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Abstract
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) mRNA vaccine-induced myocarditis is a rare
but well-documented complication in young males. The increased incidence of sudden death among athletes
following vaccination has been reported and requires further investigation. Whether the risk of myocarditis,
a known major cause of sudden death in young male athletes, also increases after coronavirus disease 2019
(COVID-19) infection is unknown. The severity and implications of these critical adverse effects require a
thorough analysis to elucidate their key triggering mechanisms. The present review aimed to evaluate
whether there is a justification to hypothesize that catecholamines in a “hypercatecholaminergic” state are
the key trigger of SARS-CoV-2 mRNA vaccine-induced myocarditis and related outcomes and whether
similar risks are also present following COVID-19 infection.

A thorough, structured scoping review of the literature was performed to build the hypothesis through three
pillars: detection of myocarditis risk, potential alterations and abnormalities identified after SARS-CoV-2
mRNA vaccination or COVID-19 infection and consequent events, and physiological characteristics of the
most affected population. The following terms were searched in indexed and non-indexed peer review
articles and recent preprints (<12 months): agent, “SARS-CoV-2” or “COVID-19”; event, “myocarditis” or
“sudden death(s)” or “myocarditis+sudden death(s)” or “cardiac event(s)”; underlying cause, “mRNA” or
“spike protein” or “infection” or “vaccine”; proposed trigger, “catecholamine(s)” or “adrenaline” or
“epinephrine” or “noradrenaline” or “norepinephrine” or “testosterone”; and affected population, “young
male(s)” or “athlete(s).” The rationale and data that supported the hypothesis were as follows: SARS-CoV-2
mRNA vaccine-induced myocarditis primarily affected young males, while the risk was not observed
following COVID-19 infection; independent autopsies or biopsies of patients who presented post-SARS-
CoV-2 mRNA vaccine myocarditis in different geographical regions enabled the conclusion that a primary
hypercatecholaminergic state was the key trigger of these events; SARS-CoV-2 mRNA was densely present,
and SARS-CoV-2 spike protein was progressively produced in adrenal medulla chromaffin cells, which are
responsible for catecholamine production; the dihydroxyphenylalanine decarboxylase enzyme that converts
dopamine into noradrenaline was overexpressed in the presence of SARS-CoV-2 mRNA, leading to enhanced
noradrenaline activity; catecholamine responses were physiologically higher in young adults and males than
in other populations; catecholamine responses and resting catecholamine production were higher in male
athletes than in non-athletes; catecholamine responses to stress and its sensitivity were enhanced in the
presence of androgens; and catecholamine expressions in young male athletes were already high at baseline,
were higher following vaccination, and were higher than those in non-vaccinated athletes.

The epidemiological, autopsy, molecular, and physiological findings unanimously and strongly suggest that
a hypercatecholaminergic state is the critical trigger of the rare cases of myocarditis due to components
from SARS-CoV-2, potentially increasing sudden deaths among elite male athletes.
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Introduction And Background
Coronavirus disease 2019 (COVID-19), a multisystemic disease caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), was first detected in Wuhan, China, at the end of 2019. COVID-19
led to the first pandemic of the 21st century, causing more than six million deaths and 800 million cases
until June 2022.

The peculiarities of SARS-CoV-2 caused a disease characterized by complex pathophysiology that has not
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been fully elucidated and changes across its variants, leading to widely varying disease presentation and
severity. This indicates that COVID-19 depends more on the host (humans) than on the virus itself. This
particularity of COVID-19 also implies that the monitoring of COVID-19 effects should be age-, sex-, and
comorbidity-specific for a more precise understanding of the risk factors not only for COVID-19 directly
related outcomes but also for further complications.

As the large variability in presentation, severity, and complications observed in COVID-19 is likely
attributed to the specificities of SARS-CoV-2 mRNA and spike protein, it should be expected and therefore
presumed that SARS-CoV-2 vaccines of any type, which expose individuals to these proteins, should also be
monitored in a characteristic-specific manner.

Surveillance of long-term effects of COVID-19 and SARS-CoV-2
vaccines
Efforts to mitigate the COVID-19 pandemic have been tremendous and included multiple public health
recommendations and mandates, pharmacological treatments, and vaccine development. Vaccines of
different types, including attenuated virus, viral vector, and SARS-CoV-2 mRNA vaccines, were developed at
record speed to protect humans against COVID-19 and its outcomes. Despite regional disparities, the
massive worldwide vaccination for COVID-19 achieved in <1 year may have contributed to an overall
reduction in COVID-19 cases and, to a greater extent, COVID-19 deaths.

However, neither the characterization of COVID-19’s long-term effects, including post-COVID-19 or long
COVID-19 or increased complications after COVID-19, nor the long-term safety profile and less common
adverse effects of SARS-CoV-2 vaccines is well established. Ethically, collective thorough surveillance of
complications after COVID-19 and SARS-CoV-2 vaccination is mandatory. Correspondingly, every event
chronologically related to COVID-19 infection or SARS-CoV-2 vaccination should be presumably considered
as being related until proved otherwise. When the incidence of a certain event is apparently higher after
COVID-19 infection or SARS-CoV-2 vaccination within a population of a specific sex and age range when
compared to the incidence of this event in the same population before the COVID-19 pandemic or the start
of COVID-19 vaccination or to the same population without exposure to SARS-CoV-2 or SARS-CoV-2
vaccines, further investigations must be conducted to fully elucidate the event. Active surveillance and
investigations should be equally used for events related to COVID-19 infection and SARS-CoV-2 vaccines
non-discriminatorily.

Despite insufficient surveillance, some post-SARS-CoV-2 infection and post-SARS-CoV-2 vaccination
effects have been identified. An increased number of reports of myocarditis in young males and sudden
deaths in male athletes chronologically following SARS-CoV-2 mRNA vaccination raised concern and led to
initial investigations regarding the correlation and causality between these events and this specific type of
SARS-CoV-2 vaccine. The evidence indicating that cardiac risks are specific to SARS-CoV-2 mRNA vaccines
rather than to COVID-19 or post-COVID is compelling, as multiple independent groups and data from
different regions demonstrated not only similar findings but also similar patterns that the second SARS-
CoV-2 mRNA vaccine dose presents a stronger risk of myocarditis and pericarditis than the first dose and
that the young population, particularly males, are at the highest risk. Conversely, despite the overwhelming
increase in reports of sudden deaths in male athletes and young males, there remains a lack of more robust
literature to support this claim.

Myocarditis and sudden death after COVID-19 mRNA vaccination
Myocarditis induced by SARS-CoV-2 mRNA vaccines is an indisputable complication observed particularly
in young males [1-4] as demonstrated by multiple studies in different populations [1-11]. Indeed, two studies
reported that COVID-19 mRNA vaccine-induced myocarditis disproportionately affected adolescents
(reporting odds ratio (ROR): 22.3; 95% confidence interval (CI): 19.2-25.9), 18-29-year-olds (ROR: 6.6; 95%
CI: 5.9-7.5), and males (ROR: 9.4; 95% CI: 8.3-10.6) [5,6]. These findings were supported by another large
registry study that identified increased myocarditis risk following SARS-CoV-2 mRNA vaccination, with the
highest risk detected in people aged 18-24 years, particularly after the second dose, where 8.1-fold increased
risk after the BNT162b2 SARS-CoV-2 mRNA vaccine (95% CI: 6.7-9.9) and 30-fold increased risk after the
mRNA-1273 SARS-CoV-2 vaccine (95% CI: 21-43) were reported [7]. An Israeli government dataset
demonstrated 13.6-fold increased myocarditis risk (95% CI: 9.3-19.2) among males aged between 16 and 19
years compared to the expected following historical data, while a ninefold increased myocarditis risk (95%
CI: 4.5-17.8) was recorded when compared to unvaccinated people of similar age and sex during the same
period [8]. In a 23 million-resident area, the myocarditis risk after SARS-CoV-2 mRNA vaccination was
increased across all populations but was particularly high among males aged 16-24 years after the second
dose of BNT162b2 and mRNA-1273, where 5.3-fold (95% CI: 3.7-7.7) and 13.8-fold (95% CI: 8.1-23.7)
increased myocarditis risk was recorded, respectively [9].

