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Abstract 

The emergence and circulation of a novel coronavirus (2019-nCoV)—Severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2)—set off a global health crisis. SARS-CoV-2 spreads faster than its two ancestors, SARS-CoV and 
MERS-CoV. Several modes of transmission have been identified: via respiratory droplets, contact with infected people 
or contaminated surfaces, and potentially, bioaerosols. Various countries have taken preventive measures that may 
include partial or total lockdowns lasting weeks. The physical inactivity associated with lockdowns may promote 
cardiometabolic or other diseases, while physical activity may play a critical role in preventing them. Here we develop 
the hypothesis of the involvement of aerosols in the contamination process, the role of angiotensin converting 
enzyme 2 (ACE2), the potential benefits and harm of physical activity during lockdowns, and we suggest directions 
for future research.

Highlights 

• Physical inactivity during COVID-19 lockdowns may damage health.

• Risk of contamination by aerosols is higher during high-intensity urban outdoor exercise.

• Angiotensin converting enzyme 2 (ACE2) could play key role in SARS-CoV-2 transmission during exercise.

• How ACE2 serum concentration changes as function of exercise intensity and duration must be studied to elucidate 
role of this enzyme.
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Background
The global COVID-19 (previously 2019-nCOV) pan-
demic has not relented since it began in Wuhan, Hubei, 
China, in December 2019 [1]. The WHO has declared 
the new disease caused by SARS-CoV-2 a global public 
health emergency [1]. In 2021, even with the availability 

of treatment and vaccines [2], various countries continue 
to apply preventive measures that include school clos-
ings, restriction of non-food-related economic activity, 
and prohibition of unnecessary travel [3]. Such measures 
placed over a third of the world’s population under par-
tial or total lockdown for several weeks during each wave 
of the pandemic [4, 5]. Lockdowns are characterized by 
more sedentary behavior [6], and considerable loss of 
muscle mass occurs after weeks without physical activity 
[3]. So et al. showed that during the 2003 SARS lockdown 
in China, lasting 7 weeks, levels of physical activity levels 
fell between 32% and 40% on average [7]. The WHO con-
siders physical inactivity to be the fourth leading cause 
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of mortality worldwide. It reports that 60–85% of people 
around the globe have sedentary lifestyles [8]. The sed-
entary behavior and physical inactivity associated with 
lockdowns might contribute to obesity and type 2 diabe-
tes. Here we summarize the results of recent COVID-19 
research and describe the health effects of lockdowns. 
We also discuss the potential benefits and harms of urban 
outdoor physical activity during COVID-19 lockdowns 
and the possible role played by angiotensin converting 
enzyme 2 (ACE2) in contamination.

SARS‑CoV‑2 transmission and associated symptoms
Coronaviruses are primarily spread through close contact 
with other individuals [9]. Infection with SARS-CoV-2 
usually occurs via contact with oral, nasal, or ocular 
mucous membranes, or by inhalation of droplets gener-
ated by coughing or sneezing [10]. Droplets can travel 1 to 
2 m from their source [11, 12]. Aerosols are solid or liq-
uid particles suspended and dispersed in the air. Some are 
atmospheric pollutants such as particulate matter of diam-
eter ≤ 2.5  μm (PM2.5) or ≤ 10  μm (PM10). PM2.5 particles 
were thought to greatly contribute to COVID-19 infec-
tions in England [13]. Moreover, relationships between 
COVID-19 mortality and infectivity and air pollutant con-
centrations have recently been observed [13, 14].

After an infected expels the virus from their lungs and 
into the air, it may join with aerosols to form bioaerosols 
capable of traveling many meters [11, 12]. These bioaero-
sols can be easy inhaled, thereby entering the respiratory 
tract. Evidence suggests that most cases of SARS-CoV-1 
and MERS-CoV were partly the result of aerosol inha-
lation [10, 15]. Epidemiological data show that trans-
missibility is higher for 2019-nCoV than for SARS-CoV 
or MERS-CoV [16]. Thus, the SARS-CoV-2 pandemic 
demands stricter measures to limit infection [17].

In some patients, initial clinical signs of this disease 
include a dry cough, breathing difficulties (dyspnea), and 
pneumonia [17–19]. In addition to pneumonia and dysp-
nea, 78% of patients with COVID-19 have been reported 
to have a fever (> 38 °C), and other symptoms are cough-
ing, muscle pain, headache, stomachache, and diarrhea 
[20]. Loss of taste and smell has also been observed [21].

SARS-CoV-2 reportedly infects pulmonary alveolar 
epithelial cells by endocytosis [19]. It binds to the same 
ACE2 receptor as SARS-CoV, but with 10 to 20 times 
higher affinity [22]. Coronaviruses can enter cells express-
ing ACE2, replicate, spread, and cause disease. ACE2 is 
expressed on both type I and II alveolar epithelial cells, 
with expression dominant in the latter type (83%). ACE2 
has also been shown to occur in other organs, such as the 
heart, esophagus, kidneys, bladder, and ileum [2, 23].

