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oxidative signaling.

KEYWORDS

1 | INTRODUCTION

Exercise intolerance in patients with heart failure with
preserved ejection fraction (HFpEF) severely limits qual-
ity of life, independently predicts mortality, and remains
extremely difficult to treat.' Reduced peripheral oxygen
extraction and a reduction of cardiac output during ex-
ercise have been observed in patients with HFpEF.? Both
chronotropic incompetence and a reduction of the in-
dexed stroke volume during exercise predicted exercise
intolerance in patients with HFpEF in a recent meta-
analysis.” While sinoatrial node dysfunction has recently
been discovered as one underlying pathology causing
chronotropic incompetence,’ the mechanisms underlying
the loss of stroke volume during exercise in HFpEF pa-
tients are insufficiently understood. In patients with Heart
Failure with Reduced Ejection Fraction (HFrEF), deficits
of the adrenergic signaling pathway contribute to the loss
of adrenergic reserve in cardiomyocytes and hence the
loss of cardiac output reserve.* However, little is known
about this signaling pathway and its influence on exercise
intolerance in HFpEF.

It has recently been shown that Nitric oxide (NO) is
a modulator of the adrenergic response in cardiomyo-
cytes.>® NO exerts its regulatory function via two mech-
anisms: (1) activation of the soluble guanylyl cyclase
(sGC), subsequent synthesis of cyclic guanosine mono-
phosphate (cGMP), activation of the cGMP-dependent
protein kinase (PKG) and phosphorylation of substrates
and (2) direct S-nitrosylation of cysteine residues and
hence post-translational regulation of protein activity. S-
nitrosylation of phospholamban, ryanodine receptor, and
cardiac troponin C induced by adrenergic stimulation
acts in concert with phosphorylation and is required to
recruit the maximal adrenergic reserve.™® Interestingly,

With addition of isoproterenol, there were no differences in sarcomere function
between HFpEF and control mice. This resulted in a reduced inotropic and
lusitropic reserve in HFpEF cardiomyocytes. Preincubation with inhibitors of
nitric oxide synthases or glutathione partially restored the adrenergic reserve in
cardiomyocytes in HFpEF.

Conclusion: In this murine HFpEF model, the cardiac output reserve on
adrenergic stimulation is impaired. In ventricular cardiomyocytes, we found a
congruent loss of the adrenergic inotropic and lusitropic reserve. This was caused
by increased contractility and faster relaxation at rest, partially mediated by nitro-

adrenergic signaling, cardiac output reserve, exercise intolerance, heart failure with preserved
ejection fraction, nitro-oxidative signaling

two independent research groups found evidence of dys-
regulation of NO signaling and especially S-nitrosylation
in HFpEFE.”® However, the impact on cellular contractility,
calcium handling and the adrenergic reserve in HFpEF
has not yet been investigated. This modulation comple-
ments the long-established p1 (f1-AR) and (2 adrenergic
receptor-mediated modulation of inotropic and lusitropic
responses.

We therefore hypothesize that a deficit of the adren-
ergic reserve in cardiomyocytes contributes to the loss
of cardiac output reserve and hence exercise intolerance
in HFpEF. We systematically investigated the organ and
cardiomyocyte reaction to adrenergic stimuli in a mu-
rine model of HFpEF. Given its representation of typical
HFpEF clinical features and its widespread use in HFpEF
research, we selected a murine model feeding a high-fat
diet combined with Nw-Nitro-L-arginine (L-NAME) in
drinking water. Considering the role of NO in cardiac
excitation-contraction coupling’ and recent discoveries
about its dysregulation in HFpEF,”® we further studied
the molecular effects of NO on the adrenergic reserve in
HFpEF.

2 | RESULTS

2.1 | Invivo cardiac dysfunction with
isoproterenol stress

After 15weeks of L-NAME and HFD (Figure 1A), mice
exhibited an HFpEF phenotype evident as (1) concentric
hypertrophy with preserved left ventricular (LV) ejection
fraction (Figure 1B-E, Supporting Information Table S1),
(2) impaired diastolic function (Figure 1F,G) and (3) lung
edema as a sign of pulmonary congestion (Figure 1H).
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FIGURE 1 HFpEF mice show dysfunction on Iso stress echocardiography. (A) Experimental design. 12 weeks old, male C57BL6/J

mice were fed regular chow diet and standard water or high-fat diet and 1 g/LL-NAME via the drinking water for 15weeks. All further

experiments were conducted after 15weeks. (B) Representative left ventricular M-mode echocardiography image from the short parasternal

axis view. (C) Left ventricular ejection fraction calculated from M-mode images. (D) Left ventricular end-diastolic internal diameter from

M-mode images. (E) Heart weight divided by tibial length. (F) Representative images of pulse-wave Doppler images of the mitral valve

flow (left) and tissue Doppler imaging of the mitral valve annulus (right). (G) Ratio of mitral valve E and E’ wave. (H) Ratio of the wet lung

weight and tibial length. (I) Maximum running distance on a treadmill exercise-exhaustion test. (J) Iso stress echocardiography protocol. For

details, see Methods. (K) Representative left ventricular M-mode echocardiographic image from the long parasternal axis view at rest and

after Iso injection. (L) Heart rate before and after administration of Iso. (M) Stroke volume before and after administration of isoproterenol.

