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Abstract

Takotsubo syndrome (TTS) is an acute and usually reversible heart failure syndrome with symptoms resembling acute myocar-
dial infarction, however, without obstruction of coronary arteries. In the majority of cases, TTS is preceded by emotional or
physical stress and the disease concerns mainly postmenopausal women. Although several hypotheses have been introduced, the
pathogenesis of TTS is controversial and still remains to be determined. As reported in recent studies, the role of the autonomic
nervous system (ANS) seems to be pivotal in the pathogenesis of TTS. Therefore, the aim of this article is to summarize and
discuss the current knowledge of the pathogenesis of TTS with a special focus on the ANS.
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Introduction

Takotsubo syndrome (TTS) is an acute and usually reversible
heart failure syndrome with symptoms similar to acute myo-
cardial infarction (MI) without coronary artery obstruction [1,
2]. Typically, TTS patients present acute chest pain, breath-
lessness, and palpitations caused by sinus tachycardia or other
types of arrhythmia as well as characteristic ECG changes [1].
Other more serious symptoms may include presyncope or
syncope resulting from ventricular tachyarrhythmias, severe
left ventricular (LV) outflow tract obstruction, or cardiogenic
shock [1]. The estimated number of TTS cases worldwide is
between 50,000-100,000 per annum [1, 3, 4]. The average in-
hospital mortality rate is 2—5%, mostly due to refractory car-
diogenic shock or ventricular fibrillation [1].

TTS was first reported in 1990 in Japan and was named
after a Japanese pot called “Takotsubo,” whose shape resem-
bles the systolic shape of LV observed in ventriculography
[5-8]. The classical pattern described in the first report of TTS
and observed in 50-80% of patients is associated with apical and
mid-ventricular hypokinesia with basal hyperkinesia of LV [1].
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There are two other prevalent variants of TTS: the inverted variant
with basal hypokinesia and apical hyperkinesia, and mid-
ventricular TTS with mid-ventricular hypokinesia and
hypercontractility of both basal and apical segments [1]. Several
other rare variants of TTS have been reported, such as
biventricular apical hypokinesia, right ventricular TTS, and
apical-sparing variant of TTS [9-12].

TTS has a unique predilection for postmenopausal women
(which constitute the vast majority of TTS cases), although TTS
also occurs in men, younger women, and pediatric patients [1, 13].

Previously, TTS was called “stress cardiomyopathy” and
“broken heart cardiomyopathy,” because of the stressful
events which trigger the symptoms. It has been reported that
TTS may be preceded by emotional and physical stress; how-
ever, approximately 30% of patients do not present with an
identifiable trigger [1, 14]. An analysis of 1750 patients en-
rolled in the International Takotsubo Registry revealed that
36.0% of cases were preceded by physical factors, 27.7% by
emotional triggers, 7.8% both by emotional and physical trig-
gers, and 28.5% by no evident trigger. In the analyzed group
of this study, the onset of TTS symptoms in 20 patients was
preceded by positive emotions and events [15]. It has been
proven that positive emotions may increase the activity of
the autonomic nervous system to a comparable level as nega-
tive emotions [15]. The authors suggested that both positive
and negative events are involved in a common emotional
pathway modulating the nervous system which results in the
induction of TTS [15].

Several hypotheses concerning the pathogenesis of TTS
have been proposed, such as (1) myocardial ischemia, (2)
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catecholamine-induced cardiotoxicity, (3) LV outflow tract ob-
struction, (4) increased ventricular afterload, and (5) enhanced
autonomic nervous system activity [1, 2, 16].

The pathogenesis of TTS is controversial and still remains
to be determined. As reported in recent studies, the role of the
autonomic nervous system (ANS) seems to be pivotal in the
pathogenesis of TTS. Therefore, the aim of this article is to
summarize and discuss the current knowledge of the patho-
genesis of TTS with a special focus on the ANS.

Autonomic nervous system
in the pathogenesis of TTS

It has been proposed that enhanced activity of the sympathetic
nervous system (SNS) plays a central role in the pathophysi-
ology of TTS [2, 16, 17]. An acute emotional or physical
trigger activates the SNS and induces the release of catechol-
amines as a physiologic response to the stressful incident. The
SNS can act through two mechanisms: (1) sympathoneural,
causing local myocardial discharge of norepinephrine, and (2)
adrenomedullary hormonal, increasing the level of blood cat-
echolamines. Subsequently, catecholamines may activate sev-
eral pathophysiologic mechanisms, such as damage to
cardiomyocytes and microvascular dysfunction (Fig. 1) [16].

