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Abstract

Aims

Obesity, diabetes, and metabolic syndromes are risk factors of atrial fibrillation (AF). We tested the
hypothesis that metabolic disorders have a direct impact on the atria favouring the formation of the
substrate of AF.
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Methods and results

Untargeted metabolomic and lipidomic analysis was used to investigate the consequences of a prolonged
high-fat diet (HFD) on mouse atria. Atrial properties were characterized by measuring mitochondria
respiration in saponin-permeabilized trabeculae, by recording action potential (AP) with glass
microelectrodes in trabeculae and ionic currents in myocytes using the perforated configuration of patch
clamp technique and by several immuno-histological and biochemical approaches. After 16 weeks of HFD,
obesogenic mice showed a vulnerability to AF. The atrial myocardium acquired an adipogenic and
inflammatory phenotypes. Metabolomic and lipidomic analysis revealed a profound transformation of atrial
energy metabolism with a predominance of long-chain lipid accumulation and beta-oxidation activation in
the obese mice. Mitochondria respiration showed an increased use of palmitoyl-CoA as energy substrate.
APs were short duration and sensitive to the K-ATP-dependent channel inhibitor, whereas K-ATP current
was enhanced in isolated atrial myocytes of obese mouse.

Conclusion

HFD transforms energy metabolism, causes fat accumulation, and induces electrical remodelling of the
atrial myocardium of mice that become vulnerable to AF.
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1. Introduction AQ6

Metabolic disorders, such as obesity, metabolic syndrome, or diabetes are risk factors for atrial fibrillation
(AF), the most frequent cardiac arrhythmia in clinical practice.1 For instance, each increase in body mass
index is associated with 4% increase in incidence of AF. There is also a correlation between the duration of
diabetes mellitus, the level of dysglycaemia and the risk of AF.2

Whether this epidemiologic association between AF and metabolic disorders is due only to shared
comorbidities or also to causal pathophysiological links remains to be established. Several studies have
shown that myocardial metabolism is an important determinant of the pathophysiology of AF. For instance,
transcriptomics and metabolomics analysis of human atrial samples reveals the major metabolic stress of the
myocardium caused by AF and characterized the predominant use of glucose and ketone bodies as the main
feature. An up-regulation at both transcript3 and protein4 levels of several glycolytic enzymes has been
observed in atrial myocardium during AF, suggesting that glycolysis overcomes the short-term energy
demand. Experimental models of obesity and metabolic syndrome are characterized also by a vulnerability
to AF.5

The epicardial adipose tissue (EAT), the abundance of which is associated with both increased incidence
and prognostic of AF, could be one interface between AF and metabolic disorders.6–8 EAT is an important
source of free fatty acid (FA) and adipokines; it regulates the redox state of the atrial myocardium.9,10

However, under certain clinical circumstances, EAT can secrete pro-fibrotic and pro-inflammatory factors
becoming arrhythmogenic.11 Furthermore, patients suffering from obesity or metabolic syndrome show
more atrial EAT suggesting that metabolic disorders are an adipogenic factor for the atrial myocardium.12

Beneficial or detrimental effects of excess exposure of the heart to dietary FA delivery have been described
depending on pre-existing cardiac diseases or the metabolic profile of the myocardium.13 For instance, high
amount of dietary fat can cause the accumulation of lipids into the myocardium and cardiac dysfunction.14

This study examined whether an excess of dietary fat can have a direct impact on the atrial myocardium
and whether it can contribute to the formation of the substrate of AF. Using unbiased lipidomic and
metabolomic approaches together with physiological, histological, and biochemical analysis, we found that
high FA delivery to the atria causes a shift of the oxidative profile of the atrial myocardium that become
adipogenic, inflamed, and vulnerable to AF.

2. Methods

2.1 Study approval
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All animal experiments were in compliance with the Guide for the Care and Use of Laboratory Animals,
according to the Directive 2010/63/EU of the European Parliament approved by the local committee of
animal care (Agreement A751320).

2.2 Experimental model and clinical study

Eight-week-old male C57Bl/6J mice (20–25 g) purchased from Janvier (CERJ, Laval, France) were
subjected to 4 months of either a high-fat diet (HFD) (60% fat, D12492i Research diet) (n = 60) or a
normal diet (ND) (8.4% fat, A04 Safe) (n = 60). In mice under 0.2–0.5% isoflurane anaesthesia,
transthoracic echocardiography was performed and atrial burst pacing was delivered through an oesophageal
probe as described in the Supplementary material online, Methods.

2.3 Insulin test tolerance, glucose tolerance test

At 16 weeks diet endpoint, mice were fasted for 6 h before glucose tolerance test (GTT) or insulin test
tolerance (ITT) and blood samples were collected from tail vein (Supplementary material online, Methods).