Among all population studies that universally detected increased myocarditis risk after SARS-CoV-2 mRNA
vaccination, a nationwide fully controlled Israeli dataset identified a strict correlation between both first
and second SARS-CoV-2 mRNA vaccine doses and an increase in emergency calls, particularly in those
between the ages of 16 and 39 years, after adjustments for confounders [10]. The fact that two peaks were
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observed chronologically following the two SARS-CoV-2 mRNA vaccine doses strongly reinforced the
correlation.

Not only were myocarditis risks identified, but a great burden following these cardiac events was also
described [7]. Indeed, young males with comorbidities may experience dramatic cardiac remodeling
following SARS-CoV-2 mRNA vaccination [11].

Although preliminary comparisons between COVID-19 infection and SARS-CoV-2 mRNA vaccines
demonstrated similar increased myocarditis risk in athletes and people aged <40 years [12-14], the risk of
consequential heart arrhythmia was significantly higher after vaccination than after COVID-19 [12], possibly
supporting the apparent higher incidence of sudden deaths after COVID-19 vaccination than after COVID-
19. Indeed, myocarditis was only detected through active biochemical surveillance monitoring of post-
COVID-19 athletes [13,14], which has not been used in athletes after SARS-CoV-2 mRNA vaccination. This
is justifiable as more active follow-up after a symptomatic disease is expected rather than after a vaccine in
otherwise healthy and asymptomatic people.

Indeed, the alleged similar increase in myocarditis risk following COVID-19 infection and SARS-CoV-2
mRNA vaccines was refuted. While findings of overwhelming increases in symptomatic myocarditis have
been extensively demonstrated and reproduced, another strictly controlled Israeli dataset involving a large
population study with 196,992 COVID-19 cases and 590,976 controls demonstrated similar myocarditis
incidence between people who had been infected with COVID-19 and among non-COVID-19-infected
patients [15].

Correspondingly, although an increase in sudden deaths among young people has been reported since the
1990s [16], the incidence of sudden deaths among athletes appears to have increased sharply in 2021 [17].
Chronologically, this coincides with the increased proportion of vaccinated athletes, with far more males
affected than females, and the increase was particularly high in 2021 [5].

However, this is an anecdotal and empirical observation that has not been confirmed, while numbers are
highly underestimated [18], obscuring a sudden death outbreak among athletes. Although preliminary and
unofficial, specific data have been reported among professional male soccer players. The number of sudden
deaths during soccer training among the International Federation of Association Football (FIFA) professional
soccer players ranged between five and 10 deaths yearly between 2009 and 2019, and only two were reported
in 2020; there was a yearly average of 7.8 deaths between 2009 and 2020. In 2021, 31 sudden deaths were
reported [17,19,20].

Correlation between myocarditis and sudden death
The correlations between myocarditis and sudden death vary widely according to the population studied
[21]. However, it is accepted that a non-negligible percentage of sudden deaths occur due to myocarditis.
Myocarditis is a major cause of sudden death among young people with an incidence that is twice as high in
males than in females and is even more prevalent among athletes [21-23].

Hypothesis and objective
While young males and male athletes appear to be at higher risk of cardiac events as observed in a
chronologically correlative manner, causality has not been established. The particularities of these
populations should be prioritized as potential causes. The two major aspects hypothesized to be specific to
these populations are high testosterone and high catecholamine (noradrenaline and adrenaline) levels,
which alone or combined may experience interference by SARS-CoV-2 components, including the disease
(COVID-19) and vaccines. In particular, there appear to be overwhelming chronological coincidences
between catecholamine peaks and the incidence of the associated cardiac events. From these observations, it
was hypothesized that a “hypercatecholaminergic” state, increased catecholamine levels, and enhanced
sensitivity to catecholamines combined with high testosterone levels may mediate SARS-CoV-2 mRNA
vaccine-induced myocarditis and related events. In the present article, a scoping review of the emerging
literature was performed to substantiate or refute the proposed hypothesis. Ultimately, this article does not
aim to discourage or stimulate hesitation regarding SARS-CoV-2 vaccines but to detect and propose
explanations for the phenomenon, leading to more effective monitoring and prevention of further events.

Materials and methods
Are catecholamines under a hypercatecholaminergic state the key trigger of COVID-19 mRNA vaccine-
induced myocarditis and related sudden deaths?

While the incidence of sudden deaths among athletes is uncertain, the occurrence of COVID-19 mRNA
vaccine-induced clinically detectable myocarditis is unquestionable. The underlying mechanisms of both
potentially linked situations deserve further elucidation. For the reasons described in the following
paragraphs and through extensive literature research, evaluation was performed on the proposed
hypothesis: catecholamines under a hypercatecholaminergic state that includes enhanced catecholamine

2022 Cadegiani et al. Cureus 14(8): e27883. DOI 10.7759/cureus.27883 3 of 11



responses, sensitivity, and action might be the key mechanism for inducing myocarditis and consequent
sudden death, particularly in young males and athletes.

To build the hypothesis, the following pillars for the hypothesis must be characterized: detection of the risk
of the event (myocarditis and related outcomes) (pillar 1) (for detecting the phenomenon), and potential
alterations and abnormalities identified after SARS-CoV-2 mRNA vaccination or COVID-19 infection and
consequent events (pillar 2) and physiological characteristics specific to the population likely most affected
by myocarditis and the related outcomes (pillar 3) (for searching for the etiology of the phenomenon).

To characterize each pillar, the following specific questions should be answered. For pillar 1, the questions
are as follows: (1) Do SARS-CoV-2 mRNA vaccines lead to increased myocarditis risk? If so, are young males
and male athletes at the highest risk for this complication? Is the risk dose-dependent, i.e., do further doses
lead to further increments in myocarditis risk? (2) Does this also apply to pericarditis, cardiac events, and
sudden deaths? (3) Is the same increased myocarditis risk also observed during or after COVID-19 infection?
If so, do the characteristics of this event have similar severity, prognosis, and population affected as the
events after SARS-CoV-2 mRNA vaccination?

The questions for pillar 2 are as follows: (1) Does any between SARS-CoV-2 mRNA vaccines or COVID-19
infection lead to increased catecholaminergic (noradrenaline or adrenaline) activity at any level, including
increased secretion from the adrenal medulla and sympathetic ganglions, increased catecholamine receptor
sensitivity, or increased response to catecholamine signaling? In summary, do any of them lead to a
hypercatecholaminergic state? (2) Has it been demonstrated that any of the specific populations that
presented the highest myocarditis risk also presented increased catecholaminergic activity with SARS-CoV-2
mRNA vaccines? (3) Are myocarditis and the related outcomes influenced or induced by a
hypercatecholaminergic state?

