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Abstract

Background and 
aims

Takotsubo syndrome (TTS) is a conundrum without consensus about the cause. In a murine model of coronary microvascu-
lar dysfunction (CMD), abnormalities in myocardial perfusion played a key role in the development of TTS.

Methods 
and results

Vascular Kv1.5 channels connect coronary blood flow to myocardial metabolism and their deletion mimics the phenotype of 
CMD. To determine if TTS is related to CMD, wild-type (WT), Kv1.5−/−, and TgKv1.5−/− (Kv1.5−/− with smooth muscle- 
specific expression Kv1.5 channels) mice were studied following transaortic constriction (TAC). Measurements of left ven-
tricular (LV) fractional shortening (FS) in base and apex, and myocardial blood flow (MBF) were completed with standard 
and contrast echocardiography. Ribonucleic Acid deep sequencing was performed on LV apex and base from WT and 
Kv1.5−/− (control and TAC). Changes in gene expression were confirmed by real-time-polymerase chain reaction. MBF 
was increased with chromonar or by smooth muscle expression of Kv1.5 channels in the TgKv1.5−/−. TAC-induced systolic 
apical ballooning in Kv1.5−/−, shown as negative FS (P < 0.05 vs. base), which was not observed in WT, Kv1.5−/− with chro-
monar, or TgKv1.5−/−. Following TAC in Kv1.5−/−, MBF was lower in LV apex than in base. Increasing MBF with either chro-
monar or in TgKv1.5−/− normalized perfusion and function between LV apex and base (P = NS). Some genetic changes 
during TTS were reversed by chromonar, suggesting these were independent of TAC and more related to TTS.

Conclusion Abnormalities in flow regulation between the LV apex and base cause TTS. When perfusion is normalized between the two 
regions, normal ventricular function is restored.
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Structured Graphical Abstract

Is Takotsubo syndrome (TTS) caused by impaired coronary vascular regulation? 

In mice with coronary microvascular dysfunction, haemodynamic stress-induced TTS was associated with lower myocardial blood flow 
(MBF) in the apex compared to the base, and downregulation of genes associated with metabolism. Increasing apical MBF restored 
normal function. 

Takotsubo Syndrome is caused by abnormal coronary blood flow regulation.

Key Question

Key Finding

Take Home Message

Normal heart

Stress

MBF Base > Apex
Control

Takotsubo Takotsubo/Broken heart

Chromonar

MBF Base = Apex

This pictorial summary of our study represents the induction of Takotsubo Syndrome by stress resulting in tissue hypoxia in the apex compared to 
the base of the left ventricle as shown by the blue color. The cause of this difference in tissue hypoxia is related to the lower myocardial blood flow 
(MBF) in the apex compared to the base. These changes in perfusion and the resultant hypoxia in the apex led to a drastic change in gene expression. 
The array shown reveals the dramatic changes between control and Takotsubo hearts, in which the expression of several genes appears to be 
‘flipped’ between the two conditions with red–brown color indicating higher expression (Control vs. Takotsubo) and the blue the reverse. The 
summary also shows the effects of chromonar, a coronary-specific vasodilator, in term of restoring myocardial blood flow to the apex and restor-
ation of normal function.

Keywords Coronary circulation • Myocardial hibernation • Broken heart syndrome • Stress-induced cardiomyopathy

Translational perspective
Competency in medical knowledge: Takotsubo syndrome is a conundrum in clinical cardiology without any consensus therapy for its treatment. 
Because this condition appears to be related to abnormal function in the microcirculation of the heart, increasing coronary blood flow may prove 
to be a therapy that hastens recovery. Translational outlook: The drug chromonar, a selective coronary dilator, increases blood flow to the apex 
of the left ventricle in Takotsubo syndrome and restores cardiac function.
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Introduction
Takotsubo syndrome (TTS), also known as an apical ballooning syn-
drome, broken heart syndrome, and stress-induced cardiomyopathy, 
is a heart failure-like syndrome characterized by a temporary systolic 
left ventricular (LV) abnormality,1,2 but recently biventricular TTS 
was characterized.3 In addition to the systolic contractile dysfunction, 
the Mayo Clinic criteria for diagnosis include the absence of obstructive 
coronary disease, electrocardiographic abnormalities (ST-segment ele-
vation and T-wave inversion), the modest elevation of circulating levels 
of cardiac troponin, and absence of pheochromocytoma and myocar-
ditis.4,5 The majority of patients present with systolic ballooning of 
the LV apex with concomitant contraction of the base, resembling a 
Japanese octopus trap having a bulbous bottom and a long, thin 
neck.6 There are reports of a reverse TTS, where the LV apex contracts 
while the base bulges7,8 and even a variant with mid-ventricular balloon-
ing.9 TTS was considered an innocuous condition with temporary LV 
dysfunction, which resolves sometimes without medical treatment,10

however, this perception is qualified in light of more recent data, reveal-
ing that patients hospitalized with TTS have rates of complications and 
death similar to patients with acute coronary syndromes.11,12 Some 
triggering stimuli for TTS have been identified, including fluctuations 
in hemodynamics and emotional stress, but nearly one-third of patients 
have no evident trigger.11

Although the incidence of TTS is rising, its underlying mechanism is 
still unknown. There have been numerous suggestions for the causal 
mechanism including elevated levels of catecholamines,13 autonomic 
dysfunctions with elevations in sympathoadrenal drive,14,15 endocrine 
disorders,16,17 surgical stress,18,19 and coronary vasospasm.20,21 A 
role for the coronary microcirculation in TTS was previously implicated 
in several clinical studies22–27 with these groups showing a decrease in 
coronary vasodilator reserve in patients with TTS. Whether the com-
promised coronary function is a precipitating event or is the result of 
the altered ventricular dynamics was not revealed. This conundrum 
led to our hypothesis that coronary microvascular dysfunction 
(CMD) is the precipitating cause for TTS, in that an imbalance between 
myocardial blood flow (MBF) and myocardial work/oxygen demands 
produces the syndrome.

Previously, we demonstrated that the potassium voltage-gated chan-
nel, shaker-related subfamily, member 5, also known as KCNA5 or 
Kv1.5 channel, in smooth muscle cells of coronary arterioles is vital in 
coupling MBF to cardiac work.28 Mice null for Kv1.5 channels have a sig-
nificant mismatch between myocardial demand and coronary blood 
flow due to impaired coronary metabolic dilation. Furthermore, recon-
stitution of the Kv1.5 channel in smooth muscle in the Kv1.5 null mice 
restored the connection between cardiac work and MBF. If CMD is 
central to the pathogenesis of TTS, we reasoned that mice null for 
Kv1.5 channels would demonstrate TTS when subjected to hemo-
dynamic stress. We also reason that increased blood flow to the heart 
via expression of Kv1.5 channels in smooth muscle or via administration 
of the coronary vasodilator chromonar would facilitate recovery from 
TTS. In addition, we completed RNAseq analysis of gene expression in 
the murine model of TTS and confirmed some of the changes using 
real-time-polymerase chain reaction (RT-PCR). We also confirmed 
that some of the changes in gene expression are reversed by increases 
in blood flow to the left ventricle. Our results are consistent with the 
conclusion that TTS is caused by abnormalities in flow regulation be-
tween the apex and the base of the left ventricle, and that restoration 
of MBF will restore normal ventricular function (Structured Graphical 
Abstract).

Methods
All procedures were conducted with the approval of the Institutional 
Animal Care and Use Committee of the Northeast Ohio Medical 
University in accordance with the National Institutes of Health Guidelines 
for the Care and Use of Laboratory Animals (NIH publication no. 85–23, 
revised 1996). Mice were housed in a temperature-controlled room with 
a 12:12-h light-dark cycle and maintained with access to food and water 
ad libitum.

