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A B S T R A C T

Aims: 24-Hydroxycholesterol (24HC) is the main brain cholesterol metabolite, which level in the circulation is
significantly changed under physiological and pathological conditions. Here, we have studied the effect of 24HC
on the inotropic responses to β-adrenoceptor (AR) stimulation.
Main methods: Electrical stimulation-evoked contractions were recorded in isolated atria from mice. Fluorescent
dyes, Fluo-4 and DAF-FM, were used for estimation of Ca2+ transient and NO production, respectively.
Key findings: We revealed that 24HC in the submicromolar range attenuated β-AR-induced positive inotropy in
isolated atria. This was accompanied by a decrease in Ca2+ transient and unchanged nitric oxide (NO) pro-
duction. However, β1-AR-induced positive inotropy and enhancement of Ca2+ transient were increased by 24HC
due to suppression of NO production. Only β2-AR-dependent inotropy and enhancement of Ca2+ transient were
decreased by 24HC in a NO-independent manner. Inhibition of phosphodiesterase (PDE) suppressed effect of
24HC on β2-AR-dependent contractility as well as on non-subtype specific β-AR activation. Moreover, 24HC
counteracted positive inopropic action of PDE inhibitors, IBMX and rolipam. Thus, 24HC modulates the effects of
β1- and β2-AR stimulation via different mechanisms linked with change in activity of NO synthase or PDE,
respectively. Under conditions of non-selective activation of β-ARs, the depressant effect of 24HC related with
β2-AR-dependent signaling dominates.
Significance: We suggest that 24HC could serve as a modulator of atrial β-AR signaling, contributing to reg-
ulation of contractility.

1. Introduction

β-Adrenergic signaling is a central mechanism responsible for reg-
ulation of heart function. β-Adrenoceptors (β-ARs) contain high-affinity
cholesterol binding sites important for stabilization of β-AR con-
formation, interaction with membrane and agonists [1–3]. Cholesterol
supplementation and depletion, cholesterol-like compounds can modify
effects of β-AR stimulation [4–8]. Also, spatial organization of cardiac
β-AR signaling is dependent on cholesterol- and sphingolipid-rich mi-
crodomains termed lipid raft/caveolae [6,9–12].

β1- and β2-ARs are predominant in the heart. Both β1 and β2-ARs
activate Gs proteins, which stimulate adenylyl cyclase and, thus, en-
hance cAMP production. cAMP activates protein kinase A, which
phosphorylates certain Ca2+ handling proteins, leading to increase in
Ca2+ transient and contractile response. Hydrolysis of cAMP by phos-
phodiesterases (PDEs) limits the increase in cAMP and, thus, in Ca2+

transient and contraction. β2-ARs can also stimulate Gi proteins, which
inhibit adenylyl cyclase, thereby attenuating cAMP production and
Ca2+ signaling [12–14]. Additionally, β-AR stimulation may increase
NO synthase activity in Ca2+-dependent and Gi protein/AKT-dependent
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manners. Produced NO via S-nitrosylation and activation of cGMP/
protein kinase G pathway may decrease Ca2+ transient and (or) myo-
filament responsiveness to Ca2+, thereby suppressing contractility
[7,8,11]. Thus, cAMP signaling is a main determinant of positive in-
otropic response to β-AR stimulation, while activity of PDEs and NO
synthases could ‘fine-tune’ this response.

Under stress conditions, an activation of β-ARs increases the heart
rate and contractility, enhancing cardiac output and consequently
supplying organs with a greater amount of blood. Chronic hyperactivity
of sympathoadrenal system causes cardiac β-AR overstimulation which
leads to pathological heart remodeling, contributing to initiation and
progression of heart failure, arrhythmia burden and sudden cardiac
death [15]. Spatially extended neuronal network of cortical and sub-
cortical regions controls sympathetic activity [16]. Enhanced neuronal
activity is associated with increased synthesis of 24-hydroxycholesterol
(24HC) [17] which passes through blood–brain barrier to the circula-
tion [18–20]. In rats, ∼0.02% of the brain cholesterol was metabolized
into 24HC per hour [21]. Intracardiac neurons and axons [22] may be
potential source of 24HC. Production of 24HC by cardiomyocytes can
take place under pathological conditions, for example in response to
doxorubicin [23].