For pillar 3, the questions are as follows: (1) Do young males present increased catecholaminergic activity of
any sort compared to older males or to females? (2) Do male athletes present increased catecholaminergic
activity of any sort compared to sex- and age-matched non-athletes? (3) Do these two populations of young
males and male athletes present higher testosterone levels compared to other populations? (4) If young
males, male athletes, or both present both increased catecholaminergic activity and testosterone levels, do
these two particularities play a synergistic role leading to further enhancement of the activity of these
hormones? In this specific case, do higher testosterone levels lead to further increases in catecholaminergic
activity?

Once these three pillars are well-characterized, the hypothesis that a hypercatecholaminergic state is likely
a key trigger of SARS-CoV-2 mRNA vaccine-induced myocarditis can be confirmed, reinforced, undermined,
or refuted.

The detection of the phenomenon, i.e., the answers to the questions regarding pillar 1, has been answered in
the Introduction section and forms the background of the proposed hypothesis.

The answer to pillar 1 is that increased myocarditis risk has been extensively confirmed after SARS-CoV-2
mRNA vaccination, while it is unlikely to be present following COVID-19 infection. The increased
myocarditis risk detected in young males was highest (6-30-fold increased risk) as compared to that in
unvaccinated age- and sex-matched controls or to myocarditis incidence in the same population before
COVID-19 mRNA vaccination.

Whether myocarditis risk is even higher among athletes (particularly male athletes) and whether the
incidence of sudden death (or not) following myocarditis also increases after SARS-CoV-2 mRNA vaccination
are less clear but deserve consideration for the present hypothesis. Under uncertainties, as the principle of
caution should prevail under uncertainties, these events must be considered real risks until demonstrated
otherwise.

While the questions for pillar 1 were answered in the Introduction and formed the rationale for the proposed
hypothesis, the answers to the questions for pillars 2 and 3 constitute the objective of the present analysis,
which will be performed in the Results section following the search methods described below.

Design and search methods
A scoping review of the existing literature was performed and applied to the hypothesis development
process. The corresponding literature in indexed peer-reviewed articles in PubMed (MEDLINE), indexed and
non-indexed peer-reviewed articles and preprints on Google Scholar, and recent preprints (after July 1,
2021) in medRxiv, Research Square, and ResearchGate were searched. Expressions regarding the following
were searched: agent, “SARS-CoV-2” or “COVID-19”; event, “myocarditis” or “sudden death(s)” or
“myocarditis+sudden death(s)” or “cardiac event(s)”; underlying cause, “mRNA” or “spike protein” or
“infection” or “vaccine”; proposed trigger, “catecholamine(s)” or “adrenaline” or “epinephrine” or
“noradrenaline” or “norepinephrine” or “testosterone”; and affected population, “young male(s)” or
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“athlete(s).”

If the description of the phenomenon potentially linked with SARS-CoV-2 components or COVID-19 was
recent, the search was not restricted to published articles. As this is a descriptive review aiming to describe a
hypothesis, a systematic review, although structured, was therefore not the objective of the present article.
Figure 1 depicts the pillars for the proposed hypothesis and the expressions searched to build the hypothesis.

FIGURE 1: Pillars and search methods for the proposed hypothesis.

Review
Findings from autopsies of post-COVID-19 mRNA vaccination deaths
Autopsies were performed on two adolescents who died from myocarditis three and four days after
BNT162b2 vaccination. Both cases were negative for medication or drug misuse. Histologically, the
cardiomyocytes presented extensive diffuse contraction band necrosis (CBN) with hypercontracted
sarcomeres and mononuclear inflammatory response. These findings contrast those following infarction, in
which polymorphonuclear inflammation is observed [24].

The autopsy of a 22-year-old male after sudden death due to myocarditis a few days after the first dose of
the BNT162b2 vaccine revealed no inflammatory or cellular response or thrombosis in the ventricular area.
Conversely, cardiomyocyte necrosis and scattered single-cell necrosis, degeneration, and adjacent
inflammatory infiltrate were noted. The most remarkable characteristic was multiple scattered foci of CBN
throughout the myocardium predominantly in the left ventricle, which is the most muscular heart chamber.
These findings define catecholamine-induced myocarditis, mixing the early (necrotic and damaged
cardiomyocytes) and later (inflammation) stages of injury caused by catecholamines [25].

In both reports, the possibility of any hypersensitivity reaction was excluded as eosinophilic infiltrate was
absent. Overall, the injury pattern in all three cases was consistent with stress cardiomyopathy with
contraction bands caused by excessive catecholaminergic activity (i.e., hyperadrenergic,
“hypernoradrenergic,” or both). These histopathological findings are exceedingly similar to the non-rare
myocarditis complication of pheochromocytoma, a catecholamine-producing tumor in the adrenal medulla
due to abnormal chromaffin cell proliferation [26-28].

Before the specific characteristics of catecholamine-induced myocarditis were searched, two cases from
among the first reported cases of myocarditis following SARS-CoV-2 mRNA vaccination demonstrated
indirect signals of a hypercatecholaminergic state [29].

The first case was a 45-year-old female who presented acute heart failure due to fulminant myocarditis 10
days after the first dose of the BNT162b2 vaccine. All other causes that could potentially lead to myocarditis,
including COVID-19, coronary artery disease, other infections, and other inflammatory or autoimmune
diseases, were excluded. The standard therapy for congestive heart failure (metoprolol, lisinopril, and
spironolactone) led to an unexpectedly sharp rise in the left ventricle ejection fraction within seven days of
therapy from 15%-20% to 60%, a faster recovery than expected. The fast recovery may solely be explained if
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the underlying triggering cause of the myocarditis had been obstructed. In the present case, the direct
antagonist actions of a potential hyperadrenergic state that may have led to the myocarditis state with a
beta-adrenergic blocker (metoprolol) may have justified the prompt recovery, although further actions of the
angiotensin-converting enzyme inhibitor (ACEi) (lisinopril) and mineralocorticoid antagonist
(spironolactone) may have exerted synergistic protective effects on ACE expression and balance between its
receptors.

The second case was a 42-year-old male who died after cardiac shock caused by myocarditis, which clinically
manifested as fever, tachycardia, dyspnea, and chest pain, that started two weeks after a second dose of the
mRNA-1273 vaccine. Other causes of myocarditis and death, including COVID-19, other viral infections,
and obstructive coronary artery disease, were excluded. Similar to the first case, this fatal event was largely
attributed to a hypercatecholaminergic state, which was unlikely to be secondary to infections or any type of
inflammation-induced diseases as these conditions had been excluded. This reinforced the hypothesis of a
primary hypercatecholaminergic state as a trigger of this event.

The first report of severe acute myocarditis after the third dose of the SARS-CoV-2 mRNA vaccine was in a
43-year-old female who presented rapid monomorphic ventricular tachycardia (VT) potentially caused by a
catecholaminergic storm. For myocarditis and VT, diagnoses of acute coronary disease, COVID-19, other
viral or bacterial infections, autoimmune disorders, or any other disease known to cause myocarditis and VT
were excluded [30]. Despite glucocorticoid, ACEi, and beta-blocker treatment, the patient experienced a
persistent recurrent monomorphic VT episode two weeks after the first event and required an increased
beta-blocker dose. The increased blockage of the adrenergic actions appeared to lead to complete resolution
of the myocarditis.