(N) End-diastolic volume before and after administration of Iso. (O) Longitudinal strain before and after administration of Iso. (P) Cardiac
output before and after administration of Iso. Unpaired Student's t-test (C-E, G-I). Mixed effect model for repeated measure data followed
by Sidak-controlled post-hoc testing (I-P). Data are expressed as mean +SEM. *p <0.05, 'p <0.01, and *p <0.001.
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Importantly, maximum running distance was drastically
impaired (Figure 1I).

On stress echocardiography, HFpEF and control mice
exhibited comparable increases in heart rate with iso-
proterenol (Iso) (Figure 1J-L). While stroke volumes
were similar at rest, the increase of stroke volume with
Iso was lost in HFpEF and mice had drastically lower
stroke volumes compared to control animals (Figure 1M).
This was caused by a reduction of end-diastolic volume
during adrenergic stress in HFpEF compared with con-
trol (Figure 1N). Interestingly, both end-systolic vol-
umes and ejection fraction changed similarly between
groups besides severe impairments of the longitudinal
strain (Figure 10, Supporting Information Figure S1A,B).
Subsequently, the increase of cardiac output with adren-
ergic stimuli observed in control mice was lost in HFpEF
mice (Figure 1P).

2.2 | Impaired sarcomeric
adrenergic reserve

We next assessed whether the loss of adrenergic re-
serve in HFpEF mice in vivo could be related to changes
in sarcomere shortening in adult, ventricular car-
diomyocytes (AVCMs). HFpEF cardiomyocytes were
hypercontractile at baseline evident as an increased am-
plitude of sarcomere shortening and a faster relaxation
(Figure 2A-D). To ensure these findings are not specific
to the two-hit mouse model, we further confirmed these
in obese Zucker fatty and spontaneously hypertensive
(ZSF1) rats, a well-established rat model of cardiometa-
bolic HFpEF. There, we found faster relaxation but did
not see a significant increase in sarcomere shortening
amplitude (Supporting Information Figure S2). After
the addition of Iso, amplitude and kinetics reached
similar maximal levels in both groups (Figure 2B,D).
Accordingly, the lusitropic reserve was reduced in
HFpEF, there was less acceleration of the contraction
and we saw a tendency towards a reduction in inotropic
reserve in HFpEF (Figure 2C,E,G). Diastolic sarcomere
length at rest and after Iso was not changed (Figure 2H).
Intriguingly, the degree of diastolic dysfunction (E/e’)
on echocardiography correlated inversely with the dura-
tion of sarcomere relaxation (Figure 2I).

2.3 | Faster calcium reuptake and
increased myofilament sensitivity

To better understand the changes of sarcomere short-
ening in AVCMs we studied cellular calcium handling.
Calcium transient amplitude at baseline was not altered

but the amplitude after the addition of Iso was reduced
in HFpEF (Figure 3A,B). Accordingly, the increase of
the calcium transient amplitude with Iso was reduced
in AVCMs isolated from HFpEF mice (Figure 3C).
Calcium transient decay was accelerated in HFpEF at
rest and after the addition of Iso, both groups reached
comparable kinetics of calcium reuptake (Figure 3D).
Again, lusitropic reserve was significantly reduced in
HFpEF (Figure 3E). There was a fine correlation be-
tween calcium reuptake and sarcomere shortening on
a single cardiomyocyte base, which supports the role of
accelerated calcium reuptake in mediating faster sar-
comere relaxation (Figure 3F). In the presence of unal-
tered calcium amplitude, changes in calcium sensitivity
could account for the increased sarcomere shortening
amplitude in HFpEF. We calculated the first deriva-
tive of sarcomere shortening over calcium reuptake at
50% sarcomere relaxation, a well-established parameter
of calcium sensitivity.9 Indeed, this parameter was in-
creased in HFpEF AVCMs (Figure 3G,H). In combina-
tion with unaltered diastolic calcium levels (Figure 3I),
this indicates a higher calcium sensitivity explaining the
increased sarcomere shortening amplitude.

We further investigated calcium handling in the sarco-
plasmic reticulum compartment as previously described
(Figure 3]).1° We did not find differences in the sarco-
plasmic reticulum calcium load, measured as the ampli-
tude of the calcium transient caused by rapid perfusion
with caffeine (Figure 3K). However, the decay constant of
the caffeine-induced transient was drastically increased
in HFpEF AVCMs (Figure 3L). This indicates a reduced
activity of the sodium-calcium exchanger (NCX) in for-
ward mode Although the overall proportion of cells with
spontaneous calcium release events (CaREv, waves, and
sparks) was unaltered, the frequency of waves in cells
with CaREv was significantly increased in HFpEF in com-
parison to control (Figure 3M,N).

2.4 | p-adrenergic signaling pathway

In order to explain the reduced calcium transient ampli-
tude after isoproterenol stimulation in HFpEF AVMCs
we investigated the membrane expression of the most
abundant adrenoreceptor, namely the p1-AR. Using fluo-
rescence correlation spectroscopy of a fluorescent f1-AR
agonist, we did not find a difference in the density of p1-
AR on the outer membrane of AVMC (Figure 4A,B).