Murine models
Wild-type (WT) mice, mice null for Kv1.5 channels (Kv1.5−/−), and a double 
transgenic mouse enabling inducible (doxycycline, tet-on promoter) ex-
pression of the reconstituted Kv1.5 channel in smooth muscle (TgKv1.5−/ 

−) of either sex were used in this study. To induce expression of the 
Kv1.5 channels in the TgKv1.5−/− mice, mice were given water with doxy-
cycline (2 mg/mL) ad libitum. All mice were on the S129 background.

Model of takotsubo syndrome
Since many of the triggering stimuli of TTS are known to produce hemo-
dynamic stress on the heart, we postulated that a model of hemodynamic 
stress would trigger the syndrome in a model of CMD. To induce such 
stress, we produced transaortic constriction (TAC) via a ligature tied 
around the aorta to produce a stenosis. This was accomplished in anesthe-
tized mice (3% isoflurane with supplemental oxygen 1 L/min) using an asep-
tic surgical technique. A horizontal skin incision was made ∼ 5–10 mm at 
the suprasternal notch region, and a ∼3–5 mm longitudinal cut was pro-
duced in the proximal part of the sternum to allow visualization of the aortic 
arch. A 6–0 silk suture was situated around the aortic arch between the ori-
gin of the right innominate and left common carotid arteries and tied tightly 
over a 27 G needle. After ligation, the needle was removed, the wounds re-
paired, and the mice were allowed to recover. A sham procedure was also 
performed except the aorta was not banded. After completion of the sur-
gery, mice were treated for pain (extended release Buprenex, 0.5–1.0 mg/ 
kg). In Kv1.5−/− the production of TAC induced a TTS phenotype within 7– 
10 days. Some mice subjected to TAC received a second surgical procedure 
in which the aortic band was removed to restore normal hemodynamics.

We attempted two other models to induce TTS with i.p. doses of nor-
epinephrine (NE) or isoproterenol. The isoproterenol model induced a high 
degree of mortality. We observed variability in the NE model with overt 
systolic apical ballooning in around 50% of the mice, which contrasts with 
TAC with TTS in 90%–95% of mice and a very predictable time course. 
Based on this we pursued the TAC model. Although TAC is obviously 
not the trigger in most patients, the presence of systemic hypertension ap-
pears to be one of the best-associated risk factors29 and it is noteworthy to 
emphasize the TAC like systemic hypertension both increase cardiac after-
load and work. We infrequently observed reverse Takotsubo in mice where 
the apex contracted during systole with concomitant bulging at the base. 
However, this observation was rare (<5% of the mice demonstrated) the 
typical systole apical ballooning. Because of this rarity, we focused on apical 
ballooning which is reported in this paper. This selection is not designed to 
be dismissive of other forms of TTS, which appear to have similar complica-
tions as the more frequent apical ballooning.30

Echocardiographic analysis of cardiac function
Mice underwent an echocardiographic assessment of systolic LV function 
after induction of TTS via the TAC procedure. Mice were lightly anesthe-
tized with isoflurane and cardiac function was measured using a Vevo 770 
or Vevo 2100 (VisualSonics, Canada) using a 12–38 MHz linear transducer. 
For the evaluation of LV systolic function, we focused on measurements of 
fractional shortening (FS) in the base and apex of the left ventricle as a 
means of quantifying systolic bulging, i.e. negative FS, in the apex of hearts 
of mice exhibiting TTS.
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Measurement of myocardial blood flow
Myocardial blood flow was measured by myocardial contrast 
echocardiography_ENREF_36. Contrast imaging was performed with a 
Sequoia 512 (Siemens Medical Systems) via infusion of contrast (microbub-
bles; 20 µL/min, 5 × 105 bubbles min−1) into the right jugular vein through a 
PE-50 catheter. This catheter was also used for drug infusion. Long-axis 
images of the left ventricle were obtained for perfusion imaging. After op-
timal visualization of the chamber and the ventricular wall, images were col-
lected during a high-energy pulse sequence (used to destroy microbubbles) 
and for several seconds after destruction to establish refilling of the cham-
ber and ventricular wall. Analysis was done off-line, in which regions of 
interest in the ventricular wall of the apex and base were positioned within 
the anterolateral wall in the long-axis view. The supplement contains add-
itional details about this procedure. As we noted previously when com-
pared to measurements of myocardial perfusion obtained using 
microspheres, the flow measurements with contrast echocardiography 
were roughly 40% higher.28

Measurements of MBF, heart, and arterial pressure were made under basal 
conditions and during apical ballooning and after the administration of the 
coronary vasodilator, chromonar. Chromonar can produce maximal coron-
ary vasodilation without affecting systemic hemodynamics.31,32 MBF was mea-
sured in the base and apex of the left ventricle under different conditions.

RNA isolation and analysis
We performed RNA-seq on Kv1.5−/− sham mice and Kv1.5−/− mice exhi-
biting TTS. The differences in expression observed with RNA seq were 
confirmed by RT-PCR.33 Ribonucleic Acid (RNA) was isolated from the 
apex and base of heart samples using the miRNeasy Mini Kit (Qiagen, Cat 
No./ID: 217004) according to the manufacturer’s instruction. RNA quality 
was measured with Agilent RNA 6000 Nano Kit (5067–1511). 
Contaminating Deoxyribonucleic Acid (DNA) was degraded by a 15-min 
incubation with RNase-free DNase.

RNA-seq was performed as described.34 RNA-seq libraries were pre-
pared using TruSeq stranded total RNA sample prep kit with Ribo-Zero 
ribosomal RNA depletion (Illumina) according to the protocols of the 
manufacturer. NextSeq 500 high output V2 kit (FC-404-2002) was used 
for sequencing on the NextSeq 550 sequencing system. RNA-seq data ana-
lysis with STAR + cufflink combination and gene set enrichment analysis was 
performed at Case Western Reserve University Computational Biology 
Core. Real-time-PCR was performed to confirm significant differences ob-
served in RNA expression based on the sequencing analysis. The supple-
ment contains the details of these procedures and the primer IDs.

Statistics
Data were analyzed using Graphpad Prism 9. Results were expressed 
as mean ± 95% confidence interval. RNA expression between two 
samples, e.g. apex and base, were compared using Student’s t-test, 
where the Bonferroni correction was used to control the family 
wise type I error rate in multiple comparisons. For multiple compar-
isons of FS and MBF, a one-way analysis of variance (ANOVA) fol-
lowed by Šídák’s multiple comparison test was used where pairs of 
pre-selected data sets were compared. A P-value of <0.05 (two-sided) 
was used to establish statistical significance.

For the estimation of sample sizes necessary for hypothesis testing, we 
used the formula:

n = (Z1−α/2 + Z1−β)2xσ2/d2 

n, the calculated sample size; Z1− α/2, the critical value (associated with type I 
error rate α under the null hypothesis) on the standard normal distribution 
curve; Z1−β, the critical value (associated with type II error rate β under the 
alternate hypothesis) on the standard normal distribution curve; σ is the 
standard deviation of the variable being studied; d, the magnitude of the dif-
ference that we expect to detect. For α and β we used probabilities of 0.05 

and 0.20, with respective Z1− α/2 and Z1−β values of 1.96 and 0.84 in a stand-
ard normal distribution.

Results
Echocardiographic analysis of cardiac 
function
Figure 1 (top) shows long-axis views of a Kv1.5−/− mouse in end-systole 
under control conditions (left), 2 weeks after TAC (middle), and 2 weeks 
after debanding (after 14 days of TAC, right). Figure 1 (bottom) shows the 
measurements of FS in WT (bottom left) and Kv1.5−/− (bottom right) 
mice subjected to TAC (2 weeks) and following debanding (at 2 and 
4 weeks). No differences in %FS were noted between the LV apex and 
base in WT under all conditions. In WT, %FS was equivalent in base 
and apex under all conditions. In contrast, the Kv1.5−/− mice exhibited 
ballooning the LV apex, i.e. negative %FS in the apex (−9 ± 4%), with con-
traction in the base (25 ± 9%). This indicated that when the base con-
tracts during systole, the apex bulges. To show that the bulging is not 
due to an infarct or an apical aneurysm, a debanding procedure was com-
pleted to restore normal afterload, and within a few weeks of debanding 
systolic contractile function was restored in the apex. Supplementary 
Table 1 reports the numerical values of fractional shortening for Figure 1.

