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Abbreviations: cADPR, cyclic adenosine diphosphate ribose; ATP, adenosine
triphosphate; CD38, cluster of differentiation 38; CD38KO, CD38 knock out; CD38Cl,
CD38 catalytically inactive ; CICR, calcium induced calcium release; FK866, inhibitor
of NAMPT ; HR, heart rate; HRV, heart rate variability; NAD", nicotinamide adenine
dinucleotide; NAMPT, nicotinamide phosphoribosyltransferase; NMN, nicotinamide
mononucleotide; RMSSD, square root of the mean squared successive differences of
RR intervals; ; SERCA2a, sarcoplasmic/endoplasmic reticulum Ca?* ATPase 2a:
SDNN, the standard deviation of all normal RR intervals; SIRT, Sirtuin; VC, variability
coefficient.

ABSTRACT

CD38 enzymatic activity regulates NAD" ana ~ADPR levels in mammalian
tissues, and therefore has a prominent role in -=llular metabolism and calcium
homeostasis. Consequently, it is reccorable to hypothesize about its
involvement in cardiovascular physolc gy as well as in heart related pathological
conditions. Aim: To investigate \ne role of CD38 in cardiovascular performance,

and its involvement in cardiac e'ectrophysiology and calcium-handling.
Methods and results:

When submitted o . treadmill exhaustion test, a way of evaluating
cardiovascular perf~.mance, adult male CD38KO mice showed better exercise
capacity. This benefit was also obtained in genetically modified mice with
catalytically inactive (Cl) CD38 and in WT mice treated with antibody 68 (Ab68)
which blocks CD38 activity. Hearts from these 3 groups (CD38KO, CD38ClI
and Ab68) showed increased NAD" levels. When CD38KO mice were treated
with FK866 which inhibits NAD" biosynthesis, exercise capacity as well as NAD"

in heart tissue decreased to WT levels.



Electrocardiograms of conscious unrestrained CD38KO and CD38Cl mice
showed lower basal heart rates and higher heart rate variability than WT mice.
Although inactivation of CD38 in mice resulted in increased SERCA2a
expression in the heart, the frequency of spontaneous calcium release from the
sarcoplasmic reticulum under stressful conditions (high extracellular calcium
concentration) was lower in CD38KO ventricular myocytes. When mice were
challenged with caffeine-epinephrine, CD38KO mice had a lower incidence of

bidirectional ventricular tachycardia when compared te \& ” ones.

Conclusion: CD38 inhibition improves exercise p¢rformance by regulating
NAD" homeostasis. CD38 is involved in cardicva. cular function since its genetic
ablation decreases basal heart rate, incrz~ses heart rate variability and alters
calcium handling in a way that protec.s mice from developing catecholamine

induced ventricular arrhythmias.

Keywords: CD38; NAD"; hea.* exercise capacity; calcium; action potential; arrhythmia

1. INTRODULCTICH

CD38 is the main NAD" consuming enzyme in most mammalian tissues [1].
Levels of CD38 can increase in different scenarios such as infections, and
autoimmune or metabolic diseases, enhancing the damage in these pathologic
situations by depleting tissue NAD" levels. NAD" is a dinucleotide involved in
oxidation-reduction reactions and is substrate to a large number of enzymes

related to a wide range of processes in cellular homeostasis [2][3].



In metabolic reactions, NAD" has the potential of accepting H* groups to form
the reduced cofactor NADH. NADH is then utilized by the mitochondria to drive
the oxidative phosphorylation process needed to produce ATP, the main source
of energy for tissues [4]. Under physiological conditions, oxidative
phosphorylation is the main process involved in the production of ATP in heart
tissue (approximately 95%), and fatty acids are the primary source used as
substrate [5]. The ratio between NAD" and NADH (NAD'/NADH) is one of the
most crucial features that maintains cellular homeostas,c A decrease of this
ratio can impair normal cellular metabolism and le7.a (0 accumulation of reactive

oxygen species [6].

NAD" is also the substrate to a numerous ~<¢ of fundamental enzymes involved
in cellular homeostasis. Sirtuins (SIRTs) for instance, are NAD® dependent
deacylases that play important roics in metabolism, DNA repair, cell cycle,
tumorigenesis, and cardiac fi’..~tiua, among others [7]. These functions can
therefore be influenced by t1e ;'AD" pool which can either enhance or suppress
SIRTs activity. As the mcin NAD'-degrading enzyme, increases in CD38
expression and activity can lead to NAD" depletion and cellular dysfunction. It
has been previously demonstrated that CD38 expression and activity rise with
aging, leading to a decrease in NAD" levels, which increases susceptibility to

stress [8].

CD38 is also the main ADPR cyclase in the heart, and its catalytic product,
CcADPR, has been considered by several authors as a key molecule in calcium
handling [9]. Despite the specific mechanism is not completely understood, it
has been proposed that cADPR acts sensitizing calcium induced calcium

release (CICR) probably by enhancing the sarco-endoplasmic reticulum Ca?*-
4



ATPase (SERCA2a) pump function [10][11][12] and also by activating the
ryanodine receptors subtype 2 (RyR2) [13]. As a consequence, the calcium
transient amplitude increases, as well as the frequency of calcium sparks and
waves. The synthesis of CADPR as a second messenger is stimulated by beta
adrenergic regulation [14][15][16]. This effect contributes to improve the
contractile force when it is required, but in some pathological circumstances it
could lead to different types of arrhythmias secondary to calcium overload
[10][17]. One deeply known mechanism of cardiar ai‘hythmia is triggered
activity, caused by dysregulation in calcium haran-q that results in delayed
after-depolarizations (DADs) [18]. This mechani_m has a key role in genetic
disorders like Catecholaminergic Polymorphis v ~ntricular Tachycardia (CPVT),
and also in arrhythmias associated w'th neart disease. For example, the life
threatening ventricular tachycardic: that develops in patients with heart failure,

which is one of the main causes f in-hospital admissions in the world [19][20].

Even though CD38 is ttought to be involved in numerous pathological
conditions related to the heart, through regulation of NAD™ levels and therefore
cellular metabolism as well as regulating the availability of cCADPR [16][17][21],
the mechanistic role of CD38 in cardiovascular physiology is not completely
understood. It has been reported that CD38 plays a key role in the signaling
pathway that leads to pathological cardiac hypertrophy in numerous models of
heart failure, mainly by depleting cardiac NAD® levels and consequently
impairing SIRTs function [22]. CD38 was shown to be involved in ischemic heart
disease, by NAD" and NADP depletion leading to endothelial dysfunction
[23][24][25]. It has also been proposed that CD38 expression is related to

contraction-relaxation processes by regulating key proteins in the sarcoplasmic
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reticulum (SR), and therefore, could be implicated in the development of heart
failure [26]. Because of this evidence, it is reasonable to propose CD38 as a

potential therapeutic target in cardiovascular diseases [27].