To investigate the molecular mechanisms of the accel-
erated calcium reuptake in HFpEF cardiomyocytes, we in-
vestigated the expression and phosphorylation of the main
proteins involved. We did not see a change in SERCA2
expression but a trend toward increased phospholamban
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FIGURE 2 Sarcomere shortening adrenergic reserve is impaired in HFpEF cardiomyocytes. (A) Averaged sarcomere shortening trace

before and after the administration of Iso. (B) Sarcomere shortening amplitude. (C) Change of sarcomere shortening amplitude after the

administration of Iso. (D) Sarcomere relaxation times before and after the administration of Iso. (E) Change the time to 90% relaxation of

the sarcomere shortening trace after the administration of Iso. (F) Time to peak of the sarcomere shortening trace. (G) Change of the time

to peak of the sarcomere shortening trace after the administration of Iso. (H) Diastolic sarcomere length before and after Iso. (I) Sarcmere

shortening in atrial myocytes as a function of E/E'". Data are expressed as mean +SEM. All statistics were performed per animal, dots

represent animal means Unpaired Student's t-test (C, E, G). Mixed effect model for repeated measure data followed by Sidak-controlled post-

hoc testing (B, D, F, H). *p<0.05, 'p<0.01, and *p <0.001.

expression in HFpEF (p=0.054, Supporting Information
Figure S3A-C). Additionally, the amount of phosphol-
amban phosphorylated on Ser16 was increased in HFpEF
(Supporting Information Figure S3D). Looking at proteins
known to regulate the myofilament sensitivity, we did not
see a change of total myosin-binding protein C 3 nor the
amount that was phosphorylated on Ser282 (Supporting
Information Figure S3E-G). The total amount of tro-
ponin I was reduced in HFpEF, but the amount of

troponin I phosphorylated on Ser23 and Ser24 was unal-
tered (Supporting Information Figure S3H,I).

2.5 | Altered nitro-oxidative balance in
cardiomyocytes

As stated above, NO is an important regulator of sar-
comere shortening and calcium handling in AVCMs and
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was described to be dysregulated in HFpEF. We therefore
measured NO release in AVCMs using the highly specific
fluorescence probe Cu-FL2 and inhibitors of inducible
(iINOS) and neural (nNOS) nitric oxide synthetase.11 We
did not find differences in NO release in non-stimulated
AVCMs (Supporting Information Figure S4A). In stimu-
lated cardiomyocytes (5min 3Hz), nNOS inhibitor SMTC
but neither Iso nor iNOS inhibitor 1400W influenced
NO release in AVCM isolated from control (Figure 5A,
Supporting Information Figure S4B). In HFpEF AVCMs,
Iso increased the NO release and both—SMTC and
1400W—were able to reduce the NO release (Figure 5A,
Supporting Information Figure S4B). The cellular effects
of NO (activation of sGC vs direct post-translation modi-
fication of proteins via formation of S-nitrosothiols) are
directly influenced by the oxidative environment.'* We
therefore also investigated reactive oxygen species (ROS)
release and found drastically increased ROS release in
HFpEF AVCMs (Figure 5B). Elamipretide—a small pep-
tide that targets mitochondrial ROS release—was able to
reduce ROS release only in HFpEF AVCMs implying mi-
tochondria as a source of increased ROS release in HFpEF
(Figure 5B).

2.6 | Nitro-oxidative signaling influences
cardiomyocyte contractility

We next investigated whether the dysregulation of nitro-
oxidative balance affects AVCM's sarcomere shorten-
ing and calcium handling using SMTC, 1400W, and a

cell-permeable analogous to glutathione which was
previously used to reduce S-nitrosylation of proteins
(Figure 5C)."* Except for a tendency toward a reduction
of sarcomere shortening amplitude with glutathione
at baseline in both groups, sarcomere shortening am-
plitudes remained unaffected (Supporting Information
Figure S4C,D). As has been described previously, nNOS
inhibition with SMTC reduced the calcium transient
amplitude after the addition of Iso in control AVCMs
(Figure SD,E).6 In AVCM isolated from HFpEF mice,
we saw a reduction of the calcium transient amplitude
at baseline with SMTC and glutathione which resulted
in an increase of the inotropic reserve with glutathione
(Figure 5E,F). Additionally, we saw a shortening of the
diastolic sarcomere length at baseline with 1400W and
SMTC in the HFpEF group (Supporting Information
Figure S4E) besides no changes in diastolic calcium
(Supporting Information Figure S4F). The changes in
sarcomere shortening and calcium handling with the
compounds might be explained by a tendency toward
a reduction of calcium sensitivity especially with glu-
tathione (Supporting Information Figure S4G).

All three compounds slowed sarcomere relaxation
at baseline in both groups but had little effect on re-
laxation after Iso (Figure 5G). This led to a significant
increase of the lusitropic reserve in HFpEF but not
control (Figure 5H). We observed a similar pattern for
calcium transient relaxation (Supporting Information
Figure S4H,I) leading us to conclude that the observed
changes in sarcomere kinetics were once again caused
by changes in calcium handling.
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Further supporting a hyperactivation of the nitro-
oxidative signaling pathway in HFpEF, the cellu-
lar lusitropic response to the NO donor SNAP was
reduced in HFpEF AVCMs (Supporting Information
Figure S5A-C).