Many neurodegenerative diseases and dyslipidemia markedly in-
crease risk of heart dysfunctions, frequently affect an activity of the
sympathetic system and may be associated with changes in 24HC
plasma levels [24–29]. However, there are no data about effects of
24HC on cardiac function and β-adrenergic signaling.

In the present work we studied the influence of 24HC on the in-
otropic responses to β-AR stimulation in atria, with consideration of
effects on the β1 and β2-dependent responses. Additionally, we mea-
sured [Ca2+]in and NO levels as well as tested involvement of NO
synthases and PDEs in the effects of 24HC. Although ventricular con-
tractions mainly determine inotropic function of heart, we consider
atria as appropriate tissue for the present study due to: high sympa-
thetic innervation, greater amount of lipid rafts and caveolar-located
β2-ARs in atria [30–32]. These facts predict a high sensitivity of atria to
cholesterol manipulation and cholesterol derivatives.

2. Methods

2.1. Animals and ethical approval

The study conforms to the Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 85–23, revised 1996) and European
Convention for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes (Council of Europe No 123;
1985). The isolated atria of B6J stain mice (only males; body weight
22–25 g) were used. Animals had free access to food/water under a 12-
h light/12-h dark cycle. After intraperitoneal injection of sodium pen-
tobarbital (40mg/kg), mice were decapitated with a guillotine, and the
atria were excised. The protocol of the experiments met the require-
ments of the EU Directive 2010/63/EU and was approved by the
Bioethics Committee of Kazan State Medical University.

2.2. Bathing solutions and stimulation

The atria were perfused with the carbogen-oxygenated physiolo-
gical solution (pH – 7.4) containing; in mM: NaCl 137; KCl 5; MgSO4 1;
CaCl2 2; NaH2PO4 1.8; NaHCO3 13; D-glucose 11. pH was maintained
at 7.4. Temperature of the bathing medium was kept at 24–25 °C which
allows the cardiac myocytes to preserve the contractile function [33]
and to decrease a rate of fluorescent dye loss [34]. During experiments
the atria were stimulated continuously by 5-ms pulses (~10–15% above
threshold) at 2 Hz via pair of Pt-electrodes using DS3 simulator (Digi-
timer Ltd).

As 24HC is a ligand for liver X receptors [35], we performed our
experiments in relatively short time scale to avoid possible genomic

effects of 24HC. Exposure to 24HC (Enzo Life Sciences) lasted 15min
following 10-min washing period, after which a β-AR agonist was
added. 24HC was dissolved in DMSO (Tocris) and the concentration of
DMSO in the bathing medium did not exceed 0.001%. At a con-
centration of 0.001% DMSO did not change the parameters of con-
traction or Ca2+ transient, or DAF-FM fluorescence, consistent with our
previous work [8]. We therefore pooled data from the DMSO controls
with DMSO-free controls into one group. To stimulate β-ARs, iso-
proterenol hydrochloride (10, 50 and 100 μM ISO, Sigma), fenoterol
(10, 25 and 50 μM, Sigma) and dobutamine (1, 10 and 30 μM, Tocris)
were applied. Application of the agonists lasted 15min for each con-
centration; the concentration was increased stepwise up to a maximal.

For other pharmacological manipulations we used 0.1 μM ICI-
118.551 (a selective blocker of β2-ARs, Sigma), 0.3 μM CGP20712 di-
hydrochloride (a selective inhibitor of β1-AR, Tocris), 100 μM L-NAME
(a NO synthase inhibitor, Sigma), 100 μM IBMX/iso-
butylmethylxanthine (a non-specific inhibitor of phosphodiesterases,
Tocris), 1 and 10 μM rolipram (a selective inhibitor of phosphodies-
terase 4,Tocris), 10 μM forskolin (diterpenoid with adenylyl cyclase
activating properties, Sigma), 60 μM TRIM/1-(2-trifluoromethylphenyl)
imidazole (an inhibitor of neuronal and inducible NO synthases,
Tocris), 10 μM cavtratin/caveolin-1 scaffolding domain peptide (an
endothelial NO synthase blocker, Enzo Life Science). ICI-118.551,
CGP20712, L-NAME, IBMX, rolipram, TRIM or cavtratin were added to
the bath solution 45–50min before the agonists of β-ARs and remained
in perfusion throughout the experiment.