Here we show that chronically blocking CD38, either genetically or
pharmacologically, results in an improvement in exercise capacity that depends
on NAD" boosting. In addition to the increase in physical performance, CD38
genetic ablation or activity suppression, led to a dec ease in basal heart rate
and an increase in heart rate variability. We also 1ound that despite the
overexpression of SERCA2a in CD38KO hearts i"e 1;equency of spontaneous
calcium release from the cardiomyocytes sarcopicsmic reticulum under stressful
conditions is decreased. Moreover, CD33KO mice were protected from
developing ventricular arrhythmias in'uced by overstimulation of the beta-
adrenergic pathway. Our results adu new evidence to support the consideration

of CD38 as a therapeutic targe: " cardiovascular related conditions.

2. RESULTS AND 2!'SCUSSION
2.1. CD38 _*ippression improves exercise tolerance by boosting

NAD" levels

2.1.a. Genetic deletion of CD38 increases exercise capacity in vivo and

this is dependent on the suppression of CD38 catalytic activity

We evaluated cardiovascular performance by exercise capacity in CD38KO and
CD38CI mice. The animals were subjected to an uphill treadmill exhaustion test.

Both CD38KO and CD38CI mice showed increased exercise capacity seen as



nearly double the distance, as well as the work performed. There was also a
20% increase in time to exhaustion and 15% increase in maximal running

speed (Figure 1a).

These results show that CD38KO mice have improved exercise capacity and
that this is not simply due to the absence of CD38, but more importantly due to
the suppression of CD38 enzymatic activity, supported by the results obtained
in CD38CI mice. To further confirm this hypothesis, w e measured NAD" levels
in the hearts and found that they were increased ir bo'h genetically modified
mice compared to WT hearts (Figure 1b). £~co.dingly, NADase activity
measured in the hearts showed almost und :tectable levels for CD38KO and

CD38CI hearts (Figure 1c).
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Figure 1. Genetic delc*ior; of CD38 increases exercise capacity in vivo and

induces NAD" boos ing in heart tissue, and these effects are dependent on the

suppression of CD3b catalytic activity.

(a) WT, CD38KO and CD38CI (catalytically inactive) adult male mice (6—8-month-

old) were submitted to uphill treadmill exhaustion test. The graphs show distance,

maximal speed, time, and work until mice got exhausted. Both genetically modified

groups present better exercise capacity than the WT group. (b) NAD" levels in the

hearts normalized for WT mice. NAD" levels are increased in the hearts from mice
without CD38 expression or activity (CD38KO and CD38CI respectively). (c)

NADase activity in hearts. When CD38 is not expressed or active, NADase activity

in hearts almost disappear showing that CD38 is the main NADase in hearts from

these mice. Data are mean + SEM (N=6 mice/group), analyzed by unpaired two-
sided t-test, *P<0.05, **P<0.01, **P<0.001, ****P<0.0001.



2.1.b. Pharmacologically blocking CD38 ecto-enzymatic activity mimics

the benefits obtained by the genetically modified models in vivo

To better characterize the role of CD38 catalytic activity in cardiovascular
performance we carried out experiments using a specific heavy chain antibody
that binds and inhibits the ecto-enzymatic hydrolase activity of mouse CD38
(Ab68). We treated WT mice with either vehicle or Ab68 at a dose of 5 mg/kg,
every 4 days for 2 weeks. Ab68 treated mice experie nced an improvement in
exercise capacity seen as a statistically significan’ increase in the distance
elapsed, maximal running speed, time spent runnii:a a.1d work performed during

treadmill exhaustion test (Figure 2a).

Again, when analyzing the hearts o' ‘nnose animals, NAD® levels were
significantly increased in the Ab6®e-tre ated group compared to those receiving
vehicle, and this was coherent with a dramatic decrease in NADase activity in

the Ab68-treated group (Figur 2% ~0-C).
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Figure 2. Pharmacologicany blocking CD38 ecto-enzymatic activity mimics
the benefits obtaincd by the genetically modified models in vivo.

WT adult male mi_~ (¢ month-old) were treated with either vehicle or 5 mg/kg of Ab68
intraperitoneally everv 4 days for 2 weeks. (a) Uphill treadmill exhaustion test. The
graphs show distance, maximal speed, time, and work until mice got exhausted. Ab68-
treated WT mice show increased exercise capacity when compared to control mice. (b)
NAD" levels in the hearts of Ab68-treated WT mice are significantly increased
compared to controls. (¢c) NADase activity in heart tissue. NADase activity in the hearts
was effectively blocked by treatment with Ab68. Data are mean = SEM (N=6

mice/group), analyzed by unpaired two-sided t-test, *P<0.05, ***P<0.001,
****P<(0.0001.
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2.1.c. Pharmacologically blocking NAD" biosynthesis pathway prevents
the improvement in exercise performance obtained by genetically deleting

CD38

To explore the possibility that the exercise capacity improvement observed in
the previous experiments was dependent on NAD" boosting, we blocked the
NAD" salvage biosynthesis pathway in CD38KO mice using FK866. This drug
inhibits NAMPT, the rate limiting enzyme involved in the synthesis of NMN, an
NAD" precursor [28]. It has been previously showr thct inhibition of NAMPT
causes NAD" depletion in an NMN-dependent ma.»ne' and abrogates the NAD"

boosting derived from Ab68 treatment [29].

WT mice received only vehicle, while CD3EKO mice were treated with either
vehicle or FK866. Similar to what v e 1 ave been demonstrating so far, CD38KO
control mice presented an impravemetit in their physical performance. However,
when CD38KO mice were tizati:d with FK866 they showed lower exercise
capacity compared to CL28KO mice treated with vehicle, suggesting an

important role for NAC" bo _sting in this scenario (Figure 3a).

As predicted, treauent with FK866 completely abrogated the NAD" boosting
we observed in CD38KO mice (Figure 3b) although NADase activity was
almost nonexistent in both control (vehicle) and treated (FK866) CD38KO

groups (Figure 3c).

These results suggest the boosting in NAD" levels as an explanation for the
improvement in exercise performance. The fact that the beneficial effect of
CD38 suppression was lost when CD38KO mice were pharmacologically

prevented from increasing NAD" levels, although the enzymatic activity of CD38

11



was absent, clearly support an NAD*-dependent mechanism in the exercise

capacity amelioration (Figures 3a-c).

