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A B S T R A C T

Background: Noise is an important environmental risk factor. Industrial environments are rich in high-intensity
infrasound (hi-IFS), which we have found to induce myocardial and coronary perivascular fibrosis in rats. The
effects of exposure to IFS on the ventricles have been studied, but not on the atria. We hypothesized that rats
exposed to hi-IFS develop atrial remodeling involving fibrosis and connexin 43, which we sought to evaluate.
Material and methods: Seventy-two Wistar rats, half exposed to hi-IFS (120 dB,< 20 Hz) during a maximum
period of 12 weeks and half age-matched controls, were studied. Atrial fibrosis was analyzed by Chromotrope-
aniline blue staining. The immunohistochemical evaluation of Cx43 was performed using the polyclonal anti-
body connexin-43 m diluted 1:1000 at 4 °C overnight. Digitized images were obtained with an optical micro-
scope using 400× magnifications. The measurements were performed using image J software. A two-way ANOVA
model was used to compare the groups.
Results: The mean values of the ratio “atrial fibrosis / cardiomyocytes” increased to a maximum of
0.1095 ± 0,04 and 0.5408 ± 0,01, and of the ratio “CX43 / cardiomyocytes” decreased to 0.0834 ± 0,03 and
0.0966 ± 0,03, respectively in IFS-exposed rats and controls. IFS-exposed rats exhibited a significantly higher
ratio of fibrosis (p < .001) and lower ratio of Cx43 (p = .009).
Conclusion: High-intensity infrasound exposure leads to an increase in atrial interstitial fibrosis and a decrease in
connexin 43 in rat hearts. This finding reinforces the need for further experimental and clinical studies con-
cerning the effects of exposure to infrasound.

1. Introduction

Noise is an important environmental and occupational risk factor
and it is consensual that human exposure to this aggressor can induce
systemic damage, thus having an impact on public health. The char-
acteristics of the noise stimulus that may be responsible for inducing
this aggression are not fully known. The World Health Organization
(WHO) Regional Office for Europe has been particularly concerned with
sound pressure level (dB) limits but also acknowledges that low fre-
quency noise (LFN), below 200 Hz, represents an environmental pro-
blem (WHO, Regional Office for Europe, 2011; WHO, Regional Office
for Europe, 2018).

Research on the impact of LFN, below 200 Hz, and Infrasound (IFS),

below 20 Hz, established that they are hazardous for the human body,
particularly for pressure levels above 120 dB (Leventhall, 2004;
Leventhall, 2007). From a physics standpoint, noise and sound are the
same, defined as a pressure disturbance that propagates through a
material at a speed which is dependent on the material (Beranek,
2006). When considering sound propagation, an obstacle in the sound
path will cause its reflection, absorption or transmission through the
object. In general, these three processes depend on the wavelength of
the sound. Low frequency noises, by having longer wavelengths, are
likely more transmitted through the body wall, thus affecting internal
systems and organs (Leventhall, 2004; Leventhall, 2007; Beranek, 2006;
Ziaran, 2014). Furthermore, high intensity-LFN and IFS can induce
resonance responses in body cavities (Leventhall, 2007). The overall
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range of human body resonant frequencies was found to be from 2 to
16 Hz (Randall et al., 1997), which is almost the exact range of IFS. The
displacement between organ and skeletal structures places biodynamic
strain on the involved body tissue and it is known to reach its maximum
under exposure to noise close to the body's resonant frequency.

Noise affects both auditory and non-auditory systems of humans
exposed to it (Basner et al., 2014). The type of exposure (continuous,
occasional and occupational) and its duration may trigger different
responses (Ising and Kruppa, 2004; Schust, 2004). According to ex-
perimental and epidemiological studies, the non-auditory effects of
noise include annoyance, sleep disturbance and psychological stress
and affect the cardiovascular system (Leventhall, 2004; Leventhall,
2007; Basner et al., 2014). Other animals also possess inherent specific
sound frequencies in certain tissues and organs (Pei et al., 2009). Stu-
dies on the morphological and biological effects of exposure to different
types of noise, from industrial to LFN, in animal models, showed an
increased volume of connective tissue and collagen fibers in different
tissues and organs (Oliveira et al., 2005; Oliveira et al., 2012; Oliveira
et al., 2013). In the cardiovascular system of rodents, we reported the
development of perivascular fibrosis around the coronary arteries of
rats exposed to industrial noise (Antunes et al., 2013a; Lousinha et al.,
2015) and documented a significant fibrotic development in ventricular
myocardium among rats submitted to LFN (Antunes et al., 2013b;
Antunes et al., 2013c), together with a possible ventricular gap junction
remodeling (Antunes et al., 2013d). We also found that IFS exposure
induces coronary perivascular fibrosis (Lousinha et al., 2018).