A histopathological analysis of hearts in the acute phase of
TTS revealed contraction bands, enhanced fibrosis, and re-
gional infiltration with inflammatory cells, which is in line
with the histopathological features of catecholamine toxicity
[18]. Moreover, Aoki et al. (2016) reported an autopsy case of
a TTS patient in which they observed Lewy body-like eosin-
ophilic cytoplasmic inclusions in neurons in both dorsal nuclei
of the vagus nerve in the medulla oblongata, suggesting alter-
ations in the parasympathetic nervous system, which may play
a role in the pathogenesis of TTS [19].

Interestingly, TTS may also be induced iatrogenically by intra-
venous injection of epinephrine in different clinical situations
[20-26]. Recently, Kido et al. (2017) analyzed 157 case reports
of drug-induced TTS and summarized that 68.2% of cases were
associated with the administration of exogenous catecholamines
and also with indirect stimulation by drugs with adrenergic vaso-
constrictive properties, adrenergic activation due to alcohol or opi-
oid withdrawal, inhibitors of catecholamine reuptake, anaphylactic
reaction with concomitant catecholamine release, and psycholog-
ical or somatic stress corresponding with the administration of a
drug which was suspected of inducing the symptoms of TTS [27].

Due to the fact that TTS in clinical practice may be induced
by exogenous administration of catecholamines, animal
models induced by injection of catecholamines have been
established. Rat or mice models of TTS are performed by
intraperitoneal injection of isoprenaline ([31/(32-adrenoceptor
agonist), epinephrine (f31/32/x-adrenoceptor agonist), nor-
epinephrine (31/x-adrenoceptor agonist), dopamine (/31/
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p2-adrenoceptor agonist), and phenylephrine («x-
adrenoceptor agonist); however, injection of isoprenaline trig-
gers mainly the apical variant of TTS, whereas other catechol-
amines induce the basal variant [28—-33].

In 2014, Redfors et al. proposed that TTS may be the result
of catecholamine-dependent increased ventricular afterload
[28]. It has been shown that injection of substances with vaso-
constrictive o-adrenergic activity cause high afterload and trig-
gers the basal variant of TTS, while injection of vasodilating 3-
selective isoprenaline, which lowers systolic blood pressure
and ventricular afterload, is associated with the typical apical
variant of TTS. On the contrary, it has been reported that exog-
enous epinephrine administration in patients may induce apical,
mid-ventricular as well as the basal variant of TTS [20, 34].

As mentioned above, TTS is characterized by specific wall
motion abnormalities, which extend beyond the region of
myocardium supplied by a single epicardial vessel. The typi-
cal variant of TTS contractile dysfunction corresponds to the
sympathetic autonomic innervation of the LV [35-38].
Moreover, it has been suggested that several different variants
of wall motion abnormalities in TTS result from the local
diversity of sympathetic innervation [34]. Indeed, Zaroff et
al. (2000) analyzed patients with LV systolic dysfunction trig-
gered by subarachnoid hemorrhage and observed that, al-
though many of the wall motion patterns were not related to
the coronary artery supply region, they matched the distribu-
tion of the myocardial sympathetic nerve terminals,
confirming the neurogenic background of this disorder [39].

A few studies revealed polymorphisms of the adrenergic
receptors which may predispose to an altered response to the
sympathetic signaling and therefore lead to higher susceptibil-
ity to TTS. Vriz et al. (2011) have shown significant differences
in frequencies of the beta-1 adrenergic receptor (31AR)
Arg389 homozygous and beta-2 adrenergic receptor (2AR)
Glu27 homozygous in TTS compared with the control group
[40]. It has been assumed that polymorphism Arg389Gly alters
the human 31AR receptor-Gs coupling, which results in the
enhancement of its function for the Arg389 subtype [41].
Arg389Arg patients have a higher inotropic response to nor-
adrenaline and dobutamine when compared with G/y389Gly
patients [42, 43]. Sharkey et al. (2009) did not observe any
significant differences in genotype polymorphism frequencies
for 1AR or a2 AR [44]. It has been shown that the G protein-
coupled receptor kinase (GRK)S L41 variant induces beta ad-
renergic desensitization and impairs the reaction to sympathetic
signals which causes a negative inotropic effect in case of acute
catecholamine stimulation [45]. A significant difference for the
L41 variant of GRKS between TTS patients and the control
group has been reported [45]; however, a larger study did not
reveal any association of the variants of the GRKS, 31AR, and
[32AR genes with the occurrence of TTS [45, 46].

