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A B S T R A C T

Advanced HF (heart failure) is associated with altered substrate metabolism. Whether modification
of substrate use improves the course of HF remains unknown. The antihyperglycaemic drug
MET (metformin) affects substrate metabolism, and its use might be associated with improved
outcome in diabetic HF. The aim of the present study was to examine whether MET would
improve cardiac function and survival also in non-diabetic HF. Volume-overload HF was induced in
male Wistar rats by creating ACF (aortocaval fistula). Animals were randomized to placebo/MET
(300 mg ·kg− 1 of body weight ·day− 1, 0.5% in food) groups and underwent assessment of
metabolism, cardiovascular and mitochondrial functions (n = 6–12/group) in advanced HF stage
(week 21). A separate cohort served for survival analysis (n = 10–90/group). The ACF group
had marked cardiac hypertrophy, increased LVEDP (left ventricular end-diastolic pressure) and
lung weight confirming decompensated HF, increased circulating NEFAs (non-esterified ‘free’ fatty
acids), intra-abdominal fat depletion, lower glycogen synthesis in the skeletal muscle (diaphragm),
lower myocardial triacylglycerol (triglyceride) content and attenuated myocardial 14C-glucose and
14C-palmitate oxidation, but preserved mitochondrial respiratory function, glucose tolerance
and insulin sensitivity. MET therapy normalized serum NEFAs, decreased myocardial glucose
oxidation, increased myocardial palmitate oxidation, but it had no effect on myocardial gene
expression, AMPK (AMP-activated protein kinase) signalling, ATP level, mitochondrial respiration,
cardiac morphology, function and long-term survival, despite reaching therapeutic serum levels
(2.2 +− 0.7 μg/ml). In conclusion, MET-induced enhancement of myocardial fatty acid oxidation had
a neutral effect on cardiac function and survival. Recently reported cardioprotective effects of
MET may not be universal to all forms of HF and may require AMPK activation or ATP depletion.
No increase in mortality on MET supports its safe use in diabetic HF.
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INTRODUCTION

Advanced HF (heart failure) is characterized not only by
a depression of heart mechanical performance, but also
by altered myocardial metabolism, attenuated expression
of fatty acid oxidation genes [1,2] and by diminished
oxidation of long-chain fatty acids [1,3–5], which may
contribute to diminished metabolic flexibility and to
energetic deficiency that further promotes worsening of
HF [6]. Targeting energetic substrate metabolism might
thus serve as a target for novel therapeutic approaches to
HF [7,8].

MET (metformin), a widely used antihyperglycaemic
drug with insulin-sensitizing properties, could be a
suitable candidate for metabolic HF therapy. MET low-
ers serum glucose by inhibiting liver gluconeogenesis,
lowers circulating NEFAs (non-esterified ‘free’ fatty
acids) and improves insulin sensitivity. Some effects of
MET can be explained by an activation of AMPK (AMP-
activated protein kinase) [9], the enzyme that senses
and regulates cellular energetic homoeostasis, but it is
not likely to be the only mechanism of MET effects
[10,11]. Administration of MET might also favourably
affect mitochondrial function and increase mitochondrial
biogenesis by activating PPAR (peroxisome-proliferator-
activated receptor)-α/PGC-1α (PPAR-γ coactivator-1α)
[12]. Although MET is one of the most widely prescribed
medications in human medicine, its effects on the heart
are not well characterized.

Until recently, MET use in patients with HF was
contraindicated due to a theoretical risk of lactic acidosis.
Non-randomized observational studies had suggested
that MET-treated diabetics with HF may have lower
mortality than those on other antidiabetic regimes [13,14].
Because non-diabetic HF patients also have insulin
resistance [15] and NEFA elevation [16], MET might be
helpful in the wider HF population. The use of MET
for metabolic therapy of HF needs to be established in
experimental settings.

Volume overload represents a clinically relevant
condition leading to HF, for example in aortic or
mitral valve insufficiency. The rat model of chronic HF
due to volume overload induced by ACF (aortocaval
fistula) has been well characterized previously [17–
19]. It shares many similarities with the natural course
of human HF, including gradual development of the
disease that proceeds through a stage of compensated
hypertrophy followed by gradual decompensation into
overt HF [19], neurohumoral activation, cardiac output
redistribution [20], fluid retention with pulmonary
congestion and impairment of myocardial efficiency [21].
On the other hand, volume-overload-induced HF has
several features distinct from other HF models, including
a lack of myocardial fibrosis and inflammation [22,23]
and involvement of different signalling pathways (up-
regulation of Akt and Wnt signalling) compared with

experimental myocardial infarction or pressure overload
[23]. The aim of the present study was to test the
hypothesis that chronic MET therapy would correct HF-
induced metabolic abnormalities and improve cardiac
performance and survival in the volume-overload HF rat
model.

MATERIALS AND METHODS

Animal HF model
HF was induced by volume overload from ACF
using a needle technique [17,18]. Further details of
the methods used can be found in the Supplementary
Materials and methods section at http://www.clinsci.
org/cs/121/cs1210029add.htm. Sham-operated controls
underwent a similar procedure but without the
creation of ACF. MET groups received 0.5 % MET
(Teva Pharmaceuticals) mixed into the standard diet
(normal salt/protein diet; 0.45 % NaCl, 19–21 % protein;
SEMED), placebo (PL) groups received an identical diet
but without MET. The study examined three rat cohorts,
and each cohort had four randomly allocated groups:
SH+PL (sham-operated without MET), SH+MET
(sham-operated with MET), ACF+PL (ACF-without
MET), ACF+MET (ACF with MET). The first cohort
(n = 6–10/group) served for cardiac and mitochondrial
function assessment, the second cohort (n = 6–8/group)
served for organ metabolic studies and both cohorts
were killed at week 21 after the ACF procedure. The
third cohort (n = 10/SH groups, n = 90/ACF groups)
was left free of any procedures and served for a survival
analysis until week 52. The investigation conformed to
the National Institutes of Health ‘Guide for the care and
use of laboratory animals’ (NIH Publication no. 85–23,
1996) and Animal protection law of the Czech Republic
(311/1997), and was approved by the ethics committee at
IKEM.

Echocardiography and haemodynamics
Animals were anaesthetized i.p. (intraperitoneally) with
a ketamine/midazolam injection (50 mg and 5 mg/kg of
body weight). Echocardiography was performed using a
7.5 MHz probe (Vivid System 5, GE), and end-systolic
and end-diastolic sizes of the left ventricle together with
wall thicknesses were measured in PLAX (parasternal
long-axis) and PSAX (parasternal short-axis) projection,
the size of the right ventricle in A4C (apical four-
chamber) projection. Invasive haemodynamic evaluation
was performed by F2 Millar catheter inserted into the
aorta and left ventricle via the carotid artery. After
the haemodynamic assessment, rats were killed by
exsanguination, the coronary tree was flushed with ice-
cold cardioplegic solution and left ventricle free wall
samples were instantly flash frozen in liquid nitrogen for
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biochemical analyses or used for mitochondrial function
assessment or electron microscopy.