2.4 Electrophysiological measurements

APs were recorded in left atria (LA) trabeculae using glass microlectrode filled with 3-M KCl. The
pharmacological study on K-ATP modulators on AP was performed by superfusing atrial trabeculae with
Tyrode’s solution supplemented with 30 µM cromakalim (Sigma-Aldrich) or 1 µM glibenclamide (Sigma-
Aldrich). APs were recorded before and after drug application. Ionic currents were recorded in
enzymatically isolated atrial myocytes as previously described and using the whole-cell and perforated
configurations of the patch clamp technique.15

2.5 Metabolomic and lipidomic analysis

Plasma and pooled atria (right and left) were collected from mice after 4 months HFD (n = 50) or ND (n =
50), and lipidomics and metabolomics analysis were processed as described in the Supplementary material o
nline, Methods and Table S1.

2.6 Mitochondrial respiration

Mitochondrial respiration was studied in situ in saponin-permeabilized atrial muscle fibres using a Clarke
electrode16 (Supplementary material online, Methods).

2.7 Enzyme activity

Hydroxyacyl-CoA dehydrogenase (HADHA) activity was performed at 30°C in a buffer containing 100
mM Na2H2P2O7 (pH 7.3), 1 mM EDTA (pH 7.3), 0.15 mM NADH, and 0.05 mM acetoacetyl
coenzyme A with a protein concentration of 2 µg/µL. Absorbance was acquired at 340 nm during 3 min
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and HADHA activity was calculated using an extinction coefficient for NADH of 6220 L.mol−1.cm−1.
Rates were given as international units (IU)/g protein.

2.8 Histology and immunofluorescence

Histology and immunofluorescence were performed with Masson’s trichrome staining and
immunofluorescence assays. Some sections were incubated with antibodies as described in the Supplement
ary material online, Methods.

2.9 Flow cytometry

Cells isolated from the right and LA were washed and incubated with antibodies against CD45-APC Cy7
(clone 30-F11 eBiosciencs cat# 47-0451-82), CD3-PerCp Cy5 (clone 145-2C11 eBiosciencs cat #45-
0031-82), CD19-PE (clone 1D3 eBiosciences cat# 12-0193-82), Ly6C-FiTC (clone AL21, eBiosciences,
cat# 553104), Ly6G-PE (clone 1A8, eBiosciences, cat# 551461), and F4/80-APC (Serotec cat#
MCA497APCT) as described in Supplementary material online, Methods.

2.10 Transcriptomics assay

The qPCR assay was performed by using a TaqMan or Syber green gene expression assay17 (Supplementa
ry material online, Methods).

2.11 Statistics

Shapiro–Wilk’s normality test was performed to evaluate the normality of data distribution. Data are
expressed as median with IQR using the appropriate Mann–Whitney when the data were not normally
distributed. Data are expressed as means ± SEM. Differences were investigated using the appropriate t-test
o r one-way ANOVA and a Bonferroni post-hoc analysis and were considered significant at P < 0.05.
Statistical analysis was performed with GraphPad Prism 6.0 (GraphPad Software, Inc.). Statistical
analyses of both the metabolomics and lipidomics data were performed using Multi Experiment Viewer
statistical software package (version 4.9.0; http://www.tm4.org/mev/).18 Data are shown as mean ± SEM.
Comparisons of the two groups (ND and HFD) were performed by a two-tailed Student’s t-test. Features
were considered significant when the P-value was below 0.05 after Benjamini–Hochberg correction for
false discovery rate (FDR) correction.19 The volcano plot depicting the enrichment and depletion of
metabolomics and lipidomics features together with the fold change were plotted using EnhancedVolcano R
package. We used Microsoft Excel to make the forest plot of individual metabolites and lipids (P-value
<0.05), the fold-change plots of the lipid species alterations (P-value <0.05) and the mountain plots of lipid
and metabolites (P-value <0.05). The corrplot R package was used to build the correlation matrix by
Pearson parametric correlations with P-value <0.05 as significant.

3. Results
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3.1 HFD induces obesity, glucose intolerance, and AF vulnerability