In 2017, Klein et al. [47] performed brain magnetic reso-
nance imaging (MRI) in TTS patients in a median time of 168
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Fig. 1 A suggested mechanism of
autonomic nervous system
involvement in pathogenesis of
Takotsubo syndrome
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+ 266 days following the onset of TTS symptoms and in age-
and gender-matched healthy controls. In comparison with the
controls, TTS patients had structural and neurophysiological
brain changes in regions involved in the regulation of emo-
tional processing and autonomic control of cardiovascular
functions [47]. The authors of the study hypothesize that an
abnormal relationship between the sympathetic and parasym-
pathetic nervous system may be a cause of TTS, especially
parasympathetic discharge with reduction of the baroreflex
control of sympathetic activity (Fig. 1) [47].

It is considered that the level of peripheral blood catechol-
amines reflects sympathetic activity and reactivity, and so sev-
eral studies have assessed the plasma level of catecholamines in
TTS patients. Wittstein et al. (2005) reported higher plasma
epinephrine, norepinephrine, and dopamine levels at admission
and during 7-9 days after the onset of symptoms in TTS pa-
tients in comparison with the MI group [48]. Kume et al. (2008)
reported increased levels of norepinephrine and dopamine with
decreased concentrations of epinephrine at the coronary sinus
in comparison with the levels at the aortic root in TTS patients
[49]. Morel et al. (2009) observed elevated levels of plasma
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noradrenaline in some patients at the onset of TTS symptoms,
whereas the levels of adrenaline and dopamine were normal.
Interestingly, at the 10-month follow-up, no significant de-
crease of plasma catecholamines was noted [50]. On the con-
trary, normal concentrations of plasma epinephrine, norepi-
nephrine, metanephrine, and normetanephrine in 50% or more
of TTS patients have been reported [51-53]. It seems that nor-
mal values of plasma catecholamines do not exclude the acti-
vation of SNS in the development of TTS, since plasma levels
of catecholamines do not have to correlate with the activation
of local myocardial sympathoneural regulation and local cate-
cholamine release, although it may reflect the enhanced
adrenomedullary hormonal activity in some patients [16].

As mentioned earlier, the vast majority of patients with
TTS are postmenopausal women. Pinkham et al. (2015) ob-
served that administration of capsaicin on the epicardial sur-
face of the LV in sinoaortic baroreceptor-denervated Wistar
rats caused similar cardiac afferent reflex-mediated changes
in renal SNA in fertile females when compared to males;
however, the maximum sympathetic reflex-driven increase
in fertile females’ renal SNA was reduced [54]. Moreover,
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when compared with fertile female rats, ovariectomized rats
had attenuated cardiac vagal afferent reflex-mediated inhibi-
tion of renal SNA and augmented cardiac sympathetic afferent
reflex-mediated sympathoexcitation which together resulted
in significantly increased overall reflex-driven
sympathoexcitation [54]. Saleh et al. (2000) revealed that an
intravenous bolus of estrogen increased the vagal parasympa-
thetic nerve activity and decreased the renal sympathetic nerve
activity which improved the baroreflex sensitivity in estrogen-
supplemented ovariectomized female rats [55]. Gautam et al.
(2011) assessed cardiac autonomic function in several tests
and showed that postmenopausal women had increased sym-
pathetic and decreased parasympathetic tone in comparison
with women with a menstrual cycle. Moreover, women re-
ceiving hormone replacement therapy (HRT) demonstrated
higher parasympathetic and lower sympathetic tone in com-
parison with postmenopausal women [56]. Hart et al. (2013)
measured the muscle sympathetic nerve activity (MSNA) with
peroneal microneurography in postmenopausal and young
women and revealed that tonic sympathetic activity was
higher in postmenopausal women in comparison with young
women [57]. Perseguini et al. (2014) assessed the influence of
HRT on heart rate variability (HRV) in postmenopausal wom-
en and reported that women receiving HRT had higher sym-
pathetic and lower vagal cardiac modulation [58]. Lavi et al.
(2007) revealed that in young women, the parasympathetic
activity dominates, whereas in postmenopausal women with
comparable levels of estrogen, the sympathetic control pre-
vails, suggesting that ageing itself, with no concomitant influ-
ence of estrogen levels, is associated with higher enhancement
of the SNS [59].