Myocardial biochemistry and
ultrastructure
Myocardial ATP content was measured in flash-frozen
tissue using HPLC [24]. The content of total and
phosphorylated forms of AMPK was assessed by
Western blotting as described previously [25]. Briefly,
pAMPK (phosphorylated AMPK) was assessed using
a rabbit anti-pAMPK antibody (Cell Signaling) and
tAMPK (total AMPK) using a goat anti α1+α2 AMPK
antibody (Santa Cruz Biotechnology). ACC (acetyl-
CoA carboxylase) is a downstream target for AMPK.
The ratio of pACC (phosphorylated ACC) at Ser79 to
tACC (total ACC) is a robust assay of AMPK activation
[26]. pACC was quantified by Western blotting using
phospho-specific rabbit antibodies against Ser79 (Abcam).
tACC was measured using IR-Dye-800-conjugated
Streptavidine (Rockland). The mitochondrial respiratory
chain complexes I–V were quantified by Western
blotting [27]. Specific activities of cytochrome c oxidase
and citrate synthase were determined spectropho-
tometrically in the myocardial homogenate [28].
Myocardial ultrastructure was studied on samples from
the left ventricle fixed in glutaraldehyde, post-fixed
with osmium tetroxide, stained with uranyl acetate
and examined with a transmission electron microscope
(Philips CM100l, FEI) with ×25 000 magnification. Image
area occupied by mitochondria, myofibrils and cytoplasm
was quantified using a grid point-counting method [29];
results are expressed as a percentage.

Mitochondrial function
In the myocardial tissue homogenate, the max-
imal ADP-stimulated oxidative capacity of mito-
chondria was determined as the oxygen consump-
tion rate with palmitoylcarnitine (12.5 μM)+malate
(3 mM)+glutamate (10 mM)+succinate (10 mM) using a
high-resolution oxygraph-2k (OROBOROS) [30]. The
respiratory control index, which indicates the tightness of
the coupling between respiration and phosphorylation,
was calculated as the ratio of glutamate+malate+ADP
(1.5 mM) respiration without and with oligomycin
(6 μM).

Myocardial gene expression
Total RNA was isolated by RNeasy Micro Kit (Qiagen),
and 200 ng of total RNA was used for the amplification
procedure and 1.5 μg of amplified RNA was hybridized
on the chip according to the manufacturer’s procedure.

Microarray analysis
The raw data (.TIFF image files) were analysed using
‘beadarray’ package [31] of the ‘Bioconductor’ [32] within

the R environment (http://www.r-project.org) [33]. The
GSEA (gene set enrichment analysis) was performed on
gene sets defined by the KEGG (Kyoto Encyclopedia
of Genes and Genomes; http://www.genome.ad.jp)
pathways [34]. Lists of genes assigned to the KEGG
pathways were downloaded from the KEGG (release
48.0).

Systemic and organ metabolic analyses
MET serum level was checked in tail-vein serum at
week 11 in the ACF+MET (n = 12) and SH+MET
(n = 18) groups. The MET level was measured using an
HPLC method with separation on a silica column (Ther-
moQuest) with spectrophotometric detection. oGTTs
(oral glucose tolerance tests) were performed in all groups
at week 20 using an oral glucose load of 300 mg/100 g
of body weight by gavage after overnight fasting. Blood
was drawn from the tail without anaesthesia before the
glucose load (0-min time point) and at 30, 60 and 120 min
thereafter. Serum glucose was measured by the glucose-
oxidase assay and serum NEFAs were determined
using a colorimetric assay (Roche). Serum insulin was
determined using a rat insulin ELISA kit (Mercodia).
Tissue triacylglycerols were measured in liquid nitrogen-
powdered tissues after chloroform/methanol extraction
using the enzymatic assay (Pliva-Lachema); this assay was
also used for serum triacylglycerols. The glycogen in the
heart was measured after KOH extraction [35].

Glycogen synthesis and glucose oxidation in the heart and
muscle
Basal and insulin-stimulated 14C-glucose incorporation
into glycogen and CO2 was determined ex vivo in isolated
diaphragm [36]. Similarly, 1-mm-thick cross-sectional
slices of the left ventricle at midpapillary level were
analysed [37].

Fatty acid oxidation in the heart
Fatty acid oxidation in the heart tissue muscles and heart
slices was determined by measuring the incorporation of
14C-palmitic acid into CO2 [38].

Statistics
Two-way ANOVA with Bonferroni post-hoc adjustment
was used to compare the effects of surgery and MET
treatment. Survival analysis was performed using the
Gehan–Breslow–Wilcoxon test. P values <0.05 were
considered statistically significant.

RESULTS

MET serum assessment
MET serum level at week 11 was 2.2 +− 0.7 μg/ml
(13 +− 4.15 nmol/ml) in the ACF+MET group (n =
12) and 1.9 +− 2.7 μg/ml (11.6 +− 16.1 nmol/ml) in the
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Table 1 Morphometric characteristics at week 21 after ACF
Values are means+− S.E.M., n = 6–8/group. BW, body weight; SH, sham-operated; PL, placebo. *Significantly
different (P < 0.05) than sham.

Group

Characteristic SH+PL SH+MET ACF+PL ACF+MET

Body weight (g) 592+− 20.9 603+− 11.9 586+− 23.4 579+− 22.0
Heart weight (g) 1.63+− 0.08 1.74+− 0.04 3.10 +− 0.16* 3.23+− 0.21*
Heart weight/BW (g/100 g) 2.80+− 0.12 2.90+− 0.12 5.29 +− 0.18* 5.59+− 0.33*
Lung weight/BW (g/100 g) 3.30+− 0.16 3.69+− 0.53 4.23 +− 0.19* 4.48+− 0.29*
Liver weight/BW (g/100 g) 28.7+− 0.93 28.3+− 0.99 27.7 +− 1.01 27.0+− 1.04
Tibia length (mm) 43.2+− 0.30 42.3+− 0.41 43.1 +− 0.43 43.1+− 0.42
Epididymal fat body/BW (g/100 g) 1.63+− 0.16 1.46+− 0.14 1.22 +− 0.06* 1.30+− 0.11*
Perirenal fat body/BW (g/100 g) 1.52+− 0.17 1.41+− 0.24 1.05 +− 0.08* 1.25+− 0.11*
Subcutaneous fat body/BW (g/100 g) 0.26+− 0.04 0.28+− 0.02 0.26 +− 0.12 0.25+− 0.09

Table 2 Haemodynamics at week 21 after ACF
Values are means+− S.E.M., n = 6–8/group. LV, left ventricular; SH, sham-operated; PL, placebo. *Significantly different (P < 0.05) than sham.

