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Abstract: Obesity is a well-known risk factor for various cardiovascular diseases. Recent clinical data showed that 
overweight and obese patients have higher incidence of atrial fibrillation (AF) compared with individuals with normal 
body weights, but the underlying mechanisms remain to be elucidated. In this study, we investigated the effects of 
a high fat diet on atrial activities in mice. ICR male mice were fed a regular diet (RD) or a high fat diet (HFD) for 8 
weeks. Mice fed HFD showed significantly greater body weight gains and visceral fat accumulation compared with 
RD mice. Under anesthetic condition, baseline arterial blood pressure and heart rate were not significantly different 
between RD and HFD groups. Although no spontaneous or atrial stimulation-induced atrial fibrillation was observed, 
this study revealed several alterations in the activities and protein levels in the atria in HFD mice. Surface electro-
cardiogram (ECG) revealed significantly shortened PR interval in HFD mice. In the atrial stimulation experiments, 
the sinoatrial (SA) node recovery time was significantly prolonged whereas the atrial effective refractory period was 
significantly reduced in HFD mice as compared with RD mice. Western blot showed protein levels of two major po-
tassium channels, Kv1.5 and Kv4.2/3, were significantly increased in atria of HFD mice. These data indicate that 
HFD induces atrial electrophysiological remodeling in mice, which may be a potential mechanism underlying the 
increased risk for atrial arrhythmias in obesity and metabolic disorders. 
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Introduction

The obese population has been persistently 
growing in the last three decades in the United 
States and around the world [1, 2]. High fat, 
high sugar, and high calorie Western style diets, 
sedentary life style, and increased social pres-
sure are among the major contributors to the 
obesity pandemic. Obesity has become a se- 
vere public health issue and economic burden 
in the US and worldwide [3].

Obesity is a major risk factor for a variety of car-
diovascular diseases [4-6]. Particularly, clinical 
data indicate that obesity is an independent 
risk factor for cardiac arrhythmias [7]. Atrial 
fibrillation (AF) is the most common atrial 
arrhythmia [8, 9], which can compromise car-
diac pump function and increase the risk for 
thrombosis and stroke. Recent clinical studies 
revealed that the incidence of AF was signifi-
cantly higher in obese patients [10-12]. The 

precise underlying mechanisms, however, re- 
main to be fully studied. Electrical and struc-
tural remodeling in atria is known to contribu- 
te to AF [13, 14]. In this study, we examined  
and compared the surface electrocardiography 
(ECG), atrial pacing responses, and some key 
proteins that may contribute to cardiac remod-
eling in mice fed a regular diet or high fat diet. 

Methods

Animal model

All protocols using animals in the experiments 
of this study were in full compliance with  
NIH guidelines and were approved by the 
University of South Dakota IACUC. Male ICR 
mice with a body weight range of 22 g to 26 g  
were purchased from Harlan Laboratories, Inc 
(Indianapolis, IN). The mice were housed in the 
USD Animal Resource Center with food and 
water ad-libitum and 12:12 light-dark cycle. 
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Mice were randomly separated into two groups: 
RD group mice were fed a regular diet chow 
(RD, TD2920X, Harlan), which has an energy 
density of 3.1 Kcal/g, with 24% from protein, 
60% from carbohydrate, and 16% from fat of 
the total calories; HFD group mice were fed a 
high fat diet chow (HFD, TD. 06414, Harlan), 
which has an energy density of 5.1 Kcal/g, with 
18.4% from protein, 21.3% from carbohydrate, 
and 60.3% from fat of the total calories. The 
mice were fed these diets for 8 weeks. The food 
intake and body weight of the animals were 
weighed weekly. The body weight gain of each 
mouse was determined by the body weight at 
each week minus the initial body weight at the 
beginning of the diet schedule. Two indepen-
dent batches of animals, containing both diet 
groups, were used for acute functional experi-
ments or for tissue collection. 

Hemodynamics and ECG

Anesthetized by intraperitoneal injection with 
saline containing urethane (2 g/kg) and α-chlo- 
ralose (50 mg/kg), animals were placed on a 
warming pad. Tracheotomy and tracheal intu-
bation were performed to facilitate breathing. 
The Lead II surface electrocardiography (ECG) 
was taken via a pair of electrodes that were 
connected to a bio-amplifier (AD Instruments 
Inc. Colorado Springs, CO) with Low- and High-
pass filters at 1 kHz and 10 Hz, respectively. 
The left carotid artery was catheterized for 
measuring blood pressure via a pressure trans-
ducer that was coupled to a bridge amplifier 
(AD Instruments Inc). The signals were then 
recorded by a Powerlab data acquisition sys-
tem (Model 8/sp, AD Instruments Inc) at the 
sampling rate 2 kHz. 