Altogether, NAD" levels were increased in hearts from all these mice, i.e.,
CD38KO, CD38CIl and Ab68-treated WT (Figures 1b, 2b and 3b). Accordingly,
NADase activity in the hearts tended to zero in these models of CD38 activity
suppression (Figures 1c, 2c and 3c). Therefore, our results demonstrate that in
the heart of adult male mice, CD38 is the main NADase and so, the main NAD"
homeostasis regulator. In these three models, the cirdic ¢ tissue was analyzed
as a whole, which means that all its forming cells ver 2 included. Therefore, we
cannot conclude which type of cell(s), amcng those usually present in the
cardiac tissue, contribute(s) to this effect. Some possible effectors rather than
cardiomyocytes are endothelial cells and immune cells such as resident

macrophages [30].

In the present study we only measured NAD" levels because it is known that
CD38 degrades the oxidizau ‘NAD"), not the reduced (NADH) form of NAD. The
NAD*/NADH ratio has beta shown to be increased in some CD38KO tissues,
since absence cf CD3f, causes an increase mostly in oxidized NAD" and not
NADH [8]. Furtherr..ore, the oxidized form is the one used as substrate for non-

oxidative enzymes such as sirtuins.

The beneficial effects of NAD" boosting in exercise performance have been
previously described, both in aging and disease models. Tarrago et al. [31]
have reported that mice treated with 78c, a potent and specific
thiazoloquin(az)olin(on)e CD38 inhibitor, show amelioration of age-related

decline in exercise performance when compared to control mice.
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Chiang et al [32] explored the association between CD38 and exercise
tolerance in a model of western diet-induced obesity. Under this metabolic
stress, CD38KO mice are protected against obesity-induced exercise
impairment. Before the high-fat-high-sucrose diet started, though not statistically

significant, CD38KO mice show a trend toward a better exercise performance.

Conversely, Park et al. [12] claimed that CD38KO mice have a decreased
exercise capacity when compared to WT ones. Howe ver, to support this, they
only present the decay in the number of mice that ren.ain running during the
intensity overload test. That number depends o1 the: definition of exhaustion
which is completely different in their protocol coi."pared to ours and those from
the above cited groups. Here we preser* ail the parameters measured in the
test and not only for CD38KO mice hu. also for CD38CI and Ab68-treated WT
mice and we show that it is poss nle to improve exercise performance by

modulating CD38-NAD" axis.

It is possible that the skc'etal muscle has a role as an effector in the
improvement of exercise _erformance as well. It has been previously shown
that pharmacolor;ca’ bluckage of CD38 ameliorates age-related skeletal muscle
dysfunction, revers..ig several morphological features of aging and increasing
NAD™ levels in this tissue [28]. On the other hand, Park et al [12] found impaired
positive inotropic response to adrenergic stimulation in isolated skeletal muscle.
Further studies exploring the possible alterations in the skeletal muscle when
inhibiting CD38 may help to clarify its contribution for the results shown in the

present study.
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Given the multifactorial nature of exercise, we believe that the beneficial effect
seen on our results may be a consequence of several mutually non-excluding
mechanisms that contribute energetically, metabolically, and/or structurally to a
better exercise capacity. Heart is a key organ in the machinery of aerobic
performance and exercise stress is a well-known and reliable tool to evaluate
cardiac function, not only in animal models but also in the clinical practice. Here
we used this valuable tool to test if boosting NAD" levels in heart tissue through
CD38 modulation could result in an increase in physic~! porformance. We show
that both CD38KO and CD38CI mice perform be*e: and that pharmacological
modulation of CD38 through Ab68 reproducerd u.=se results. This benefit was
lost when CD38KO mice were treated with + K866 and NAD" biosynthesis
inhibited. These results highlight that MAT" .evels modulation can indeed alter
physical performance in mice ant C")38 is a potential pharmacological target

for the improvement of cardiac ai.1 aerobic function.
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Figure 3. Benefits in exerr:se ~erformance obtained by genetically deleting CD38

are dependent on boosting NAD" levels

Adult male mice (6-m nth: old) were treated with either vehicle (WT and CD38KO mice)
or 25 mg/kg of FK866 a NAMPT inhibitor, (only CD38KO mice), intraperitoneally for a
week. (a) Uphill treadmill exhaustion test. The graphs show distance, maximal speed,
time, and work until mice got exhausted. Treatment with FK866 prevented the
improvement of exercise capacity seen in CD38KO mice. (b) NAD" levels in the hearts.
Inhibition of NAMPT reduced NAD" levels in CD38KO mice. (c) NADase activity in
heart tissue. NADase activity in the hearts was almost insignificant in both CD38KO
control and treated groups when compared to WT group. Data are mean £+ SEM (N=6

mice/group), analyzed by unpaired two-sided t-test, *P<0.05, **P<0.01, ****P<0.0001.
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2.2. Evaluation of CD38 involvement in cardiac electrophysiology and

calcium handling

2.2.a. Genetic deletion of CD38 decreases basal heart rate and increases
heart rate variability in vivo and these effects are dependent on CD38

catalytic activity suppression

In order to better understand the role of CD38 in carc.cvaccular physiology, we
performed ECG recordings in adult male mice by t:zle: 1etry. We measured heart
rate (HR) and heart rate variability (HRV) =t tonscious unrestrained WT,
CD38KO and CD38CI mice (Figure 4a). CD~"3k mice exhibited lower HR and
higher HRV than WT mice as shown in Figtre 4b. These differences were also
observed in CD38CI mice, demc. st ating that they are dependent on CD38

enzymatic activity (Figure 4b).
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Figure 4. Genetic deletion 0, ©D38 decreases heart rate and increases heart rate
variability in vivo, and .“es2 effects are dependent on CD38 catalytic activity

suppression.

WT, CD38KO and <D38CI (catalytically inactive) male adult mice (6—8-month-old)

rd
were submitted to telemetry implant surgery and their ECG was recorded in the 3 and

4th day after surgery. (a) Representative 1 second ECG tracings from WT, CD38KO,
and CD38CI mice. (b) The graphs show heart rate (HR) and three indexes of HR
variability (HRV): root mean square of successive differences (RMSSD), standard
deviation of normal-normal RR intervals (SDNN), and variability coefficient (VC). HR is
lower and HRYV is higher in CD38KO and CD38CI groups compared to WT group. Data

are mean + SEM (N=6 mice/group), analyzed by unpaired two-sided t-test, *P<0.05.