Diseases with altered sympathetic activity
and its association with TTS

It has been reported that secondary TTS may occur in the
course of some diseases associated with increased sympathet-
ic activity [1, 16]. Pheochromocytoma and paraganglioma
(PPGL) are tumors of the paraganglia, the ANS-associated
structures arising from the neural crest tissue, the majority of
which secrete catecholamines [60]. Interestingly, Takotsubo-
like syndrome may be the first clinical manifestation of pheo-
chromocytoma, which, on the other hand, may be the cause of
recurrent TTS [61]. A recent analysis of 275 hospitalized pa-
tients with PPGL revealed that Takotsubo-like syndrome oc-
curred in 2.6% of patients with secreting-PPGL; however, in
75.0% of patients, the incident was preceded by an acute
stressor event, i.e., surgery and infection of the upper respira-
tory tract [62]. Coupez et al. (2014) reported that the preva-
lence of catecholaminergic tumors in their analyzed group of
TTS patients was 7.5% [63].
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Several neurological triggers activating the adrenergic sig-
naling have also been reported to induce TTS, including sub-
arachnoid hemorrhage, acute head injury, acute spinal injury,
ischemic stroke, encephalitis, posterior reversible encephalop-
athy syndrome, epileptic seizures, intracerebral bleeding, and
migraine [1, 64, 65]. Other triggers of TTS associated with
increased sympathetic tone may be drug and alcohol with-
drawal syndrome, electroconvulsive therapy, cocaine abuse,
and postural orthostatic tachycardia syndrome [1, 66—70].

In 2016, Madias reviewed 959 currently available studies
on 33,894 TTS patients and revealed that the prevalence of
diabetes mellitus (DM) in this group of patients is between
10.2 and 17.0%, which is lower in comparison with the per-
centage reported in the general population [71, 72]. The author
suggests that heart-brain disconnection caused by diabetic pe-
ripheral autonomic neuropathy may diminish the effect of
excessive adrenergic stimulation of the heart and therefore
be beneficial in delaying the emergence of TTS [71-73].
Furthermore, local myocardial release of norepinephrine and
secretion of adrenal catecholamines are reduced in type 2 DM,
which is in line with the hypothesis of the advantageous effect
of DM on delaying the development of TTS [71, 74].
However, Stiermaier et al. (2016) reported that DM is a sig-
nificant predictor of long-term mortality, probably due to the
acknowledged complications associated with DM including
cardiovascular diseases or nephropathy [75].

Assessment of autonomic nervous system
activity in TTS patients

It has been suggested that electrocardiographic changes ob-
served in TTS may reflect the disruption of the sympathetic
nerve terminals [76]. Patients with TTS most commonly present
with such ECG abnormalities including T-wave inversion, large
upright peaked T-waves, and prolongation of the corrected QT
interval [2, 76]. Moreover, the features of ECG changes depend
on the type of LV wall motion abnormalities. In mid-basal TTS,
the ECG recordings show ST depression, peak upright T-waves,
and QT prolongation, while in mid-apical TTS, the recordings
show ST elevation and giant T-wave inversion [77, 78]. The
observed QT prolongation may be the result of sympathetic
activation, thus catecholamines may prolong the QT interval
[79, 80]. Marra et al. (2013) revealed a linear correlation of
the apicobasal ratio of T2-weighted signal intensity for myocar-
dial edema in cardiac magnetic resonance (CMR) with the max-
imal amplitude of negative T-waves, the sum of the amplitudes
of negative T-waves, and the maximum corrected QT interval in
TTS patients [81]. Moreover, the ECG abnormalities and myo-
cardial edema were in parallel time course of development and
resolution on admission and 3-month follow-up CMR, suggest-
ing that ECG changes in TTS coexist with the apicobasal gra-
dient of myocardial edema [81]. It has been concluded that
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dynamic negative T-waves and corrected QT interval prolonga-
tion reflect the temporary inhomogeneity and dispersion of re-
polarization induced by edema between apical and basal seg-
ments of the LV [81].