Atrial catheterization and stimulation

In the anesthetized mice, the right jugular vein 
was isolated and catheterized with an octapo-
lar electrodes catheter (CIB’er, NuMED Inc. 
Hopkinton, NY) [15, 16]. The first two pairs of 
electrodes in the catheter were connected with 
two pre-amplifiers at Low- 10 kHz and High-
pass at 30 Hz. The signals were recorded and 
monitored via the PowerLab system. The elec-
trical signals were monitored while the catheter 
was advanced toward the right atrium. The 
dominant atrial electrical signals, which corre-
sponded to the P wave in the surface ECG, indi-
cated that both electrodes pairs were correctly 
placed in the right atrium. The first pair of elec-

trodes was then switched to connect with a 
stimulator for atrial stimulation. The stimuli 
were rectangular pulses with 1 ms in duration, 
1 V in amplitude with various pulse-pulse inter-
vals (p-p), depending on experimental needs. In 
an attempt to induce AF, the right atrium was 
stimulated with p-p bursts of 50 ms, 40 ms, 
and 30 ms for 10 seconds each. To assess the 
sino-atrial node recovery time (SNRT), atrial 
stimulations with 100 ms p-p were applied for 
30 seconds. The SNRT was measured as the 
time between the last stimulus and the first 
sinus P wave. For testing Wenckebach AV block 
(WC), continuous atrial stimulation was applied 
with decreasing p-p from 90 ms to 70 ms with 
1 ms decrements. For testing atrial effect 
refractory period (AERP), continuous stimula-
tion was applied with decreasing p-p from 50 
ms to 30 ms at 1 ms decrements. 

Western blot

Under deep anesthesia with isoflurane, ani-
mals were sacrificed by cervical dislocation. 
The heart and other tissues were collected and 
were quickly frozen on dry ice and stored at 
-70°C. Frozen tissues were homogenized in 
RIPA buffer containing 1% protease inhibitor 
cocktail (Pierce Inc.) and 0.1% SDS by a tissue 
homogenizer (BBX24, Next Advance, Inc. Averill 
Park, NY) in a 1.5 ml tube at 4°C. Following cen-
trifugation, BCA assay, and adjusting protein 
concentration, the supernatants were mixed 
with 4x loading buffer containing beta mercap-
toethanol (BME), boiled for 10 minutes, and 
subjected to standard acrylamide SDS gel  
electrophoresis and membrane transfer. The 
proteins on the membrane were blotted with 
appropriate primary and then secondary anti-
bodies conjugated with fluorescent dye. The 
bands on the membranes were visualized  
by the Odyssey Imaging System (LiCor Bio- 
sciences, Lincoln, NE). The band intensity was 
measured using NIH ImageJ software. The 
quantifications were carried out using the ratio 
of the intensity of the protein of interest versus 
a loading control protein (pan-actin or GAPDH). 

Data analysis

All quantified data were expressed as mean ± 
standard deviation (SD). Data of body weight 
gain over time were analyzed by ANOVA fol-
lowed by the student’s t-test. Other measure-
ments were compared between the two groups 
using single factor ANOVA. The statistical sig-
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nificances between the two groups were deter-
mined by p value equal or less than 0.05. 

Results

HFD induced obesity

Compared with RD mice, mice fed HFD gained 
more body weight over time, which reached sta-

tistical significance at 4 weeks, which contin-
ued through the end the experiment at 8 weeks 
(Figure 1A and 1B). At the end of the feeding 
period, the HFD mice had significantly greater 
visceral fat compared with the RD mice (Figure 
1A and 1C). The average daily food intake per 
mouse was 4.9 ± 0.1 g in RD group and 3.9 ± 
0.2 g in HFD group. Since the calorie density of 
HFD (5.1 kcal/g) is greater than that of RD (3.1 
kcal/g), the average daily calorie intake per 
mouse was significantly greater in HFD mice 
compared with RD mice (Figure 1E). 