2.3. Recording of isometric contractions

The experiments were performed as described previously [7,36].
Briefly, only left entire atria were suspended in a bath (5ml; 5 ml·min−1

perfusion rate) under resting tension of 0.25 g and equilibrated for
60min before onset of the drug applications (Power-Lab installation,
AD Instruments). One end of the atria was tied to a fixed nail, and other
end was linked to a force transducer (MLT0420, AD Instruments). The
constant passive tension was kept. The signals were recorded and
analyzed using LabChart Pro software. The amplitude of contraction
was initially detected in grams and then was rendered in percent.

2.4. Fluorescence microscopy: intracellular Ca2+ and NO detection

Fluorescence was detected using an Olympus up-right motorized
BX51WI microscope with a confocal attachment Disk Speed Unit and
objectives (LMPlanFl 20×, UPLANSapo 60×). Images were recorded
with CCD camera Orca R2 (Hamamatsu). The analysis was performed in
regions of interest in arbitrary units (a.u.), which were converted into
percentages (ImagePro software, Media Cybernetics).

The experimental protocols were described previously [7]. Briefly,
fluorescent dyes, Fluo4-AM and DAF-FM-diacetate (Thermo Fisher),
were dissolved in DMSO. Pluronic F-127 (Thermo Fisher) was added
into the dye aliquots to facilitate dissolving Fluo4-AM (1 μM) or DAF-
FM-diacetate (4 μM) in physiological medium. The concentrations of
DMSO and Pluronic F-127 were<0.001%. The atria pinned to a
chamber (5ml) were incubated with the dyes for 20min and were then
washed (at 5ml·min−1) with a physiological solution for 50min.

DAF-FM-diacetate, a dye for NO oxidation products, was excited by
488 ± 10 nM nm; for the recording a 515 nm long pass filter was used.
The high-affinity Ca2+ indicator Fluo-4 was excited by 488 ± 10 nM
and the emission was recorded using a band-pass 505–550 nm filter at
115 Hz sampling rates. The contraction-relaxation cycle of atria are
accompanied by the transient changes in the Fluo-4 signal. The minimal
fluorescence (during diastole) was subtracted from the maximal fluor-
escence (during systole). The Ca2+-transient amplitude and DAF-FM
fluorescence before drug application were taken as 1.0.

U.G. Odnoshivkina et al. Life Sciences 220 (2019) 117–126

118



2.5. Statistics

Data are shown as mean ± SEM; n is the number of independent
experiments on different mice. Statistical significance of the difference
was assessed by the unpaired Student's t-test or repeated analysis of
variance (ANOVA) followed by the Bonferroni correction (Origin Pro
9.2). The sample sizes achieved a statistical power > 80%.

3. Results

3.1. 24HC modulates effects of β-adrenergic stimulation

24HC itself had no effect on amplitude of both contraction and Ca2+

transient, and on DAF-FM fluorescence (Fig. 1A, B). β-AR agonist iso-
proterenol (ISO) increased atrial contractility in a concentration-de-
pendent manner. Pretreatment with 24HC at different concentrations
(from 4 nM to 1 μM) attenuated ISO-mediated positive inotropy
(Fig. 1C). Note that the depressant effect of 24HC was clearly expressed
even at the lowest concentration used (4 nM). This suggests a high
sensitivity of β-adrenergic responses to 24HC. Given that the depressant
effects of the low (4 and 40 nM) and higher (0.4 and 1 μM) con-
centrations of 24HC had a comparable magnitude, the oxysterol-de-
pendent modulation may be linked to high-affinity mechanism.

ISO-mediated activation of β-ARs led to increase in both amplitude
of Ca2+ transient and DAF-FM fluorescence (Fig. 1D). These two events
regulate atrial inotropic responses to β-AR stimulation [7,37]. Pre-
treatment with 24HC markedly attenuated an enhancement of Ca2+

transient amplitude induced by ISO (100 nM). At the same time, an
increase of DAF-FM fluorescence in response to ISO was virtually un-
changed in 24HC-treated atria (Fig. 1D). These data suggest that a
decrease in ISO-induced inotropic response may be linked to the de-
pressed amplitude of Ca2+ transient after pre-exposure to 24HC.