In all three cases, CD3+ T lymphocytes and CD20+ B lymphocytes were highly present, while macrophages,
eosinophils, and other immune cells were almost absent, indicating a lymphocyte-specific induced
inflammatory state. These findings supported the hypothesis that all three cases may have been triggered by
a hypercatecholaminergic state, as adrenaline and noradrenaline tend to activate lymphocytes while
inhibiting monocytes, macrophages, and eosinophils [31,32].

Unlike cases of post-SARS-CoV-2 mRNA vaccine myocarditis, the autopsies from deaths due to
cardiovascular events after COVID-19 infection and other types of SARS-CoV-2 vaccine did not demonstrate
contraction bands in the cardiomyocytes or any other indication of damage caused by excessive
catecholaminergic activity in any tissue [33], demonstrating the specificness of the damage caused by SARS-
CoV-2 mRNA vaccines.

The bridge between myocarditis and sudden death after COVID-19
mRNA vaccination: a hyperadrenergic state
Autopsies have demonstrated that catecholamines triggered myocarditis following COVID-19 mRNA
vaccination. The bridge connecting myocarditis and sudden death is found in the chronic hyperadrenergic
state, a plausible and demonstrated cause [21-23]. Excessive long-term adrenaline and noradrenaline
release, particularly at rest, is an independent predictor of sudden death [34,35].

The adrenal glands have been repeatedly demonstrated to be a major site of SARS-CoV-2 mRNA
accumulation and SARS-CoV-2 spike protein production, indicating that both the adrenal cortex and
medulla were affected. A report evaluating spike protein production after COVID-19 mRNA vaccination
determined that the adrenal glands were one of the highest SARS-CoV-2 spike protein-producing tissues,
demonstrating that the spike protein production in these glands increased with time [36]. Furthermore,
notable, robust, and dense SARS-CoV-2 RNA expression and spike protein presence were detected in the
adrenal medulla of animal models and the overall adrenal glands in humans [37]. Although focal or diffuse
inflammation and swollen and necrotic chromaffin cells were noted in the adrenal medulla, the adrenal
cortex might also have been affected [38].

Despite the lack of a direct comparison, post-COVID-19 autopsies demonstrated that while SARS-CoV-2
mRNA was detected diffusely, including in the adrenal glands [39], its concentration in these glands was not
as specific as that described after COVID-19 mRNA vaccination.

That high SARS-CoV-2 mRNA concentration and corresponding abnormalities in the chromaffin cells that
could lead to a catecholamine storm was not the only demonstrated finding. The enzyme
dihydroxyphenylalanine (DOPA) decarboxylase converts DOPA into dopamine, the precursor of
noradrenaline (through dopamine-beta-hydroxylase) and adrenaline (converted from noradrenaline by
phenylethanolamine-N-methyltransferase (PNMT)). DOPA decarboxylase is overexpressed in the presence
of SARS-CoV-2 mRNA, a phenomenon not restricted to the adrenal glands. Such overexpression does not
occur with other viruses, such as influenza. Naturally, an enhanced diffused conversion from dopamine to
noradrenaline occurs locally in the tissues, disproportionately increasing their exposure to catecholamines
compared to their serum levels. In addition to the potentially enhanced catecholamine production and
release, and beta-2 adrenergic receptor hypersensitivity in tissue, disproportionally high adrenaline levels
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might be present [40].

Physiological differences in catecholamine metabolism according to
age, sex, and activity: do young males and athletes have the highest
hyperadrenergic activity?
Age, sex, and athletic-level physical activity present pronounced differences in the physiology of
catecholamine metabolism. Athletes, particularly male athletes, had significantly higher accumulated levels
of active catecholamines, even at rest, compared to non-athletes. This observation was based on
measuring 12-hour nocturnal urinary catecholamines, which refers to the accumulated release of these
hormones throughout the night. While athletes had higher catecholamine levels than sex-, age-, and
comorbidity-matched non-athletes, the catecholamine metabolite metanephrine remained unchanged,
suggesting unaltered catecholamine clearance that led to a chronic physiological increase in exposure [41-
43].

While athletes present higher catecholamine release and responsiveness than non-athletes, virtually, all
people analyzed in these studies were aged <40 years, i.e., age was not a major aspect considered in these
analyses. Older adults tend to present lower catecholamine activity than young people. A significant age-
related decrease in noradrenaline expression and uptake was observed in rats [44]. The decrease with age
was specifically noted in the chronotropic, ionotropic, and biochemical responses of the beta-adrenergic
receptor in cardiomyocytes in both animal and human models [45,46]. The only responses in catecholamine
metabolism seemingly unaffected by aging were the medullary adrenal responses to stress [47].

It is well-established that males present higher catecholamine responses to various stress types than females
[48-50]. Moreover, both catecholamine release and beta-2 adrenergic receptor responsiveness in the
cardiomyocytes are more pronounced in males than in females [51].

Although the association between sex and the age-related decrease in catecholamine activity was not
reported, the age-related and sex-specific catecholamine responses and release might reflect an important
interplay between catecholamines and androgens. Catecholamine responses to stress and adrenergic
receptor sensitivity are enhanced in the presence of androgens [52,53]. This association with androgens is
concordant with the occurrence of COVID-19 mRNA vaccine-induced myocarditis and sudden death
predominantly in young males [1-5,17-20].

Dysfunctional, exacerbated catecholamine metabolism in young males
and athletes after COVID-19 mRNA vaccination
Already physiologically exposed to high catecholamine levels, athletes experience additional exposure after
COVID-19 mRNA vaccination. Although underestimated, recently vaccinated athletes presented
significantly higher noradrenaline production in response to graded exercise than before vaccination (p <
0.01). The researchers also compared participants vaccinated with the Pfizer mRNA vaccine and non-
vaccinated participants and demonstrated higher noradrenaline production (p = 0.04 at 80% maximal oxygen
consumption (VO2max)) and heart rate (p = 0.006 at 70% VO2max). All participants underwent a similar
graded exercise program controlled through respiratory parameters [54].

Myocarditis and sudden death are highly specific to young males, particularly male athletes, the population
with the highest catecholamine exposure. The underlying cause of these two severe outcomes is a common
hyperadrenergic state, universally demonstrated through autopsies that concluded adrenaline-induced
myocarditis. Therefore, the plausibility of the hypothesis that catecholamines are the key to the occurrence
of myocarditis and sudden death after COVID-19 mRNA vaccinations is considerable and is most likely but
requires molecular confirmation.

Further hypothesis-supporting data
The physiological differences in catecholamine responses and the dysfunctional changes in catecholamine
production and action after COVID-19 mRNA vaccination strongly support the proposed hypothesis.

Local paracrine-acting catecholamine release in response to stress in various tissues is directly related to the
adrenal noradrenaline output level. This means that the already physiologically high catecholamine
responses observed in young male athletes undergo additional enhancements after COVID-19 mRNA
vaccination. These paracrine effects might become even more pronounced upon analysis of the tissue
catecholamine concentration and action in various sites, particularly the vessels and muscles, including the
cardiomyocytes [55].

A retrospective analysis demonstrated that the use of alpha-1 adrenergic receptor antagonists reduced
COVID-19 in-hospital mortality by 77% (odds ratio (OR): 0.23; 95% CI: 0.03-0.94; p = 0.028) [56], while beta-
blockers reduced the inflammatory response that led to cytokine storms in COVID-19 [57]. In addition,
SARS-CoV-2 mRNA vaccination has been followed by multiple cases of Takotsubo cardiomyopathy [58], a
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syndrome triggered by excessive catecholamine release and activity [59].