Lee et al. (2016) reported that ECG recordings from the
TTS diagnosis phase and from the recovery phase in compar-
ison with the baseline phase (before any cardiac dysfunction)
showed higher heart rate, higher frequency of ST segment
elevation, ST segment depression, T-wave inversion, and
QTc prolongation. Patients with non-recovered QTc interval
(QTc in TTS diagnosis phase < QTc in recovery phase) had
higher risk of in-hospital mortality in comparison with the
QTc recovered group [82]. Santoro et al. (2017) revealed that
prolonged QT intervals at admission in TTS patients were
related to a higher risk of cardiovascular rehospitalization dur-
ing follow-up, while the dynamic increase of QTc intervals
following admission was associated with a trend toward im-
proved prognosis [83].

Akashi et al. (2007) assessed heart rate variability (HRV) in
TTS patients during the acute phase and after 3 months and
revealed a significantly lower LF (a marker of sympathetic
activity) and LF/HF ratio (a marker of sympathovagal bal-
ance) at 0 and 3 months in comparison with the control group,
which suggests sudden impairment of cardiac sympathetic
nerve function [52, 84, 85]. The authors conclude that de-
creased LF may result from disorders in central autonomic
regulation and impaired sensitivity of beta-adrenergic recep-
tors in spite of high levels of sympathetic activity [52, 84, 85].
Ortak et al. (2009) from an analysis of HRV showed a signif-
icant reduction of cardiac parasympathetic activity during the
acute phase of TTS; however, the autonomic function recov-
ered between the subacute and chronic phases [85].

Myocardial scintigraphy, which uses '**I-metaiodo-
benzylguanidine (MIBG), a norepinephrine analogue, is com-
monly used as an imaging method for the detection of cardiac
autonomic sympathetic denervation. Recently, Madias (2016)
concluded that regional myocardial uptake of MIBG in TTS
patients is markedly decreased in the LV regions with hypo/
akinesia with increased washout rates of MIBG, which sug-
gests disturbances in presynaptic norepinephrine uptake and
an increased presynaptic catecholamine discharge in the af-
fected LV segments [16, 86]. Interestingly, the majority of
studies assessing follow-up MIBG tests reveal that cardiac
sympathetic denervation remains present among the previous-
ly affected regions of LV; however, some studies show nor-
malization of previously observed disturbances [86]. It has
been assumed that exaggerated sympathetic nerve terminal
discharge of norepinephrine may cause damage to
cardiomyocytes and nerve terminals, subsequently leading to
cardiac sympathetic denervation [2].

Controversial findings are provided by microneurographic
recordings of muscle sympathetic nerve activity (MSNA)
which is used to measure directly the sympathetic action

potentials from efferent postganglionic unmyelinated “C”
nerve fibers [87]. Sverrisdottir et al. (2012) revealed lower
MSNA from both acute (24—48 h) and recovery phase (1-
6 months) in TTS patients in comparison with healthy controls
[87]. The authors suggest that excessive release of catechol-
amines in the acute phase of TTS enhances the rate of dis-
charge from unmyelinated cardiac c-fiber afferents causing
sympathetic inhibition. On the contrary, Vaccaro et al.
(2014) in the acute phase (within 72 h) of TTS onset observed
a significant increase in MSNA in comparison with the group
of control patients with acutely decompensated chronic heart
failure [88]. Moreover, the authors detected a decrease in
spontaneous baroreflex control of sympathetic activity in
TTS patients. Norcliffe-Kaufmann et al. (2016) observed a
higher pressor response to the Stroop test and emotional stim-
ulation and decreased indexes of parasympathetic modulation
of heart rate during respiration and cardiovagal baroreflex gain
during autonomic assessment in TTS patients when compared
with the controls [89]. Ali et al. (2015) proposed that barore-
flex dysfunction may predispose to TTS due to the sustained
sympathetic activity, which causes extremely high
intraluminal pressures and wall tension in the apical regions
of the LV, causing the apical wall motion abnormalities [90].

Conclusions

Currently available studies suggest the essential role of ANS
in the pathophysiology of TTS. Most of the studies confirmed
the activation of SNS in TTS patients, although the alterations
in parasympathetic centers have also been observed. It is sug-
gested that further research evaluating the function of ANS in
TTS patients and the role of risk factors leading to increased
individual predisposition to TTS may improve the prevention
and therapy of TTS.
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