3.2. 24HC regulates β1- and β2-AR dependent component of ISO-driven
responses in different ways

ISO activates all three subtypes of βARs. In the heart β1- and β2-ARs
are predominant and may couple with different signaling pathways

which regulate cardiac contractility in specific manners [12,13,36].
Additionally, there is crosstalk between β1- and β2-ARs at different
levels. To estimate the contribution of the β1- or β2-ARs, ISO is usually
applied in the presence of specific β2- or β1-AR antagonist, respec-
tively. Note that β3-ARs have a low expression and limited contribution
to regulation of contractions in wild-type mice [8,38].

3.2.1. 24HC potentiates ISO/β1AR-dependent positive inotropy and Ca2+

transient, and attenuates NO production
Antagonist of β2-ARs ICI-118.551 (ICI) itself and in co-application

with 24HC had no influence on the contractility (Fig. 2A). This is in
consistent with our previous data that ICI does not exert inverse agonist
properties in mice atria [8]. ICI partially suppressed the inotropic re-
sponse to ISO (10, 50, 100 nM). Unexpectedly, inotropic response to
selective stimulation of β1-ARs (ISO+ ICI) was increased by pretreat-
ment with 24HC (Fig. 2B). Thus, 24HC potentiates positive inotropic
response to β1-AR stimulation with ISO, despite 24HC depresses an
enhancement of contractility induced by non-subtype-specific stimula-
tion of β-ARs with ISO.

An increase in Ca2+ transient amplitude in response to ISO
(100 nM) was partially suppressed by ICI (Fig. 2C). 24HC potentiated
β1-AR (ISO+ ICI)-induced enhancement of the Ca2+ transient ampli-
tude and under these conditions the maximal amplitude was even
higher than that in response to ISO in control (Fig. 2C). This suggests
that 24HC increases enhancement of Ca2+ transient evoked by activa-
tion of β1-ARs.

Selective stimulation of β1-ARs (100 nM ISO+ ICI) caused a more
profound increase in DAF-FM fluorescence compared to control action
of ISO, indicating that β2-AR activation may restrain NO synthesis
linked with β1-AR activation (Fig. 2D). In contrast, 24HC markedly
suppressed this upregulation of DAF-FM fluorescence (Fig. 2D) induced
by selective stimulation of β1-ARs (ISO+ ICI). Note that ICI alone did
not change both Ca2+ transient amplitude and DAF-FM fluorescence
(Fig. 2C, D). Thus, 24HC attenuates NO signaling in response to β1-AR
stimulation with ISO.

To test the role of the decrease in NO production, the atria were
perfused with L-NAME, a NO synthase inhibitor, which effectively
suppressed an increase in DAF-FM fluoresce in response to ISO in

Fig. 1. Influence of 24HC on contractions, Ca2+

transient, NO production and responses to ISO. A,
Atrial contractions. N=10 for each group. B,
Histograms showing the normalized effects of 24HC
(0.4 and 4 μM) on peak amplitude of the Ca2+

transient and on DAF-FM fluorescence. N=14 atria
for each group. C, Positive inotropic effects of ISO in
control and 24HC-pretrated atria. N= 14 for each
group. D, Effect of ISO on amplitude of Ca2+ tran-
sient and on DAF-FM fluorescence in control and
24HC-preterated atria. N=12 atria per group. A, B,
D, right, representative contraction (A) or Ca2+