The purpose of our study was to test the hypothesis that different
periods of high intensity infrasound exposure (120 dB,< 20 Hz) can
cause development of atrial interstitial fibrosis and modifications of
Cx43 in rats, by performing a histological and immunohistochemical
evaluation.

2. Material and methods

2.1. Animals

Following the 3Rs principles (Tannenbaum and Bennett, 2015), this
study shares data and resources with a larger study of the effects of
infrasound exposure on the pancreatic morphology and function, which
was approved by the Animal Welfare Body (ORBEA) of Abel Salazar
Biomedical Sciences Institute, University of Porto (Portugal), under the
protocol n° 204/2017. Thus, seventy-two male Wistar rats purchased

from a Spanish breeder (Charles River Laboratories España, S. A.,
Spain), aged 16 weeks, weighing 375.95 ± 18.29 g, were selected
from the original sample. The postmortem collection of hearts did not
alter the approved primary protocol procedures in any way. All the
handling and care of the experimental animals was performed by au-
thorized researchers (accredited by the Federation of European La-
boratory Animal Science Associations, Category C) and was done in
accordance with the EU Commission on Animal Protection for Experi-
mental and Scientific Purposes (2010/63/EU) and with the Portuguese
legislation for the same purpose (Decree-Law No. 113/2013). The rats
were housed in 42 × 27 × 16 cm polypropylene cages with a steel lid
and had unrestricted access to food (standard commercial chow) and
water. A maximum of two rats were kept in a single cage. The same
standard house conditions were used throughout the experiment for all
the animals.

In the beginning of the study, the seventy-two rats were randomly
distributed into two groups. Thirty-six of the rats (group IFS) were
continuously exposed to high intensity and very LFN (2–20 Hz/
Lp = 120 dB), during a period of 1, 6 or 12 weeks. The remaining
thirty-six rats (group CTL) were used as age-matched controls and were
kept in a silent environment. Each group was divided into three sub-
groups with twelve specimens and sacrificed after 1, 6 and 12 weeks.
All rats were euthanized following overnight fast by inhalation of
gaseous carbon dioxide.

2.2. Electroacoustic experiment

The electroacoustic experiment was described before (Lousinha
et al., 2018). In summary, a pseudo-random waveform in the 2 to 20 Hz
decade band was designed with Matlab based on a bandpass-filtered 30-
s maximum length sequence segment and the resulting acoustic pres-
sure waveform involved an average sound pressure level of 120 dB with
a tolerance of± 3 dB.

2.3. Histology

After exsanguination of the sacrificed rats by puncture of the caudal
vena cava, hearts were excised, sectioned transversely from the ven-
tricular apex to the atria and routinely processed for light microscopy.
The atrial fragment from each heart was selected for the study. Paraffin-
embedded sections (3.5 μm thickness) of the atrial tissue samples were
made and dyed according to Chromotrope Aniline Blue (CAB) staining

Fig. 1. Atrial interstitial fibrosis after high-intensity IFS (120 dB,< 20 Hz) exposure. Examples of CAB-stained atrial sections from control and IFS-exposed rats at 1, 6
and 12 weeks [CAB, 400×]. Note de prominent interstitial fibrosis in IFS-exposed animals. IFS – Infrasound. CAB - Chromotrope Aniline Blue. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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protocol. For the histological analysis of fibrosis, digitized images were
obtained with an optical microscope (Leica® MZ6), equipped with a
digital camera (Leica® DF 290HD), under 400× magnification [Fig. 1].
For each atrium, three random images of equal area containing fibrosis
in the absence of any arterial vessel were selected and analyzed using
the image J software (National Institutes of Health, Bethesda, MA, USA).
For each image, the blue pixel content was measured relative to the
total tissue area (the non-staining sections in interstitial spaces were
excluded from quantification), using a color deconvolution method
(Ruifrok and Johnston, 2001), and the ratio of fibrosis area to atrial
cardiomyocytes area was calculated. The mean ratio of the three images
was obtained and used for the comparison between the rats. The re-
searchers, including data collectors and data analysts, were blinded to
which group the animals belonged to.