Regional myocardial blood flow
To gain insight into MBF under baseline conditions and during acute 
metabolic stress (to induce metabolic hyperemia) we measured MBF 
during a NE stress test in the base and apex of the left ventricle in 
WT and Kv1.5−/− subjected to TAC (Figure 2). After TAC all Kv1.5−/ 

− presented with TTS and apical ballooning. At baseline and during 
NE, MBF was equivalent in the apex and base in WT, but in Kv1.5−/− 

exhibiting TTS, flows were decreased in the apex compared to the 
base at baseline, and during NE (P < 0.05).

Figure 3 shows the effects of chromonar on %FS (top) and MBF (bottom) 
in Kv1.5−/− mice exhibiting TTS. Treatment with the selective coronary 
vasodilator, chromonar, not only induced recovery of contractile function 
(FS) in the apex (control vs. TTS: −19 ± 4% vs. 32 ± 3%), but also increased 
MBF in the apex and base of the left ventricle. Note, during the NE stress 
test, differences between MBF in the apex and base were magnified, but 
chromonar treatment abolished these differences both under basal condi-
tion and during NE. It is important to note that these changes occurred dur-
ing TAC, so the rescue of flow and function occurred despite the continued 
high afterload induced by TAC. Supplementary Table 2 reports the numerical 
values for fractional shortening for the results in Figure 3 (top panel).

Supplementary data online, Figure S1 shows FS in the apex and base 
of Kv1.5−/−, TgKv1.5−/−, and TgKv1.5−/−+Dox mice following TAC. 
Doxycycline treatment induces the expression of Kv1.5 channels in 
smooth muscle in the TgKv1.5−/− line, but without Dox treatment, 
the animals are functionally null for Kv1.5 channels. Supplementary 
data online, Figure S2 illustrates the ratio of blood flows between the 
apex and base in WT, Kv1.5−/− and TgKv1.5−/−+Dox under baseline 
conditions and during NE administration. Note, in the Kv1.5−/− mice, 
the apex/base flow ratios were lower (P < 0.05) than in the other 
two groups under the three experimental conditions. These observa-
tions parallel the FS data shown in Supplementary data online, Figure S1.

RNA expression
Figure 4 shows the heat map results of RNA deep sequencing from the 
LV base and apex of Kv1.5−/− control and Kv1.5−/− + TAC for 7 days 

D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/44/24/2244/7160508 by guest on 05 July 2023

http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehad274#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehad274#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehad274#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehad274#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehad274#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehad274#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehad274#supplementary-data


2248                                                                                                                                                                                                Dong et al.

(with TTS). Differences in expression were evident in the Kv1.5−/−— 
TAC vs. Kv1.5−/− controls.

Figure 5 shows the results of a gene set enrichment analysis (GSEA) in 
Kv1.5−/− mice under control conditions or following TAC (7 days), this 

analysis showed significantly downregulated genes involved in pathways 
of fatty acid metabolism, oxidative phosphorylation, and significantly 
upregulated genes involved in pathways of hypoxia (Kv1.5−/− + TAC) 
compared to Kv1.5−/− Controls.

Figure 1 (A) B-Mode ultrasound end-systolic images of the left ventricular of Kv1.5−/− mice under control conditions, following transaortic constric-
tion [2 weeks (2W)], and debanding (removal of the transaortic constriction) for 2 weeks. (B) Fractional shortening (%FS) of the left ventricular apex 
and base of wild-type and Kv1.5−/− mice under baseline conditions, 2 weeks after transaortic constriction (2W transaortic constriction), 2 weeks after 
debanding (2W transaortic constriction  + 2W deband, 4 weeks after debanding (2W transaortic constriction  + 4W deband). Sample sizes: 
wild-type-control, base n = 18; wild-type -control, apex n = 11; wild-type-transaortic constriction, n = 16; wild-type-2W transaortic constriction  +  
2W deband, n = 12; 2W transaortic constriction  + 4W deband base, n = 12; 2W transaortic constriction  + 4W deband apex, n = 11; Kv1.5−/−-control 
base, n = 6; Kv1.5−/−-control apex, n = 11; Kv1.5−/− −2W transaortic constriction  + 2W deband, n = 12; Kv1.5−/− −2W transaortic constriction  +  
4W deband, n = 12. If base and apex are not mentioned, the sample sizes are equal for the two regions in the group. The data sets were analyzed by a 
one-way ANOVA followed by Šídák’s multiple comparison test. ANOVA, analysis of variance; CI, confidence interval.
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To confirm the RNA sequencing we analyzed RNA expression from 
significantly changed genes in the pathway analyses (Figure 6). To in-
crease the scientific rigor, we analyzed RNA expression from different 
animals (Kv1.5−/−, Kv1.5−/−—TAC, and −/−, Kv1.5−/−—TAC + chro-
monar), to confirm the sequencing data. Chromonar reversed many 
of the changes in gene expression back toward the untreated, naïve 
control. However, not every gene had its expression returned to base-
line, which we believe is due to the continued presence of TAC. TAC 
creates a high afterload independent of chromonar. Importantly, we 
would like to emphasize that despite the continued presence of TAC 
we could restore normal contractile function of the apex, e.g. and re-
stored expression of many genes to control levels. Figure 7 illustrates dif-
ferences in mRNA expression between the base and apex of Kv1.5−/− 

with TAC (presenting with TTS phenotype) and Kv1.5−/−+TAC treated 
with chromonar. Note, chromonar treatment reversed many of the dif-
ferences in gene expression between base and apex, e.g. UCP3, PFKb1, 
Mir-133a-2, but had less effect on others, e.g. Ltb4r2, Acaa2, Postn, 
Lox. The continued dysregulation in the expression of the genes could 
be related to the presence of TAC and the persistently increased after-
load and/or a lingering effect of TTS.

Discussion
Our results support the conclusion that altered flow regulation in the 
heart precipitates TTS. This conclusion is based on several key obser-
vations. First, during TTS, MBF in the apex was less than in the base 
of the left ventricle; in contrast to the normal heart, where perfusion 
to the apex and base are similar. These lower levels of perfusion in 
the LV apex during TTS appeared to be causal in the apical ballooning 
because when myocardial perfusion was increased following chromo-
nar treatment or via genetic re-expression of the Kv1.5 channel in 
smooth muscle, normal systolic function in the apex was restored.

Takotsubo syndrome was also associated with alterations in gene ex-
pression in the base and the apex of the left ventricle within the same 
heart and comparisons of expression in the apex from control and TTS 
hearts (both Kv1.5−/−). Pathways associated with metabolism were de-
creased in the TTS hearts compared to the control mice. In contrast, 
pathways activated by hypoxia were elevated in TTS, these changes oc-
curred in the base of the left ventricle. Pharmacological coronary hyper-
emia with chromonar restored many of these changes to levels seen in 
Kv1.5−/− controls, but several changes persisted. We propose these 
persistent changes are due to the maintenance of the ventricular after-
load with not only can induce hypertrophy but also lead to heart failure 
if maintained for weeks. To place these results and conclusions in per-
spective, we will discuss an overview of TTS, regulation of coronary 
blood flow, myocardial adaptations to low flow, and study limitations.