Low HR, within the physiological range, can be considered a desirable

feature for heart performance [33]. A previous study also showed lower HR
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values in CD38KO conscious and anesthetized mice but assessed by a less
precise method than the one we used here (tail-cuff blood pressure monitoring)
[34]. We used telemetry to record cardiac electrical activity and analyzed not
only HR but also HRV. Beat to beat variability; i.e., RMSSD, was increased in
CD38KO and CD38CI mice. This is a prominent feature and can be considered
a sign of healthy modulation of HR by the autonomic nervous system [35][36],
especially considering that, this kind of HRV index evaluates parasympathetic
modulation of HR [37]. Increased modulation doe< 1.~t necessarily mean
increased tone. Indeed, acetylcholine, norepinconrine and epinephrine
concentrations in plasma and right atria from WT cnd CD38KO mice showed no
differences (see Supplementary data and Figu e S1). Lower HR and higher
beat to beat HRV in CD38KO and CD?28\! riice might be explained by a lower
response to sympathetic modulaton CD38 activation has been implicated in
adrenergic signaling pathway in cardiomyocytes [9] [16]. For example, Lin et al
described that in the pres~nc~ of isoproterenol, a beta-adrenergic agonist,
calcium transient amplit. des were smaller in cardiomyocytes isolated from
CD38KO mice than W, nrjes [9]. We evaluated the adrenergic responsiveness
using a differenc aoivach, by comparing action potential modifications when
paced isolated whole hearts from WT and CD38KO mice were challenged with
isoproterenol. Lack of CD38 determined a different response to isoproterenol
(see Supplementary data and Figure S2). Lower HR cannot be explained by a
slower pacemaker in CD38KO hearts since the intrinsic HR, evaluated before
pacing started, was not different when isolated hearts from WT and CD38KO
mice were allowed to beat spontaneously (data not shown). The same

spontaneous HR in isolated hearts from WT and CD38KO mice has also been
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reported by Boslett et al [38].

2.2.b. CD38 affects cardiomyocytes” calcium handling by the

sarcoplasmic reticulum

We aimed to characterize how calcium homeostasis might be affected when
CD38 is absent. We recorded basal calcium ftransients in ventricular
cardiomyocytes at room temperature and found hijhe: amplitude and faster
time decay constant in CD38KO cells (Figure 5a, Tt e higher amplitude could
be determined by higher calcium content in th2 =R of CD38KO cardiomyoctyes.
In order to evaluate the SR calcium corteiit, we challenged the cells with a
rapid caffeine pulse. Under these co. ditions, the calcium transient amplitude
remained higher in CD38KO cardiuryocytes, confirming a higher SR calcium
content in these cells (Figure <b, !eft graph). We also measured the decay
time constant. This value cin e explained by the action of both SERCA2a and
NCX at basal conditions and only of NCX when caffeine is applied. Figure 5a-b
shows that decay ti'ne ~onstant was faster at basal conditions but not after the
caffeine pulse, cor firming that SERCA2a was more active in CD38KO
cardiomyocytes under these conditions. Accordingly, we found an upregulation
of SERCAZ2a levels in heart tissue from CD38KO mice (Figure 5c¢). The better
performance of SERCA2a in CD38KO cardiomyocytes might seem paradoxical
at first glance, if we consider the role of cCADPR described in the Introduction
section. However, CD38 and cADPR regulation operates at physiological
temperature [39], and therefore at room temperature, WT cardiomyocytes might

lose their effect. Under these conditions, the overexpression of SERCAZ2a found
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in CD38KO cardiomyocytes can be seen functionally. Takahashi et al. [26],
also showed that male CD38KO mice overexpressed SERCAZ2a in heart tissue,
presumably as a compensatory mechanism. This would prevent CD38KO
calcium transients to differentiate from WT transients at physiological
temperature. Those authors did report that CD38KO papillary muscle had no
differences in calcium transient dynamics at 36°C, but when submitted to 27°C
at which cADPR does not work, it showed faster calcium transient time decay
constant and higher amplitude than WT muscle. In th~ p,=sent study we show
that this compensatory mechanism is dependent un D38 catalytic activity, as
we found that CD38CI hearts overexpressed SZRCA2a as well (Figure 5c).
However, the exact mechanism by which thic compensation occurs is not
completely understood. We believe tra. th2 overexpression of SERCAZ2a in
these mice could also be attribute * to the fact that deacetylation of key proteins
by SIRTs are increased, as a pnssible consequence of the increased NAD"
levels in both genetically mndi.ied models (Figure 1b). This could potentially
lead to less SERCA2a ac=tylation in CD38KO and CD38CI mice, which in part
would upregulate the ~vpression of the protein [40]. Taken together, the
consequence o1 h."uiung/ablating CD38 would be an overexpression of the
calcium-reuptake protein in the SR. We did not evaluate SERCA2a expression
in WT hearts after 2-week-treatment with Ab68 but we expect to find higher

levels as well.

The results obtained in calcium experiments, i.e., higher calcium
transient amplitude and higher SR calcium content allows to demonstrate that
the overexpression of SERCA2a has a functional correlate, which, at

physiological temperature might prevent the lack of cADPR from diminishing
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contractility. We evaluated cardiac function in vivo by echocardiography. The
parameters analyzed at basal conditions with the mice mildly sedated do not
differentiate CD38KO from WT mice (see Supplementary data and Figure S3).
If echocardiography could be done under stressful conditions, like during
exercise, it might allow the detection of potential differences when CD38KO
mice can take advantage of their metabolic supremacy. Boslett et al. compared
developed pressure by isolated hearts from WT and CD38KO mice and did not

find differences either [38].
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Basal calcium transients in ventricular myocytes
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Figure 5. CD38 afte~ts cardiomyocytes” calcium handling by the sarcoplasmic
reticulum

Hearts from WT and CD38KO adult male mice (6-8-month-old) were isolated in order
to either obtain cardiomyocytes or lysates for immunoblotting. (a) Representative
traces of calcium transients from WT and CD38KO ventricular cardiomyocytes
electrically stimulated at 1 Hz at room temperature and its corresponding quantification.
Isolated cardiomyocytes from CD38KO mice show increased calcium transient
amplitude and faster time decay constant compared to WT cells. Each point
in the graphs represents the average value for all the cells recorded for each
mice (N=4 mice/group, n=22 and 30 for WT and CD38KO groups respectively). (b)
Quantification of calcium transients in response to a caffeine pulse (10 mM). Isolated
cardiomyocytes from CD38KO mice show increased calcium transient amplitude in
22



response to caffeine compared to WT cells but the time decay constants are not
different between both groups. Each point
in the graphs represents the average value for all the cells recorded for each

mice (N=4 mice/group, n=8and9 for WT and CD38KO groups respectively). (c)

Representative immunoblottings of whole cell lysates from hearts of WT, CD38KO and
CD38CI (catalytically inactive) mice and its corresponding quantification (N=4, 5 and 5,
for WT, CD38KO and CD38CIl groups). SERCA2a expression in the heart was
upregulated in both, CD38KO and CD38Cl groups compared to WT mice.