Mice under a prolonged, HFD gained weight and became obese at 16 weeks (46.93 ± 0.70 g and 28.74 ±
0.34 g in HFD vs. ND, respectively, P < 0.0001, n = 10/group) (Figure 1A). Furthermore, they displayed
higher fasting glucose and insulin concentrations and exhibited altered glucose tolerance and insulin
sensitivity compared to ND mice (Figure 1B–D).
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Figure 1 HFD induces obesity, glucose intolerance, and vulnerability to atrial arrhythmia. (A) Body mass of
C57BL/6J mice fed with either HFD (n = 10) or ND (n = 10) for 16 weeks. Data are expressed as
mean±SEM; two-way ANOVA with Bonferroni’s post hoc test. *P = 0.0476, ***P = 0.0002. (B) Blood
glycaemia and insulinaemia and HOMA-IR index measured at 6 h-fasting C57BL/6J mice fed with either
HFD (n = 10) or ND (n = 10) for 16 weeks. (C) Time course of blood glucose measure and (D) area
under the curve of GTT and ITT obtained in HFD (n = 5 or 10) and ND (n = 10). (E) Diastolic left
ventricle diameter, shortening fraction (n = 10), and LA surface (n = 5) measured using echocardiography
in HFD or ND at 16 weeks. Heart and both atria (left and right) weight reported to tibia length in HFD (n
= 34) or ND (n = 25) at 16 weeks. (F) Representative ECG recording of burst pacing-induced atrial
arrhythmia in obese mice fed an HFD (n = 22) and in lean mice fed a ND (n = 21). (G) Histogram
showing the number of mice (HFD, n = 22, ND, n = 21) from the two groups that developed AF in
response to atrial burst pacing; statistical analysis was performed using a contingency χ2 test. (H) Histogram
of the arrhythmia duration (HFD, n = 22, ND, n = 21). Data are expressed as the mean±SEM of three
independent experiments and Mann–Whitney test. 
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Echocardiographic examination showed a moderate dilatation of the left ventricle, together with a slight
decreased systolic function and an atrial dilation in HFD mice at 16 weeks (F i gure 1E). On
electrocardiogram (ECG), P wave was slightly prolonged (16.04 ± 1.28 ms vs. 14.08 ± 1.49 ms, P <
0.0001), and R–R interval was shorter (104.2 ± 25.08 ms vs. 154.9 ± 24.06 ms, P < 0.0001) in 16-week
HFD compared to ND mice. Oesophageal delivery of burst of rapid stimulation triggered an episode of AF
in mice with a higher frequency and of longer duration in obese than lean animals (Figure 1F–H). Finally,
heart and atrial weights were increased in obese mice: heart weight/tibia length (97.1 ± 1.39 mg/cm vs.
87.21 ± 1.59 mg/cm in HFD and ND mice, respectively, P < 0.0001); LA weight/tibia length (2.84 ± 0.13
mg/cm vs. 2.20 ± 0.10 mg/cm in HFD and ND mice, respectively, P < 0.001); and right atria weight/tibia
length (3.72 ± 0.22 mg/cm for HFD mice vs. 2.95 ± 0.18 mg/cm P < 0.01) (Figure 1E). Taken together,
these results indicate that long-lasting HFD induces a metabolic syndrome together with a moderate cardiac
remodelling and vulnerability to AF in keeping with the literature.20

3.2 HFD stimulates β-oxidation and lipid elongation in the atrial myocardium

The impact of HFD on lipidomic and metabolomic profile of the atrial myocardium was investigated using
mass spectrometry. Principal component analysis (PCA) revealed a distinct metabolic profile between HFD
and ND mice at 16 weeks (Figure 2A). The volcano plot showed a reduction of carnitine (C0), short-chain
acylcarnitines (C2, C3), and short-chain triglycerides (TG), mostly C16, containing FAs (48:0, 48:1, and
48:3), whereas glycolysis intermediates (hexose-6-phosphate and hexose-1-phosphate), hexosamine
phosphate and long-chain, mostly C18, FA phospholipids and sphingomyelins were increased upon HFD
(Figure 2B).
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Forest plot analysis of distribution of individual lipid species shows that 218 lipid species were significantly
altered (Figure 2C) and that over 60% of them were enriched, in atria of HFD mice independently of the
chain length (Figure 2C), such as sphingolipids, the negatively charged PL, PA, and PG (Supplementary 
material online, Figure S1A and B) AQ7. For the other lipid classes, alterations were chain-length
dependent with an enrichment in long and polyunsaturated and depletion in saturated and short (C16
containing lipids) species (Supplementary material online, Figure S1C–E). Overall, the atrial myocardium

Figure 2 Alteration of the metabolic profile of the atrial myocardium after prolonged HFD. (A and B)
Metabolomics and lipidomics features of the atrial myocardium from HFD and ND mice after 16 weeks of
diet (n = 25) (A) PCA score plot and (B) Volcano plot; blue, metabolites depleted; red, metabolites
enriched; grey, no significant difference. P < 0.05, fold change ≥1. (C and D) Forest plots represent
individual lipids classified with respect to increasing chain length for each lipid subclass and metabolites (n =
25 mice in the two groups). Plots in blue represent individual (C) lipids or (D) metabolites distinct between
HFD and ND conditions. (E) Histogram represents (C0)/acylcarnitine (C16) + acylcarnitine C18 ratio
measured in mice atrium upon 16-week HFD compared to ND. Data are expressed as mean±SEM of
independent experiments. Groups are compared using t-test, P-value <0.05 corrected by FDR. 
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of HFD mice was enriched in C18-containing lipid species as indicated by the reduction of the C16/C18
ratio in all lipid classes and by the increase in total mass of TG and FFA (Supplementary material online, Fi
gure S2A–C).

A total of 49 metabolites were modulated by HFD (26 down-regulated and 23 up-regulated) including
acylcarnitines, branched-chain amino acids, creatine while glycolysis and gluconeogenesis intermediates,
hexosamine, ketone bodies, and polyols were increased (Figure 2D). Furthermore, transcripts for key
enzymes involved in glycolysis and lipogenesis, i.e. hexokinase (HK2), acetyl-CoA carboxylase alpha
(ACACA) and fatty acid synthase (FASN) were increased, whereas diacylglycerol O-acyltransferase
homolog 2 was reduced (Supplementary material online, Figure S3A) in atria of 16 weeks HFD mice. The
decrease in pyruvate/lactate ratio in the atrial myocardium reflecting the drop of pyruvate (Supplementary 
material online, Figure S3B) pointed to impairment of glycolysis.