Group

Parameter SH+PL SH+MET ACF+PL ACF+MET

Maximal LV pressure (mmHg) 129+− 7.11 139+− 8.33 120+− 3.96 128+− 6.94
LVEDP (mmHg) 6.7 +− 0.84 6.8+− 0.45 12.1+− 0.66* 11.4+− 1.35*
Systolic duration (% of cycle duration) 46.7+− 4.79 49.5+− 1.77 59.8+− 1.95* 55.3+− 1.21*
Heart rate (s− 1) 345+− 13.3 386+− 10.3 360+− 10.8 323+− 13.3
dP/dtmax (mmHg/s) 11417+− 965 12730+− 834 11504+− 733 11655+− 1030
dP/dtmin (mmHg/s) − 13314+− 1593 − 12520+− 4192 − 11056+− 2540 − 11508+− 1977
LV relaxation constant tau (s) 0.015+− 0.0013 0.012+− 0.0013 0.034+− 0.0188 0.039+− 0.0203

SH+MET group (n = 18; P = 0.68), being within
the range of human therapeutic dose (corresponding
to a daily 2000 mg of MET dose in an average
adult; http://www.accessdata.fda.gov/drugsatfda_docs/
label/2008/020357s031,021202s016lbl.pdf) and within
the range of no observable adverse effect for
rats [40].

Organ morphometry, haemodynamics and
echocardiography
All groups had similar body weights and tibial lengths.
Both ACF groups had marked heart hypertrophy
(Table 1) and increased lung weight/body weight
indicating pulmonary congestion. ACF animals had a
depletion of intra-abdominal adipose tissue in epididymal
and perirenal fat bodies.

ACF animals had elevated LVEDP (left ventricular
end-diastolic pressure), indicating decompensated heart
failure, but still preserved left ventricular contractility
(dP/dtmax) and relaxation (dP/dtmin, tau constant). The
systolic duration/cycle length ratio was higher in both
ACF groups. No effect of MET on haemodynamics was
observed (Table 2).

ACF animals had marked enlargement of both
ventricles (Table 3), a 2-fold increase in stroke volume
and cardiac output due to fistula and diminished
left ventricular fractional shortening and LVEF (left
ventricular ejection fraction). Both left ventricular
anterior and posterior walls in all groups showed similar
thicknesses. No effect of MET on echocardiographic
parameters was observed.

Metabolic assessment

Glucose and glycogen metabolism
When assessed using oGTTs, all the groups showed
similar glucose levels throughout the test and preserved
postprandial glycaemic regulation (Figures 1A and
1B). ACF animals had lower insulin levels at the
baseline (Figure 1C) and a trend towards lower levels
postload (Figure 1D). Myocardium of all animals showed
similar contents of glycogen (Figure 2D) and rate of
glycogen synthesis (results not shown). Myocardial
glucose oxidation was significantly lower in both ACF
groups, and MET treatment induced further lowering
(Figure 2E), independently of the ACF procedure.
ACF animals had a lower rate of glycogen synthesis
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Table 3 Echocardiography at week 21 after ACF
Values are means+− S.E.M., n = 6–8/group. LV, left ventricular; RV, right ventricular; SH, sham-operated; PL, placebo.
*Significantly different (P < 0.05) than sham.

Group

Parameter SH+PL SH+MET ACF+PL ACF+MET

Heart rate (s− 1) 425+− 12.3 432+− 12.7 370+− 27.4 375+− 18.2
LV diastolic diameter (mm) 6.08+− 0.40 6.70+− 0.09 10.20+− 0.48* 9.75+− 0.40*
LV systolic diameter (mm) 1.95+− 0.42 2.63+− 0.19 5.47 +− 0.42* 4.62+− 0.39*
LV fractional shortening (%) 69.2+− 5.00 60.8+− 2.78 46.7 +− 2.46* 53.0+− 2.58*
LV anterior wall thickness in diastole (mm) 2.30 +− 0.08 2.28+− 0.07 2.33 +− 0.09 2.25+− 0.09
LV posterior wall thickness in diastole (mm) 2.33+− 0.07 2.32+− 0.09 2.31 +− 0.09 2.23+− 0.12
RV diastolic diameter (mm) 2.85+− 0.18 3.34+− 0.30 5.07 +− 0.29* 4.96+− 0.52*
LVEF (%) 93.0+− 2.36 88.6+− 1.72 75.2 +− 2.66* 81.4 +− 2.56*
Stroke volume (μl) 174+− 21.6 205+− 7.07 447+− 44.6* 436+− 35.3*
Cardiac output (ml/min) 73.57+− 8.6 88.80+− 4.7 159.85+− 10.8* 160.41+− 9.2

in the skeletal muscle (diaphragm) than sham animals
(Figure 3A), but all groups had a similar insulin-
stimulated increment of glycogen synthesis (Figure 3B),
which is a measure of skeletal muscle insulin sensitivity
[36,41]. There was no difference in skeletal muscle
(diaphragm) glucose oxidation (results not shown).

Lipid metabolism
Serum and liver triacylglycerols were similar in all
groups (Figures 2A and 2C). In contrast, myocardial
triacylglycerol content was markedly decreased in ACF
animals (Figure 2B). ACF animals had increased serum
NEFA concentrations in fasted state and even more
after glucose loading compared with sham-operated
animals. MET treatment reduced NEFA levels in both
MET-treated groups compared with placebo (Figures 1E
and 1F). Myocardial palmitate oxidation was reduced
in the ACF+PL group by 37 % (P < 0.001) compared
with SH+PL. MET treatment (ACF+MET) increased
myocardial palmitate oxidation to a level similar to that
in the SH+PL group (Figure 2F).

Mitochondrial function
Cytochrome c oxidase (complex IV) and citrate
synthase activities (Figures 5D and 5E) and the protein
content of mitochondrial respiratory chain complexes
I–V did not show any difference between groups
(Supplementary Figure S1 at http://www.clinsci.org/cs/
121/cs1210029add.htm). Maximal ADP-stimulated res-
piratory chain capacity, measured as O2 consumption
with palmitoyl-carnitine+malate+glutamate+succinate
(Figure 5C), as well as respiratory control index
(Figure 5B), was again similar in all groups, reflecting
that the resting respiration was largely intact and coupled.
Analysis of myocardial ATP content showed a similar
level of ATP (Figure 5A), indicating an undisturbed
resting energetic state in HF animals.

Electron microscopy showed no apparent struc-
tural abnormalities, and the proportions occupied by
myofibrils, mitochondria and cytosol were similar in
all groups (Supplementary Figure S2 at http://www.
clinsci.org/cs/121/cs1210029add.htm).