Exercise and COVID‑19 during pandemic
According to previous studies, endurance exercise 
increases ACE2 production through a complex mecha-
nism involving beneficial systemic effects — e.g., increased 
angiotensin-(1–7) levels and decreased microRNA activ-
ity — as well as possible inflammatory responses [24–26]. 
ACE2 catalyzes the cleavage of angiotensin II into angi-
otensin-(1–7), a vasodilator that decreases blood pres-
sure. Furthermore, exposure to SARS-CoV-2 apparently 
increases ACE2 receptor expression in the lungs [19, 27]. 
Although there is greater secretion of both types of ACE2 
(i.e., as enzyme in plasma and as receptor in cardiovas-
cular tissues) in patients with cardiovascular diseases, 
SARS-CoV-2 might also increase cardiovascular tissue 
expression of ACE2 in others [27, 28].

Endurance exercise is one of the main drivers of 
increased oxygen consumption (V̇O2) by working mus-
cles: consumption increases linearly with exercise inten-
sity. During endurance exercise, an incremental rise in 
O2 demand and CO2 production greatly increases ven-
tilation, bringing athletes toward the ventilatory break-
point [29]. This respiratory response might facilitate 
SARS-CoV-2 access to lung tissues. Increased ventila-
tion induces greater recruitment of the pulmonary gas 
exchange surface to permit the passage of more oxygen 
into the blood [30, 31]. During aerobic exercise in big cit-
ies, greater doses of air pollutants can be inhaled [32]. As 
PM2.5 pollutant inhalation not only increases COVID-19 
incidence [13] but also inflames lung tissue, it may lead 
to greater ACE2 receptor expression in alveolar epithe-
lial cells [33]. Because SARS-CoV-2 can attach to fine 
particles, greater ventilation during exercise could entail 
rapid and massive transport of virions into the lungs, 
where they may bind to ACE2 receptors. Specifically, 
when running outdoors in an environment with a high 
concentration of fine airborne particles (i.e., pollutants or 
vapor droplets) and little air flow, large numbers of viri-
ons could be inhaled, subsequently affecting the cardio-
vascular system (Fig. 1) [4]. Further studies are needed to 
examine this possibility.

As suggested by So et al., it is reasonable to assume that 
SARS-CoV-2 may be found in sweat, just as it is in other 
bodily fluids [7]. The rise in body temperature during 
physical exercise can increase evaporation of sweat, lead-
ing to the formation of aerosolized viral particles capable 
of infecting others [7, 11, 12]. High-intensity endurance 
exercise in the streets of large cities during a pandemic 
could promote viral contagion and substantially heighten 
the risk of COVID-19-related cardiovascular injury. 
As the means of viral entry during exercise is not fully 
understood, avoidance of high-intensity outdoor physical 
activity in populated or polluted areas seems prudent [4].
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Hypothesis
The arguments presented above suggest physical activ-
ity during the COVID-19 pandemic promotes health. As 
lockdowns lasting multiple weeks may increase physi-
cal inactivity, sedentary behavior, obesity, and other 
health risks, regular physical activity may be of critical 
importance. We hypothesize that physical activity and 
air pollutants increase ACE2 receptor expression in the 
cardiovascular system and the lungs, respectively, which 
may in turn heighten the risk of SARS-CoV-2 infection 
(Fig. 1).

Recommendations
During and after the pandemic, several studies have rec-
ommended physical exercise. Different protocols have 
been proposed combining aerobic and anaerobic exer-
cises, indoors and outdoors, at different intensities and 

durations [34–36]. In the current situation our hypoth-
esis suggests that high intensity outdoor physical activity 
requiring a high level of ventilation in urban environment 
is not recommended. This way, an add additional risk of 
viral infection via bioaerosols can be avoided.

Conclusion
With the COVID-19 pandemic, among the prevention 
measures, a large portion of the world’s population was 
subjected to partial or total lockdowns for weeks. If phys-
ical activity is known to prevent cardiometabolic or other 
diseases, physical inactivity associated with lockdowns 
could play a critical role. Here we develop the hypoth-
esis that the increase of angiotensin converting enzyme 
2 (ACE2), caused by both physical activity and polluted 
urban air, may play a key role in the COVID-19 contami-
nation process.

Fig. 1  Possible mechanism of contamination by SARS-CoV-2 during endurance exercise within urban environment in presence of pollutants or 
bioaerosols. ACE2: angiotensin converting enzyme 2; PM2.5: fine particles (particulate matter) of diameter ≤ 2.5 μm
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