Overview of takotsubo syndrome
A summary of the literature reveals little consensus about the causes of 
TTS. One of the hypothetical causes relates to excessive sympathoa-
drenal drive, elevations in circulating catecholamines, and augmented 
β-adrenergic signaling in the heart.35–37 Another hypothesis speculated 
there is a switch in G-protein coupling leading to the ballooning pheno-
type.36 Even in induced pluripotent stem cell-derived cardiac myocytes 
from patients with TTS, β-adrenergic signaling was enhanced.38,39 Yet, it 
is reported that beta-adrenergic antagonists do not improve mortality, 
development, or recurrence in patients with TTS.11,40–42 Moreover, 
some authors speculated that the augmented sympathetic activity 
was a response to the impaired ventricular function, rather than the 
cause.43 Perhaps, the cause of TTS during sympathoadrenal excitation 
is not mediated via β-adrenergic signaling in cardiac myocytes; rather 
though the hemodynamic consequences of such activation. 
Hypertension, a consequence of sympathoadrenal excitation, has the 
strongest association with TTS.44 Patients presenting with TTS also 
have endothelial dysfunction as evidenced by impaired flow-mediated 
vasodilation and endothelial oxidative stress,45,46 which are also asso-
ciated with hypertension. Interestingly, hyperthyroidism is also asso-
ciated with TTS,17,47,48 and this endocrine disorder has well-known 
systolic hypertension. If our thesis is correct, impaired vasodilation dur-
ing a metabolic challenge, i.e. increased cardiac work, may be the pre-
cipitating event triggering TTS. We would be remiss to not mention 
the role of gender in TTS as the majority of cases occur in post- 
menopausal women,49,50 leading to the speculation that reduced estro-
gen levels are central to the syndrome. However, women who have had 
an oophorectomy did not show an increased incidence of TTS,51,52

which led to the speculation that ageing plays a key role in this process. 
Our purpose in the above overview is to reinforce the idea that there is 
no completely accepted consensus about TTS and that additional work 
is needed to more fully understand this clinical conundrum.

Regulation of coronary blood flow
The coupling of MBF to myocardial oxygen consumption, a process 
termed metabolic dilation/hyperemia, involves the production of meta-
bolites that appear to activate voltage-gated potassium channels.53–56

We reported previously that Kv1.5 channels, a member of the 
Shaker-related family of potassium channels, play a key role in connect-
ing MBF to metabolism28,57,58 Although there have been numerous can-
didates postulated as mediators of coronary metabolic dilation,59 one 
putative factor, H2O2, has been found to open Kv1 family ion chan-
nels.56,60 These observations by no means have ended the pursuit of 
a more complete understanding of how blood flow is regulated in 

Figure 2 Myocardial blood flow in the left ventricular base and apex 
of wild-type and Kv1.5−/− mice (presenting with Takotsubo syn-
drome) after transaortic constriction surgery. MBF was measured un-
der baseline conditions and during a norepinephrine stress test. 
Sample sizes: wild-type -control base, n = 6; wild-type -control apex, 
n = 3; wild-type -NE, n = 6, Kv1.5−/−-Control, n = 10; Kv1.5−/−-NE, 
n = 8. The data sets were analyzed by a one-way ANOVA followed 
by Šídák’s multiple comparison test. ANOVA, analysis of variance.
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the heart but provide a perspective for the Takotsubo phenotype ob-
served in mice null for Kv1.5 channels.

One aspect of the previous discussion bears significantly on the pre-
sent findings, vis-à-vis, the role of Kv1.5 channels in facilitating the con-
nection of MBF to myocardial oxygen consumption. Our previous 
investigation of Kv1.5 null mice revealed this redox-sensitive ion 

channel facilitates the connection of flow to metabolism in the heart. 
Although the knockout is global, the phenotype of impaired metabolic 
hyperemia is based on loss of the channels in vascular smooth muscle. 
We assert this because, in our previous study,28 re-expression of Kv1.5 
channels in smooth muscle in the global knockout rescued the impaired 
metabolic dilation. We believe this coronary insufficiency, which occurs 

Figure 3 (A). Left: B-mode ultrasound end-systolic images of the left ventricle of Kv1.5−/− mice following transaortic constriction or transaortic con-
striction + chromonar (chrom). Note, despite the transaortic constriction, chromonar eliminated the Takotsubo phenotype. Right: fractional shorten-
ing (%FS) of the left ventricular apex and base of Kv1.5−/− mice under baseline conditions (n = 7), 2 weeks after transaortic constriction [2W transaortic 
constriction (n = 11 base; n = 10 apex)], 2 weeks of chromonar treatment after transaortic constriction [2W transaortic constriction + 2W chrom 
(n = 8)] and 4 weeks of chromonar treatment after transaortic constriction [2W transaortic constriction + 4W Chrom (n = 11 base; n = 9 apex)]. 
(B) Myocardial blood flow in the left ventricular apex and base of Kv1.5−/− mice following 2 weeks of transaortic constriction (n = 9), 2 weeks of trans-
aortic constriction + Norepinephrine [NE (n = 9)], 2 weeks of chromonar treatment after transaortic constriction [2W transaortic constriction + 2W 
chrom (n = 9)] and 2 weeks of chromonar treatment after transaortic constriction + NE [2W transaortic constriction + 2W Chrom + NE (n = 9)]. The 
data sets were analyzed by a one-way ANOVA followed by Šídák’s multiple comparison test. ANOVA, analysis of variance.
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in Kv1.5−/− mice, leads to the phenotype of TTS. Several observations 
support this contention. First, after imposition of the hemodynamic 
challenge by TAC in Kv1.5−/− mice, MBF in the apex of the Kv1.5−/− 

mice was less than in the base. This difference between base and 
apex was observed under basal conditions during TAC as well as heigh-
tened metabolism to produce metabolic hyperemia with NE. Second, 
these differences in flow between the apex and base, when eliminated 
with the vasodilator chromonar, restored normal contractile function 

to the apex; essentially eliminating the Takotsubo phenotype. Third, 
in Kv1.5 null mice, expression of the Kv1.5 channel in smooth muscle 
(Kv1.5−/−-RC), increased MBF to the left ventricle and eliminated differ-
ences between the base and apex. Importantly these mice did not de-
velop TTS, suggesting that the loss of metabolic coupling is a key to the 
appearance of the phenotype. Fourth, no such differences between 
MBF (basal or NE) to the base and apex were observed in WT mice 
corresponding to no differences in regional ventricular function. 

Figure 4 Heatmap with significantly different genes between apex and base of kv1.5−/− mice under control conditions and after transaortic constric-
tion to produce Takotsubo syndrome. Rows are centered and unit variance scaling is applied to each gene. Rows and columns are clustered using cor-
relation distance and average linkage. n = 2 per group.

Figure 5 Enrichment plots of gene expression associated with pathways of fatty acid metabolism (left), oxidative phosphorylation (middle), and hyp-
oxia (right). Comparisons were made between control Kv1.5−/− and those subjected to transaortic constriction exhibiting Takotsubo syndrome. Genes 
associated with the pathways of fatty acid metabolism and oxidative phosphorylation were downregulated in Takotsubo syndrome (vs. control), but the 
pathway associated with hypoxia was upregulated in Takotsubo syndrome. n = 2 per group.
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Taken together these observations suggest that an impairment in flow 
regulation, leading to blood flow insufficiency, in the area where the bal-
looning occurs causes TTS.

Most literature regarding the treatment of TTS recommends the 
therapies associated with heart failure management.61 Vasodilators 
are not recommended, presumably because the hypotension induced 
by the drug will further increase sympathoadrenal drive and potentially 
worsen the condition. Importantly, chromonar does not have this side 
effect. Specifically, Opherk et al. found in humans, chromonar could in-
duce maximal coronary dilation without changing arterial pressure or 
heart rate, which contrasted with dipyridamole that induced hypoten-
sion and a compensatory increase in arterial pressure.32 However, the 
basis for the strong preference for chromonar to vasodilate only cor-
onary blood vessels is still unknown. The drug was once approved 
for the treatment of obstructive coronary disease but was discontinued 
because of its effect in producing coronary steal.62 Nevertheless, a 
coronary-specific vasodilator may have potential in the treatment of 
TTS in patients without obstructive coronary disease.