3 | DISCUSSION

Here, we show for the first time a deficit of the adrenergic
signaling pathway in vivo and the underlying loss of adr-
energic reserve in ventricular cardiomyocytes in a murine
model of HFpEF. In contrast to HFrEF, this loss is caused
by a hypercontractile state in cardiomyocytes at rest. In
addition, we show that the hypercontractile state in car-
diomyocytes is partially caused by a shift in the nitro-
oxidative balance.

A reduction of cardiac output on exercise is consis-
tently observed in patients with HFpEF and is an import-
ant predictor of exercise intolerance and mortality. >4
However, little is known about the underlying mecha-
nisms. Using stress echocardiography with isoprotere-
nol injection, we assessed the adrenergic axis—a central
signaling pathway that increases cardiac output on exer-
cise. In a well-established mouse model of HFpEF with
severe exercise intolerance, we found a loss of the cardiac
output reserve with adrenergic stimuli. A loss of cardiac
output reserve was also seen in patients with HFpEF
and has been associated with exercise intolerance in
these patients.” This strongly suggests that a deficit of
the adrenergic axis contributes to the deficits seen in ex-
ercise testing. In contrast to previous reports of HFpEF
animal models, we did not observe a chronotropic defi-
cit.” This might be due to the high dose of isoproterenol
that we used to investigate the maximum adrenergic re-
serve. Instead, loss of cardiac output reserve in HFpEF
mice was caused by a reduction of stroke volume with
isoproterenol. This was mainly attributable to a loss of
end-diastolic volume. Intriguingly, these findings align
well with a recent investigation in patients with HFpEF
and an ejection fraction above 60%.'” This specific group
of patients was characterized by lower end-diastolic vol-
umes, larger arterial elastance, and a higher end-systolic
elastance at rest. On exercise, this group, but not HFpEF
patients with an ejection fraction between 50% and 60%,
exhibited an inadequate increase of end-diastolic pres-
sure and loss of preload and subsequently stroke vol-
ume. Similar changes have already been described in
different HFpEF patient cohorts further supporting our
findings."®*

In HFTEF, it is well established that the loss of cardiac
output with adrenergic stimuli is caused by a deficient
adrenergic reserve in cardiomyocytes (as reviewed in
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Ref. [20]).* Here, we show a similar loss of adrenergic re-
serve in ventricular cardiomyocytes in HFpEF. However,
in contrast to HFTEF, the reduced reserve does not result
from impairments after adrenergic activation. Instead, we
found increased cardiomyocyte contractility, faster relax-
ation, faster calcium reuptake, and increased calcium my-
ofilament sensitivity at baseline.

Data on cardiomyocyte contractility and calcium
handling in HFpEF are not as consistent as in HFrEF.
Historically, experiments were first conducted in animal
models of left ventricular hypertrophy in response to hy-
pertension without evident diastolic dysfunction. There,
a phenotype of largely preserved or even increased car-
diomyocyte contractility has been described.”' Recently,
animal models that combine hypertension and metabolic
stress have been found to closely resemble the clinical phe-
notype of HFpEF and their cardiomyocyte function has
been investigated (reviewed in Ref. [22]).”* Slowed cardio-
myocyte relaxation and delayed calcium reuptake despite
equal amplitudes in ZSF1 rats (a model combining genetic
risks for obesity and hypertension) has been reported by at
least two independent groups.***> Contrary to our study,
these experiments were performed using lean ZSF1 rats as
controls. These rats are hypertensive and have left ventric-
ular hypertrophy and hypercontractility (increased end-
systolic pressure-volume relationship).?* Cardiomyocytes
from animals with left ventricular hypertrophy have been
shown to be more contractile (see above). The differences
observed in our study may therefore be explained by the
different control animals. In Dahl-Salt-sensitive rats (a
hypertensive model of HFpEF), Kilfoil et al. reported in-
creased calcium transient amplitudes at baseline but did
not report cardiomyocyte contractility.*® In hypertrophic
heart rats (a polygenetic rat model of hypertrophy with
diastolic dysfunction in the absence of hypertension), a
cardiomyocyte hypercontractile state with accelerated re-
laxation was observed.’ In contrast to our results, in that
model calcium transient amplitudes were increased and
myofilament sensitivity was reduced. In a large animal
model of HFpEF combining high-fat diet and aortic band-
ing in Ossabaw swine, the authors also found a hyperdy-
namic cardiomyocyte phenotype.”’ One study using the
same animal model investigated cellular contractility at
an early timepoint (after 5weeks of HFD and L-NAME).
At this timepoint, the authors reported partially de-
pressed cardiomyocyte contractility, potentially reflecting
a dynamic phenotype during disease progression in which
changes in cardiomyocyte contractility dynamically track
with the development of the phenotype. Taken together,
although less homogenous than in HFrEF, a preserved or
even increased basal cardiomyocyte contractility and cal-
cium handling is observed in animal models of HFpEF
developing in response to metabolic and hypertensive

85UB017 SUOWWIOD 8AIIe.D 8(qeoljdde ayy Aq peusenob ae 3ol VO ‘8sN JO S8InJ 10 A%iqiT8UIIUO A1 UO (SUOTPUOD-PUR-SWBIALI0O" A3 1M AIq 1 U1 |UO//SIY) SUOBIPUOD Pue SWe | 843 88S *[7202/80/70] U0 AkeidiTauliuo A8 |IM “AiseAlun sMeipuy 1S JO AisieAlun Ad vZTyTeyde/TTTT 0T/I0p/wW00 A8 1w Afeld jpul|uo//sdny wouy pepeojumod ‘0 ‘9T.LI8V.T



SEMMLER ET AL.