transient (B, D) traces. A, C; Y-axis shows percentage
changes, relative to the value before onset of 24HC
(A) or ISO (C) administration. B, D; Y-axis shows the
normalized effect of 24HC (B) or ISO (D); the initial
value before the 24HC or ISO addition was taken as
1.0. Asterisks denote significant differences
*P < 0.05, **P < 0.01, ***P < 0.001 compared to
the action of ISO in the control (C) or pre-ISO values
(D) and ##P < 0.01 between 24HC-untrearted and
treated group (D).
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control and 24HC-treated atria (Fig. 2D). L-NAME alone slightly in-
creased amplitude of contraction and Ca2+ transient. These effects of L-
NAME were not modified by 24HC (Fig. 2E, F). Under conditions of NO
synthase inhibition, the ability of 24HC to additionally facilitate β1-AR
(ISO+ ICI)-induced inotropy and enhancement of Ca2+ transient was
markedly decreased. L-NAME itself mimicked the effects of 24HC
(Fig. 2F, G), increasing positive inotropic and Ca2+ transient responses
to selective stimulation of β1ARs (ISO+ ICI). Probably, 24HC may
enhance β1AR-mediated contractile response by suppressing NO-pro-
duction.

Taken together these data suggest that the 24HC-induced po-
tentiation of β1-AR-dependent contractility is associated with upregu-
lation of Ca2+ transient and downregulation of NO synthesis, and the
latter can be responsible for an increase in positive inotropic response.
The discrepancy between the actions of 24HC on ISO-mediated in-
otropy, enhancement of Ca2+ transient and dynamics of DAF-FM
fluorescence in the presence and absence of ICI might be linked with
different effects of 24HC on β1- and β2-AR signaling.

3.2.2. 24HC suppresses ISO/β2-AR-dependent positive inotropy without
changing NO production

The main subtype of β-ARs in the atria is β1-AR [39]. Antagonist of
β1-AR itself and in combination with 1 μM 24HC did not affect am-
plitude of contractions (Fig. 3A). Inhibition of β1-ARs with CGP-
20712(CGP) dramatically reduced both positive inotropic effect of ISO
and enhancement of Ca2+ transient in response to ISO. Under these

conditions, pretreatment with 24HC suppressed an increase in both
contractility and Ca2+ transient (Fig. 3B, C) in response to selective
stimulation of β2-ARs (ISO+CGP).

In contrast to β2-AR inhibitor, antagonist of β1-ARs decreased an
enhancement of DAF-FM fluorescence induced by ISO (Fig. 3D). This
may reflect an involvement of β1-ARs in the enhancement of NO
synthesis. 24HC did not affect DAF-FM fluorescence (Fig. 3D) under
conditions of selective stimulation of β2-ARs (ISO+CGP). Note that
CGP alone had no effect on DAF-FM fluorescence. Taken together these
data suggest that 24HC suppresses β2-AR mediated positive inotropy in
a NO-independent manner.

3.3. 24HC affects responses to stimulation β1- or β2-AR with selective
agonists in different ways

To additionally test the possibility that 24HC affects β1- and β2-AR-
dependent responses by different mechanisms, selective β1- and β2-AR
agonists were used. Dobutamine is a β-AR agonist with high affinity for
β1-ARs and fenoterol primary acts via stimulation of β2-ARs in mice
atria.

Dobutamine concentration-dependently induced positive inotropic
effect. 24HC augmented the contractile response to dobutamine. The
enhancing effect of 24HC was more profound in response to the low
concentration (1 μM) of dobutamine (Fig. 4A). Also, 24HC markedly
enhanced an increase in Ca2+ transient amplitude in response to 1 μM
dobutamine (Fig. 4B). Given that at this concentration dobutamine