2.4. Immunohistochemistry

For the immunohistochemistry study, sections adjacent to those
employed for histology were used. Specifically, 3.5 μm fixed formalin
paraffin embedded tissue sections on charged slides were placed in an
oven at 60 °C for 30 min. Sections were deparaffinized, then en-
dogenous peroxidase was blocked with 3% hydrogen peroxide distilled
water for 10 min at room temperature (RT). After antigen retrieval, the
slides were incubated with rabbit polyclonal anti-Cx43 / GJA1 antibody
(abcam, ab11370), 1:1000, at 4 °C overnight. Anti-rabbit Real
Envision® HRP Polymer was applied and incubated for 30 min at RT.
Diaminobenzidine chromogen reagent was applied and incubated. The
sections were counterstained with Harris Hematoxylin and finally
mounted with a coverslip using Entellan Mounting Medium (Merck,
Darmstadt, Germany).

For the quantification of Cx43, a similar method applied for fibrosis
was used. For each atrium, three random images of equal area con-
taining Cx43 immunostaining were selected [Fig. 2] and analyzed using
the image J software. For each image, a threshold method was used to
determine the number of brown pixels corresponding to Cx43 staining
relative to the total tissue area (interstitial spaces were excluded), and
the ratio of Cx43 area to atrial cardiomyocytes area was calculated and
averaged for each animal. As before, the researchers were unaware of
which group the animals belonged to.

2.5. Statistical analysis

Data are presented as mean ± SD. A two-way ANOVA model was
used to fit the data of the two dependent variables, ratio of atrial fi-
brosis area / cardiomyocytes area and ratio of Cx43 area / cardio-
myocytes area, in the comparison of IFS-exposed animals and group
control. A p value< .05 was considered statistically significant.

3. Results

The main results are presented in Table 1.

3.1. Ratio of atrial fibrosis area/cardiomyocytes area

No interaction between the two independent factors (exposure to
IFS and duration of exposure) was observed (p = .762) and no sig-
nificant effects on atrial interstitial fibrosis due to time were detected
(p = .272).

Infrasound-exposed animals showed significantly higher ratio of
atrial fibrosis area compared to controls (p < .001), independently of
time and with an observed power in excess of 95% [Fig. 3].

3.2. Ratio of atrial CX43 area/cardiomyocytes area

There is no interaction between the two independent factors (ex-
posure / time) on their potential effects on the Cx43 modifications
(p = .751). The potential effects of exposure are independent of the
potential effects of time.

Exposure to IFS has a significant effect on Cx43 modifications
(p = .009), with IFS-exposed rats showing significantly lower values,
independently of time and with an observed power of 75.9% [Fig. 4].

Moreover, Cx43 concentration decrease significantly with time
(p = .001), independently of exposure to IFS and with an observed
power of 95%.

The weight of the rats at euthanasia was considered as a potential
covariate in the model for Cx43, since the two variables present a
modest but significant bivariate correlation (r = −0.246; p = .045).
However, when included in the model with exposure to IFS and dura-
tion of exposure as independent factors, the weight did not present any
association with Cx43 nor did the conclusions stated above for this
marker change. Therefore, even after controlling for body weight, the
effects of exposure and duration of exposure remain virtually un-
changed.

4. Discussion

The present study evaluated two specific features of myocardial
remodeling in rat heart, interstitial fibrosis and Cx43 modifications, as a
consequence of exposure to IFS (120 dB,< 20 Hz) and validated our
initial hypothesis that exposure to different periods of high-intensity IFS
can lead to structural atrial remodeling. These results are consistent
with those of past investigations from our group, also in Wistar rats
(Oliveira et al., 2005; Oliveira et al., 2012; Oliveira et al., 2013;
Antunes et al., 2013a; Lousinha et al., 2015; Antunes et al., 2013b;
Antunes et al., 2013c; Antunes et al., 2013d; Lousinha et al., 2018),
confirming the abnormal proliferation of connective tissue as the main
morphological change induced by LFN exposure. In our study, Cx43

Fig. 2. Atrial connexin 43 after high-intensity IFS (120 dB,< 20 Hz) exposure. Examples of atrial sections from control and IFS-exposed rats at 12 weeks [400×].
IFS-exposed animals exhibit lower concentrations of Cx43. IFS – Infrasound.
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also appears to undergo age-dependent loss, as lower concentrations
were found among ≥22 weeks-old controls compared to younger rats
(16 weeks-old), a result that comes in agreement with previously re-
ported data from Watanabe et al (Watanabe et al., 2004).