AMPK signalling
To characterize the activity of the AMPK-regulatory
cascade, total content and phosphorylation of both
AMPK and its target ACC were assessed by Western
blotting. At the level of AMPK, ACF animals showed
significantly higher contents of both tAMPK and
pAMPK than sham groups. However, the ratio between
pAMPK and tAMPK (pAMPK/tAMPK) was similar,
independent of ACF procedure or MET treatment
(Figures 4A–4C). At the level of ACC, no differences
either in tACC, pACC or in pACC/tACC ratio were
observed between groups (Figures 4D–4F). These results
suggest a modest upstream AMPK activation due to ACF
procedure, but the absence of a significant functional
consequence at the level of the downstream target
of AMPK either due to ACF procedure or to MET
treatment.

Myocardial gene expression analysis
Out of 23 401 detected transcripts, we observed
no difference between ACF+MET and ACF+PL,
which was in striking contrast with fistula-induced
transcriptional changes (ACF+PL compared with
SH+PL), where 128 transcripts were differentially
expressed (99 up-regulated and 29 down-regulated;
Storey’s q value <0.05 and 2-fold or greater change
in intensity). A heatmap with all differentially ex-
pressed transcripts is shown in Supplementary Figure
S3 (http://www.clinsci.org/cs/121/cs1210029add.htm).
KEGG pathway analysis revealed the down-regulation of
pathways involved in fatty acid metabolism in response
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Figure 1 Serum levels of glucose, NEFAs and insulin
(A) Serum glucose levels during oGTT. (B) AUC (area under the curve) of serum glucose during oGTT. (C) Serum insulin level at the beginning of oGTT. (D) Serum
insulin level at 60 min of oGTT. (E) Serum NEFAs at the beginning of oGTT. (F) Serum NEFAs at 60 min of oGTT. Results are expressed as means+− S.E.M. n.s., not
significant.
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Figure 2 Content and metabolism of lipids and glucose
(A) Triacylglycerols (triglycerides) in the serum. (B) Triacylglycerols in the heart. (C) Triacylglycerols in the liver. (D) Glycogen in the heart. (E) 14C-glucose oxidation
in the heart. (F) 14C-palmitate oxidation in the heart. Results are expressed as means+− S.E.M. n.s., not significant.

Figure 3 Diaphragm glycogen synthesis
(A) Diaphragm glycogen synthesis under basal conditions. (B) Diaphragm glycogen synthesis; increase in glycogen synthesis due to insulin stimulation. Results are
expressed as means+− S.E.M. n.s., not significant.
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Figure 4 Heart AMPK activation
(A) tAMPK. (B) pAMPK. (C) Ratio between pAMPK and tAMPK. (D) tACC. (E) pACC. (F) Ratio between pACC and tACC. Results are expressed as means+− S.E.M. A.U.,
arbitrary units n.s., not significant.

to ACF (Supplementary Table S1 http://www.clinsci.
org/cs/121/cs1210029add.htm).

Survival
None of the control animals died throughout the study.
The first deaths in the ACF groups occurred between
weeks 10 and 15, and 77.2 % of the ACF+PL (80.5 % of
ACF+MET) animals were dead by the end of the study.
Median survival was 45.5 weeks in the ACF+PL group
and 44.5 weeks in the ACF+MET group. MET therapy
had no effect on survival in ACF animals (Figure 6).

DISCUSSION

The present study shows that chronic volume overload-
induced HF is associated with lower glycogen synthesis
in the skeletal muscle (diaphragm), lower heart
triacylglycerol content, higher plasma NEFAs, lower
plasma insulin level and depressed myocardial glucose
and palmitate oxidation. Long-term administration of
the antihyperglycaemic drug MET normalized elevated
NEFAs, further decreased myocardial glucose oxidation
and increased myocardial palmitate oxidation, but had

no effect on myocardial AMPK activation, ATP content,
mitochondrial function or morphology. No relevant
improvement in cardiac performance or long-term
survival was observed in MET-treated HF animals.
Despite several recent studies reported beneficial effect
of MET in other non-diabetic HF models [42–44], our
present study indicates that this improvement is not
common to all HF forms. Decreased cellular energetic
charge [10] and/or AMPK activation by MET may be
required for improvement of cardiac performance in
HF. Conversely, prolonged exposure of symptomatic HF
animals to high-dose MET led to no increase in mortality,
supporting safety of MET use in diabetic HF.

Peripheral and systemic MET effects
At the systemic level, MET lowered basal and post-
prandial circulating NEFAs due to increased NEFA uti-
lization and perhaps also due to diminished NEFA
release from adipose tissue because of known inhibitory
effects of MET on catecholamine-stimulated lipolysis
[45]. ACF rats had a depletion of intra-abdominal
adipose tissue, indicative of enhanced fat mobilization
due to neurohumoral activation from HF, but MET did
not reverse fat depletion. MET also had no effect on
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Figure 5 Mitochondrial function
(A) ATP content. (B) Mitochondrial respiratory control index (with glutamate, without/with oligomycin). (C) Maximal mitochondrial oxidation rate (with malate,
palmitoylcarnitine, succinate, glutamate and ADP). (D) Cytochrome c oxidase activity. (E) Citrate synthase activity. Results are expressed as means+− S.E.M. n.s., not
significant.

Figure 6 Survival analysis

insulin-mediated glycogen synthesis in skeletal muscle,
which is a measure of insulin sensitivity.

Cardiac effects of MET
In the heart, MET treatment significantly increased
the palmitate oxidation that was attenuated in the
ACF+PL group. Diminished oxidation of long-chain

fatty acids and down-regulation of enzymes of fatty acid
oxidation in the heart have been repeatedly described
both in HF patients [1] and in animal HF models
[3,4,46], including rats with ACF [5,47,48], reflecting
probably a reactivation of a fetal-like gene transcriptional
programme [2,4]. Whether this change is adaptive or not
is still under discussion. The functional consequences of
drug-induced reversal of diminished fatty acid oxidation
are unknown. Our present study indicates that drug-
induced enhancement of fatty acid oxidation has a neutral
effect on survival and cardiac function in HF due to
volume overload, supporting the view that diminished
myocardial fatty acid oxidation does not play a causal
role in HF progression. Similar findings were reported
also in pacing-induced HF, where long-term therapy
with the PPAR-α agonist fenofibrate increased fatty
acid utilization, but did not delay HF onset [49]. MET
had no effect on mitochondrial respiratory function,
myocardial gene transcription profile and the size of the
mitochondrial compartment within the cardiomyocyte,
speaking against the specific activation of mitochondrial
biogenesis [50]. Myocardial gene expression profile in
MET-treated ACF animals was unchanged, indicating
non-genomic mechanisms involved in the fatty acid
oxidation increase after MET. Moravec and co-workers
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[5] have shown that isolated cardiac mitochondria from
ACF rats have impaired activation and transport of
the palmitoyl group across the outer mitochondrial
membrane (via palmitoyl-CoA synthase and carnitine
palmitoyl-CoA transferase-1), leading to attenuated
oxidation of palmitate, but preserved oxidation of
palmitoyl carnitine. Kinetic studies indicated that the co-
operation between those two enzymes deteriorates with
increasing NEFA concentrations. Thus the improvement
in fatty acid oxidation after MET treatment in ACF group
can be a consequence of the mere reduction of circulating
NEFAs in serum [5]. The apparent opposite responses
of myocardial fatty acid oxidation and glucose oxidation
can be explained either by a MET-induced inhibition of
glycolysis [11] or by a Randle effect, i.e., increased fatty
acid oxidation increases the concentration of acetyl-CoA
in the Krebs cycle, leading to an inhibition of pyruvate
dehydrogenase with a subsequent inhibition of glycolysis
and glucose oxidation [51].