Fig. 2. Effects of 24HC on responses to selective stimulation of β1-ARs (ISO+ ICI). Role of NO synthesis. A, Influence of β2-AR antagonist ICI-118.511 (ICI) on
contractions. N=8 and 12 for ICI and ICI+ 24HC group, respectively. B, Positive inotropic response to selective stimulation of β1-ARs (ISO+ ICI). N=12 and 14
for ICI and ICI+ 24HC group, respectively. C, Effect on peak amplitude of the Ca2+ transient. N=8, 12 and 14 for ICI, ICI+ ISO and ICI+ ISO+24HC group,
respectively. D, Effect on DAF-FM fluorescence. N=8, 12, 14, 8 and 8 for ICI, ICI+ ISO, ICI+ ISO+24HC, L-NAME + ISO and L-NAME+ ISO+24HC group,
respectively. E, Influence of NO synthase inhibitor (L-NAME) on contractions. N= 8 per each group. F, Effect of L-NAME on amplitude of Ca2+ transient. N= 10, 9, 8
and 9 for L-NAME, L-NAME+24HC, ICI+ ISO+L-NAME and ICI+ ISO+L-NAME+24HC group, respectively. G, Influence of L-NAME on β1-AR (ISO+ ICI)-
induced inotropy. N=12 and 14 for L-NAME+ ISO+ ICI and L-NAME+ISO+ ICI+24HC group, respectively. B, C, G, right, representative contraction (B, G) and
Ca2+ transient (C) traces. A, B, E, G; Y-axis - percentage changes, relative to the value before onset of drug administration. C, D, F; Y-axis - the normalized effect of
drugs; the initial value before the drug addition was taken as 1.0. *P < 0.05, ***P < 0.001 compared to the control effect of ISO and #P < 0.05,###P < 0.001
between effect of ISO in the presence of ICI in 24HC-untreated and treated atria (B); ***P < 0.001 compared to pre-ISO baseline, #P < 0.05, ##P < 0.01 compared
to the control effect of ISO (C, D); *P < 0.05 versus pre-LNAME baseline (E, F), ###P < 0.001 versus pre-ISO values (F); **P < 0.01, ***P < 0.001 versus the
action of ISO in the presence of ICI; #P < 0.05 between effects of ISO (in the presence of L-NAME) in 24HC-untreated and treated atria (G).
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exerts a high selectivity to β1-ARs [40], 24HC may serve as a sensitizer
of β1-ARs to pharmacological stimulation.

The action of 24HC on β1-AR-dependent contractile responses could
be linked to change in NO signaling (see Section 3.2.2). Dobutamine
(1 μM) potentiated DAF-FM fluorescence, indicating on an increase in
NO synthesis due to β1-AR stimulation. Pretreatment with 24HC atte-
nuated the dobutamine-evoked NO production (Fig. 4C). This is con-
sistent with a sensitivity of ISO/β1AR-mediated change in DAF-FM

fluorescence to 24HC pretreatment. Accordingly, 24HC suppressed NO
production induced by selective β1-AR stimulation, which may mod-
ulate β1AR-dependent contractility.

Fenoterol concentration-dependently increased atrial contractility,
but the effects of fenoterol were less expressed than dobutamine at
comparable concentrations. 24HC suppressed fenoterol-induced posi-
tive inotropy at all concentrations used (Fig. 4D). At this concentration
range, specific β2-AR antagonist completely inhibited the effect of

Fig. 3. Effect of 24HC on responses to selective stimulation of β2-ARs (ISO+CGP). A, Influence of β1-AR inhibitor CGP20712 (CGP) on contractions. N=7 and 8 for
CGP and CGP+24HC group, respectively. B, Positive inotropic responses to β2-AR stimulation with ISO+CGP. N=12 and 14 for CGP+ ISO and
CGP+ ISO+24HC, respectively. C, Effect on amplitude of Ca2+ transient. N= 7, 7 and 8 for CGP, CGP+ ISO and CGP+ ISO+24HC group, respectively. D, Effect
on DAF-FM fluorescence. N= 8, 12 and 14 for CGP, CGP+ ISO and CGP+ ISO+24HC group, respectively. A, B; Y-axis - percentage changes, relative to the value
before onset of CGP (A) or ISO (B) administration. C, D; Y-axis - the normalized effect of drugs; the initial value before the application was taken as 1.0. ***P < 0.001
compared to the control effect of ISO, #P < 0.05, ##P < 0.01, ###P < 0.001 between effect of ISO (in presence CGP) in 24HC-untreated and treated atria (B);
***P < 0.001 compared to pre-ISO baseline, ##P < 0.01, ###P < 0.01 compared to the control effect of ISO (C, D).