The carnitine (C0)/acylcarnitine (C16+C18 species) ratio, which is inversely associated with the
palmitoyltransferase-1 (CPT-1) activity,21 a key enzyme controlling the rate limiting step mitochondrial FA
flux, was reduced in HFD compared to ND mice (Figure 2E) reflecting a higher CPT-1 activity in the
former. These results indicate that in response to an excess of dietary fat the atrial myocardium accumulates
long-chain FA, polyunsaturated species, and energy substrates whereas the expression of genes involved
energy metabolism pathways is increased.

3.3 Distinct metabolic and lipidomic profiles between plasma and atrial
myocardium

Although there was a large overlap of lipidome between atrial myocardium and plasma (Figure 3A and B),
some alterations appeared specific to the tissue compared to plasma (Figure 3C), such as the increase in
very long TG in the lipidome of the atrial myocardium (Figures 2C and 3C). The plasma from HFD mice
was enriched in sphingolipids, PC and PG, carbohydrates, amino acids, ketone bodies, and polyols and
depleted in PI and acylcarnitines (Supplementary material online, Figure S4A–D).
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Correlation analyses between individual lipid species in the atrium showed that most of ceramides correlated
with short-chain TG containing SFA and MUFA, whereas an inverse correlation was observed between
both these lipid classes and either TG with long FA chains containing PUFAs (mostly AA) or PG (Supplem
entary material online, Figures S5A and B and S6). The identification of specific clusters of lipids that
negatively or positively correlated pointed to the impact of circulating lipids on atrial myocardium lipidome (
Supplementary material online, Figure S7A). There was also a strong correlation of β-oxidation
intermediates (carnitine and acylcarnitines) between atria and plasma (Supplementary material online, Figur

Figure 3 Distinct metabolic and lipidomic profiles between plasma and atrial myocardium after prolonged
obesogenic diet. (A and B) Superimposition of lipidomics (A) and metabolomics (B) fold-change plots of
atrium (in blue) and serum (in grey) and showing large overlap between groups (n = 25). P < 0.05, FDR
corrected. (C) Forest plot showing individual lipids in atrial myocardium ordered by chain length and for
each lipid subclass. Blue and yellow plots show significantly altered lipid species in HFD vs. ND fed atria.
In blue, plots common to atrium and serum, in yellow, plots specific to atrium. Data are expressed as
mean±SEM of independent experiments. Groups are compared using t-test, P-value <0.05 corrected by
FDR. 
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e S7B). Of note, glycolytic metabolites in the atrium were positively correlated to hexosamines and
nucleotides, highlighting the use of carbons from the glucose molecule by hexosamine biosynthetic and
pentose phosphate pathways at the expense of the glucose oxidation pathway.

3.4 Measurement of mitochondria respiration revealed an increased β-oxidation in
atrial trabeculae from obese mice

We then examined whether this metabolic shift was associated with changes in mitochondrial respiration in
HFD mice. Oxygen consumption was measured in permeabilized atrial fibres and showed that
mitochondrial respiration rates were not altered after the sequential addition of glutamate (Complex I),
pyruvate (production of acetyl-coA and NADH by PDH + Complex I), succinate (Complex I and II), and
amytal to inhibit Complex I (Complex II) in both right and LA of HFD mice eliminating major
mitochondrial dysfunction (Figure 4A and B). Of note, after a TMPD-ascorbate addition, a slight but
significant decrease in O2 consumption was observed only in the right atria of HFD mice (Figure 4A and
B).
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HFD was associated with an increase of O2 consumption upon the addition of palmitoyl-CoA-carnitine
(PCoA-Car) in both the left atrium (6.61 ± 0.71 µmol O2/min/g dry weight vs. 3.45 ± 0.58 µmol O2/min/g
dry weight in HFD and ND mice, respectively P = 0.003) and the right atrium (5.39 ± 0.69 µmol O2/min/g
dry weight vs. 3.25 ± 0.61 µmol O2/min/g dry weight in HFD and ND mice, respectively, P = 0.032)

Figure 4 Measurement of mitochondria respiration revealed an increased β-oxidation in atrial trabeculae
from obese mice. (A and B) Dot plots represent mitochondrial respiration rates in right (A) or left (B) atrial
fibres permeable incubated with glutamate (10 mM), pyruvate (1 mM, Complex-I substrate), succinate (15
mM, Complex-II substrate), amytal (1 mM, Complex-I inhibitor), or TMPD-ascorbate (0.5 mM,
Complex-IV activator) (n = 10). (C) The O2 consumption was measured in both right and LA of mice
upon 16-week HFD after palmitoyl-CoA-carnitne (100 μM) addition (n = 10). (D) The measure of
substrate utilization after PCoA-Car (100 μM) addition was normalized with maximal O2 consumption
(Vmax) in both left and right obesogenic mice atria compared to ND (n = 10). (E) The activity of HADHA
was measured in mice atria upon 16-week HFD or ND (n = 10). Data are expressed as mean±SEM of
independent experiments. Statistical analysis was performed using unpaired t-test. 
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(Figure 4C). To evaluate substrate utilization, PCoA-Car was added and respiration rates were expressed
as a percentage of maximal Complex I + II respiration rates. In HFD mice, a ~2-fold increase in oxygen
consumption was observed in right atria (43.94 ± 4.78% vs. 21.58 ± 3% in HFD and ND mice,
respectively, P = 0.0009) and a 1.8-fold increase in LA (46.9 ± 3.96% vs. 25.99 ± 4.11% in HFD and ND
mice, respectively, P = 0.0018) (Figure 4D). These results indicate a higher capacity to use FAs by
mitochondria of atrial myocardium of HFD than ND mice.