Myocardial adaptations to low flow
An intriguing aspect of the RNAseq results pertains to the molecular 
changes in gene expression that provide insight into the TTS phenotype. 
First, in a comparison of transcripts between the control Kv1.5−/− and 
those subjected to TAC exhibiting TTS, pathways associated with 

metabolism and oxidative phosphorylation are downregulated in TTS. 
These decreases during the TTS phenotype resemble a condition de-
scribed decades ago as ‘hibernating myocardium’.63,64 Myocardial hiber-
nation challenged the concept that during an imbalance between 
myocardial oxygen demand and supply, where supply is insufficient, irre-
versible damage and compromised mechanical function will occur if the 
flow is not restored. Myocardial hibernation occurs during a chronic de-
crease in perfusion to the ventricle, but the level of flow is still sufficient 
to maintain the viability of the tissue.64 As long as perfusion remains in-
adequate, cardiac function is impaired. Interestingly, myocardial hiberna-
tion was thought as a protective mechanism in that the reduction of 
myocardial demands, matched the reduced level of flow to limit ischemia 
and necrosis. Although we did not perform an entire transcriptomic 
analysis of mice subjected to chromonar treatment, some of the RNA 
transcripts associated with metabolism were changed toward control 
levels during the pharmacological coronary hyperemia. We also note 
that chromonar did not restore every transcript to control levels— 
which is to be expected as the hemodynamic challenge produced by 
TAC is still present. TAC is often used as a model to produce heart fail-
ure and LV hypertrophy65,66 and importantly chromonar will not affect 
ventricular afterload, only coronary blood flow.

Another interesting facet of the RNAseq results was the upregula-
tion of genes associated with hypoxia in TTS. This upregulation oc-
curred in the base and not in the apex, which seems counter-intuitive 
given that the apex has reduced perfusion compared to the base. 

Figure 6 Real-time-polymerase chain reaction results of genes associated with metabolism (Ucp3, Acaa2, Pfkfb1) signaling, mitochondrial-localized 
kinases (Sbk3), cardiac function (Mir133a-2), apoptosis (C920009B18Rik), hypoxia (lox), and interstitial remodeling (postn). Chromonar restored or 
partially restored the expression of C920009B18Rik, Postn, Lox, Ucp3, and Sbk3 but did not alter the expression of Mir133a-2, Acaa2, or Pfkb1. Data 
are mean ± 95% CI (n = 4–5 per group). *P < 0.05 vs. corresponding Kv1.5−/−-control group; # P < 0.05 vs. corresponding Kv1.5−/−-transaortic con-
striction (Takotsubo syndrome) group. The data were analyzed by a one-way ANOVA followed by Šídák’s multiple comparison test. ANOVA, analysis 
of variance; CI, confidence interval.
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However, if the concept of the apex being in a state of hibernation is 
correct, down-regulation of function to match the low flow would re-
store oxygen balance and ameliorate hypoxia. We postulate the base is 
hypoxic because of increased levels of cardiac work (working without a 
functional apex), and the limitations in metabolic dilation associated 
with the loss of Kv1.5 channels.

Study limitations
One limitation of our study pertains to our model of TTS, which occurs in a 
murine model null for the Kv1.5 channel. Because the knock-out is global, 
there could be many cell types involved in the TTS phenotype; however, 
re-expression of the channel in vascular smooth muscle prevented the de-
velopment of TTS. This result from re-expression of the channel in smooth 
muscle lessens the concern about off-target effects of a global knockout. 
Another limitation is that we precipitated the TTS with transaortic condi-
tion to simulate hemodynamic stress, which is different than most of the 
‘triggers’ described for the human population.36,67 However, we would ar-
gue that if ischemia is the consequence of the trigger, due to impairments in 
coronary regulation,2 this could explain why so many different triggers 
have been reported, and why endothelial dysfunction is now viewed as a 
risk factor for TTS.68 Nevertheless, we would be remiss to not mention 
that TAC is a very different stressor than the reported triggers in patients. 
Finally, another limitation pertains to our use of FS to evaluate the extent of 
apical ballooning. This measurement can be subjective in terms of the lo-
cation in the apex where the FS is measured. A different, and perhaps, bet-
ter approach would have been the assessment of systolic LV strain, which 
unfortunately we did not complete.

Conclusions
Our results support the concept that TTS is the result of CMD and in-
sufficient myocardial perfusion. Interventions designed to increase 

blood flow in the apex of the heart, pharmacologically via chromonar 
or genetically via expression of Kv1.5 channels in smooth muscle, re-
store function even in the face of the increased hemodynamic challenge 
that provoked the condition. We also speculate that the coronary vaso-
dilator, chromonar, may hasten recovery in patients afflicted with TTS.
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Supplementary data is available at European Heart Journal online.

Data availability
The data underlying this article will be shared on reasonable request to the 
corresponding authors.

Conflict of interest
Drs. Chilian, Ohanyan, and Yin are co-founders of KromTherapeutics, and 
have filed a patent for the use of chromonar in the treatment of Takotsubo 
Syndrome. The remaining authors have nothing to disclose.

Funding
The authors acknowledge the following sources of funding: National Heart, 
Lung, and Blood Institute at the National Institutes of Health: HL135024, 
HL135110 (WMC); HL135110, HL137008 (LY); HL142710 (VO), 
HL161512(WMC/FD). We also acknowledge support from the Fibus 
Family Foundation, Niles, Ohio.

References
1. Ghadri JR, Wittstein IS, Prasad A, Sharkey S, Dote K, Akashi YJ, et al. International expert 

consensus document on takotsubo syndrome (part I): clinical characteristics, diagnostic 

Figure 7 Real-time- polymerase chain reaction data for apex vs. Base in hearts from Kv1.5−/−- transaortic constriction and Kv1.5−/−- transaortic 
constriction plus chromonar (chrom) groups. Data are mean ± 95% CI (n = 4 to 5 per group). *P < 0.05 vs. apex. The data sets were analyzed by a 
one-way ANOVA followed by Šídák’s multiple comparison test. ANOVA, analysis of variance; CI, confidence interval.

D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/44/24/2244/7160508 by guest on 05 July 2023

http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehad274#supplementary-data


2253a                                                                                                                                                                  Dong et al.

criteria, and pathophysiology. Eur Heart J 2018;39:2032–2046. https://doi.org/10.1093/ 
eurheartj/ehy076

2. Pelliccia F, Kaski JC, Crea F, Camici PG. Pathophysiology of takotsubo syndrome. 
Circulation 2017;135:2426–2441. https://doi.org/10.1161/CIRCULATIONAHA.116. 
027121

3. El-Battrawy I, Santoro F, Stiermaier T, Moller C, Guastafierro F, Novo G, et al. Incidence 
and clinical impact of right ventricular involvement (biventricular ballooning) in takotsu-
bo syndrome: results from the GEIST registry. Chest 2021;160:1433–1441. https://doi. 
org/10.1016/j.chest.2021.04.072

4. de Chazal HM, Del Buono MG, Keyser-Marcus L, Ma L, Moeller FG, Berrocal D, et al. 
Stress cardiomyopathy diagnosis and treatment: JACC state-of-the-art review. J Am 
Coll Cardiol 2018;72:1955–1971. https://doi.org/10.1016/j.jacc.2018.07.072

5. Scantlebury DC, Prasad A. Diagnosis of takotsubo cardiomyopathy. Circ J 2014;78: 
2129–2139. https://doi.org/10.1253/circj.cj-14-0859

6. Velankar P, Buergler J. A mid-ventricular variant of takotsubo cardiomyopathy. 
Methodist Debakey Cardiovasc J 2012;8:37–39. https://doi.org/10.14797/mdcj-8-3-37

7. Litvinov IV, Kotowycz MA, Wassmann S. Iatrogenic epinephrine-induced reverse takot-
subo cardiomyopathy: direct evidence supporting the role of catecholamines in the 
pathophysiology of the “broken heart syndrome”. Clin Res Cardiol 2009;98:457–462. 
https://doi.org/10.1007/s00392-009-0028-y

8. Movahed MR, Mostafizi K. Reverse or inverted left ventricular apical ballooning syn-
drome (reverse takotsubo cardiomyopathy) in a young woman in the setting of amphet-
amine use. Echocardiography 2008;25:429–432. https://doi.org/10.1111/j.1540-8175. 
2007.00604.x