Comparison with other HF studies
The absence of benefit of MET on cardiac function
or survival in ACF-induced HF is in contrast with
other recently published studies in other HF models.
Gundewar et al. [44] examined the effect of very low
dose MET (125 μg · kg− 1 of body weight · day− 1, i.p.) on
cardiac function and survival in mice subjected to LAD
(left anterior descending coronary artery) ligation. MET
extended the survival at 4 weeks by 47 %, improved left
ventricular remodelling and corrected MI (myocardial
infarction)-induced defects in mitochondrial respiration
and ATP synthesis. Despite the fact that the administered
MET dose was lower by three orders of magnitude than
in our present study (i.e. 300 mg of MET · kg− 1 of body
weight · day− 1) or than is normally used in humans,
authors were able to detect increased phosphorylation of
AMPK, eNOS (endothelial NO synthase) and increased
expression of PGC-1α in the heart. In another study,
Sasaki et al. [42] examined the effect of 4-week oral
MET therapy (100 mg · kg− 1 of body weight · day− 1)
in the tachypacing HF model in dogs. Compared with
placebo, MET improved LVEF, slowed HF progression
and decreased myocardial apoptosis via an AMPK-
dependent mechanism [42]. Xiao et al. [52] documented
an improvement in cardiac diastolic function upon MET
treatment in a pressure overload HF model. The dose
used in that study (200 mg ·kg− 1 of body weight ·day− 1)
was similar to ours.

Lack of a protecting effect of MET in a
volume-overload HF model
The mechanism of MET action is still incompletely
understood. One possibility suggests an activation
of AMPK that turns on energy-providing and turns
off energy-consuming metabolic pathways [9,53], but
non-AMPK-dependent MET effects have also been

described [10,11]. The reason why MET therapy provided
no haemodynamic or survival benefit in the ACF-
induced HF model in contrast with other models is
not clear. We excluded the possibility of underdosing
or poor absorption because MET serum levels were
adequate and within the therapeutic range observed
in humans [40]. The effect of MET could be affected
by varying intracellular import, which depends on
the capacity of OCT-1 (organic cation transporter-1).
Genetic polymorphisms in the OCT-1 gene (SCL22A1)
were shown to affect a clinical response to MET the-
rapy in humans [54]. In our present study, MET
administration had no effect on either mitochondrial
functions or on mitochondrial and ultrastructural
morphology. Ultrastructural morphology was similar
among groups regardless of ACF procedure or MET
treatment, despite a marked increase in heart weights
in both ACF groups. This can be explained by an in-
crease in myocyte width and length [55]. An increase
in both pAMPK and tAMPK forms of AMPK was
observed, with a preserved pAMPK/tAMPK ratio. On
the level of ACC, which is a direct downstream target
of AMPK, no differences in pACC, tACC or in the
pACC/tACC ratio occurred. This observation suggests
a modest upstream AMPK activation due to ACF
procedure, but the absence of a significant functional
consequence at the level of the downstream target of
AMPK. Insufficient AMPK activation could potentially
explain the lack of MET benefit in our model. AMPK
catalytic subunits are highly conserved, so interspecies
structural differences are unlikely to explain the inability
of MET to activate AMPK in our protocol. An absence
of AMPK activation in our ACF-induced HF model
could be explained by an unaltered myocardial ATP level
in this model. Model-specific differences thus seem to
provide an acceptable explanation. The cardioprotective
effect of MET can be at least partially ascribed to the
attenuation of cardiac fibrosis [52], but compared with
pre-ssure overload, volume overload is not associated
with increased myocardial fibrosis [22,23]. Compared
with the study by Gundewar et al. [44], we did
not find any increase in AMPK activity or decrease
in oxygen consumption rate or respiratory control
index. It appears that in contrast with pressure overload,
volume overload does not sufficiently alter resting
mitochondrial function [23], and thus, it may lack the
substrate for MET action. Finally, no insulin resistance
was observed in our volume-overload HF model, so the
lack of insulin resistance might also imply a missing
substrate for MET action. Despite all these specifics
of the model, we should be aware that HF is a non-
uniform syndrome, and it should be studied in subsets.
Volume overload is a clinically important condition,
and its most common form (mitral insufficiency) often
complicates other heart diseases and independently
increases mortality [56].
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Metabolic abnormalities in the ACF HF
model
The ACF-induced HF model showed several specific
features. Despite gene expression analysis showing an
extensive down-regulation of the β-oxidation pathway
and several respiratory chain components in ACF, the
ATP-generating capacity of mitochondria in surplus
oxygen and substrates was preserved. This might
be explained by a redundancy in enzyme activities
and longer half-life [4,57]. Myocardial ATP content,
presented for the first time in this model, was also normal.
This is in agreement with the study from Marcil et al.
[58] who showed normal myocardial oxidative capacity
in compensated ACF-induced HF (week 15), but marked
sensitivity of the heart to hypoxia, indicating preserved
ATP levels at rest, but attenuated energetic reserve during
increased stress. Low myocardial triacylglycerol content
in ACF hearts, also reported for the first time, is probably
related to limited re-esterification of triacylglycerols due
to low availability of NADPH [59], and this abnormality
was unchanged by MET therapy. Although a number of
works described connections between elevated levels
of NEFAs [16] and insulin resistance [15,60] in HF,
muscle insulin sensitivity, measured as an insulin-induced
increment of glycogen synthesis [36,41], was preserved
in ACF, making perhaps this model less prone to the
benefits of MET. Interestingly, fasting and postprandial
insulinaemia were actually lower in ACF than in
control animals. Pancreatic hypoperfusion or negative
effects of chronically elevated NEFAs on pancreatic
β-cell secretory function might be responsible for this
phenomenon [61].