Fig. 4. 24HC modulates responses to β1- and β2-AR agonists. A, Inotropic effect of β1AR agonist dobutamine (Dob). N=9 and 10 for Dob and Dob+24HC group,
respectively. B, Effect of dobutamine on Ca2+ amplitude transient. N=9 and 8 for Dob and Dob+24HC group, respectively. C, Effect of dobutamine on DAF-FM
fluorescence. N=12 and 11 for Dob and Dob+24HC group, respectively. D, Inotropic effect of fenoterol (Fen). N= 14 and 16 for Fen and Fen+24HC group,
respectively. E, Effect of fenoterol on DAF-FM fluorescence. N=11 and 12 for Fen and Fen+24HC group, respectively. F, Influence of fenoterol on Ca2+ amplitude
transient. N= 14 for each group. G, Influence of NO synthase inhibitors on inotropy of fenoterol. N=8 for each group. A, D, F; Right, typical contraction (A, D) and
Ca2+ transient (F) traces. A, D, G; Y-axis - percentage changes, relative to the value before onset of β-AR agonist administration. B, C, E, F; Y-axis - the normalized
effect of β-AR agonist; the initial value before the application was taken as 1.0. **P < 0.01, **P < 0.01, ***P < 0.001, *P < 0.05 versus control effect of Dob/Fen
(A, D, G); *P < 0.05, ***P < 0.001 versus pre-Dob/Fen baseline, ###P < 0.01 between 24HC untreated and treated group (B, C, E, F).
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fenoterol on atrial contractions in the mice [7,8]. This suggests that
24HC depresses a stimulatory action of β2-ARs on atrial contraction.

In contrast to stimulation of β2-ARs with ISO+CGP, exposure to
fenoterol increased DAF-FM fluorescence, suggesting an increase in NO
level and specific action of fenoterol, known as biased β2-AR agonist
[41]. However, 24HC administration did not modify the fenoterol-
evoked NO upregulation (Fig. 4E). Importantly, 24HC was able to
markedly attenuate an enhancement of Ca2+ transient in response to
fenoterol (Fig. 4F). NO synthase blockers (L-NAME, TRIM and cav-
tratin) by themselves enhanced the inotropic effect of fenoterol, and
under these conditions, 24HC still significantly attenuated the positive
inotropy of fenoterol (Fig. 4G). These data indicate that β2-AR-medi-
ated contractility is suppressed by 24HC in Ca2+-dependent and NO-
independent manner.

3.4. Role of PDEs in the effects of 24HC

24HC increased β1-AR (ISO+ ICI)-mediated contractility but de-
creased β2-AR (ISO+CGP)-dependent positive inotropy. However,
inotropic response to ISO was suppressed by 24HC, despite β1-ARs are
predominant in both atria and ventricles. This means that crosstalk of
β1- and β2-ARs could be implicated in the effects of 24HC. PDEs are one
of the main elements at a crossroad between β1- and β2-ARs in cardi-
omyocytes [12].

3.4.1. IBMX decreases the effect of 24HC on inotropic response to ISO
IBMX, a non-selective inhibitor of PDEs, increased amplitude of

contractions by 40–50% (a steady-state level) during 20–25min of the
application (Fig. 5A). 24HC significantly suppressed the inotropic ac-
tion of IBMX (Fig. 5A). In the presence of IBMX, application of ISO
induced positive inotropic effect, similar to those in the control
(Fig. 5B). 24HC depressed ISO-mediated inotropic response in a much
lesser degree when PDEs were inhibited with IBMX (Fig. 5B). These
data suggest that 24HC could potentiate an activity of PDEs and the
antagonist of PDEs may counteract the inhibitory effect of 24HC on ISO-
induced inotropy. In the presence of IBMX, dynamics of DAF-FM
fluorescence induced by ISO did not differ between 24HC-treated and
untreated atria (Fig. 5C).

IBMX increased positive inotropic response to stimulation of β2-AR
(ISO+CGP). Under these conditions (Fig. 5D), 24HC lost the ability to
attenuate the inotropic effect of selective stimulation of β2-AR stimu-
lation (ISO+CGP). Thus, inhibition of PDEs suppresses negative effect
of 24HC on β2-AR-dependent contractility.

