperglycaemia and insulin resistance-dependent complica-
tions is presumably not only an expression of one mecha-
nism alone but of the diverse and manifold properties of this
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compound (Kirpichnikov et al., 2002; Seufert et al., 2004].
Previous studies also show early evidence of metformin
actions beyond its effects on glucose metabolism, including
reduction of plasminogen activator inhibitor-1, von Will-
ebrand factor and smooth muscle cell contractility via either
agonist-induced increase in intracellular [Ca*] or a secondary
increase in nitric oxide (Nagi and Yudkin, 1993; Bhalla et al.,
1996; Dominguez et al., 1996).

Clinical studies further suggest that metformin may alter
inflammation as determined by decreased inflammatory
markers in plasma, including soluble intercellular adhesion
molecule, vascular cell adhesion molecule-1, nuclear factor
k-B and C-reactive protein in some cases of polycystic ovary
syndrome, indicating modulation of inflammation (Morin-
Papunen et al., 2003; Caballero et al., 2004; Isoda et al., 2006).
It has also been shown that metformin causes a reduction in
the plasma concentrations of macrophage migration inhibi-
tory factor in obese subjects (Dandona et al., 2004). In this
work, we present evidence that levels of the chemokine CCL2
were increased in diabetic rats (GK and GK + AD) and were
significantly attenuated after metformin treatment, indicat-
ing an inhibition of early inflammation in aorta of type 2
diabetic rats.

The unique efficacy of metformin in the normalization
(with a reversal of 40%) of aortic endothelial dysfunction is
presumably not only an expression of one mechanism alone
but of the diverse and manifold properties of this antidiabetic
compound.

We conclude that, in GK rats fed with a high-fat diet,
endothelial dysfunction is very clearly expressed in the aorta.
Metformin normalized endothelial dysfunction enhancing
NO bioavailability and reducing oxidative stress, nitroty-
rosine formation and protein glycation and inflammation in
the aorta, in control and high-fat fed diabetic GK rats. These
findings support the concept of the central role of metformin
as a first line treatment for diabetic patients in order to
protect against endothelial dysfunction associated with type
2 diabetes mellitus. This has important implications for the
investigation and treatment of vascular disease in patients
with type 2 diabetes mellitus.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Effect of metformin treatment on vasodilatory
responses to acetylcholine in the presence of N“nitro-L-
arginine methyl ester (L-NAME) 100 uM during 30 min after
phenylephrine preconstriction of aortic segments. Vasorelax-
ation was measured using an isometric force displacement
transducer. Data are expressed as mean = SE (n = 16, 32
vascular ring preparations in 16 animals per group).

Table S1 Effects of metformin on systemic oxidative stress
parameters and nitrite/nitrate levels in aortic tissue
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