9. Yasu T, Tone K, Kubo N, Saito M. Transient mid-ventricular ballooning cardiomyopathy: 
a new entity of takotsubo cardiomyopathy. Int J Cardiol 2006;110:100–101. https://doi. 
org/10.1016/j.ijcard.2005.05.060

10. Minhas AS, Hughey AB, Kolias TJ. Nationwide trends in reported incidence of takotsubo 
cardiomyopathy from 2006 to 2012. Am J Cardiol 2015;116:1128–1131. https://doi.org/ 
10.1016/j.amjcard.2015.06.042

11. Templin C, Ghadri JR, Diekmann J, Napp LC, Bataiosu DR, Jaguszewski M, et al. Clinical 
features and outcomes of takotsubo (stress) cardiomyopathy. N Engl J Med 2015;373: 
929–938. https://doi.org/10.1056/NEJMoa1406761

12. Ghadri JR, Wittstein IS, Prasad A, Sharkey S, Dote K, Akashi YJ, et al. International expert 
consensus document on takotsubo syndrome (part II): diagnostic workup, outcome, 
and management. Eur Heart J 2018;39:2047–2062. https://doi.org/10.1093/eurheartj/ 
ehy077

13. Marcovitz PA, Czako P, Rosenblatt S, Billecke SS. Pheochromocytoma presenting with 
takotsubo syndrome. J Interv Cardiol 2010;23:437–442. https://doi.org/10.1111/j.1540- 
8183.2010.00551.x

14. Norcliffe-Kaufmann L, Kaufmann H, Martinez J, Katz SD, Tully L, Reynolds HR. 
Autonomic findings in takotsubo cardiomyopathy. Am J Cardiol 2016;117:206–213. 
https://doi.org/10.1016/j.amjcard.2015.10.028

15. Y-Hassan S, De Palma R. Contemporary review on the pathogenesis of takotsubo syn-
drome: the heart shedding tears: norepinephrine churn and foam at the cardiac sympa-
thetic nerve terminals. Int J Cardiol 2017;228:528–536. https://doi.org/10.1016/j.ijcard. 
2016.11.086

16. Ou Y, Zhao Z, Tsauo J, Jiang L, Yang Y, Chen M. An unusual case of takotsubo syndrome 
with hyperaldosteronism as the potential cause. J Clin Endocrinol Metab 2018;103: 
12–15. https://doi.org/10.1210/jc.2017-01117

17. Murdoch D, O’Callaghan W, Reda E, Niranjan S. Takotsubo cardiomyopathy associated 
with primary hyperthyroidism secondary to toxic multinodular goiter. Int J Angiol 2016; 
25:e121–e122. https://doi.org/10.1055/s-0035-1548548

18. Maestas C, Lazkani M, Sultan M, Kolli G, Sheikh M, Cherukuri M. Severe takotsubo car-
diomyopathy following orthotopic liver transplantation: a case series. Clin Res Hepatol 
Gastroenterol 2019;43:e48–e53. https://doi.org/10.1016/j.clinre.2018.11.009

19. Yamane K, Hirose H, Reeves GR, Marhefka GD, Silvestry SC. Left ventricular dysfunc-
tion mimicking takotsubo cardiomyopathy following cardiac surgery. J Heart Valve Dis 
2011;20:471–473.

20. Vilela E, Silva M, Guerreiro C, Caeiro D, Fonseca M, Primo J, et al. Takotsubo syndrome 
and coronary vasospasm: two faces of the same coin? Indian Heart J 2018;70:455–458. 
https://doi.org/10.1016/j.ihj.2018.04.004

21. Sansen V, Holvoet G. Takotsubo cardiomyopathy presenting as multivessel coronary 
spasm syndrome: case report and review of the literature. Acta Cardiol 2007;62: 
507–511. https://doi.org/10.2143/AC.62.5.2023415

22. Meimoun P, Malaquin D, Sayah S, Benali T, Luycx-Bore A, Levy F, et al. The coronary 
flow reserve is transiently impaired in tako-tsubo cardiomyopathy: a prospective study 
using serial Doppler transthoracic echocardiography. J Am Soc Echocardiogr 2008;21: 
72–77. https://doi.org/10.1016/j.echo.2007.05.024

23. Meimoun P, Malaquin D, Benali T, Tribouilloy C. Assessment of coronary flow reserve 
by transthoracic Doppler echocardiography in left apical ballooning syndrome. Eur J 
Echocardiogr 2008;9:78–79. https://doi.org/10.1016/j.euje.2007.01.002

24. Madias JE. Reduced dobutamine stress test-based coronary flow reserve in patients with 
takotsubo syndrome: an innate substrate or a lingering effect? Int J Cardiol 2015;201: 
174–175. https://doi.org/10.1016/j.ijcard.2015.08.019

25. Collste O, Tornvall P, Alam M, Frick M. Coronary flow reserve during dobutamine 
stress in takotsubo stress cardiomyopathy. BMJ Open 2015;5:e007671. https://doi.org/ 
10.1136/bmjopen-2015-007671

26. Barletta G, Del Pace S, Boddi M, Del Bene R, Salvadori C, Bellandi B, et al. Abnormal 
coronary reserve and left ventricular wall motion during cold pressor test in patients 
with previous left ventricular ballooning syndrome. Eur Heart J 2009;30:3007–3014. 
https://doi.org/10.1093/eurheartj/ehp325

27. Citro R, Galderisi M, Maione A, Innelli P, Provenza G, Gregorio G. Sequential transthor-
acic ultrasound assessment of coronary flow reserve in a patient with tako-tsubo syn-
drome. J Am Soc Echocardiogr 2006;19:1402 e5–1401408. https://doi.org/10.1016/j. 
echo.2006.07.014

28. Ohanyan V, Yin L, Bardakjian R, Kolz C, Enrick M, Hakobyan T, et al. Requisite role of 
kv1.5 channels in coronary metabolic dilation. Circ Res 2015;117:612–621. https://doi. 
org/10.1161/CIRCRESAHA.115.306642

29. Castillo Rivera AM, Ruiz-Bailen M, Rucabado Aguilar L. Takotsubo cardiomyopathy–a 
clinical review. Med Sci Monit 2011;17:RA135–RA147. https://doi.org/10.12659/msm. 
881800

30. Awad HH, McNeal AR, Goyal H. Reverse takotsubo cardiomyopathy: a comprehensive 
review. Ann Transl Med 2018;6:460. https://doi.org/10.21037/atm.2018.11.08

31. Grattan MT, Hanley FL, Stevens MB, Hoffman JI. Transmural coronary flow reserve pat-
terns in dogs. Am J Physiol 1986;250:H276–H283. https://doi.org/10.1152/ajpheart.1986. 
250.2.H276

32. Opherk D, Schuler G, Waas W, Dietz R, Kubler W. Intravenous carbochromen: a po-
tent and effective drug for estimation of coronary dilatory capacity. Eur Heart J 1990;11: 
342–347. https://doi.org/10.1093/oxfordjournals.eurheartj.a059708

33. Mayorga M, Kiedrowski M, Shamhart P, Forudi F, Weber K, Chilian WM, et al. Early up-
regulation of myocardial CXCR4 expression is critical for dimethyloxalylglycine-induced 
cardiac improvement in acute myocardial infarction. Am J Physiol Heart Circ Physiol 2016; 
310:H20–H28. https://doi.org/10.1152/ajpheart.00449.2015

34. Hirose K, Payumo AY, Cutie S, Hoang A, Zhang H, Guyot R, et al. Evidence for hormo-
nal control of heart regenerative capacity during endothermy acquisition. Science 2019; 
364:184–188. https://doi.org/10.1126/science.aar2038

35. Nakano T, Onoue K, Nakada Y, Nakagawa H, Kumazawa T, Ueda T, et al. Alteration of 
beta-adrenoceptor signaling in left ventricle of acute phase takotsubo syndrome: a hu-
man study. Sci Rep 2018;8:12731. https://doi.org/10.1038/s41598-018-31034-z