Finally, the activity of the HADHA, a key enzyme of β-oxidation, was increased in the atria of HFD mice
(345.14 ± 5.40 IU/g vs. 302.35 ± 11.32 IU/g protein, HFD and ND mice, respectively, P = 0.0031)
(Figure 4E). Taken together, these results indicate an activation of β-oxidation without major alteration of
mitochondrial respiratory chain function in the atria of HFD mice.

3.5 AP shortening and K-ATP current activation in the atrial myocardium of obese
mice

As myocyte excitability is tightly controlled by cellular metabolism, we next compared the electrical
properties of the atria between HFD and ND mice, by recording APs in left atrial trabeculae preparation
using the gold standard glass-microelectrode technique. In HFD mice, AP duration (APD) was shortened
at a different time of repolarization, for instance APD90 (69.46 ± 1.39 ms vs. 76.98 ± 1.65 ms in HFD
and ND mice, respectively, P < 0.0001) (Figure 5A). A shortening of the AP was observed already after 2
weeks of HFD (Supplementary material online, Figure S8).

Figure 5 AP shortening and K-ATP current activation in the atrial myocardium of obese mice. ( A) ADP
measured at 25%, 50%, 75%, and 90% of the repolarization in left atrial trabeculae from HFD (red dot, N
= 97 AP recordings, n = 9 mice) and ND (black dot, N = 104 AP recordings, n = 11 mice) animals. (B and
C) Superimposition of AP measured at 1 Hz upon Tyrode and glibenclamide ( B) or cromakalim (C)
conditions and recorded after 16 weeks of diet in ND mouse atrial trabeculae; right panels, quantification of
the experiments by comparing the APD 75% and APD 90% between the various conditions tested (for
glibenclamide, N = 34 AP recordings, n = 5 mice; for cromakalim, N = 16 AP recordings, n = 3 mice) and
HFD (for glibenclamide N = 18 AP recordings, n = 5 mice; for cromakalim experiments, N = 16 AP
recordings, n = 4 mice). (D) Current–voltage relation of global potassium current measured at the end of
500 ms test pulse delivered form a holding potential of −80 mV and from −130 to +60 mV in perforated
patch clamped atrial myocytes isolated form ND (black curve, N = 31 myocytes, n = 15 mice) and HFD
(red curve, N = 19 myocytres, n = 11 mice) mice. (E) Using the same protocol as in panel D, current–
voltage relation curves of subtracted component of potassium current suppressed by 5 μM glibenclamide in
ND (black curve, N = 14 myocytes, n = 7 mice) and HFD (red curve, N = 10 myocytes, n = 8 mice) mice.
(F) Current–voltage relation curves of subtracted component of potassium current inhibited by 500 μM
barium-sensitive current in ND (black curve, N = 16 myocytes, n = 11 mice) and HFD (red curve, N = 13
myocytes, n = 9 mice) animals. Data are expressed as mean±SEM of independent experiments. Statistical
analysis was performed using Mann–Whitney U test (A) or two-way ANOVA and Bonferroni post hoc test
(B–F). 
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K-ATP channels has been shown to constitute an important mechanistic link between metabolism and
cardiac excitability,22 therefore, we decided to test the effects of KATP modulators on AP. Glibenclamide, a
specific blocker of KATP channels, prolonged APD in HFD but not in ND mice, for instance at 75%
(APD75: 41.28 ± 1.017 ms to 33.46 ± 1.365 ms, P < 0.0001) and 90% of repolarization (APD90: 53.43 ±
1.669 ms to 65.41 ± 1.772 ms, P < 0.0001) (Figure 5B). In contrast, cromakalim, a specific opener of
ATP-sensitive potassium channels, shortened AP in ND but not in HFD mice (APD75: 41.49 ± 1.598 ms
to 33.61 ± 1.653 ms, P = 0.0034; APD90: 67.76 ± 2.041 ms to 56.83 ± 2.253 ms, P = 0.0031)
(Figure 5C).