LBl A\ ~TA PHYSIOLOGICA

triggers. Of the very few studies involving human HFpEF
tissue, one found an increase in calcium sensitivity simi-
lar to our results.?® To our knowledge, there is no data on
the adrenergic reserve in human tissue to date. To further
clarify the cardiomyocyte phenotype in HFpEF, more re-
search on human samples will be required.

At first sight, increased cardiomyocyte contractility
and faster relaxation seem to oppose the typical presenta-
tion of HFpEF patients with increased end-diastolic pres-
sures and exercise intolerance. However, it is well known,
that the end-diastolic pressure-volume relationship is in-
fluenced by active relaxation and passive properties of the
myocardium.'®** Both of these properties are closely con-
nected and their individual influence on the end-diastolic
volume-pressure relationship is disputed.’®*° In our
mouse model, drastically increased E/e’ in the presence of
faster cardiomyocyte relaxation suggests the contribution
of passive stiffening (e.g., extracellular fibrosis, intracellu-
lar titin modifications). Additional research is required to
further define their respective role.

Two independent investigations in HFpEF patients
recently found evidence of increased systolic stiffening
(measured as the end-systolic pressure-volume relation-
ship) in a subgroup of HFpEF patients characterized by
very high ejection fractions (>60% and >65%, respec-
tively)."”*" Both these studies hypothesized that the
increased systolic stiffening is required to maintain suf-
ficient stroke volume besides increased arterial elastance
in the HFpEF patients. However, there is a dispute about
whether the increased systolic stiffness is caused by ac-
tive cardiomyocyte contractility or passive tissue proper-
ties.! 730 Although we did not measure arterial elastance,
we found unaltered stroke volume, end-diastolic volume,
and end-systolic volume in our HFpEF mice besides the
presence of hypertension.” In analogy to the human find-
ings, it is tempting to hypothesize that the intrinsic car-
diomyocyte hypercontractility is a response to increased
afterload. However, others have found hypercontractile
cardiomyocytes in the absence of increased afterload,’
indicating hypercontractility may also result from cardio-
myocyte remodeling in response to other triggers beyond
mechanical load.

In HFrEF, the cardiomyocyte's maximum response to
adrenergic stimuli is known to be severely impaired.* In
contrast, sarcomere shortening amplitudes and kinetics
and calcium transient kinetics after the addition of Iso
were largely unaffected in this murine HFpEF model. The
only deficit we found was a reduced calcium transient am-
plitude. Very interestingly, Goldhaber et al. found similar
results in a rat model of HFpEF.?® They could further attri-
bute the reduced calcium transient amplitude to a deficit
to increase the L-type calcium current with Iso in HFpEF

cardiomyocytes. The precise molecular basis of this deficit
requires further investigation.

During exercise and at increased heart rates, augmen-
tation of active cardiomyocyte contractility and relax-
ation is central to maintain low end-diastolic pressures,
adequate end-diastolic volumes, and increased cardiac
output.*! Loss of cardiomyocyte inotropic and lusitropic
reserve has been demonstrated to underlie the loss of
cardiac output reserve in HFrEF.* In a recent study of
HFpEF patients with an ejection fraction above 60%, an
insufficient increase of the end-systolic pressure-volume
relationship as well as a loss of recruitable preload have
been observed with exercise.'” The authors speculate that
this could be due to a loss of cardiomyocyte reserve be-
cause of an increased state of activation at baseline. Here,
we deliver experimental evidence further strengthening
this hypothesis. In our mouse model, cardiomyocyte con-
tractility is enhanced at rest—possibly to compensate for
altered afterload—which limits the adrenergic reserve
leading to a loss of cardiac output reserve with adrener-
gic stimuli.

Last, we investigated molecular pathways contribut-
ing to the hypercontractile cardiomyocyte state. In accor-
dance with a largely preserved absolute cardiomyocyte
response to adrenergic stimuli, we did not find a reduc-
tion of p1-AR on the outer cardiomyocyte membrane.
These findings are fundamentally different from HFrEF
and from findings in insulin-challenged cardiomyo-
cytes,>” potentially contributing to the understanding
of the ineffectiveness of beta blockers in HFpEF pa-
tients.*® Previous evidence has demonstrated increased
S-nitrosylation as an upstream driver of HFpEF which
could be improved by genetic or pharmacologic inhibi-
tion of nNOS or iNOS.”®* We found that nNOS inhibition
was able to reduce NO synthesis in control and HFpEF.
However, iNOS inhibition only reduced NO synthesis
in HFpEF, further supporting its specific upregulation
in HFpEF. We also found increased ROS production in
HFpEF that has been shown to reroute the effect of NO
from the cyclic GMP—protein kinase G signaling pathway
toward S-nitrosylation.® It is known that S-nitrosylation
enhances cellular relaxation via direct upregulation of
the activity of SERCA2 and inhibition of phospholam-
ban.>® Accordingly, we observed a slowing of cardiomyo-
cyte relaxation with inhibitors of nNOS, iNOS, and with
glutathione which was pronounced in HFpEF. However,
S-nitrosylation of sarcomeric proteins was demonstrated
to reduce the myofilament's sensitivity to calcium.® The
increase in calcium sensitivity we observed must there-
fore be caused by a different signaling pathway. Despite
its detrimental effect on the ER stress response and fi-
brosis shown previously,7’8 NO in our experiments seems
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to improve cardiomyocyte contractility and relaxation in
HFpEF. This dual effect might constitute an example of
antagonistic pleiotropy.