General surface ECG and hemodynamics

There were no significant differences between 
RD and HFD groups in heart rate (HR) and arte-
rial blood pressure (BP) (Table 1). Both groups 
showed regular surface ECG. No significant 
atrial or ventricular arrhythmias were detected 
(Figure 2). However, the ECG PR interval was 
significantly shortened, whereas the duration 
of the QRS complex was significantly prolonged 
in HFD mice as compared with RD mice (Figure 
2 and Table 1).

Figure 1. The animal models. A. Raw image of a mouse body fed regular diet (RD, left) and high fat diet (HFD, 
right); B. Quantification of body weight gain (the current body weight minus that at the beginning of the diet); C. 
Quantification of the weight (g) of visceral fat tissue at the end of 8 weeks for each diet group; D. The time course 
of calorie intake per mouse per day at each week; E. The average calorie intake per mouse per day over 8 weeks. In 
all diagrams, the gray lines or bars represent RD group and the black lines or bars represent HFD group. Data were 
presented as mean ± SD. For both groups, n=5. *p<0.05, **p<0.01. 

Table 1. Summary of hemodynamics and ECG
RD (n=5) HFD (n=5) P value

sBP (mmHg) 112 ± 21 126 ± 23 0.38
dBP (mmHg) 67 ± 16 75 ± 24 0.57
HR (bpm) 556 ± 45 544 ± 26 0.64
BCL (ms) 108.3 ± 8.9 110.4 ± 5.4 0.67
P wave width (ms) 11.7 ± 1.9 10.6 ± 0.9 0.27
PR interval (ms) 39.5 ± 3.7 35.4 ± 1.7 0.05*
QRS interval (ms) 23.8 ± 0.4 26.4 ± 2.1 0.03*
Summary of hemodynamics and ECG measurements in RD 
and HFD groups. Abbreviations: sBP: systolic blood pressure; 
dBP: diastolic blood pressure; HR: heart rate; BCL: basal 
cyclic length. Sample size n=5 for each group. “*” statistical 
significance as compared between RD and HFD groups. 
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Atrial stimulation

To test the inducibility of AF, stimulations of the 
right atrium with stimuli bursts were applied. 
No sustained AF was induced in either group. 
The HFD mice, however, exhibited increased 
atrial activities and longer time to resume the 
normal sinus rhythm (example tracings on the 
left of Figure 3). Consistent with this phenome-
non, the SNRT was significantly prolonged in 
HFD mice as compared with RD mice (Figure 
3A and 3B). Additionally, the AERP was signifi-
cantly shortened in HFD mice (Figure 3D). The 
p-p intervals of stimuli for inducing Wenckebach 
AV block were not different between the two 
groups (Figure 3C).

Western blot

To explore the potential mechanisms underly-
ing the electrophysiological changes, protein 
levels of some critical ion channels were deter-

mined in the heart samples. In atrial samples, 
the antibody against Kv1.5, the critical potas-
sium channel involved in atrial repolarization, 
detected two major bands at the molecular 
weights of ~55 kDa and ~75 kDa, which were 
both significantly increased in HFD as com-
pared with RD (Figure 4A). In the ventricular 
samples, the ~55 kDa band of Kv1.5 was unde-
tectable and the ~75 kDa band was significant-
ly increased in HFD as compared with RD 
(Figure 4B). In skeletal muscle samples, both 
~55 kDa and ~75 kDa Kv1.5 bands were 
detected but there was no significant change 
between the two groups (Figure 4C).

Kv4.2/3 potassium channels, which are in- 
volved in the early repolarization in the heart, 
were detected as two major bands at ~60 kDa 
and ~80 kDa by Western blot. While there was 
no significant difference in ventricular and skel-
etal muscle samples, the ~80 kDa band was 
significantly increased in atrial samples in the 

Figure 2. Raw tracings of ECG, HR and BP. The left panel contains raw recording tracings of surface ECG, heart 
rate (HR), and arterial blood pressure (BP) in a RD mouse (top) and a HFD mouse (bottom). Two cycles of ECG from 
the tracings of RD (top) and HFD (bottom) were enlarged in the right panel, showing the shortened PR interval and 
widened QRS interval in the HFD mouse as compared with that in the RD mouse. 
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Figure 3. Responses to atrial stimulations. The left panel: Raw recording tracings of responses in surface ECG and 
atrial ECG following atrial stimulation (St.) bursts, in a RD mouse (top) and a HFD mouse (bottom). In the atrial ECG, 
“a” indicates atrial activity and “v” indicates ventricular activity. (A and B) the SA node recovery time (SNRT) (A) 
or normalized SNRT by heart rate (B) following atrial stimulation. (C and D) the stimulation p-p interval value that 
induced a Wenckebach AV block (C) or that revealed the atrial effective refractory period (AERP) (D). Data were 
presented as mean ± SD. In the diagrams, grey bars represent RD group and black bars represent HFD group. In 
each group, n=5. 