These pharmacological profiles of APs suggested an abnormal activation of KATP-dependent channels in
atrial cardiomyocytes of HFD mice. However, in whole-cell configuration, no difference in potassium
currents recorded between −130 and +60 mV was observed between HFD and ND atrial myocytes
(Figure 5D). As in the whole-cell configuration, the cytosolic medium is continuously dialysed by the
pipette solution, currents were recorded in the patch-perforated configuration in order to preserve the
metabolic integrity of isolated atrial myocytes.23 The various components of the inward-rectifying

(B–F). 
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potassium currents were then dissected using glibenclamide to block the IK-ATP current and barium to
block the IK1 background potassium current. As illustrated in Figure 5E and F, the glibenclamide-sensitive
component of the inward-rectifying potassium current was enhanced, whereas the barium-sensitive
component was decreased in atrial myocytes isolated from HFD mice. Finally, there was no difference of
either transcript (Kcnj11 and Abcc8) and protein (Kir 6.2) expression levels between HFD and ND atrial
myocardium suggesting a post-transcriptional regulation of channels (Supplementary material online, Figure
S9). Taken together, these results indicate that K-ATP channels are activated in atrial myocytes and could
be the link between metabolic changes and AP shortening in HFD-fed mice.

3.6 An adipogenic and inflammatory responses of the atria myocardium of obese
mice

In obese mouse atria some adipose tissue depots were observed in atrio-ventricle grove and also in the
epicardial area17 (Figure 6A). The adipose tissue score, defined as the proportion of atrial surface
delineated with adipocyte (alveolar shape) as previously described,24 was increased in HFD mice compared
to ND mice (Figure 6B). Furthermore, atrial myocardium of HFD mice showed an adipogenic phenotype
as indicated by the increased expression at both protein and transcript levels of Perilipin-1 and FA-binding
protein (Fabp)-4 (Figure 6C and D and Supplementary material online, Figure S10), and the increased
mRNA levels for Adiponectin (ADIPOQ) , FABP-5, and cardiac-specific FABP-3 (Figure 6E). This
adipogenic profile was observed only after 4 months of HFD. Finally, the main adipogenesis transcription
factors C/ebα and Pparγ were also induced in atrial myocardium of HFD mice (Figure 6F and Supplement
ary material online, Figure S10). There was a trend towards an increased fibrosis between HFD and ND
mice at 4 months.
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Inflammatory cells were detected in atrial sections of HFD and not ND mice (Figure 7A).25 At the tissue
level, mRNA of pro-inflammatory chemokines CCL2 and CCL5 were enhanced in HFD mouse atria

Figure 6 Activation of an adipogenic profile of the atria of MTS mice. (A) The 7 µm-thick sections of
C57BL/6J mouse atrial tissue with 4 weeks (W); 8(W), or 16(W) HFD or ND stained with Masson’s
trichrome (n = 5) top and bottom squares, image magnification of the area of the epicardium layer. Scale
bar, 100 and 50 µm. (B) Curves represent HFD or ND score of adipose tissue in C57BL/6J mouse atrial
tissue upon 4W; 8W or 16W HFD or ND (n = 5). Data are expressed as mean±SEM of independent
experiments, Two-way ANOVA, and Sidak’s post hoc. (C) Immunofluorescence for Perilipin (red) or
FABP4 (green) in C57BL/6J mouse atrial tissue with 16-W HFD (n = 5) or ND (n = 5). Scale bar 50 µm.
(D–F) Transcript expression levels of adipogenic markers in C57BL/6J mouse atrial tissue upon 16-W
HFD or ND (n = 5, each group). Data are expressed relative to the house-keeping Gapdh expression and
are shown as fold change of HFD mice atria compared to ND and expressed in arbitrary units. Data are
expressed as mean±SEM of independent experiments. Groups are compared with t-test in accordance with
the normality test. LA, left atria; LV, left ventricle; AT, adipose tissue; Epi, epicardium. 

Title: Impacts of a high-fat diet on the metabolic profile and ...

IST: 2021-12-24: 5:42:24 PM This track pdf was created from the KGL online application for reference purposes only. Page 18 of 31



(Figure 7B). Moreover, mRNA expression of genes encoding for proteins of immune cells CD45 in
particular monocyte/macrophages CD14, F4/80, CD68 and activated T cells CD4, PDCD1 (Supplementa
ry material online, Figure S11) were increased in the atria of HFD mice.

Figure 7 Inflammation of the atrial myocardium of obese mice. (A) Immunofluorescence staining for
macrophages (MOMA) or T cells (CD3) in mice atria tissue fed a HFD (n = 5). (Scale bars, 100 and 50
µm). (B) Transcript expression levels of chemokines genes encoding for CCL2 or CCL5 in mice atria upon
4 months of HFD (n = 4 each group). Data are expressed relative to the house-keeping Gapdh expression
and are shown as fold change of HFD mice atria compared to ND and expressed in arbitrary units. Data
are expressed as mean±SEM of independent experiments. Groups are compared with t-test in accordance
with the results of the normality test. (C) Dot plots represent immune cells (CD45), macrophages (F4/80),
T cells (CD3) at 4 months, B cells (CD19) at 1 month, and monocyte (Ly6Chi-Ly6Glo) at 2 months of
HFD in mice atria (n = 5). (D) Curves represent time course of inflammatory cells infiltration in mice atria
upon 1-, 2- or 4 months of HFD compared to ND (n = 5). Data are expressed as mean±SEM two-way
ANOVA with Bonferroni’s post hoc test. LA, left atria; LV, left ventricle. 
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Flow cytometry analysis of immune cells in atrial myocardium showed the presence of B cells at 1 month
of HFD followed, at 2 and 4 months, by T cells. Furthermore, monocytes were detected around 2 months,
whereas macrophages were detected during at all-time point of the study (Figure 7C and D). At the
transcript level, there was no evidence for the presence of T cells CD8, B cells, and CD19 in HFD atria (S
upplementary material online, Figure S11). Taken together, these results indicate that the atrial myocardium
of HFD mice acquired an adipogenic and inflammatory phenotype.