In conclusion, the results of the present study show
that long-term MET therapy in rats with HF due to
volume overload decreases circulating NEFAs, decreases
myocardial glucose oxidation and increases myocardial
palmitate oxidation, but these effects have neutral impact
on cardiac performance and survival in HF. Recently
reported cardioprotective effects of MET may not be
universal to all forms of HF and may require AMPK
activation or ATP depletion. Prolonged exposure of a
large group of severely symptomatic HF animals to high-
dose MET led to no apparent increase in mortality, which
provides robust data regarding the toxicology of MET
[40] and supports its safe use in HF patients with diabetes.
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SUPPLEMENTARY MATERIALS AND
METHODS

Chronic HF model from volume overload
HF was induced by volume overload from ACF
using a needle technique [1–3]. Male Wistar rats
(Anlab) weighting 300–350 g were anaesthetized with
ketamine/midazolam mixture (5 mg of midazolam and
50 mg of ketamine/kg of body weight) and midline
abdominal laparotomy was performed to expose the
infrarenal aorta and vena cava. An 18-gauge needle
(diameter 1.2 mm; Becton Dickinson) was inserted into
the abdominal aorta and advanced through the medial
wall into the vena cava to create ACF as described
previously [1–3]. The aorta above the puncture was then
temporarily clamped, needle withdrawn and the puncture
site was sealed with cyanacrylate glue. Creation of ACF
was confirmed by observing pulsatile, bright flow in the
inferior vena cava. The abdominal cavity was closed by
an absorbable suture. The ACF procedure was associated
with 13 % early (�7 days) mortality, occurring mostly
within the first 48 h.

After 1 week, animals were randomly divided into
MET and placebo groups. MET groups received 0.5 %
MET (Teva Pharmaceuticals) in food (normal salt/protein
diet–0.45 % NaCl, 19–21 % protein; SEMED), calculated
intake from preliminary experiments was 300 mg · kg · − 1

of body weight · day− 1. Placebo groups received the

same, but without the addition of MET. All animals were
kept on a 12/12-h light/dark cycle and were weighted
weekly. Three different rat cohorts were employed in
the study; in each cohort, four different types of rats
were present: SH+PL (sham-operated without MET),
SH+MET (sham-operated with MET), ACF+PL (ACF
without MET) and ACF+MET (ACF with MET).
The first cohort of rats (n = 6–10) served for an
echocardiography analysis, invasive haemodynamic ana-
lysis, gene transcription analysis, transmission electron
microscopy analysis, mitochondrial function analysis,
AMPK signalling analysis and ATP content analysis.
The second rat cohort (n = 6–8) served for a metabolic
analysis. The third rat cohort (n = 10 for SH+PL and
SH+MET, n = 90 for ACF+PL and ACF+MET) served
for a survival analysis. Sample size calculation (n = 70)
was based on a mortality assumption by week 30 of
50 % in the no-treatment group and 29 % in the treated
group (log-rank test, one-sided, α = 0.05, β = 0.8) with
some reserve (n = 20/group) for early surgical mortality.
Since rats survived the procedure better than expected, all
surviving animals were left in the experiment in order to
avoid an underpowered study.

Except for the survival analysis, all experiments
were carried out at week 21. Animals that died
up to week 21 were excluded from the analysis.
No animals were excluded from the survival analysis
cohort.

Correspondence: Dr Jan Benes (email jan.benes@ikem.cz).
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Echocardiography and haemodynamics
All measurements were performed at the study end
(week 21). Animals were anaesthetized with an above-
mentioned mixture of ketamine/midazolam i.p. injection,
shaved, and ventricular thicknesses and dimensions were
measured in triplicate by an experienced echocardio-
grapher using a 7.5 MHz US probe (Vivid System 5, GE).
End-systolic and end-diastolic left ventricular volumes
were derived by cubic equation [4] and the stroke volume
as their difference. After echocardiography, invasive
haemodynamics evaluation was performed by Millar
micromanometer catheter inserted into the aorta and left
ventricle via the carotid artery. Pressure and three-lead
ECG signal were digitalized at 1 kHz and recorded using
a Powerlab 8 platform for off-line analysis with LabChart
software (ADInstruments). The presence of pulsatile
AVF was then verified from midline laparotomy, and the
animals were killed by rapid exsanguination. The beating
heart was excised, and the coronary tree was promptly
orthogradely perfused with 10 ml of ice-cold St Thomas
cardioplegia solution. The apical part of the left ventricle
was used for the assessment of AMPK signalling, ATP
content analysis and mitochondrial function analysis. The
basal third of the ventricles was used for morphology.
Midventricular samples of left ventricular free wall
were immediately harvested into RNA-Later solution
(Ambion) and stored at − 80 ◦C. Wet weights of liver,
kidney and lungs were measured in wet state and
normalized to body weight.

Transmission electron microscopy
Ultrastructural studies were performed on samples fixed
in 3.25 % (v/v) glutaraldehyde in cacodylate buffer,
postfixed in osmium tetroxide and embedded in epoxy
resin. Ultrathin sections were cut (Leica EM UC6)
and stained with uranyl acetate and Reynolds solution.
Sections were imaged with a Phillips CM100 electron
microscope (FEI). Individual images were recorded at
a primary magnification of ×25000 and 80 kV. Digital
image acquisition was carried out with MegaViewII slow
scan camera resolution of 1280 × 1024 pixels and 12 bits
dynamic range. For high-resolution imaging of large
sample areas, a MIA module of Analysis 3.2 software
was used. This module allows automatic image recording
using the image shift function and subsequent image
stitching. MIA module parameters were the following:
every high resolution overview image was created from
a matrix of 4 × 5 images (1280 × 1024 px each) with 96
pixels overlap. Resulting high-resolution images were
trimmed and equalized by standard module functions.
Subsequently, the final images were processed using the
DCE filter of the Analysis 3.2 system in order to enhance
the rendition of mitochondrial membrane system. The
proportion of mitochondrial and myofibrillar volume
was estimated on electron micrographs using a standard
stereological point counting method (e.g. Gundersen and

Jensen [4a]). Digital micrographs were opened in Adobe
Photoshop (version 8.0) and overlayed by a 250 × 250
pixel grid using the Show −→ Grid option. Using
three separate layers (for mitochondria, myofibrils and
the rest of the cytoplasm excluding nuclei), dots were
placed over the grid line intercepts with each particular
structure of interest using a Pencil tool. The number of
dots in each layer was then automatically counted after
exporting the individual layers as uncompressed TIFF
files in ImageJ. Mitochondrial and myofibrillar fractions
were then defined as a percentage of intercepts of these
structures from total cell volume, as described previously
[5].