4 | MATERIALS AND METHODS

41 | Animal model of HFpEF

All experiments involving animals were performed ac-
cording to the rules of and approved by the local authori-
ties (approval no. G0104/20). Male C57BL6J mice were
acquired from Charles River Laboratories. At the age of
12weeks, mice were randomized to either a standard
diet (Rat/Mouse Maintenance V1534, sniff Spezialdidten,
Soest, Germany) and drinking water or high-fat diet
(D12492, Research Diet Inc.) and 1g/LL-NAME (N5751,
Sigma-Aldrich) in the drinking water for 15weeks. All fol-
lowing experiments were performed in the 15th week of
treatment. Of the 20 mice in each group, 4 HFpEF mice
died between 23 and 27weeks of age due to unknown
causes. For a subset of experiments, we used 23-week-old
Wistar Kyoto or obese Zucker fatty and spontaneously
hypertensive (ZSF1) rats. For detailed information on the
procedures in these animals see Bode et al.**

4.2 | Echocardiography and stress
echocardiography

Transthoracic echocardiography was performed on a
Visualsonic Vevo 3100 (Visual Sonic) in awake, gently re-
strained mice.” For systolic function and LV geometry,
M- and B-mode images were recorded from the paraster-
nal short axis at the papillary muscle level. For the assess-
ment of diastolic function, pulse wave Doppler of mitral
valve inflow (E) and peak mitral annular tissue Doppler
velocity during early filling (e”) were recorded from the
parasternal long-axis view.

Both timepoints of stress echocardiography were per-
formed in anesthetized (isoflurane, 1.5%-2%, heart rate of
400 to 450 bpm) mice. Systolic function was assessed using
M-Mode images in the parasternal long-axis view. Then,
mice were injected intraperitoneally with Iso at a dose of
0.6 pg/g body weight in 100 pL phosphate-buffered saline.
Systolic function was reassessed 90s after injection when
the heart rate reached a stable plateau.

All echocardiography image analysis was performed in
VevoLab (V. 5.6.1). For a subset of experiments, B-mode
images acquired from the parasternal long axis view were
used to calculate longitudinal strain using the VevoStrain
software and a speckle-tracking algorithm. The epi- and
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endocardial wall was traced manually, strain analysis was
performed, and longitudinal strain was calculated for six
anatomical regions and then averaged.

4.3 | Exercise testing

Exercise testing was performed on a treadmill (TSE
systems). The system was set at a constant angle of 20°
and the running speed was increased stepwise: 3min
0m/s, 2min 0.1 m/s, 2min 0.2m/s, 2min 0.23m/s, 2min
0.26m/s, 2min 0.3m/s, 2min 0.35m/s, 2min 0.4m/s,
6min 0.45m/s. We measured the time to exhaustion and
the distance run by each animal. Exhaustion was defined
as not returning to running after having been pushed back
onto the treadmill three times.

4.4 | Chemicals and solutions

All chemicals were obtained from Sigma-Aldrich if not
noted otherwise. Normal Tyrode solution (NT) contained
(mM): 136 NaCl, 4 KCl, 1 CaCl,, 1 MgCl,, 10 Glucose, 10
HEPES, 0.2 L-arginine; pH adjusted to 7.4 with NaOH. A
subset of experiments was conducted in NT solution with
3mM calcium (NT3). Tyrode solution without calcium
and sodium (0NaOCa) contained (mM): 130 LiCl, 4 KCl,
1 MgCl,, 10 glucose, and 10 HEPES, pH adjusted to 7.4
with LiOH.

4.5 | Isolation of adult, left ventricular
cardiomyocytes

AVCMs were isolated from mouse hearts as previously
described.?® In short, mouse hearts were excised, trans-
ferred to cold buffer (1.8 mM Ca), secured on a cannula
and retrogradely perfused on a Langendorff apparatus
at 36°C. After 2min of calcium free buffer, the solution
was switched to enzyme-containing buffer (Liberase,
Sigma-Aldrich, 120 pg/mL) for 6 to 7min. LV tissue was
dissected in low calcium buffer (12.5pM), gently dis-
persed and cells were allowed to settle, transferred into
NT solution and the calcium concentration was increased
stepwise to 1mM. All cardiomyocyte experiments were
performed within 4h after isolation. Isolation of AVCMs
was performed on 14 control mice und 12 HFpEF mice
hearts. The procedure failed to provide high quality car-
diomyocytes (evaluated as number of cardiomyocytes and
percentage of viable cardiomyocytes) three times in each
group resulting in a final sample size of 11 versus 9 in con-
trol versus HFpEF respectively.
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4.6 | Ratiometric calcium imaging and
sarcomere shortening