These findings demonstrate the pro-inflammatory effects, harm, and consequent outcomes caused by the
excessive catecholaminergic state due to SARS-CoV-2 mRNA and/or spike protein [60], thereby supporting
the proposed hypothesis that catecholamines play an important role in myocarditis induced by SARS-CoV-2
mRNA and/or spike protein.

Conversely, the cause of sudden deaths among athletes was largely attributed to ventricular tachycardia
following a hypercatecholaminergic state, which may have also induced concurrent myocarditis that could
together lead to VT [61,62]. Both the etiology of sudden death in athletes and the main trigger of myocarditis
identified after SARS-CoV-2 mRNA vaccination converge on hypercatecholaminergic activity as the common
cause, providing further confirmation of the proposed hypothesis.

Figure 2 summarizes the findings that support the hypothesis of a hypercatecholaminergic state being a key
trigger of myocarditis and consequent events induced by SARS-CoV-2 mRNA vaccines, which include
epidemiological and biological findings and the peculiarities of catecholamine metabolism in the most
affected population.

FIGURE 2: Summary of the rationale and supporting data for the
present hypothesis.

Discussion
Synthesizing Epidemiological, Anatomopathological, Molecular, and Physiological Findings to Propose a
Hypothesis of Catecholamines as the Key Trigger of SARS-CoV-2 mRNA Vaccination-Induced Myocarditis and
Sudden Death

Altogether, the evidence included the following: the epidemiological findings of COVID-19 mRNA vaccine-
induced myocarditis and the potential increase in sudden deaths among young males, particularly athletes;
anatomopathological findings during autopsies of myocardial tissue that demonstrated a clear state of
catecholamine-triggered myocarditis in all cases; the notable presence of SARS-CoV-2 mRNA and enhanced
SARS-CoV-2 spike protein production in adrenal medulla chromaffin cells; the overexpression of the DOPA
decarboxylase enzyme in the presence of SARS-CoV-2 mRNA, leading to enhanced conversion of dopamine
into noradrenaline; higher physiological catecholamine metabolism in younger people compared to older
people, males more than females reinforced by the positive catecholamine response and sensitivity in the
presence of androgens, and athletes more than non-athletes where the former is likely the most affected
population; and more enhanced catecholamine response in vaccinated athletes than non-vaccinated or pre-
vaccinated athletes. All this evidence was fully concordant, which supported the proposed hypothesis that
catecholamines are a key player in the SARS-CoV-2 mRNA vaccine-induced myocarditis and the consequent
apparent increase in sudden deaths.
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It is unlikely that the enhanced catecholamine release, response, receptor sensitivity, and overall activity
acted alone to provoke the vaccine-induced, catecholamine-triggered myocardial complications. The
catecholamines possibly acted synergistically with other dysfunctions, including abnormal immunological
and inflammatory responses, as they alone may cause myocarditis only during extreme catecholamine
exposure.

It remains unclear whether the proteins transcribed by SARS-CoV-2 mRNA or SARS-CoV-2 spike protein or
both trigger the hypercatecholaminergic state that eventually causes myocarditis after SARS-CoV-2 mRNA
vaccination. However, this should be explored in further study after the proposed hypothesis has been
confirmed.

Conclusions
The epidemiological findings of SARS-CoV-2 mRNA vaccine-induced myocarditis, which is overrepresented
in young males, and the preliminary reports of an increase in sudden deaths, particularly in athletes, while
absent after COVID-19 infection present highly concordant molecular justifications for the physiological
differences in anatomopathological findings and catecholamine activity, which is more intense in active
young males. We may conclude that supported by biological, clinical, and epidemiological findings,
enhanced catecholamine activity or a hypercatecholaminergic state provides sufficient evidence for the
highly plausible catecholamine theory of SARS-CoV-2 mRNA or spike protein-mediated myocardial
complications to be considered a strong hypothesis.

Additional Information
Disclosures
Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the
following: Payment/services info: All authors have declared that no financial support was received from
any organization for the submitted work. Financial relationships: All authors have declared that they have
no financial relationships at present or within the previous three years with any organizations that might
have an interest in the submitted work. Other relationships: No funding was received for the time taken to
develop this hypothesis. The author left financially compensatory work to develop this manuscript.

Acknowledgements
The author acknowledges the researchers of the publications used in this review.

References
1. Bozkurt B, Kamat I, Hotez PJ: Myocarditis with COVID-19 mRNA vaccines . Circulation. 2021, 144:471-84.

10.1161/CIRCULATIONAHA.121.056135
2. Montgomery J, Ryan M, Engler R, et al.: Myocarditis following immunization with mRNA COVID-19

vaccines in members of the US military. JAMA Cardiol. 2021, 6:1202-6. 10.1001/jamacardio.2021.2833
3. Sanchez Tijmes F, Thavendiranathan P, Udell JA, Seidman MA, Hanneman K: Cardiac MRI assessment of

nonischemic myocardial inflammation: state of the art review and update on myocarditis associated with
COVID-19 vaccination. Radiol Cardiothorac Imaging. 2021, 3:e210252. 10.1148/ryct.210252

4. Chelala L, Jeudy J, Hossain R, Rosenthal G, Pietris N, White CS: Cardiac MRI findings of myocarditis after
COVID-19 mRNA vaccination in adolescents. AJR Am J Roentgenol. 2022, 218:651-7. 10.2214/AJR.21.26853

5. Chouchana L, Blet A, Al-Khalaf M, et al.: Features of inflammatory heart reactions following mRNA COVID-
19 vaccination at a global level. Clin Pharmacol Ther. 2022, 111:605-13. 10.1002/cpt.2499

6. Lee CW, Sa S, Hong M, Kim J, Shim SR, Han HW: Adverse events and safety profile of the COVID-19
vaccines in adolescents: safety monitoring for adverse events using real-world data. Vaccines (Basel). 2022,
10:10.3390/vaccines10050744

7. Le Vu S, Bertrand M, Jabagi MJ, et al.: Age and sex-specific risks of myocarditis and pericarditis following
Covid-19 messenger RNA vaccines. Nat Commun. 2022, 13:3633. 10.1038/s41467-022-31401-5

8. Mevorach D, Anis E, Cedar N, et al.: Myocarditis after BNT162b2 mRNA vaccine against Covid-19 in Israel .
N Engl J Med. 2021, 385:2140-9. 10.1056/NEJMoa2109730

9. Karlstad Ø, Hovi P, Husby A, et al.: SARS-CoV-2 vaccination and myocarditis in a Nordic cohort study of 23
million residents. JAMA Cardiol. 2022, 7:600-12. 10.1001/jamacardio.2022.0583

10. Sun CL, Jaffe E, Levi R: Increased emergency cardiovascular events among under-40 population in Israel
during vaccine rollout and third COVID-19 wave. Sci Rep. 2022, 12:6978. 10.1038/s41598-022-10928-z

11. Khan MZ, Janus S, Franklin S, Figueredo V, Baqi A, Alvarez R: COVID-19 vaccination-induced
cardiomyopathy requiring permanent left ventricular assist device. Cureus. 2022, 14:e24477.
10.7759/cureus.24477

12. Patone M, Mei XW, Handunnetthi L, et al.: Risks of myocarditis, pericarditis, and cardiac arrhythmias
associated with COVID-19 vaccination or SARS-CoV-2 infection. Nat Med. 2022, 28:410-22.
10.1038/s41591-021-01630-0

13. Radiological Society of North America: COVID-19 linked to heart inflammation in college athletes . (2021).
Accessed: July 24, 2022: https://press.rsna.org/timssnet/media/pressreleases/14_pr_target.cfm?id=2304.