Data are analyzed by unpaired two-sided t-test, *P<0.05.

2.2.c. Absence of CD38 diminishes susceptibility to a;*hythmias

The altered response to beta adrenergic stimulati n (;ee Supplementary figure
2) and the upregulation of SERCA2a observeu .7 CD38KO hearts (Figure 5c),
led us to evaluate the propensity to arrhythmias uider stressful conditions. First,
we analyzed the spontaneous colciuin release from the SR when
cardiomyocytes were challenged v.*t.1 high extracellular calcium concentration
(6 mM). CD38KO cardiomyocytes chow less frequency of calcium sparks under
these conditions (Figure 67) *uch can evidence less susceptibility to calcium
arrhythmias. Considering t*hat these experiments were done at the same
temperature than thus> ur calcium transients (Figure 5a-b), this finding implies
that a lower freque.>cy of spontaneous events is found despite a higher SR
calcium content. In this context, we can hypothesize that RyR2s are less active
in CD38KO cardiomyocytes. A possible explanation is that under these stressful
conditions, the metabolic advantage of the CD38KO cardiomyocytes prevents
their RyR2s to become more active as a consequence of reactive oxygen

species excessively emitted by the mitochondria [41].

We then, wanted to test whether this protection was obtained in vivo. We

hypothesized that CD38KO mice would be protected against ventricular
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arrhythmias induced by over-drive of the sympathetic system, as seen in
disorders such as CPVT and heart failure. To test this, we injected caffeine-
epinephrine to WT and CD38KO mice [42][43], and registered the ECG by
telemetry. We evaluated the incidence of bidirectional ventricular tachycardia
(Figure 6b). A smaller proportion of CD38KO mice developed this kind of

arrhythmia in response to the caffeine-epinephrine challenge (Figure 6b).

The protection found in CD38KO mice may be media ed by altered adrenergic

response and/or a better calcium handling under this oat ological-like condition.

The incidence of ventricular arrhythmia in the N1 mice shown in Figure 6b
seems higher compared to the reports > ‘ne bibliography but it was
systematically obtained every time we r2areated the experiment [44]. Possible
explanations for this difference micat »e e time allowed for recovery after the
surgery for telemetry transmitters unplantation, the age, and/or the way
arrhythmia is evaluated (in cur case, both sustained and non-sustained

bidirectional ventricular ta:h,~ardia was considered).
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a Spontaneous calcium release from the sarcoplasmic reticulum
in cardiomyocytes under stressful conditions
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Figure 6. Lack of CD38 reduces the frequency of spontaneous calcium release
from the sarcoplasmic reticulum in vitro and diminishes susceptibility to

catecholamine induced arrhythmias in vivo.

(a) Typical space-time plot of spontaneous sarcoplasmic reticulum calcium releases in
representative WT and CD38KO cardiomyocytes under stressful conditions ([Ca®]. = 6
mM). The graphs show frequency of calcium sparks (left) and frequency of both waves
and miniwaves (right) in WT and CD38KO cardiomyocytes. Lack of CD38 reduces the
frequency of spontaneous calcium release from the sarcopl.cmic reticulum. Each point
in the graphs represents the average value for all the cells re.nrded for each

mouse (N=3 mice/group, n=8 aru ' cell
for WT and CD38KO groups respectively). Data a.e ™can + SEM analyzed by
unpaired two-sided t-test, **P<0.01. (b) Represer.aw ‘e 1 second ECG traces obtained
from a WT and a CD38KO mice before (basal® «.~d after the injection of caffeine-
epinephrine i.p. (120-2 mg/kg respectively’ t ‘nduce arrhythmia. As shown in the
graph, bidirectional ventricular tachycardi. (VI) incidence was reduced in CD38KO
group (N= 5 mice per group, aged 9- nor.ch-old). The bar represents 100 ms. Data are
analyzed by Fisher’s exact test. ***P<0.0001.

3. CONCLUSIONS

Our main finding is ‘hat inhibition of CD38 activity by different strategies causes
an improvement in ‘zxercise capacity by boosting NAD" levels. Besides, we
found that as a consequence of this inhibition, cardiovascular physiology
presents several modifications: lower basal heart rate and higher heart rate
variability, altered response to beta-adrenergic modulation and overexpression
of SERCA2a. This inhibition also diminishes the propensity to Ca** triggered
arrhythmias in vitro and protects mice against catecholamine-induced
ventricular arrhythmias. Therefore, CD38 could be considered as a therapeutic

target in cardiovascular diseases. Further investigation is needed to better
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understand the molecular mechanisms behind all the observed effects but
considering our promising results, Ab68 could be proposed as a possible

pharmacological approach in cardiovascular diseases.

LIMITATIONS

In the present study we only used male mice. In order to generalize our
conclusions, the same experiments should be performed in female mice not
only because the deficit of CD38 has been shcn to be differentially
compensated in heart by gender [25] but also due to other differences like

susceptibility to ventricular arrhythmias, among nthe. 5 [45].

4. MATERIALS AND METHODS

4.1. Animals

All protocols requiring ar 'ma manipulation in the USA were approved by the
Mayo Clinic Institutional Anii, al Care and Use Committee (IACUC), and the studies
were carried out in adhere.rce to the NIH Guide for the Care and Use of Laboratory
Animals (IACUC protcor #: A00003888). Male mice were used for these experiments.
They were housed in : tandard cages at room temperature and constant humidity, with
a 12-hour light-dark cycle, and maintained on a normal chow diet (PicoLab 5053

Rodent Diet 20; Lab Diets) ad libitum.

The CD38KO mice have been described previously [46]. The CD38
catalytically-inactive (Cl) “knock-in” mice were generated at TransViragen (Chapel Hill,
NC) using recombineering technology, as described previously [31]. All controls used
for comparisons with CD38KO and CD38CI were WT mice on a C57BL/6J background,

as recommended by the Jackson Laboratory. No littermates were used in this study.
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Experiments performed at La Plata, Argentina were in accordance with the
Guide for Care and Use of Laboratory Animals (NIH) and approved by the Ethics
committee of the Faculty of Medicine, La Plata, Argentina (CICUAL). The same applies
for experiments done at Facultad de Medicina, Universidad de la Republica,
Montevideo, Uruguay. In this case, protocols were approved by the CEUA (protocol
numbers 70153-000388-17 and 70153-000673-18). The animals used for these
experiments were WT and CD38KO mice bred at the Pasteur Institute, Montevideo,
Uruguay. WT and whole-body CD38KO mice were in a ( 57BL6/J pure background.
CD38KO mice were backcrossed into C57BL/6J for more tha.» 10 generations in order

to ensure genetic purity.