4. Discussion

For the first time, our study reports that during an obesogenic diet composed of a high amount of dietary
fat, the atrial myocardium adopts an adaptive metabolic signature characterized by an impaired glycolysis,
the predominance of FA oxidation (FAO) and it accumulates lipid. Several lines of evidences indicate that
the adipogenic profile of the atrial myocardium could be the consequence of an excessive FA uptake,
overwhelming FAO capacity, and resulting in atrial lipid accumulation and storage. The new metabolic and
lipidomic status is associated with structural and functional remodelling of the atria that can contribute to AF
vulnerability in this clinical setting.

The increase of some glycolysis intermediates likely results from the accelerated gluconeogenesis in the
atrium of HFD mice rather than increased glucose uptake through insulin-sensitive atrial glucose
transporters, i.e. GLUT4 and GLUT8, which are impaired during diet-induced insulin resistance.26 In this
vein, the content of palmitoleate (C16:1), a ‘lipokine’ intended to preserve insulin signalling,27 was
drastically reduced in the atrial myocardium of obese mice. Hence, the atria of dysmetabolic mice acquires
a cardiac diabetic status.28 The exacerbated flux of dietary lipids in HFD mice is associated with an
increased oxidation of FA as indicated by the enhanced capacity of atrial mitochondria to produce energy
from palmitate and by the reduction of the carnitine (C0)/acylcarnitine (C16+C18) ratio, which reflects an
increased CPT-1 activity. Enhanced lipogenesis and FAO are also supported by the up-regulation of the
activity of HADHA, a key enzyme of the β-oxidation pathway, and by the up regulation of ACACA and
FASN genes encoding for ACACA and FA synthase, respectively. Interestingly, an enhanced FAO by the
myocardium has been reported in obese patients with metabolic syndrome using PET imaging with 1-11C-
palmitate.29 In addition to exacerbated FAO and β-oxidation other metabolites, such as ketone bodies and
creatine, could constitute an important fuel for the atrium to adapt to diet-driven metabolic stress. Such
metabolic plasticity of the atrial myocardium has been already reported during AF.4,5,29

The enrichment in long and polyunsaturated lipids together with the increased C18 FA/C16 FA ratio in all
lipid classes indicate an elongation mechanism, which could result from the induction of the expression of
Elovl6, an enzyme mediating the elongation of C16 FA to C18 FA, which is induced upon HFD.30

Elongation of FA not only contributes to FAO but it is also a central mechanism underlying lipid storage
process.30 In the same line, PG species that accumulated in atrial myocardium of HFD mice has been
shown to trigger lipid storage in adipose tissue.31 Taken together the lipidomic data and the activation of
transcription factors C/ebpα, Pparγ indicate that the atrial myocardium of obese mice stores lipids in

Title: Impacts of a high-fat diet on the metabolic profile and ...

IST: 2021-12-24: 5:42:24 PM This track pdf was created from the KGL online application for reference purposes only. Page 20 of 31



response to excess FA channelling. Such a storage process could result in lipid accumulation into the atrial
myocardium as described at the ventricle level.14 It could also stimulates the recruitment of progenitor cells
and their differentiation into adipocytes.17

Several arguments indicate that the remodelling of the electrical properties of the atria of obese mice is the
consequence of the metabolic and lipidomic transformation of the atrial myocardium. First, AP shortening
was observed after 2 weeks of HFD before the occurrence of the cardiac remodelling. Second, short atrial
AP of obese mice shows a distinct sensitivity to K-ATP modulators. Finally, the increased glibenclamide-
sensitive component of the outward potassium current in atrial myocytes of HFD mice suggests the
activation of K-ATP channels. Several results indicate a post-translational regulation of K-ATP channels
including the lack of difference in expression level of proteins of K-ATP channel complex. K-ATP channels
are metabolic probes of the sub-sarcolemmal space. These channels are normally closed but open upon
changes in the ATP/ADP ratio, during metabolism alterations or changes in lipid content. For instance, a
preferential regulation of K-ATP channels by glycolysis than by the β-oxidation lipolysis has been described
in both cardiomyocytes and beta islets pancreatic cells and was attributed to close physical proximity of key
glycolytic enzymes to the channels into the plasma membrane.22,32 A shift from glycolysis to predominant
FAO as in this obesity model could reduce the availability of ATP for the K-ATP channels. Another likely
mechanism could be the accumulation of long-chain CoA that has been shown to prevent K-ATP channel
closure and to directly activate channels.33,34 Whatever the exact mechanisms underlying K-ATP channel
activation, these findings provide a mechanistic link between metabolism and excitability remodelling of the
atria of obese mice.