AVCMs were plated on laminin-coated, glass-bottom
dishes in NT solution with Fura-2AM (Thermo Fisher
Scientific, Waltham, MA, USA) at 1pM for 20 min with
0.02% pluronic F127, followed by 20 min in dye-free solu-
tion to wash-out non-esterified residues of the dye. Dishes
were mounted on a ratiometric microscope (CytoCypher
MultiCell System, CytoCypher BV, Netherlands), cells
were placed in NT with 1.8mM calcium, electrically
stimulated at 1Hz for at least 4min to reach a steady
state (Myopacer, Ionoptix) and Ca**-dependent fluores-
cence (excitation at 340 and 385nm, emission collected
at 510+40) and sarcomere shortening (optical channel)
were recorded for 7s at 35°C in Ionwizard (V7.15.1.162,
Ionoptix). Sarcomere and calcium traces were analyzed
using the Transient Analysis Tool (Ionoptix). Analysis
in this tool runs on raw, non-filtered traces. Background
fluorescence was assessed at the beginning of each experi-
ment, was less than 15% of the absolute fluorescence, and
was not subtracted. All cardiomyocyte data were averaged
per protocol and animal. At least five cardiomyocytes
were measured for each animal in each protocol.

For a subset of experiments, AVCMs were measured
once, then Iso (1pM) or SNAP (10pM) were added, and
the same cells were recorded a second time after 5min. For
all repeated measurements, the second measurement was
corrected for the change in background fluorescence. For
another subset of experiments, AVCMs were preincubated
with SMTC (a specific inhibitor of nNOS, 300nM, Sigma-
Aldrich, 40min), 1400W (a specific inhibitor of iNOS, 1M,
Sigma-Aldrich, 40 min) or a cell-permeable derivate of glu-
tathione (0.5mM, Sigma-Aldrich, 20min) prior to imaging.

4.7 | Confocal calcium imaging

AVCMs were plated on laminin-coated, glass-bottom
dishes and washed with NT solution with 1mM cal-
cium after 10min of attachment, loaded with 2pM of
the calcium-sensitive dye Fluo-4AM (Thermo Fisher
Scientific) in NT1 with 0.05% Pluronic®F-127 for 20-30 min
at room temperature followed by washing with NT3 so-
lution. Stained AVCMs were placed under a confocal
microscope (LSM810, Carl Zeiss) equipped with a perfu-
sion system and a stimulator (Ionoptix). Linescan images
were recorded longitudinally through the whole cell with
a length of 512 pixels. AVCMs were stimulated at 1 Hz to
reach a stable steady state in NT3 and a representative 10s
segment was recorded. Then the perfusion was changed
to 0 Na/0 Ca solution and the electrical pacing was termi-
nated to record spontaneous intracellular calcium release

events for 14s. We then restarted NT3, perfused the cells
with caffeine (30mM), and recorded the caffeine-induced
calcium transient.

Ca**-dependent fluorescence intensity (F) along the
scan line was averaged to obtain the global Ca®*-transient
and then normalized to the diastolic fluorescence inten-
sity (F/F,). Amplitude, time to half-maximal, and maxi-
mal Ca®" were calculated. A monoexponential curve was
fitted to the calcium decay (starting at 90% amplitude
following the peak) and the decay constant (tau) was cal-
culated. During the phase of transfusion with ONaOCa
solution, CaREv was quantified.

4.8 | Fluorescence correlation
spectroscopy of f; adrenergic
receptor density at the cardiomyocyte
outer membrane

Fluorescence correlation spectroscopy measurements were
conducted on isolated AVCMs as previously described.’’
Briefly, receptors were labeled with a fluorescently tagged
inverse agonist (Carazolol), and line scans were conducted
on AVCMs in a Leica SP8 confocal microscope at a rate of
1.4kHz for approximately 500k lines. The resulting kymo-
graphs were spatially and temporally correlated to obtain a
2-dimensional correlation function referred to as the STICS
function.®® The profile of this function at space lag (0) was
used to extract a single-point correlation function and fit.
Data were fit to the following equation to obtain the number
of fluorescent molecules (=receptors) in the excitation vol-
ume: G(tau)=0.35/N * (1+4D * tau/wxzz)_l, where D is the
diffusion coefficient, and w,;, is the waist of the excitation
volume of the confocal microscope in the x—z plane.

4.9 | Reactive oxygen species and NO
measurements

The previously well characterized NO-specific fluores-
cence dye NO-ON (1mM in DMSO, Strem chemicals,
Newburyport, MA)"! was mixed with CuCl, (1 mM) at 1:2
ratio and loaded into AVCMs at 1 uM at room temperature
for 2h. The ROS probe 2’,7'-dichlorodihydrofluorescein
(DCF, Thermo Fisher Scientific) was loaded into AVCMs
at 10pM at room temperature for 45min. After dye load-
ing, cells were washed and plated on laminin-coated
24-well plates at a density of approx. 1000 living cardio-
myocytes per well in NT with 1.8 mM calcium and then
washed again to remove dead cells. All wells were imaged
at the experiment's start, and the data were normalized
to this initial fluorescence to account for variations in
the number of AVMC. For a subset of experiments, cells
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were incubated with elamipretide (10 pM, Sigma-Aldrich,
20min) or SMTC or 1400 W (concentration and incuba-
tion time as described above). Imaging was conducted
on a Cytofluor II (Applied Biosystems). Excitation was
set to 485nm+—10nm, and emission was collected at
530nm+ —12.5nm with a gain of 65V (NO-ON) or 75V
(DCF). For a subset of experiments, 1 uM Iso was added
and cells were reimaged after 5min. For a subset of ex-
periments, cells were stimulated electrically at 1 or 3Hz
(Myopacer, Ionoptix) using a platinum wire adapter for 24
well plates for 5min between measurements. For each ex-
perimental condition, data were calculated by subtracting
the initial fluorescence from the final fluorescence in that
condition and then dividing by the initial fluorescence of
that well. For all plate reader experiments, at least four
replicates per group were conducted and outliers were
identified using the boxplot method (>3. quartile +1.5 *
[3. quartile—1 quartile] or <1. quartile—1.5 * [3. quar-
tile — 1. quartile]) and removed for final analysis.