36. Omerovic E, Citro R, Bossone E, Redfors B, Backs J, Bruns B, et al. Pathophysiology of 
takotsubo syndrome—a joint scientific statement from the heart failure association ta-
kotsubo syndrome study group and myocardial function working group of the 
European society of cardiology—part 1: overview and the central role for catechola-
mines and sympathetic nervous system. Eur J Heart Fail 2022;24:257–273. https://doi. 
org/10.1002/ejhf.2400

37. Lassnig E, Weber T, Auer J, Nomeyer R, Eber B. Pheochromocytoma crisis presenting 
with shock and tako-tsubo-like cardiomyopathy. Int J Cardiol 2009;134:e138–e140. 
https://doi.org/10.1016/j.ijcard.2008.03.012

38. Borchert T, Hubscher D, Guessoum CI, Lam TD, Ghadri JR, Schellinger IN, et al. 
Catecholamine-Dependent beta-adrenergic signaling in a pluripotent stem cell model 
of takotsubo cardiomyopathy. J Am Coll Cardiol 2017;70:975–991. https://doi.org/10. 
1016/j.jacc.2017.06.061

39. Lyon AR, Rees PS, Prasad S, Poole-Wilson PA, Harding SE. Stress (takotsubo) cardio-
myopathy–a novel pathophysiological hypothesis to explain catecholamine-induced 
acute myocardial stunning. Nat Clin Pract Cardiovasc Med 2008;5:22–29. https://doi. 
org/10.1038/ncpcardio1066

40. Singh K, Carson K, Usmani Z, Sawhney G, Shah R, Horowitz J. Systematic review and 
meta-analysis of incidence and correlates of recurrence of takotsubo cardiomyopathy. 
Int J Cardiol 2014;174:696–701. https://doi.org/10.1016/j.ijcard.2014.04.221

41. Kim H, Senecal C, Lewis B, Prasad A, Rajiv G, Lerman LO, et al. Natural history and pre-
dictors of mortality of patients with takotsubo syndrome. Int J Cardiol 2018;267:22–27. 
https://doi.org/10.1016/j.ijcard.2018.04.139

42. Rodriguez M, Rzechorzek W, Herzog E, Luscher TF. Misconceptions and facts about 
takotsubo syndrome. Am J Med 2019;132:25–31. https://doi.org/10.1016/j.amjmed. 
2018.07.007

43. Chen W, Dilsizian V. Cardiac sympathetic disturbance in takotsubo cardiomyopathy: 
primary etiology or a compensatory response to heart failure? JACC Cardiovasc 
Imaging 2016;9:991–993. https://doi.org/10.1016/j.jcmg.2016.01.026

44. Pelliccia F, Parodi G, Greco C, Antoniucci D, Brenner R, Bossone E, et al. Comorbidities 
frequency in takotsubo syndrome: an international collaborative systematic review in-
cluding 1109 patients. Am J Med 2015;128:654 e11–659. https://doi.org/10.1016/j. 
amjmed.2015.01.016

45. Naegele M, Flammer AJ, Enseleit F, Roas S, Frank M, Hirt A, et al. Endothelial function 
and sympathetic nervous system activity in patients with takotsubo syndrome. Int J 
Cardiol 2016;224:226–230. https://doi.org/10.1016/j.ijcard.2016.09.008

46. Munzel T, Templin C, Cammann VL, Hahad O. Takotsubo syndrome: impact of endo-
thelial dysfunction and oxidative stress. Free Radic Biol Med 2021;169:216–223. https:// 
doi.org/10.1016/j.freeradbiomed.2021.03.033

D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/44/24/2244/7160508 by guest on 05 July 2023

https://doi.org/10.1093/eurheartj/ehy076
https://doi.org/10.1093/eurheartj/ehy076
https://doi.org/10.1161/CIRCULATIONAHA.116.027121
https://doi.org/10.1161/CIRCULATIONAHA.116.027121
https://doi.org/10.1016/j.chest.2021.04.072
https://doi.org/10.1016/j.chest.2021.04.072
https://doi.org/10.1016/j.jacc.2018.07.072
https://doi.org/10.1253/circj.cj-14-0859
https://doi.org/10.14797/mdcj-8-3-37
https://doi.org/10.1007/s00392-009-0028-y
https://doi.org/10.1111/j.1540-8175.2007.00604.x
https://doi.org/10.1111/j.1540-8175.2007.00604.x
https://doi.org/10.1016/j.ijcard.2005.05.060
https://doi.org/10.1016/j.ijcard.2005.05.060
https://doi.org/10.1016/j.amjcard.2015.06.042
https://doi.org/10.1016/j.amjcard.2015.06.042
https://doi.org/10.1056/NEJMoa1406761
https://doi.org/10.1093/eurheartj/ehy077
https://doi.org/10.1093/eurheartj/ehy077
https://doi.org/10.1111/j.1540-8183.2010.00551.x
https://doi.org/10.1111/j.1540-8183.2010.00551.x
https://doi.org/10.1016/j.amjcard.2015.10.028
https://doi.org/10.1016/j.ijcard.2016.11.086
https://doi.org/10.1016/j.ijcard.2016.11.086
https://doi.org/10.1210/jc.2017-01117
https://doi.org/10.1055/s-0035-1548548
https://doi.org/10.1016/j.clinre.2018.11.009
https://doi.org/10.1016/j.ihj.2018.04.004
https://doi.org/10.2143/AC.62.5.2023415
https://doi.org/10.1016/j.echo.2007.05.024
https://doi.org/10.1016/j.euje.2007.01.002
https://doi.org/10.1016/j.ijcard.2015.08.019
https://doi.org/10.1136/bmjopen-2015-007671
https://doi.org/10.1136/bmjopen-2015-007671
https://doi.org/10.1093/eurheartj/ehp325
https://doi.org/10.1016/j.echo.2006.07.014
https://doi.org/10.1016/j.echo.2006.07.014
https://doi.org/10.1161/CIRCRESAHA.115.306642
https://doi.org/10.1161/CIRCRESAHA.115.306642
https://doi.org/10.12659/msm.881800
https://doi.org/10.12659/msm.881800
https://doi.org/10.21037/atm.2018.11.08
https://doi.org/10.1152/ajpheart.1986.250.2.H276
https://doi.org/10.1152/ajpheart.1986.250.2.H276
https://doi.org/10.1093/oxfordjournals.eurheartj.a059708
https://doi.org/10.1152/ajpheart.00449.2015
https://doi.org/10.1126/science.aar2038
https://doi.org/10.1038/s41598-018-31034-z
https://doi.org/10.1002/ejhf.2400
https://doi.org/10.1002/ejhf.2400
https://doi.org/10.1016/j.ijcard.2008.03.012
https://doi.org/10.1016/j.jacc.2017.06.061
https://doi.org/10.1016/j.jacc.2017.06.061
https://doi.org/10.1038/ncpcardio1066
https://doi.org/10.1038/ncpcardio1066
https://doi.org/10.1016/j.ijcard.2014.04.221
https://doi.org/10.1016/j.ijcard.2018.04.139
https://doi.org/10.1016/j.amjmed.2018.07.007
https://doi.org/10.1016/j.amjmed.2018.07.007
https://doi.org/10.1016/j.jcmg.2016.01.026
https://doi.org/10.1016/j.amjmed.2015.01.016
https://doi.org/10.1016/j.amjmed.2015.01.016
https://doi.org/10.1016/j.ijcard.2016.09.008
https://doi.org/10.1016/j.freeradbiomed.2021.03.033
https://doi.org/10.1016/j.freeradbiomed.2021.03.033


Takotsubo syndrome is a coronary microvascular disease                                                                                                                            2253b

47. Fan X, Yang G, Kowitz J, Akin I, Zhou X, El-Battrawy I. Takotsubo syndrome: transla-
tional implications and pathomechanisms. Int J Mol Sci 2022;23:1951. https://doi.org/ 
10.3390/ijms23041951