High-intensity IFS exposure studies in laboratory animals are scarce
but consistently present the deleterious effects of this stressor on the
cardiovascular system (Pei et al., 2009; Pei et al., 2007; Pei et al., 2011;
Pei et al., 2013). These experiments were conducted with high-pressure
IFS (130 dB, 5 Hz), in similar conditions to one of our previous studies
(Lousinha et al., 2018) and to the present one.

Artificial sources of LFN and IFS include industrial installations and
low-speed machinery, like diesel engines and wind turbines
(Leventhall, 2007). As previously mentioned, the WHO Regional Office
for Europe recognizes that sound with frequencies below 200 Hz re-
presents an environmental problem (WHO, Regional Office for Europe,
2011; WHO, Regional Office for Europe, 2018). It is widely accepted
that noise has impact on public health, although the relative contribute
of its intensity, frequency content, mean and peak decibel level, as well
as the pattern or duration of the exposure, is not well understood. Low-
frequency noise is implicated in several adverse biological effects in
experimental and epidemiological studies (Leventhall, 2004;
Leventhall, 2007), which is partially attributed to the characteristics of
strong penetration and less attenuation in long distance propagation.

We do not know by which mechanisms noise induces cardiac fi-
brotic proliferation in rats. The differentiation of cardiac fibroblasts
into more active myofibroblasts, a complex and highly regulated pro-
cess where biochemical and mechanical factors are interdependent, is

the hallmark of cardiac fibrosis (Wynn and Ramalingam, 2012; Yong
et al., 2015). Although the role of mechanical factors remains elusive,
cardiac fibroblasts exposed to abnormal mechanical conditions such as
strain and extracellular matrix stiffness can undergo myofibroblast
differentiation, leading to an abnormal accumulation of the extra-
cellular matrix components, such as collagen, in the heart (Dalla-Costa
et al., 2010; Hinz, 2010).

High pressure levels of LFN can elicit body vibrations and act as
mechanical stressor (Leventhall, 2004; Leventhall, 2007; Randall et al.,
1997; Smith, 2002). Humans, as well as other animals, possess inherent
specific sound frequencies in certain tissues and organs in the same
range of IFS, below 20 Hz (Leventhall, 2007). Exposure to vibration
close to that resonant frequency range can lead to maximum displace-
ment between the organ and the skeletal structure, placing biodynamic
strain on the body tissue involved (Randall et al., 1997). We believe this
could be among the underlying mechanisms leading to the structural
changes we found in our investigations. Comparable to the traditional
cardiovascular risk factors, experimental and epidemiological evidence
indicates that noise, through auditory and non-auditory effects, may
induce activation of different pathways (oxidative stress, inflammation,
vascular dysfunction, autonomic imbalance) that ultimately lead to
cardiac fibrosis, adverse ventricular and atrial remodeling and ar-
rhythmogenesis (Basner et al., 2014; Cai et al., 2017; Münzel et al.,

Table 1
Mean ± SD of the two measured outcomes in the two groups.

Time of exposure (weeks) Group IFS (n = 36) Group CTL (n = 36)

Ratio of atrial fibrosis area / cardiomyocytes area
Mean ± SD

1 0.0896 ± 0.04 0.0460 ± 0.03
6 0.0936 ± 0.03 0.0491 ± 0.01
12 0.1095 ± 0.04 0.0541 ± 0.01

Ratio of atrial CX43 area / cardiomyocytes area
Mean ± SD

1 0.1100 ± 0.03 0.1371 ± 0.03
6 0.0829 ± 0.04 0.1036 ± 0.03
12 0.0834 ± 0.03 0.0966 ± 0.03

IFS – Infrasound; CTL – Control; SD – standard deviation; Cx43 – Connexin 43.

Fig. 3. Ratio of fibrosis area to atrial cardiomyocytes area in IFS-exposed and
control animals. The ratio was significantly higher in IFS-exposed animals
(p < .001).