Another important finding of our study is that after a prolonged obesogenic diet, the atrial myocardium
becomes adipogenic. This was indicated by the accumulation of adipose tissue at epicardial surface of the
atria and in the ventricle-atrial groove and by the induction of genes involved in adipogenesis encoding for
PERILIPIN and ADIPONECTIN35,36 or transcription factors C/EBPα and PPARγ in obese mouse
atria. Transcripts of lipid protein chaperones (FABP) including the adipocyte-type FABP4 (or ap2), the
heart/muscle FABP3 and the epithelial/epidermal FABP5 were also induced in obese mouse atria.37–39 The
FABPs facilitate the transport of FA to mitochondria40 regulated lipid oxidation41 and storage.40 During
myocardial hypertrophy, activation of the lipogenesis and increased FA uptake are associated with an up-
regulation of Fabp4 and Fabp5.42 FABP proteins are also involved in the differentiation of adipogenic
precursors derived from adipose tissue.43 A correlation between Fabp and Pparγ expression has also been
reported during adipogenesis, pointing to a major adipogenic regulatory pathway.44–46 There are other
circumstances during which atrial myocardium can acquire an adipogenic profile, such as the rapid rate of
beating of sheep atria or the rapid pacing of isolated human atria.47

Obese mice atria are characterized also by a low-grade inflammation as indicated by the presence of
immune cells in the atrial myocardium composed, at the early stage of HFD, by B-cell type and, then with
time, by T cells. The pro-inflammatory transcriptomic profile of the atria of obese mouse is also consistent
with a low grade of inflammation of the myocardium induced by metabolic stress. In this line, it has been
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reported that the adipose tissue11,17 or macrophages (ATM-M1)48 can secrete pro-inflammatory
chemokines during diet-induced obesity in mice. Furthermore, the chemokines CCL2 and CCL5, detected
in the obese mouse atria, can favour the recruitment of CD14+ monocytes and their differentiation into
mature macrophages expressing F4/80 and CD68. Metabolites can directly activate the immune response.
For instance, dietary LC v-3 PUFA can trigger the recruitment of T cells.49 Diet has been shown to
modulate the acquisition of a pro-inflammatory phenotype by macrophages.50

The role played by this immune response during the atrial remodelling induced by HFD remains to be
established. Previous studies report that T cells are involved in the replacement of adipose tissue by fibrosis
in the atria.11 In the adipose tissue of obese mice, B cells favour adipocyte hypertrophy, hyperglycaemia,
and the recruitment of T-cell and pro-inflammatory macrophages in obese mice.51 It remains also to
determine whether macrophages detected in the atrial myocardium of obese mice derive from migration or
resident subpopulation of monocytes.50,52

4.1 Limitations of study

Our results have been obtained in mice that can be submitted easily to drastic changes in diet and with a
cardiac energy metabolism characterized by high glycolytic component and therefore cannot be directly
translate to human. However, there is evidence in humans as well of the impact of diet on energy
metabolism and functional properties of the heart. For instance, in prediabetes patients, a postprandial
increase in cardiac uptake of dietary FA has been directly visualized using position emission tomography
imaging and has been shown to correlate with impaired pump function and reduced myocardial energy
efficiency.28,53,54 Only male mice have been in our study. However, severe obesity can be induced by HFD
in female mice together with cardiac dysfunction.55 Finally, the exact role played by metabolic-induced
atrial remodelling in the pathophysiology of AF associated with obesity cannot be firmly establishes in this
study. For instance, a shortening of atrial AP has been reported in other experimental models of obesity and
have been attributed to changes in L-type calcium and voltage-dependent potassium channels.56,57 The
atrial dilation can also contribute to AF vulnerability of obese mice. Therefore, our study together with
published ones indicate that the relation between obesity and AF is multifactorial and, probably, starting
before the occurrence of the arrhythmia, contributing to the formation to the atrial cardiomyopathy.56,57

5. Conclusion

This study indicates that HFD induces FA elongation and lipid storage together with an increase reliance on
FAO of the atrial myocardium. This new metabolic phenotype is associated with a homeostasis of the atria
characterized by an adipogenic and inflammatory profile and short Crefractoriness, which can contribute to
the vulnerability to AF during obesity.
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Translational perspective

Understanding the link between metabolic diseases and atrial fibrillation is of major
importance. One hypothesis claims that, in addition to shared comorbidities, metabolic
disorders favour the substrate of atrial fibrillation. Here, we show that after prolonged high-fat
diet, the atrial myocardium becomes adipogenic, inflamed, and vulnerable to atrial fibrillation.
This tissue remodelling appears to result from an unbalance between uptake and oxidation of
fatty acid resulting in long-chain lipid storage, activation of metabolic-sensitive potassium
channels, and action potential shortening. Therefore, diet appears to be an important link
between metabolic disorders and atrial fibrillation.
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