Gene expression and GSEA (gene set
enrichment analysis) pathway analysis

RNA analysis
Total RNA was isolated by an RNeasy Micro Kit
(Qiagen) according to the procedure for fibrous
tissues (cardiomyocytes). The quantity of the RNA
was measured on a NanoDrop ND-1000 (NanoDrop
Technologies LLC). RNA integrity was assessed on an
Agilent 2100 Bioanalyser (Agilent Technologies). All
RNA samples had RIN (RNA integrity number) >8.
Illumina RatRef-12 v1 Expression BeadChip (Illumina)
was used for the microarray analysis following the
standard protocol: 200 ng of total RNA was amplified
with Illumina TotalPrep RNA Amplification Kit
(Ambion) and 1.5 μg of amplified RNA was hybridized
on the chip according to the manufacturer’s procedure.
All analyses were done in �6 individual animals per
group.

Microarray analysis
The raw data (.TIFF image files) were analysed using
‘beadarray’ package [6] of the ‘Bioconductor’ [7]
within the R environment (http://www.r-project.org)
[8]. All hybridizations passed a control of quality.
The data were background-corrected, variance-stabilized
by logarithmic transformation and normalized with
the probe level quantile method. Before detection of
differential expression, 50 % of the least varying probes
based on IQR (interquantile range) were disregarded;
however, the probes with detection P value <0.05
in at least one sample (null model: negative controls
of the BeadChip) were kept. Analysis of differential
expression was performed with the ‘limma’ package
[9]. Annotation of differentially expressed transcripts
was done against the manifest provided by Illumina
(RatRef_12_V1_0_R3_11222119_A.bgx; Illumina). Only
transcripts with Storey’s q-value <0.05 [10] and fold-
change <0.5 or >2 were reported. The data were
deposited in the ArrayExpress database (accession no.
E-MTAB-190).
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Pathway analysis
GSEA was performed on gene sets defined by the KEGG
pathways [11]. Lists of genes assigned to the KEGG
pathways were downloaded from the KEGG (release
48.0) directly, and the probes were assigned to KEGG
pathways accordingly. Two methods of GSEA were
applied: first, we performed a simple Fischer test on
over-representation of up-regulated (respectively, down-
regulated, significantly changed) probes in a selected
KEGG pathway against the overall ratio of up-regulated
(down-regulated, significantly changed) probes in the
complete dataset. Secondly, we performed GSEA accord-
ing to Tian et al. [12]. Only pathways with a false discov-
ery rate [13] <0.05 are reported in the present study.

Determination of ATP content
Flash-frozen heart tissues stored in liquid nitrogen were
extracted by homogenization in 6 % (w/v) perchloric
acid (0.5 ml of solution per 100 mg of tissue). After
centrifugation for 10 min at 4 ◦C and 10 000 g, the
supernatants were neutralized (final pH of 6–7) with
0.4 M triethanolamine+1.8 M KOH. ATP concentration
was determined using the HPLC procedure as described
[14]. Separation and quantification was performed
using a Hewlett-Packard 1100 system with a diode
array detector. Calibration was performed using the
appropriate standards.

Quantification of ACC
Tissue lysates (10 μg of protein) were subjected to
electrophoresis using precast 3–8 % Tris/acetate gels
(Invitrogen). Protein was transferred to nitrocellulose
membranes (Bio-Rad), and the membranes were blocked
in Odyssey Blocking Buffer (Li-Cor Biosciences) for
1 h at RT (room temperature; 22 ◦C). Phospho-specific
rabbit antibodies against the Ser79 (Abcam) site on ACC
were used (incubation overnight at 4 ◦C) for the detection
of pACC (phosphorylated ACC) and IR Dye 800
conjugated Streptavidine (Rockland) for the detection of
the tACC (total ACC) (incubation overnight at 4 ◦C).
After overnight incubation, membranes labelled with
antibody against pACC were washed 5 × 5 min with
TBST [TBS (Tris-buffered saline) containing 0.1 % Tween
20] and then incubated for 1 h at RT with secondary
antibody (anti-rabbit IgG conjugated to IR dye 800;
Rockland). After incubation, membranes were washed
5 × 5 min using TBST and 1 × 5 min with TBS. Then,
membranes were scanned using Odyssey IR Imager
(Li-Cor Biosciences). Results were evaluated with Aida
software.

Quantification of AMPK
The content of tAMPK and pAMPK was assessed by
Western blot as described before [15]. Tissue lysates
(15 μg protein) were subjected to SDS/PAGE (10%gel).
Protein was transferred to NC Hybond C-extra

membrane (Amersham Biosciences), and the membranes
were blocked in Odyssey Blocking Buffer (Li-Cor
Biosciences) for 1 h at RT. Primary antibodies against
phospho-AMPK (rabbit anti-pAMPK; Cell Signaling
Technology) and tAMPK (goat anti-α1+α2 AMPK;
Santa Cruz Biotechnology) were used. After overnight
incubation, membranes labelled with antibodies against
AMPK and pAMPK were washed 5 × 5 min with TBST
and then incubated for 1 h at RT with secondary
antibody (anti-goat IgG conjugated to IR dye700 and
anti-rabbit IgG conjugated to IR dye800; Rockland).
After incubation, membranes were washed for 5 × 5 min
using TBST and once for 10 min with TBS. Then,
membranes were scanned using Odyssey IR Imager
(Li-Cor Biosciences). Results were evaluated with Aida
software.

Mitochondrial function assessments
Tissue samples of the left ventricle (50–100 mg wet
weight) were cut by scissors on ice into small pieces and
gently homogenized using a Teflon-glass homogenizer at
4 ◦C in 25 mM sucrose, 75 mM sorbitol, 100 mM KCl,
5 mM MgCl2, 10 mM Tris/HCl, 0.05 mM EDTA, pH 7.2
and filtered through 200-μm nylon mesh. In homo-
genates, the quantity of mitochondrial respiratory chain
complexes was determined by electrophoretic analysis
combined with immunoblotting using specific antibodies
as described before [16]. Specific activities of cytochrome
c oxidase and citrate synthase in the homogenate
were determined spectrophotometrically [17]. Maximal
ADP-stimulated oxidative capacity of mitochondria in
the homogenate was determined as oxygen consump-
tion rate with palmitoyl carnitine (12.5 μM)+malate
(3 mM)+glutamate (10 mM)+succinate (10 mM) using
high-resolution oxygraph-2k (OROBOROS) [18], and
the respiratory control index was calculated as the ratio of
glutamate+malate+ADP (1.5 mM)–respiration without
and with oligomycin (6 μM).

Metabolic analyses

Biochemical analyses
Blood glucose levels were measured by the glucose
oxidase assay (Pliva-Lachema) using tail vein blood
drawn into 5 % trichloroacetic acid and promptly
centrifuged. Serum NEFA levels were determined using
an acyl-CoA oxidase-based colorimetric kit (Roche
Diagnostics).