Figure 4. Western blot of Kv1.5. The raw images (top) and quantifications (bottom) of Western blot detecting Kv1.5 
in atrial, ventricular, or skeletal muscle at the ~75 kDa (left graph for each tissue) or ~55 kDa band (right graph for 
each tissue). Data were presented as mean ± SD. In the diagrams, the grey bars represent the RD group and the 
black bars represent the HFD group. In the atrial diagram, n=4 in RD group and n=3 in HFD group. In the ventricular 
and skeletal muscle diagrams, n=4 in both RD and HFD groups. 

HFD group as compared with the RD group 
(Figure 5A). 

TGFβ plays a critical role in cardiac remodeling 
and arrhythmia [17]. In addition, altered con-
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nexin43, a components of gap junction critical 
for cardiac electrical conduction, is known to 
contribute to cardiac arrhythmia [18]. In this 
study, however, Western blot did not detect any 
significant changes in protein levels of TGFβ or 
connexin43 in atrial and ventricular samples 
between RD and HFD groups (Figure 6). 

Discussion

Clinical evidence has indicated an increased 
risk for atrial fibrillation in obese patients but 
the underlying mechanisms are elusive. The 
attempt of this study was to examine the poten-
tial effect of HFD on electrophysiological activi-

Figure 5. Western blot of Kv4.2/3. The raw images (top) and quantifications (bottom) of Western blot for Kv4.2/3 in 
atrial, ventricular, or skeletal muscle samples at ~80 kDa (left graph in each tissue) or ~60 kDa band (right graph 
in each tissue). Data were presented as mean ± SD. In the diagrams, the grey bars represent the RD group and the 
black bars represent the HFD group. For atrial samples, n=4 in RD group and n=3 in HFD group. For ventricular and 
skeletal muscle samples, n=4 in both RD and HFD groups. 

Figure 6. Western blot of TGFβ and connexin43. The raw images (top) and quantifications (bottom) of Western blot 
for TGFβ and connexin43 in atrial (left) and ventricular (right) samples. Data were presented as mean ± SD. In the di-
agrams, the grey bars represent the RD group and the black bars represent the HFD group. For atrial samples, n=4 
in RD group and n=3 in HFD group. For ventricular and skeletal muscle samples, n=4 in both RD and HFD groups. 
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ties in mice. Although there was neither sponta-
neous nor induced AF in mice fed a HFD for 8 
weeks, the results indeed showed several sig-
nificant changes in cardiac electrophysiological 
activities in HFD mice. In particular, the atrial 
stimulation experiments showed an increase in 
atrial activities, a prolonged SNRT, and a short-
ened AERP in HFD mice as compared with RD 
mice. As for the potential underlying mecha-
nisms of these alterations, data show the sig-
nificant increases in protein levels of Kv1.5 and 
Kv4.2/3 in atria of HFD mice. These observa-
tions provide novel information lending to a bet-
ter understanding and further investigation of 
the potential link between high fat diet, obesity, 
and atrial arrhythmia. 

One of the well-accepted mechanisms underly-
ing AF is the formation of re-entry circuits, 
mainly caused by an altered electrical refracto-
ry period and/or conduction velocity [8, 9]. 
Potassium channels play a critical role in de- 
termining the myocardial repolarization and 
refractory periods. Enhancing the function of 
potassium channels accelerates repolarization 
and consequently shortens the refractory peri-
od leading to AF, while the blockade of potassi-
um channels prolongs the refractory period and 
thus exerts antiarrhythmic effects [8, 19]. As 
shown in our study, the protein levels of Kv1.5 
and Kv4.2/3, crucial potassium channels that 
determine the repolarization process in the 
heart, were significantly increased in atria of 
HFD mice. As a functional result of this remod-
eling, the AERP was reduced in the HFD. Con- 
sistent with these pro-atrial arrhythmic chang-
es, we indeed observed the increased atrial 
activities following atrial stimulation in HFD 
mice. For the potential reasons why the sponta-
neous and inducible AF were not observed in 
this study, one determining variable may be the 
period of HFD feed. In this study, mice were fed 
HFD for 8 weeks, shorter than other studies 
with timelines up to 20 weeks on HFD [20, 21]. 
It is possible that in the period of 8 weeks on 
HFD, the animals may be at an early stage of 
obesity, in which the electrical remodeling is 
underway but not yet to capable of developing 
sustained or inducible AF. 