14. American College of Cardiology Foundation: COVID-19, myocarditis, and cardiac MRI in athletes:
Distinguishing signal from noise. (2021). Accessed: July 24, 2022: https://www.acc.org/latest-in-
cardiology/articles/2021/09/28/18/07/covid-19-myocarditis-and-cardiac-mri-in-athletes.

2022 Cadegiani et al. Cureus 14(8): e27883. DOI 10.7759/cureus.27883 9 of 11

https://dx.doi.org/10.1161/CIRCULATIONAHA.121.056135
https://dx.doi.org/10.1161/CIRCULATIONAHA.121.056135
https://dx.doi.org/10.1001/jamacardio.2021.2833
https://dx.doi.org/10.1001/jamacardio.2021.2833
https://dx.doi.org/10.1148/ryct.210252
https://dx.doi.org/10.1148/ryct.210252
https://dx.doi.org/10.2214/AJR.21.26853
https://dx.doi.org/10.2214/AJR.21.26853
https://dx.doi.org/10.1002/cpt.2499
https://dx.doi.org/10.1002/cpt.2499
https://dx.doi.org/10.3390/vaccines10050744
https://dx.doi.org/10.3390/vaccines10050744
https://dx.doi.org/10.1038/s41467-022-31401-5
https://dx.doi.org/10.1038/s41467-022-31401-5
https://dx.doi.org/10.1056/NEJMoa2109730
https://dx.doi.org/10.1056/NEJMoa2109730
https://dx.doi.org/10.1001/jamacardio.2022.0583
https://dx.doi.org/10.1001/jamacardio.2022.0583
https://dx.doi.org/10.1038/s41598-022-10928-z
https://dx.doi.org/10.1038/s41598-022-10928-z
https://dx.doi.org/10.7759/cureus.24477
https://dx.doi.org/10.7759/cureus.24477
https://dx.doi.org/10.1038/s41591-021-01630-0
https://dx.doi.org/10.1038/s41591-021-01630-0
https://press.rsna.org/timssnet/media/pressreleases/14_pr_target.cfm?id=2304
https://press.rsna.org/timssnet/media/pressreleases/14_pr_target.cfm?id=2304
https://www.acc.org/latest-in-cardiology/articles/2021/09/28/18/07/covid-19-myocarditis-and-cardiac-mri-in-athletes
https://www.acc.org/latest-in-cardiology/articles/2021/09/28/18/07/covid-19-myocarditis-and-cardiac-mri-in-athletes


15. Tuvali O, Tshori S, Derazne E, et al.: The incidence of myocarditis and pericarditis in post Covid-19
unvaccinated patients-a large population-based study. J Clin Med. 2022, 11: 10.3390/jcm11082219

16. Spurgeon D: Sudden cardiac deaths rise 10% in young Americans . BMJ. 2001, 322:573.
10.1136/bmj.322.7286.573

17. Universität des Saarlandes: Sudden death in football . (2022). Accessed: July 24, 2022: https://www.uni-
saarland.de/fakultaet-hw/fifa.html.

18. Maffetone PB, Laursen PB: Covid-related athletic deaths: another perfect storm?. Front Sports Act Living.
2022, 4:829093. 10.3389/fspor.2022.829093

19. Egger F, Scharhag J, Kästner A, Dvořák J, Bohm P, Meyer T: FIFA sudden death registry (FIFA-SDR): a
prospective, observational study of sudden death in worldwide football from 2014 to 2018. Br J Sports Med.
2022, 56:80-7. 10.1136/bjsports-2020-102368

20. Wikipedia: List of association footballers who died while playing . (2022). Accessed: July 24, 2022:
https://en.wikipedia.org/wiki/List_of_association_footballers_who_died_while_playing.

21. Lynge TH, Nielsen TS, Gregers Winkel B, Tfelt-Hansen J, Banner J: Sudden cardiac death caused by
myocarditis in persons aged 1-49 years: a nationwide study of 14 294 deaths in Denmark. Forensic Sci Res.
2019, 4:247-56. 10.1080/20961790.2019.1595352

22. Harris KM, Mackey-Bojack S, Bennett M, Nwaudo D, Duncanson E, Maron BJ: Sudden unexpected death due
to myocarditis in young people, including athletes. Am J Cardiol. 2021, 143:131-4.
10.1016/j.amjcard.2020.12.028

23. Massoullié G, Boyer B, Sapin V, et al.: Sudden cardiac death risk in contact sports increased by myocarditis: a
case series. Eur Heart J Case Rep. 2021, 5:ytab054. 10.1093/ehjcr/ytab054

24. Gill JR, Tashjian R, Duncanson E: Autopsy histopathologic cardiac findings in 2 adolescents following the
second COVID-19 vaccine dose. Arch Pathol Lab Med. 2022, 146:925-9. 10.5858/arpa.2021-0435-SA

25. Choi S, Lee S, Seo JW, et al.: Myocarditis-induced sudden death after BNT162b2 mRNA COVID-19
vaccination in Korea: case report focusing on histopathological findings. J Korean Med Sci. 2021, 36:e286.
10.3346/jkms.2021.36.e286

26. Wang AR, Dean SA, Grebe SK, Hood IC: Fatal catecholamine-induced cardiotoxicity associated with
pheochromocytoma: report of a postpartum case and review of the literature. Acad Forensic Pathol. 2016,
6:315-24. 10.23907/2016.032

27. Frustaci A, Loperfido F, Gentiloni N, Caldarulo M, Morgante E, Russo MA: Catecholamine-induced
cardiomyopathy in multiple endocrine neoplasia. A histologic, ultrastructural, and biochemical study.
Chest. 1991, 99:382-5. 10.1378/chest.99.2.382

28. Van Vliet PD, Burchell HB, Titus JL: Focal myocarditis associated with pheochromocytoma . N Engl J Med.
1966, 274:1102-8. 10.1056/NEJM196605192742002

29. Verma AK, Lavine KJ, Lin CY: Myocarditis after Covid-19 mRNA Vaccination . N Engl J Med. 2021, 385:1332-
4. 10.1056/NEJMc2109975

30. Mengesha B, Asenov AG, Hirsh-Raccah B, Amir O, Pappo O, Asleh R: Severe Acute Myocarditis after the
Third (Booster) Dose of mRNA COVID-19 Vaccination. Vaccines (Basel). 2022, 10:10.3390/vaccines10040575

31. Rosa LF: Effect of adrenaline on lymphocyte metabolism and function. A mechanism involving cAMP and
hydrogen peroxide. Cell Biochem Funct. 1997, 15:103-12.

32. Scanzano A, Cosentino M: Adrenergic regulation of innate immunity: a review . Front Pharmacol. 2015,
6:171. 10.3389/fphar.2015.00171

33. Sessa F, Salerno M, Esposito M, Di Nunno N, Zamboni P, Pomara C: Autopsy Findings and Causality
Relationship between Death and COVID-19 Vaccination: A Systematic Review. J Clin Med. 2021,
10:10.3390/jcm10245876

34. Jouven X, Zureik M, Desnos M, Guérot C, Ducimetière P: Resting heart rate as a predictive risk factor for
sudden death in middle-aged men. Cardiovasc Res. 2001, 50:373-8. 10.1016/s0008-6363(01)00230-9

35. Jouven X, Empana JP, Schwartz PJ, Desnos M, Courbon D, Ducimetière P: Heart-rate profile during exercise
as a predictor of sudden death. N Engl J Med. 2005, 352:1951-8. 10.1056/NEJMoa043012

36. Pfizer bio distribution confidential document translated to English . Accessed: July 24, 2022:
https://www.naturalnews.com/files/Pfizer-bio-distribution-confidential-document-translated-to-
english.pdf.