All animals were adults, age is specified fc - ear h experiment.

4.2. Drug Treatments

CD38 ecto-enzymatic activii,” Fiocker - Ab68: The antibody UniAb clone ID
337468 (Ab68) (TeneoBio) was useu in vivo. Six-month-old WT mice were treated with
PBS (vehicle) or Ab68. Mice were it en intraperitoneal injections (i.p., 5 mg/kg/dose) at
days 1, 5, 9 and 14. O~ da, 16, after a treadmill exhaustion test, mice were

euthanized, and tissues .‘ere narvested for assays.

NAMPT nh:nitor:  Six-month-old CD38KO mice received FK866 (25
mg/kg/dose, i.p.) once daily for a week. Control groups (WT and CD38KO mice)
received equivalent injections of vehicle for FK866 (1% Hydroxypropyl-B-cyclodextrin,
12% Propylene glycol) once daily also for a week. On day 8, after a treadmill

exhaustion test, mice were euthanized and tissues were harvested for assays.

This drug (FK866) and all other reagents were purchased from Sigma-Aldrich

unless specified.

4.3. In vivo studies
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4.3.a. Exercise capacity: Treadmill exhaustion test

Exercise capacity was assessed by measuring running time, distance, maximal
running speed, and work using a motorized treadmill (Columbus Instruments) in the
different experiments performed as described. The mice were acclimated to the
treadmill for 3 consecutive days, at an initial speed of 5 m/min and a grade of 5%, with
a 2 m/min increase in speed every 2 minutes, for 5 minutes. After a day of rest, animals
ran on the treadmill at an initial speed of 5 m/min and 5% grade for 2 minutes, after
which the speed was increased by 2 m/min every subseque 't 2 minutes until the mice
were exhausted. Exhaustion was defined as the inability ¢ f the mouse to remain on the
treadmill despite an electrical shock stimulus for more t.>an 10 seconds.

Running time was recorded, running dista ce was given by the software
(Columbus Instruments), and work was calcila.ed (e product of body weight [kg],

gravity [9.81 m/s?, vertical speed [m/s x arqle;, and time [s]) [47].

4.3.b. ECG recording by teleme:ry

4.3.b.1. Heart rate anc . 'R." evaluation in conscious unrestrained mice

We recorded the corawac electrical activity (1-lead ECG) in WT, CD38KO and
CD38Cl mice (N=6 in ~ach group). A radiofrequency transmitter (EA-F20, Data
Sciences Internationc! DSI, St. Paul, MN) with 2 wire leads was implanted
subcutaneously in the mice under anesthesia with isoflurane (2.5% at 0.5 Ipm O,). The
electrodes were sutured to the chest muscles (lead ll-like configuration) and the skin
was closed with metal clips. Mice were allowed to recover for 48 h.

The ECGs of the conscious freely moving mice were recorded for 30 min in the
morning (8—11 am) the subsequent 2 days.

The sampling frequency was 1000 Hz. Automatic detection of R waves and
measurement of RR intervals were performed offline. The detection was visually

corrected and the RR time series automatically filtered before calculation of the mean
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heart rate (HR) and the statistical HRV indices: SDNN (the standard deviation of all
normal RR intervals) and RMSSD (square root of the mean squared successive
differences of RR intervals). SDNN is an index of global variability, while RMSSD
evaluates short-term variability on a beat-to-beat basis (parasympathetic influences).
The variability coefficient (VC) was also calculated as SDNN (ms)/mean RR interval
(ms) x 100 (relative standard deviation).

Values for each mouse were obtained as the average of HR and HRV indexes
for the 2 ECG recordings.

4.3.b.2. Caffeine-epinephrine-induced ventricul«r a rhythmia.

We implanted telemetry transmitters in 5 WT and 5 _L22K0 male mice (9-month-old)
as described in 4.3.b.1. After 15 minutes of bas' EC G recording, mice were injected
intraperitoneally with a solution containing 127 Mg/kg caffeine and 2 mg/kg epinephrine
(ICU-VITA Laboratories, Uruguay). ECG re ~ording continued for 30 minutes. Mice were
then euthanized by cervical dislocatio.. ECG recordings were analyzed off- line by a

blinded researcher looking for bidirec..~nal ventricular tachycardia episodes.

4.4. Intracellular Ca®* mcasurements in isolated cardiomyocytes

4.4.a. Basal ce!~iu, = transients

Ventricular ccraiomyocytes from 6-7-month-old WT and CD38KO mice were
isolated via enzymatic digestion as described previously [48]. Briefly, mice hearts were
perfused as indicated by the Langendorff technique via the aorta for 5 minutes with
oxygenated Krebs-Henseleit buffer (containing the following in mM: NaCl, 146.2; KCl,
4.7; CaCl, 1.35; MgSQ,, 1.05; NaH,PO,, 0.35; glucose, 10.0; and HEPES, 10.0; pH
7.40 at 37°C). The perfusion was then switched to Ca* free solution for 5 minutes.
Afterwards, an enzymatic solution containing collagenase 0.7 mg/ml, pronase 0.1
mg/ml, and 1% albumin, was used and the perfusion was maintained for another 10-15

minutes. The remaining tissue was minced and shaken in enzymatic solution for

30



another 20-30 minutes. Cardiomyocytes were collected and made Ca*" tolerant over 15
minutes. The cells were then re-suspended in 2 mM Ca®* Tyrode solution and
maintained at room temperature.

Isolated cardiomyocytes were then loaded with Fura-2/AM (10 pM), and
superfused with 2 mM Ca? Tyrode solution at pH 7.4, room temperature, and
electrically stimulated with a biphasic pulse at 1 Hz. Cells included were only the ones
with clear striation pattern, quiescent in the absence of electrical stimulation and with a
clear contraction response to stimulation. Intracellular Ca’* transients were recorded
online using a dual excitation epifluorescence syste'n 'onOptix), as described
previously [48].

4.4.b. Calcium transient in response to e .~ticine pulse
After recording calcium transients as described in 1.4.a., electrical stimulation was
stopped and a 10 mM caffeine pulse was 've to cardiomyocytes by changing the
perfusion solution and increasing the oert usion flow. Fluorescence data were analyzed
off-line with the ION WIZARD softv.=re.