Kv1.5 is considered an atrial selective potassi-
um channel that mediates a major part of repo-
larization in an action potential (AP) in atrial 
cardiomyocytes in humans [22]. Blockage of 

Kv1.5 is a potential selective strategy for treat-
ment of AF without compromising ventricular 
function [22]. In this study, Western blot detect-
ed two major bands of Kv1.5. The ~55 kDa 
band, which was only present in atrial samples 
but not in ventricular samples, was significantly 
increased in HFD as compared with RD. The 
~75 kDa band of Kv1.5 was detected and 
shown increases in both atrial and ventricular 
samples. Kv1.5 is also expressed in ventricles 
in mice [23, 24] but the significance of the 
altered Kv1.5 in ventricles in HFD mice remains 
to be defined. Our Western blot detected two 
major bands for Kv4.2/3, the potassium chan-
nels that contribute to the phase 1 repolariza-
tion of AP both in atria and ventricles [25]. 
Interestingly, the ~80 kDa band of Kv4.2/3 was 
significantly increased only in HFD atrial sam-
ples but not in ventricular samples as com-
pared with RD samples. These data suggest 
the Kv1.5 and Kv4.2/3 could be potential ther-
apeutic targets for obesity related atrial arrhy- 
thmia. 

It should be pointed out that the role of potas-
sium currents in the development of arrhyth- 
mia is rather complicated. Evidence has shown 
that in tissues from patients with disease relat-
ed AF, protein levels of potassium channels, 
including Kv1.5, were decreased [26]. For ex- 
ample, although Kv1.5 is considered a poten-
tial selective target for AF, experimental and 
clinical trial data are not consistent [22]. There 
is evidence that Kv1.5 loss of function by 
genetic mutation can cause AF [27]. All these 
data indicate the complexity of potassium 
channels in the pathophysiology of atrial arr- 
hythmia. Interestingly, a recent study reported 
a decrease in protein and mRNA levels of Kv1.5 
in ventricles with a prolonged QT interval in 
mice fed HFD for 20 weeks [28]. It would be 
interesting to further compare whether Kv1.5 
protein levels were increased early and then 
decreased later in the heart in HFD regimen. 
Nonetheless, these data indicate that Kv1.5 
potassium channels are sensitive molecules in 
responding to metabolic disorders. 

An interesting question to be addressed is why 
HFD causes the atria specific remodeling of 
these potassium channels. A recent study us- 
ing HFD fed rats showed an atrial specific alter-
ation in autonomic innervations [29], which 
may well be a contributor to the atria specific 
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remodeling. However, the question remains: 
why does HFD induce these alterations specifi-
cally in atria but not in ventricles? We hypothe-
size that HFD and obesity increase body mass 
and alter renal function, which consequently 
increases in volume load. As atria are more 
sensitive to the volume stress, they therefore 
undergo electrophysiological and structural 
remodeling prior to the changes in ventricles. 
Our ongoing study is designed to test this po- 
tential mechanism underlying the HFD-induced 
atria-specific remodeling. 

Cardiac electrical properties and function are 
determined by many molecular and structural 
factors. In addition to the ion channel remodel-
ing, tissue fibrosis and altered gap junction are 
also implicated in AF [30]. In addition to potas-
sium channels, we also measured the protein 
levels of TGFβ and Connexin43, two major fac-
tors impacted in cardiac fibrosis and gap junc-
tion remodeling [17, 31-33], but found no sig-
nificant change in atrial or ventricular samples 
in HFD mice at 8 weeks. Alterations in other ion 
channels, including sodium channels, calcium 
channels, and other types of potassium chan-
nels, will also be investigated in HFD mice as 
compared to RD in our future study. In addition, 
it is also important to further observe and com-
pare the atrial activities and responses in RD 
and HFD regimens in a conscious condition.

Collectively, the results of this study provide 
novel and potentially important information 
regarding the increased risk for AF in obesity. 
Mounting clinical studies are implicating the 
link of overweight and obesity to AF [10, 11]. 
Further investigation of the underlying mecha-
nisms involved in the altered atrial electrical 
activities indicated by this study may provide a 
better understanding of these issues leading to 
new strategies for prevention and treatments 
of obesity related cardiac arrhythmia.
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