37. Song Z, Bao L, Yu P, et al.: SARS-CoV-2 Causes a Systemically Multiple Organs Damages and Dissemination
in Hamsters. Front Microbiol. 2020, 11:618891. 10.3389/fmicb.2020.618891

38. Kanczkowski W, Evert K, Stadtmüller M, et al.: COVID-19 targets human adrenal glands . Lancet Diabetes
Endocrinol. 2022, 10:13-6. 10.1016/S2213-8587(21)00291-6

39. Deinhardt-Emmer S, Wittschieber D, Sanft J, et al.: Early postmortem mapping of SARS-CoV-2 RNA in
patients with COVID-19 and the correlation with tissue damage. Elife. 2021, 10:10.7554/eLife.60361

40. Mpekoulis G, Frakolaki E, Taka S, et al.: Alteration of L-Dopa decarboxylase expression in SARS-CoV-2
infection and its association with the interferon-inducible ACE2 isoform. PLoS One. 2021, 16:e0253458.
10.1371/journal.pone.0253458

41. Cadegiani FA, Kater CE: Hormonal aspects of overtraining syndrome: a systematic review . BMC Sports Sci
Med Rehabil. 2017, 9:14. 10.1186/s13102-017-0079-8

42. Cadegiani FA, Kater CE: Basal hormones and biochemical markers as predictors of overtraining syndrome in
male athletes: the EROS-BASAL study. J Athl Train. 2019, 54:906-14. 10.4085/1062-6050-148-18

43. Cadegiani FA, Kater CE, Gazola M: Clinical and biochemical characteristics of high-intensity functional
training (HIFT) and overtraining syndrome: findings from the EROS study (The EROS-HIFT). J Sports Sci.
2019, 37:1296-307. 10.1080/02640414.2018.1555912

44. McIntosh HH, Westfall TC: Influence of aging on catecholamine levels, accumulation, and release in F-344
rats. Neurobiol Aging. 1987, 8:233-9. 10.1016/0197-4580(87)90007-8

45. Vestal RE, Wood AJ, Shand DG: Reduced beta-adrenoceptor sensitivity in the elderly . Clin Pharmacol Ther.
1979, 26:181-6. 10.1002/cpt1979262181

46. Narayanan N, Derby JA: Alterations in the properties of beta-adrenergic receptors of myocardial
membranes in aging: impairments in agonist-receptor interactions and guanine nucleotide regulation

2022 Cadegiani et al. Cureus 14(8): e27883. DOI 10.7759/cureus.27883 10 of 11

https://dx.doi.org/10.3390/jcm11082219
https://dx.doi.org/10.3390/jcm11082219
https://dx.doi.org/10.1136/bmj.322.7286.573
https://dx.doi.org/10.1136/bmj.322.7286.573
https://www.uni-saarland.de/fakultaet-hw/fifa.html
https://www.uni-saarland.de/fakultaet-hw/fifa.html
https://dx.doi.org/10.3389/fspor.2022.829093
https://dx.doi.org/10.3389/fspor.2022.829093
https://dx.doi.org/10.1136/bjsports-2020-102368
https://dx.doi.org/10.1136/bjsports-2020-102368
https://en.wikipedia.org/wiki/List_of_association_footballers_who_died_while_playing
https://en.wikipedia.org/wiki/List_of_association_footballers_who_died_while_playing
https://dx.doi.org/10.1080/20961790.2019.1595352
https://dx.doi.org/10.1080/20961790.2019.1595352
https://dx.doi.org/10.1016/j.amjcard.2020.12.028
https://dx.doi.org/10.1016/j.amjcard.2020.12.028
https://dx.doi.org/10.1093/ehjcr/ytab054
https://dx.doi.org/10.1093/ehjcr/ytab054
https://dx.doi.org/10.5858/arpa.2021-0435-SA
https://dx.doi.org/10.5858/arpa.2021-0435-SA
https://dx.doi.org/10.3346/jkms.2021.36.e286
https://dx.doi.org/10.3346/jkms.2021.36.e286
https://dx.doi.org/10.23907/2016.032
https://dx.doi.org/10.23907/2016.032
https://dx.doi.org/10.1378/chest.99.2.382
https://dx.doi.org/10.1378/chest.99.2.382
https://dx.doi.org/10.1056/NEJM196605192742002
https://dx.doi.org/10.1056/NEJM196605192742002
https://dx.doi.org/10.1056/NEJMc2109975
https://dx.doi.org/10.1056/NEJMc2109975
https://dx.doi.org/10.3390/vaccines10040575
https://dx.doi.org/10.3390/vaccines10040575
https://pubmed.ncbi.nlm.nih.gov/9253162/
https://dx.doi.org/10.3389/fphar.2015.00171
https://dx.doi.org/10.3389/fphar.2015.00171
https://dx.doi.org/10.3390/jcm10245876
https://dx.doi.org/10.3390/jcm10245876
https://dx.doi.org/10.1016/s0008-6363(01)00230-9
https://dx.doi.org/10.1016/s0008-6363(01)00230-9
https://dx.doi.org/10.1056/NEJMoa043012
https://dx.doi.org/10.1056/NEJMoa043012
file:////tmp/ https://www.naturalnews.com/files/Pfizer-bio-distribution-confidential-document-translated-to-english.pdf
file:////tmp/ https://www.naturalnews.com/files/Pfizer-bio-distribution-confidential-document-translated-to-english.pdf
https://dx.doi.org/10.3389/fmicb.2020.618891
https://dx.doi.org/10.3389/fmicb.2020.618891
https://dx.doi.org/10.1016/S2213-8587(21)00291-6
https://dx.doi.org/10.1016/S2213-8587(21)00291-6
https://dx.doi.org/10.7554/eLife.60361
https://dx.doi.org/10.7554/eLife.60361
https://dx.doi.org/10.1371/journal.pone.0253458
https://dx.doi.org/10.1371/journal.pone.0253458
https://dx.doi.org/10.1186/s13102-017-0079-8
https://dx.doi.org/10.1186/s13102-017-0079-8
https://dx.doi.org/10.4085/1062-6050-148-18
https://dx.doi.org/10.4085/1062-6050-148-18
https://dx.doi.org/10.1080/02640414.2018.1555912
https://dx.doi.org/10.1080/02640414.2018.1555912
https://dx.doi.org/10.1016/0197-4580(87)90007-8
https://dx.doi.org/10.1016/0197-4580(87)90007-8
https://dx.doi.org/10.1002/cpt1979262181
https://dx.doi.org/10.1002/cpt1979262181
https://dx.doi.org/10.1016/0047-6374(82)90004-5


accompany diminished catecholamine-responsiveness of adenylate cyclase. Mech Ageing Dev. 1982, 19:127-
39. 10.1016/0047-6374(82)90004-5