4.4.c. Detection of spcr.a.eous Ca* release by confocal microscopy
Cardiomyocytes were loaded w*h 10 uM Fluo-3 AM (Molecular Probes), dissolved in 20%
F-127 pluronic in dimethyi.'ilfoxide (DMSO). After 10 minutes of loading at room
temperature, cells we e w. shed and seeded on a perfusion chamber. The chamber was
mounted on a Zeiss 4 .0 inverted confocal microscope (LSMTech, Pennsylvania, USA)
equipped with a 63x, 1.4 NA oil immersion objective. Cells were imaged in linescan mode
along their long axis, exciting with the 488 nm line of an argon laser and collecting
emission at 500-550 nm [49]. Fluo-3 fluorescence was recorded in linescan mode, with a
512 pixels line placed along the long axis of the cell. Each recording consisted of 512
consecutive linescans (4.3 msec per line), which were stacked to create space-time

profiles which were analyzed with Sparkmaster pluging for Image J [50].
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In order to analyze the spontaneous calcium release from the SR, the chamber
solution was changed to a high calcium concentration of 6 mM. Extracellular calcium

concentration was increased in steps to prevent cellular damage (2, 3, 4, 5 and 6 mM).

4.5. Measurement of NAD" levels in the heart by Cycling Assay

Detection of NAD" was performed as described before using a cycling assay
[51]. Between 15 to 20 mg of tissue was homogenized in 10% trichloroacetic acid
(TCA). Samples were centrifuged at 12,000 rpm for 2 min at 4°C. The supernatants
were collected, and the pellets were resuspended in v.” M NaOH for protein
quantification. TCA was removed with organic solvents ‘2 volumes 1,1,2-trichloro-
1,2,2-trifluroethane: 1 volume trioctylamine) in a ratic of 2 volumes of organic solvent to
1 volume of sample. The resulting top aqueous i.\ver zontaining NAD"* was recovered
and 1M Tris pH 8.0 was added for the pH co.rection. Samples were then diluted in 100
mM sodium phosphate buffer pH 8 in =~ **o.ume of 100 pyL/ well and added to white 96
well plates. For the cycling assay, 100 !. of reaction mix (0.76% ethanol, 4 yM FMN,
27.2 U/ mL alcohol dehydrogenas: (AH), 1.8 U/ mL Diaphorase, and 8 yM resazurin)
was added to each well. 9€-woll plates were read in a fluorescence plate reader
(Molecular Devices, Spectra. 1ax® Gemini™ 1579 XPS) in an excitation wavelength of

544 nm and an emissirn w ™. elength of 590 nm.

4.6. NADase activity in heart tissue

NADase activity in heart tissue was measured as described previously [52].
Briefly, we used 50 uM nicotinamide 1,N6- ethenoadenine dinucleotide (¢-NAD) as a
substrate in 0.25 M sucrose and 40 mM Tris HCI (pH 7.4). Fluorescence was
measured at an excitation wavelength of 300 nm and an emission wavelength of 410

nm.

4.7. Western Blot Analysis
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Mouse heart tissue was lysed in RIPA buffer (20 mM Tris-HCI, pH 8.0, 100 mM
NaCl, 1 mM EDTA, 0.5% Nonidet P-40) supplemented with 5 mM NaF, 50 mM 2-
glycerophosphate, and a protease inhibitor cocktail (Roche Diagnostics). After 20
minutes of lysis, protein lysates were cleared by centrifugation at 12,000 rpm at 4°C for
10 minutes. The resulting supernatants were quantified for protein using a BioRad
protein assay. The proteins were fractionated by SDS-PAGE, electro-transferred to
Immobilon-P membranes, blotted with the indicated primary antibodies followed by
appropriate horseradish peroxidase-conjugated secondar:’ antibodies, and detected
using SuperSignal West Pico or Femto Chemiluminescerce Jubstrate (Thermo Fisher
Scientific). Membranes were stripped and probed wit1 tunulin antibody to control for
equal gel loading and transfer. Films were scann..' a..d densitometry was performed

using ImageJ software.

4.8. Statistical Analysis

Data are shown as mean .- SEM, analyzed by unpaired 2-sided t-test. In order
to compare proportions, Fisher’s exc =t test was used. Analyses were performed using

Microsoft Excel 2010 and Gre,"hPad Prism 6.
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Supplementary Data
Methods and Results

1. Quantification of autonomic nervous system neurotransmitters by mass
spectrometry

In order to analyze whether autonomic nervous system tone was modified in
CD38KO mice, the main autonomic nervous system neurotransmitters involved in
cardiac function regulation, i.e., acetilcholine and norepinephrine, as well as the
hormone epinephrine, were quantified in plasma and atria from 5 WT and 5 CD38KO
adult male mice. They were anesthetized with isoflurane and their hearts were
exposed. Blood samples were collected with 1ml heparinized syringe from the heart.
Then, both atria were cut and immediately frozen in liquid nitrogen. Blood was
centrifuged at 5,000 rpm for 5 minutes at 4°C in order to obtain plasma. These samples
were also frozen in liquid nitrogen. Frozen plasma and atria were stored at =80 °C until
they were sent to the Center for Molecular Neuroscience, Neurochemistry Core Lab at
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Vanderbilt University (Nashville, TN, USA) for determination of acetylcholine,
norepinephrine  and epinephrine  concentrations by mass  spectrometry
(https://lab.vanderbilt.edu/vbi-core-labs/neurochemistry-core/ )

Figure S1 shows the results of these quantifications. No differences were found
between WT and CD38KO values. According to this methodology, basal autonomic
nervous system tone was the same in WT and CD38KO mice.
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Figure S1. Autonomic nervous system neurotransmitter concentrations in plasma and
atria do not differ between WT and CD38KO mice. Male adult mice were anesthetized
and intracardiac blood samples were taken and atria isolated in order to quantify
neurotransmitters concentration by mass spectrometry. (a) Plasma and (b) atria
concentrations of acetylcholine (ACh), norepinephrine (Nor) and epinephrine (Epi).
Values are not different between WT and CD38KO mice. Data are mean £ SEM (N=5
mice/group, aged 6-month-old), analyzed by unpaired two-sided t-test.