Fig. 4. Ratio of Cx43 area to atrial cardiomyocytes area in IFS-exposed animals
and group control. The ratio was significantly lower in IFS-exposed animals
(p = .009). Furthermore, Cx43 concentration seems to decrease significantly
with time (p= .001), independently of exposure and with an observed power of
95%.
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2014; Münzel et al., 2017a; Münzel et al., 2017b).
The first study reporting an association between residential ex-

posure to road traffic noise and higher risk for developing AF was
published in 2016, but this association lost statistical significance after
adjustment for air pollution (Monrad et al., 2016). Two years later, a
group of investigators reported the existence of a significant association
between environmental noise exposure, including aircraft and road
traffic noise, and AF in a large cohort study, involving more than
fourteen thousand participants (Hahad et al., 2018). Furthermore, a
third group (Bräuner et al., 2019) found an association between long-
term exposure to wind turbine noise, known to generate lower fre-
quencies of sound than road traffic (WHO, Regional Office for Europe,
2018; Seltenrich, 2014), and the risk of incidental AF in a large, na-
tionwide cohort of women above age 44. In these studies, the authors
propose the indirect / non-auditory pathway of Babisch's noise and
stress-reaction model (Babisch et al., 2013) as the most plausible ex-
planation for their findings but AF is an extraordinarily complex ar-
rhythmia involving several pathophysiological mechanisms (Nattel and
Harada, 2014) and there are no studies specifically addressing the pa-
thophysiology of noise-induced AF.

Despite the different underlying mechanisms proposed, the most
consistently reported structural change in animals and patients with AF
is atrial fibrosis (Kato et al., 2006; Dzeshka et al., 2015). Among the
principal causes of cardiac fibrosis are genetic predisposition, old age,
mechanical overload of the heart and myocardial infarction (Rohr,
2012). Cardiac fibrotic remodeling distorts the homogeneous electric
substrate and leads to abnormal impulse generation and propagation,
representing the most thoroughly investigated mechanism in ar-
rhythmogenesis. But the structural correlate of atrial fibrillation also
comprises gap junction remodeling (Kostin et al., 2002; Chimenti et al.,
2010; Corradi, 2014). The distribution patterns of connexins are com-
parable between rat, guinea pig, porcine, bovine and human hearts (van
Kempen et al., 1995). In rats, atrial remodeling involving increased
fibrosis and altered atrial Cx43 expression consistently lead to higher
inducibility of AF (Kato et al., 2006; Kim et al., 2011; Yang et al., 2019),
regardless of the pathological condition (diabetes, elevated afterload or
obstructive sleep apnea), with overlapping findings in humans (Rucker-
Martin et al., 2006). From the histopathologic standpoint, it is rea-
sonable to assume that IFS-induced atrial remodeling, with increased
fibrosis and decreased Cx43, shares the same functional relevance.
Animal models contribute to our knowledge of arrhythmogenesis. The
pathophysiological basis of arrhythmias is not completely understood
but different types of arrhythmias share similarities in their basic me-
chanisms (Clauss et al., 2019).

The main limitation of this study is that we did not address the
functional relevance of the atrial remodeling involving fibrosis and
Cx43 modifications, leaving open the question of whether it can act as
an arrhythmogenic substrate. Fundamental mechanisms can potentially
be identified in rats and translated into clinical practice, even con-
sidering marked electrophysiological differences in comparison to hu-
mans. We consider that this is an initial investigation, as translation of
our findings and preclinical studies should be conducted in larger ani-
mals and would implicate a different research protocol (Clauss et al.,
2019). There are other minor limitations. First, due to the small size and
the curvature of the atria of the rats, it was not possible to obtain
sections in which all the muscle fibers were oriented in the same plane
for histologic and immunohystochemical analysis. Second, experi-
mental noise stress models are scarce and, at the present time, a well-
defined morphological cardiac model to study the consequences of IFS
exposure does not exist. There is a lack of consensus regarding the
cardiac cell composition, including fibroblasts, in mammals, with po-
tential variations between species that also depends on the age (Pinto
et al., 2016). Finally, concerning the characteristics of noise, environ-
mental studies mostly use A-weighting method to measure noise and
focus on sound pressure level, disregarding frequencies. Low-frequency
sounds have higher energy than the sounds at mid and higher

frequencies and cannot be correctly evaluated using the conventional
A-filters (Ziaran, 2014). Nonetheless, we believe that both sound fre-
quency and intensity are key factors and should be considered in future
research.

5. Conclusions

High-intensity infrasound exposure triggers atrial structural mod-
ifications with increased interstitial fibrosis and decreased Cx43 in rats.
The functional consequences of this findings are not known, reinforcing
the need for further research concerning the effects of IFS exposure on
the heart.
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