47. Yiallouris A, Tsioutis C, Agapidaki E, Zafeiri M, Agouridis AP, Ntourakis D, Johnson EO: Adrenal aging and
its implications on stress responsiveness in humans. Front Endocrinol (Lausanne). 2019, 10:54.
10.3389/fendo.2019.00054

48. Frankenhaeuser M, Dunne E, Lundberg U: Sex differences in sympathetic-adrenal medullary reactions
induced by different stressors. Psychopharmacology (Berl). 1976, 47:1-5. 10.1007/BF00428693

49. Drake K, Gateva E, Deutsch J, Cohen WR: Sex differences in the adrenal catecholamine response to
hypoglycemia in rats. Metabolism. 1998, 47:121-4. 10.1016/s0026-0495(98)90205-0

50. Claustre J, Peyrin L, Fitoussi R, Mornex R: Sex differences in the adrenergic response to hypoglycemic stress
in human. Psychopharmacology (Berl). 1980, 67:147-53. 10.1007/BF00431970

51. Vizgirda VM, Wahler GM, Sondgeroth KL, Ziolo MT, Schwertz DW: Mechanisms of sex differences in rat
cardiac myocyte response to beta-adrenergic stimulation. Am J Physiol Heart Circ Physiol. 2002, 282:H256-
63. 10.1152/ajpheart.2002.282.1.H256

52. Miranda H, Perez E, Fernandez E, Rosselot F, Vergara JF, Wolstenholme WW, Zuazo A: Androgens and
effects of opioids and catecholamines on the smooth muscle of the rat vas deferens. Pharmacology. 1985,
30:168-80. 10.1159/000138066

53. Carbajal-García A, Reyes-García J, Montaño LM: Androgen effects on the adrenergic system of the vascular,
airway, and cardiac myocytes and their relevance in pathological processes. Int J Endocrinol. 2020,
2020:8849641. 10.1155/2020/8849641

54. Batatinha H, Baker FL, Smith KA, et al.: Recent COVID-19 vaccination has minimal effects on the
physiological responses to graded exercise in physically active healthy people. J Appl Physiol (1985). 2022,
132:275-82. 10.1152/japplphysiol.00629.2021

55. Yamaguchi N, Briand R, Brassard M: Direct evidence that an increase in aortic norepinephrine level in
response to insulin-induced hypoglycemia is due to increased adrenal norepinephrine output. Can J Physiol
Pharmacol. 1989, 67:499-505. 10.1139/y89-079

56. Rose L, Graham L, Koenecke A, et al.: The association between alpha-1 adrenergic receptor antagonists and
in-hospital mortality from COVID-19. medRxiv. 2021, 10.1101/2020.12.18.20248346

57. Al-Kuraishy HM, Al-Gareeb AI, Mostafa-Hedeab G, et al.: Effects of β-blockers on the sympathetic and
cytokines storms in Covid-19. Front Immunol. 2021, 12:749291. 10.3389/fimmu.2021.749291

58. Ahmed AK, Mohamed MG, Essa RA, Rashad EA: Global reports of takotsubo (stress) cardiomyopathy
following COVID-19 vaccination: a systematic review and meta-analysis. medRxiv. 2022,
10.1101/2022.04.16.22273937

59. Bhat S, Gazi H, Mwansa V, Chhabra L: Catecholamine-induced reverse takotsubo cardiomyopathy. Proc
(Bayl Univ Med Cent). 2019, 32:567-9. 10.1080/08998280.2019.1634229

60. Gubbi S, Nazari MA, Taieb D, Klubo-Gwiezdzinska J, Pacak K: Catecholamine physiology and its
implications in patients with COVID-19. Lancet Diabetes Endocrinol. 2020, 8:978-86. 10.1016/S2213-
8587(20)30342-9

61. Farzam K, Rajasurya V, Ahmad T: Sudden death in athletes. StatPearls Publishing, Treasure Island, FL; 2022.
62. Ostby SA, Bos JM, Owen HJ, Wackel PL, Cannon BC, Ackerman MJ: Competitive sports participation in

patients with catecholaminergic polymorphic ventricular tachycardia: a single Center’s early experience.
JACC Clin Electrophysiol. 2016, 2:253-62. 10.1016/j.jacep.2016.01.020

2022 Cadegiani et al. Cureus 14(8): e27883. DOI 10.7759/cureus.27883 11 of 11

https://dx.doi.org/10.1016/0047-6374(82)90004-5
https://dx.doi.org/10.3389/fendo.2019.00054
https://dx.doi.org/10.3389/fendo.2019.00054
https://dx.doi.org/10.1007/BF00428693
https://dx.doi.org/10.1007/BF00428693
https://dx.doi.org/10.1016/s0026-0495(98)90205-0
https://dx.doi.org/10.1016/s0026-0495(98)90205-0
https://dx.doi.org/10.1007/BF00431970
https://dx.doi.org/10.1007/BF00431970
https://dx.doi.org/10.1152/ajpheart.2002.282.1.H256
https://dx.doi.org/10.1152/ajpheart.2002.282.1.H256
https://dx.doi.org/10.1159/000138066
https://dx.doi.org/10.1159/000138066
https://dx.doi.org/10.1155/2020/8849641
https://dx.doi.org/10.1155/2020/8849641
https://dx.doi.org/10.1152/japplphysiol.00629.2021
https://dx.doi.org/10.1152/japplphysiol.00629.2021
https://dx.doi.org/10.1139/y89-079
https://dx.doi.org/10.1139/y89-079
https://dx.doi.org/10.1101/2020.12.18.20248346
https://dx.doi.org/10.1101/2020.12.18.20248346
https://dx.doi.org/10.3389/fimmu.2021.749291
https://dx.doi.org/10.3389/fimmu.2021.749291
https://dx.doi.org/10.1101/2022.04.16.22273937
https://dx.doi.org/10.1101/2022.04.16.22273937
https://dx.doi.org/10.1080/08998280.2019.1634229
https://dx.doi.org/10.1080/08998280.2019.1634229
https://dx.doi.org/10.1016/S2213-8587(20)30342-9
https://dx.doi.org/10.1016/S2213-8587(20)30342-9
https://pubmed.ncbi.nlm.nih.gov/30969530/
https://dx.doi.org/10.1016/j.jacep.2016.01.020
https://dx.doi.org/10.1016/j.jacep.2016.01.020

	Catecholamines Are the Key Trigger of COVID-19 mRNA Vaccine-Induced Myocarditis: A Compelling Hypothesis Supported by Epidemiological, Anatomopathological, Molecular, and Physiological Findings
	Abstract
	Introduction And Background
	Surveillance of long-term effects of COVID-19 and SARS-CoV-2 vaccines
	Myocarditis and sudden death after COVID-19 mRNA vaccination
	Correlation between myocarditis and sudden death
	Hypothesis and objective
	Materials and methods
	Design and search methods
	FIGURE 1: Pillars and search methods for the proposed hypothesis.


	Review
	Findings from autopsies of post-COVID-19 mRNA vaccination deaths
	The bridge between myocarditis and sudden death after COVID-19 mRNA vaccination: a hyperadrenergic state
	Physiological differences in catecholamine metabolism according to age, sex, and activity: do young males and athletes have the highest hyperadrenergic activity?
	Dysfunctional, exacerbated catecholamine metabolism in young males and athletes after COVID-19 mRNA vaccination
	Further hypothesis-supporting data
	FIGURE 2: Summary of the rationale and supporting data for the present hypothesis.

	Discussion

	Conclusions
	Additional Information
	Disclosures
	Acknowledgements

	References