2. Action potential recording in isolated whole hearts
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In order to assess the involvement of CD38 in beta-adrenergic signaling in the heart,
we used an electrophysiological approach, different from those found in the literature to
evaluate the role of this protein so far [see 9, 12, 15, and 40 in the article’s Reference
list]. We recorded intracellular action potentials (AP) of isolated whole hearts at basal
conditions and under a homeostatic imbalance generated by beta adrenergic
stimulation. Mice were injected with heparin i.p. (8,000 Ul/kg) and euthanized by
cervical dislocation. Once carefully dissected, the heart was cannulated through the
aorta in the horizontal Langendorff perfusion system and perfused with Tyrode solution
containing the following in mM: NacCl, 140.0; KCI, 5.4; CaCl, 2.0; MgCl,, 1.0; NaH,PQy,
0.33; glucose, 10.0; and HEPES, 10.0; pH 7.40 at 37°C). The temperature was
progressively increased to reach 37°C and then strictly maintained during the
experiment. Meanwhile the perfusion was switched to a solution of Tyrode with 10 uM
blebbistatin. Once the contraction completely stopped, the stimulation electrodes were
positioned in the apex of the heart. Sharp glass electrodes were used for recording
intracellular electrical signals. They were made with a micrc oipette puller and filled with
3 M KCI. The resistance of the electrodes was 10-20 MQ. 1.°ay were connected to a
high input impedance differential amplifier. To record actic 1 pctential the offset line was
set on zero and then the tip of the electrode was carefu.;’ approached to the basal
surface of the left ventricle using a manual micromar pulc tor. Once the shape of the
AP was acceptable the position of the electrode vws 1ut changed during the whole
experiment. Before electrical stimulation started. ..sc! spontaneous heart rate was
recorded but no differences were found between , =an s isolated from WT and CD38KO
mice. Once the electrical stimulation started, ths, p.-ing frequency was set at 8 Hz.
After the control recording, perfusion was switched to a solution of Tyrode with
blebbistatin and 3x10” M isoproterenol (D Gray Laboratories, Argentina). The AP
traces were visually checked and poor ~u.'ity records were discarded. AP amplitude
was normalized. For AP duration (#~°D) measurements, the first 20 beats for each
heart, in each maneuver, were used for . tatistical analysis.

Figure S2 shows representa.\ve traces of WT and CD38KO APs in control
conditions, i.e.; before isoprotere ¢ ,.zrfusion, and in response to isoproterenol. To our
knowledge this is the first tim. C238KO AP is shown, and it has the advantage of
being recorded in a whole hoart preparation at physiological temperature. At control
conditions there was no «fference in APD between CD38KO and WT hearts (for
example, APD at 90% o: repolarization [APD90]: 75.6 + 1.0 and 75.8 + 0.9 ms
respectively).
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a Representative normalized action potentials from isolated hearts
before (Control) and after (1SO) the perfusion with isoproterenol
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Figure S2. CD38 is involved in -~ardiac electrophysiological response to adrenergic
modulation. (a) Representa.ive normalized action potentials (AP) from WT (left) and
CD38KO (right) hearts pa~eu at 8 Hz before and after the perfusion with isoproterenol
(3x10'M) for 5 minutes. b) e graphs show AP duration (APD) at 30% (left) and 90%
(right) repolarization (#."H23 and APD90 respectively) for WT and CD38KO hearts in
response to isopreteronol normalized for the basal condition in each group. WT hearts
show APD30 prolonytion and APD90 shortening while isolated hearts from CD38KO
mice do not shorten tr.eir APD90 in response to beta adrenergic stimulation. Data are
mean = SEM of 20 AP from each heart (N=4 and 5 male mice for WT and CD38KO
groups respectively; aged 12-month-old). Data are analyzed by Wilcoxon or Mann-
Whitney tests for paired or unpaired comparisons respectively. ****P<0.0001.

As expected, in WT hearts, isoproterenol stimulation lengthened APD30 (APD
at 30% repolarization) and shortened APD90 (Figure S2a-b) [Aguilar-Sanchez et al.].
However, in CD38KO hearts, only the lengthening of APD30 was found, without
shortening of APD90. In WT hearts APD90 shortened from 75.8 £ 0.9 to 67.9 = 0.9 ms,
(P<0.0001) while in CD38KO hearts APD did not change (75.6 £1.0 vs 73.8 £ 0.7 ms,
P=0.33).
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3. Evaluation of cardiac function by echocardiography

Transthoracic echocardiograms were performed in mildly anesthetized WT and
CD38KO male mice aged 6-month-old. The animal was sedated with 1% isoflurane
and quickly positioned on a pre-heated platform (37°C) in supine position, making sure
that the forefeet and hind feet lie on the ECG sensors of the platform in order to obtain
an ECG signal and therefore a gated echocardiographic recording. The anterior chest
was shaved and warmed gel was applied, to improve acoustic interface. Images were
obtained in real-time using a 30 MHz linear-array transducer, coupled to a Sonos
5500R ultrasonograph (Philips). Two-dimensional images were acquired at ~200 sec-1
in parasternal long- and short-axis views, and stored off-line for subsequent analysis.
Pulsewave Doppler interrogation of mitral inflow was used, as well as Pulsewave
Tissue Doppler to obtain the mitral annulus e” wave, and therefore calculate the E/e”
ratio, to evaluate diastolic function. Images were analyzed in a blinded fashion. Briefly,
traced endo- and epicardial borders were electronically det. mined at end-systole and
end-diastole using a software created for this purpose (F:~e.ond Medical Systems).
Left ventricular (LV) end-diastolic volume (EDV), end-s 'stolc volume (ESV), stroke
volume, ejection fraction and mass were calculated uzng the bi-plane area-length
method, previously validated. Systolic function was e ‘al.ated by means of ejection
fraction (EF) calculated as [(EDV-ESV)/EDV]*100 [L..dsey et al.]. As shown in Figure
S3, under these conditions, none of the porameters obtained from the
echocardiograms distinguish between WT and CD<”%O groups.
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Figure S3. Echocardiography does not differentiate CD38KO from WT mice

Transthoracic echocardiograms were performed in mildly anesthetized WT and
CD38KO male mice aged 6-month-old. Graphs show ejection fraction (EF), E/e’ ratio,
heart rate (HR) and left ventricular (LV) mass. None of these parameters differ between
WT and CD38KO groups. Data are mean + SEM (N=5 mice/group), analyzed by
unpaired two-sided t-test. Missing values are due to recording problems in the ECG of
1 WT mice and untrustful measure of E/e” in one CD38KO mice (though adding that
value would not have changed the statistical analysis result).
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HIGHLIGHTS

e CD38 inhibition in male mice increases exercise capacity and NAD"
in the heart.

e Improvement of exercise capacity is dependent on NAD" boosting.

e CD38 suppression lowers heart rate (HR) and increases HR
variability in vivo.

e (CD38 knockout mice are less susceptible to catecholamine-driven
arrhythmia.
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