410 | Western blotting

Left ventricular tissue was homogenized at 4°C in lysis
buffer, containing (mM, if not stated otherwise): 20 Tris-
HCI(pH 7.4),137NacCl, 20 NaF, 1 sodium pyrophosphate,
50 p-glycerophosphate, 10 EDTA, 1 EGTA, 1 PMSF, 10%
glycerol, 1% NP 40, 4 pg/mL aprotinin, 4 pg/mL pepsta-
tin A, and 4 pg/mL leupeptin. Protein concentration was
determined via a BCA assay (#23225, Thermo Fisher
Scientific, Waltham, MA, USA). In this study, 20 pg of
protein was run on 4%-15% Bis-Tris polyacrylamide gels
(16.5% Tris-Tricine for phospholamban) and transferred
to nitrocellulose membranes. Proteins on the mem-
brane were stained with a total protein stain (LI-COR,
Lincoln, Nebraska USA). Blocking was conducted with
5% dried milk in Tris-buffered saline (pH 7.5) contain-
ing 0.1% Tween 20. Membranes were probed with anti-
SERCAZ2a (1:1000, Santa Cruz, Heidelberg, Germany),
anti-MYBPC3 (1:1000, Santa Cruz, Heidelberg,
Germany), anti-phospho-Ser282 MYBPC3 (1:500, Enzo
Life Sciences, Farmingdale, NY, USA), anti-Troponin I
(1:1000, Novus Biologicals, Centennial, Colorado, USA),
anti-phospho-Ser23/Ser24 Troponin I (1:1000, Cell
Signaling, Danvers, Massachusetts, USA), anti-GAPDH
(1:2000, Cell Signaling, Danvers, Massachusetts, USA),
anti-phospho-Ser16 PLB (1:1000, Badrilla, Leeds, UK),
and anti-PLB (1:1000, Santa Cruz, Heidelberg, Germany)
overnight at 4°C. Anti-rabbit or Anti-mouse IgG linked
with IRDye 680RD or IRDye 800RD (1:10000, LI-COR,
Lincoln, Nebraska, USA) were used as a secondary
antibody. The signal was detected on an Odyssey CLx
System and densitometry was performed using Image
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Studio software (LI-COR). All signals were normalized
to GAPDH. Uncut images of the western blots can be
found in Supporting Information Figure S6.

4.11 | Data analysis

All experiments and data analysis were conducted in
accordance with the publishing guidelines in physiol-
ogy.” All data analysis and statistics were performed
in R (V 4.1.2). Data were analyzed per animal (except
for Figures 3F,M,N and 5E-H, Supporting Information
Figure S4C-I). Differences between the two groups
were tested using a two-tailed, unpaired Student's ¢-
test, Wilcoxon signed-rank test for non-normal data (as
indicated by significant, groupwise Shapiro-Wilk test),
or chi-squared test for categorial-dependent variables
(Figure 3L). Repeated measure data were analyzed using
mixed effect models. For the single cardiomyocyte data
presented in Figure 5SE-H and Supporting Information
Figure S4C-I, we used a mixed linear model approach
with the animal and the cell as random intercepts. All
mixed models were fitted using the Ime4 package (V
1.1-31) using optimization of REML criteria. We per-
formed post-hoc testing calculating marginal means,
estimating the degree of freedom using the Kenward-
Rodger method and correcting pairwise post-hoc tests
for multiple testing using the Sidak method per fam-
ily. p-values below 0.05 were regarded as statistically
significant.

5 | CONCLUSION

In HFpEF, the adrenergic reserve is impaired in vivo and
left ventricular cardiomyocytes. In contrast to HFrEF,
a hypercontractile phenotype at baseline and largely
preserved maximal responses with adrenergic stimuli
underly the defective reserve. Increased myofilament
sensitivity and faster calcium reuptake underlie these al-
terations which are partially caused by a dysregulation of
nitro-oxidative signaling. These findings emphasize the
importance of adrenergic signaling in HFpEF both to ex-
plain the lack of benefit of well-established HFrEF thera-
pies (e.g., beta blockers) as well as new therapeutic targets
(e.g., nitro-oxidative signaling).

5.1 | Limitations

Besides its broad usage in the HFpEF community, the
two-hit mouse model comes with limitations. Although
our data on NO synthesis in HFpEF cardiomyocytes
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imply a small activity of L-NAME within cardiomyo-
cytes, we cannot exclude that findings with NO synthase
inhibitors (SMTC, 1400W) in cardiomyocytes were
modified by the systemic administration of L-NAME.
Additionally, this study does not elucidate whether
these findings are sex specific. Further research in this
direction is required.
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