48. Aweimer A, El-Battrawy I, Akin I, Borggrefe M, Mugge A, Patsalis PC, et al. Abnormal 
thyroid function is common in takotsubo syndrome and depends on two distinct me-
chanisms: results of a multicentre observational study. J Intern Med 2021;289:675–687. 
https://doi.org/10.1111/joim.13189

49. Said SM, Saygili E, Rana OR, Genz C, Hahn J, Bali R, et al. Takotsubo cardiomyopathy: 
what we have learned in the last 25 years? A Comparative Literature Review. Curr 
Cardiol Rev 2016;12:297–303. https://doi.org/10.2174/1573403(12666160211125601

50. Kuo BT, Choubey R, Novaro GM. Reduced estrogen in menopause may predispose wo-
men to takotsubo cardiomyopathy. Gend Med 2010;7:71–77. https://doi.org/10.1016/j. 
genm.2010.01.006

51. Salmoirago-Blotcher E, Dunsiger S, Swales HH, Aurigemma GP, Ockene I, Rosman L, 
et al. Reproductive history of women with takotsubo cardiomyopathy. Am J Cardiol 
2016;118:1922–1928. https://doi.org/10.1016/j.amjcard.2016.08.083

52. Dias A, Franco E, Figueredo VM, Hebert K. Can previous oophorectomy worsen the 
clinical course of takotsubo cardiomyopathy females? Age and gender-related outcome 
analysis. Int J Cardiol 2014;177:1134–1136. https://doi.org/10.1016/j.ijcard.2014.08.047

53. Berwick ZC, Dick GM, Moberly SP, Kohr MC, Sturek M, Tune JD. Contribution of 
voltage-dependent K(+) channels to metabolic control of coronary blood flow. J Mol 
Cell Cardiol 2012;52:912–919. https://doi.org/10.1016/j.yjmcc.2011.07.004

54. Berwick ZC, Moberly SP, Kohr MC, Morrical EB, Kurian MM, Dick GM, et al. 
Contribution of voltage-dependent K+ and ca2+channels to coronary pressure-flow 
autoregulation. Basic Res Cardiol 2012;107:264. https://doi.org/10.1007/s00395-012- 
0264-6

55. Dick GM, Tune JD. Role of potassium channels in coronary vasodilation. Exp Biol Med 
(Maywood) 2010;235:10–22. https://doi.org/10.1258/ebm.2009.009201

56. Rogers PA, Dick GM, Knudson JD, Focardi M, Bratz IN, Swafford AN, et al. 
H2O2-induced redox-sensitive coronary vasodilation is mediated by 4-aminopyridine- 
sensitive K+ channels. Am J Physiol Heart Circ Physiol 2006;291:H2473–H2482. https:// 
doi.org/10.1152/ajpheart.00172.2006

57. Ohanyan V, Raph SM, Dwenger MM, Hu X, Pucci T, Mack G, et al. Myocardial blood flow 
control by oxygen sensing vascular kvbeta proteins. Circ Res 2021;128:738–751. https:// 
doi.org/10.1161/CIRCRESAHA.120.317715

58. Dwenger MM, Ohanyan V, Navedo MF, Nystoriak MA. Coronary microvascular kv1 
channels as regulatory sensors of intracellular pyridine nucleotide redox potential. 
Microcirculation 2018;25:10.1111/micc.12426. https://doi.org/10.1111/micc.12426

59. Feigl EO. Coronary physiology. Physiol Rev 1983;63:1–205. https://doi.org/10.1152/ 
physrev.1983.63.1.1

60. Rogers PA, Chilian WM, Bratz IN, Bryan RM Jr, Dick GM. H2O2 activates redox- and 
4-aminopyridine-sensitive kv channels in coronary vascular smooth muscle. Am J 
Physiol Heart Circ Physiol 2007;292:H1404–H1411. https://doi.org/10.1152/ajpheart. 
00696.2006

61. Li M, Nguyen CN, Toleva O, Mehta PK. Takotsubo syndrome: a current review of pres-
entation, diagnosis, and management. Maturitas 2022;166:96–103. https://doi.org/10. 
1016/j.maturitas.2022.08.005

62. Kjekshus JK, Simonsen S, Bohmer T. Effect of carbocromen induced coronary vasodila-
tation on myocardial metabolism in coronary artery disease. Clin Cardiol 1978;1:74–79. 
https://doi.org/10.1002/clc.4960010204

63. Braunwald E, Rutherford JD. Reversible ischemic left ventricular dysfunction: evidence 
for the “hibernating myocardium”. J Am Coll Cardiol 1986;8:1467–1470. https://doi.org/ 
10.1016/s0735-1097(86)80325-4

64. Rahimtoola SH. A perspective on the three large multicenter randomized clinical trials 
of coronary bypass surgery for chronic stable angina. Circulation 1985;72:V123–V135.

65. Gupta S, Sen S. Animal models for heart failure. Methods Mol Med 2006;129:97–114. 
https://doi.org/10.1385/1-59745-213-0:97

66. Breckenridge R. Heart failure and mouse models. Dis Model Mech 2010;3:138–143. 
https://doi.org/10.1242/dmm.005017

67. Nef HM, Mollmann H, Akashi YJ, Hamm CW. Mechanisms of stress (takotsubo) cardio-
myopathy. Nat Rev Cardiol 2010;7:187–193. https://doi.org/10.1038/nrcardio.2010.16

68. Pelliccia F, Greco C, Vitale C, Rosano G, Gaudio C, Kaski JC. Takotsubo syndrome 
(stress cardiomyopathy): an intriguing clinical condition in search of its identity. Am J 
Med 2014;127:699–704. https://doi.org/10.1016/j.amjmed.2014.04.004

D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/44/24/2244/7160508 by guest on 05 July 2023

https://doi.org/10.3390/ijms23041951
https://doi.org/10.3390/ijms23041951
https://doi.org/10.1111/joim.13189
https://doi.org/10.2174/1573403(12666160211125601
https://doi.org/10.1016/j.genm.2010.01.006
https://doi.org/10.1016/j.genm.2010.01.006
https://doi.org/10.1016/j.amjcard.2016.08.083
https://doi.org/10.1016/j.ijcard.2014.08.047
https://doi.org/10.1016/j.yjmcc.2011.07.004
https://doi.org/10.1007/s00395-012-0264-6
https://doi.org/10.1007/s00395-012-0264-6
https://doi.org/10.1258/ebm.2009.009201
https://doi.org/10.1152/ajpheart.00172.2006
https://doi.org/10.1152/ajpheart.00172.2006
https://doi.org/10.1161/CIRCRESAHA.120.317715
https://doi.org/10.1161/CIRCRESAHA.120.317715
https://doi.org/10.1111/micc.12426
https://doi.org/10.1152/physrev.1983.63.1.1
https://doi.org/10.1152/physrev.1983.63.1.1
https://doi.org/10.1152/ajpheart.00696.2006
https://doi.org/10.1152/ajpheart.00696.2006
https://doi.org/10.1016/j.maturitas.2022.08.005
https://doi.org/10.1016/j.maturitas.2022.08.005
https://doi.org/10.1002/clc.4960010204
https://doi.org/10.1016/s0735-1097(86)80325-4
https://doi.org/10.1016/s0735-1097(86)80325-4
https://doi.org/10.1385/1-59745-213-0:97
https://doi.org/10.1242/dmm.005017
https://doi.org/10.1038/nrcardio.2010.16
https://doi.org/10.1016/j.amjmed.2014.04.004

	Takotsubo syndrome is a coronary microvascular disease: experimental evidence
	Introduction
	Methods
	Murine models
	Model of takotsubo syndrome
	Echocardiographic analysis of cardiac function
	Measurement of myocardial blood flow
	RNA isolation and analysis
	Statistics

	Results
	Echocardiographic analysis of cardiac function
	Regional myocardial blood flow
	RNA expression

	Discussion
	Overview of takotsubo syndrome
	Regulation of coronary blood flow
	Myocardial adaptations to low flow
	Study limitations

	Conclusions
	Supplementary data
	Data availability
	Conflict of interest
	Funding
	References
	References