Tissue triacylglycerol measurements
For the determination of triacylglycerol in the heart,
tissues were powdered under liquid nitrogen and
extracted for 16 h in chloroform/methanol (2:1, v/v),
after which 2 % KH2PO4 was added, and the solution
was centrifuged. The organic phase was removed
and evaporated under N2. The resulting pellet was
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Figure S1 Mitochondrial respiratory chain protein complexes show no difference in their abundance (results) between the
animals with ACF and the controls
(A) Mitochondrial protein complex I, (B) complex II, (C) complex III, (D) complex IV and (E) complex V. Results are from the Western blot analysis and are expressed
as means +− S.E.M. A. U., arbitrary units; n.s., not significant.

dissolved in propan-1-ol, and triacylglycerol content was
determined by an enzymatic assay (Pliva-Lachema).

Glycogen content in myocardium
The glycogen from the heart was extracted by boiling
in 30 % KOH and reprecipitated three times with 96 %
ethanol. The precipitate was centrifuged, washed with
ethanol, and the content of glycogen was determined as
described previously [19].

Muscle and myocardial glycogen synthesis
and glucose oxidation
Basal and insulin-stimulated 14C-U-glucose incorpora-
tion into glycogen and CO2 was determined ex vivo
in isolated diaphragm and heart slices as described
previously [20,21]. Briefly, after decapitation, tissues were
incubated for 2 h in Krebs–Ringer bicarbonate buffer,
at 37 ◦C, gas phase 95 % O2+5 % CO2, pH 7.4, that
contained 5.5 mM unlabelled glucose, 0.1 μCi/ml of 14C-
U-glucose and 3 mg/ml BSA (Armour, Fraction V) with
or without 250 μ-units/ml insulin. All incubations were
performed at 37 ◦C in sealed vials in a shaking water bath.

After 2-h incubation, 0.3 ml of 1 M hyamine hydroxide
was injected into the central compartment of the
incubation vessel and 0.5 ml of 1 M H2SO4 into the main
compartment to liberate CO2. The vessels were incubated
for another 45 min; the hyamine hydroxide was then
quantitatively transferred into the scintillation vial con-
taining scintillation fluid for the counting of radioactivity.

For the measurement of basal and insulin-stimulated
glucose incorporation into glycogen, muscles were
removed from the incubation medium, rinsed in ice-cold
physiological solution and put into chloroform/methanol
(2:1, v/v). Myocardial muscle metabolism was measured
by a modified method reported elsewhere [22]. Instead
of isolated papillary muscles, 1-mm thick cross-sectional
slices of the left ventricle at midpapillary level were
analysed to provide higher mass and signal.

Fatty acid oxidation in cardiac muscle
Fatty acid oxidation was determined in heart slices
by measuring the incorporation of palmitic acid into
CO2 as described previously [23]. Palmitate oxidation
was measured in Krebs–Ringer bicarbonate buffer with
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Figure S2 Transmission electron microscopy shows no differences between the animals with ACF and the controls
Proportions of (A) myofibrils (my), (B) mitochondria (mi) and (C) cytosol in the study groups. Results are expressed as means +− S.E.M. (D) Electron micrograph of a
representative ACF+MET sample and (E) electron micrograph of a representative SH+MET sample.

0.5 μCi/ml of 14C-palmitic acid complexed with BSA
(3 mg/ml, fraction V; Sigma) and 0.3 μmol/ml cold
(non-radioactive) palmitic acid. The incubation was
carried out at 37 ◦C in sealed vials in a shaking water
bath. After a 2-h incubation, 0.2 ml of 1.0 M hyamine
hydroxide was injected into the central compartment
of the vessel, and 0.5 ml of 1 M H2SO4 was injected into
the main compartment containing incubation medium
to liberate CO2. The vessels were incubated for an
additional 45 min. The hyamine hydroxide was then
quantitatively transferred to the scintillation vial for
radioactivity counting. Results are expressed as nmol of
palmitate · min− 1 · g− 1 of wet tissue.

Assessment of MET serum levels
The concentrations of MET were determined using
an HPLC method with spectrophotometric detection.
The serum samples were stored in the freezer at
− 80 ◦C. Thawing was allowed at RT before processing
of the sample. A portion (25 μl) of serum were
pipetted to the tube, and 150 μl of acetonitrile
was added. No internal standard was used. The
tube was vortex-mixed for 30 s at 400 g. The tube was then

centrifuged for 3 min at 600 g, and the supernatant was
transferred to the autosampler vial. Five microlitres
was injected into a HPLC system consisting of the P1000
pump, UV 1000 spectrophotometric detector, data station
with PC1000 software, version 2.5 (Thermo Separation
Products) and Midas automatic sample injector (Spark
Holland). The separation was performed on a Hypersil
Silica 30 mm × 4.6 mm, 3 μm column (ThermoQuest,
Hypersil Division) with a silica 4 mm × 3 mm precolumn
(Phenomenex, Torrance). The mobile phase consisted of
acetonitrile/10 mM ammonium acetate mixture (60:40,
v/v). The flow rate was 1 ml/min at 35 ◦C. The analyte
retention time was 2.4 min at these conditions, and the
whole run time lasted 3 min. The detection wavelength
was 238 nm, and the time constant of the detector was set
to 0.5 s.

The autosampler was operated in a pickup mode
with acetonitrile used as the transport liquid. The wash
solution in the autosampler was methanol/water/acetic
acid mixture (50:50:1). The calibration curve was
constructed from six points in the range 93.65–
5277 ng/ml to encompass the expected concentrations in
measured samples. The calibration curves were obtained
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Figure S3 Transcription profiles of animals with ACF differ significantly from the profiles of sham-operated animals,
irrespective of MET treatment
A heatmap of all significantly differentially expressed transcripts between either treated or untreated sham and ACF animals (SH+PL compared with ACF+PL and
SH+MET compared with ACF+MET) is shown. All transcripts with the Storey’s q-value <0.05 and 2-fold or greater change in intensity in at least one of the two
contrasts are presented. A darker colour reflects a greater quantity of the transcript. Gene symbols are given next to the transcript they refer to.
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Table S1 Results of GSEA on KEGG pathways significantly
down-regulated for ACF+PL compared with SH+PL
Metabolic changes in animals with ACF: all significantly down-regulated KEGG
pathways between placebo-treated sham-operated animals (SH+PL) and animals
with the ACF (ACF+PL), with a false discovery rate <0.05.

False discovery rate of
Pathway ID Pathway name pathway down-regulation

rno00071 Fatty acid metabolism <0.0001
rno00280 Valine, leucine and

isoleucine degradation
<0.001

rno00062 Fatty acid elongation in
mitochondria

0.002

rno00640 Propanoate metabolism 0.04

by weighted linear regression (weighing factor 1/x2): the
analyte peak area was plotted compared with the analyte
concentration. In case of a sample with a concentration
above the upper limit of quantification, dilution with a
blank serum and re-analysis was applied.
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