3.4.2. Rolipram attenuates 24HC-mediated decrease in positive inotropy of
ISO

PDE4 is a key isoform that controls signaling through β-ARs in atria
[12,42,43]. Rolipram, a selective inhibitor of PDE4, increased ampli-
tude of contractions by 25–30% (a steady-state level) during 20-min
perfusion. 24HC markedly suppressed this effect of rolipram (Fig. 5E).
As in the case of IBMX, rolipram did not change or slightly attenuated
ISO-evoked positive inotropic responses. The depressant effect of 24HC
on positive inotropy of ISO was significantly reduced in the presence of
rolipram (Fig. 5F). Probably, 24HC could potentiate PDE4 activity and
this may be a pathway for downregulation of ISO-induced contractility.

Forskolin, a cAMP-accumulation stimulating compound, increased
contractions to a stable level and this effect was not affected by 24HC.
Rolipram potentiated the positive inotropic action of forskolin and
24HC attenuated this effect of rolipram (Fig. 5G). Probably, under
conditions of forskolin treatment the activity of PDEs is relatively high
and it could not be additional stimulated by 24HC; only when PDE4
activity was decreased, the effect of 24HC was revealed.

4. Discussion

The main findings of the present study are: 24HC at low

concentrations attenuates β-AR-dependent positive inotropic response
to ISO which is associated with a decrease in Ca2+ transient; at the
same time, 24HC changes β1- and β2-AR-driven contractility in dif-
ferent ways; mechanisms of 24HC effects may be related to changes in
PDE activity and coupling of β1-ARs with NO signaling (Fig. 6).

Oxysterols are produced not only during pathological conditions
(atherosclerosis, hypercholesterolemia, diabetes) but also by healthy
cells. Among numerous oxysterols, 24HC is the major brain cholesterol
metabolite which plasma level is determined by balance between brain
production and hepatic clearance [18,44]. In healthy adult (age
24–47 years) volunteers the plasma level of 24HC was about 0.2 μM (or
80 ng/ml) [45]. Higher plasma levels of 24HC were found in infant
(1–5 years; 385 ng/ml), children (6–9 years; 258 ng/ml,) and teenagers
(10–18 years; 192 ng/ml) [46]. In the nervous system, 24HC can have
genomic action (via cytosolic liver X receptor) and rapid effects linked
with change in activity of glutamate NMDA-receptors [35,47,48]. In-
creased brain production of 24HC was observed during early stage of
some neurodegenerative disease and may be caused by high neuronal
activity as well as excess cholesterol in brain [17,19,20,25]. In one
study, 24HC production was found in HL-1 murine cardiomyocytes in
response to doxorubicin, carditoxic agent [23]. Additionally, plasma
levels of 24HC were increased during hypercholesterolemia, associated
with atherosclerosis, and in offspring from hypercholesterolemic preg-
nancies [49].

One of the main targets for 24HC in heart may be β-ARs due to their
high abundance in heart and dependence of β-AR signaling on choles-
terol availability. The latter relies on direct cholesterol binding and
location of the cardiac β-ARs and downstream signaling molecules in
cholesterol-rich membrane microdomains, planar and caveolar lipid
rafts [1–6,10]. Here, we revealed that 24HC (from 4 nM to 1 μM) sup-
pressed the positive inotropic effect of β-AR stimulation with ISO. At
similar concentrations 24HC was detected in mice and human plasma
[20,45,50,51]. The depressant action of 24HC on ISO-induced inotropy
was associated with a decrease in Ca2+ transient, without changing NO
production. It is known that β1-ARs mainly contribute to positive in-
otropic action of ISO in atria [39]. Consistent with this, β1-AR selective
antagonist (CGP) suppressed the positive inotropic effect of ISO sig-
nificantly stronger compared to β2-AR inhibitor (ICI). Unexpectedly,
24HC augmented inotropic effect of β1-AR stimulation (ISO+ ICI or
dobutamine). Moreover, 24HC potentiated a rise in Ca2+ transient in
response to ISO/β1-AR stimulation. The stimulatory effect of 24HC on
the β1-AR-mediated inotropy may be linked with attenuation of NO
production. Indeed, 24HC decreased the β1-AR-evoked enhancement of
NO synthesis and inhibition of NO synthase significantly masked the
potentiating effect of 24HC on the ISO/β1-AR-dependent contractility
and Ca2+ transient. It is known that NO can decrease positive inotropic
effect of ISO and Ca2+ transient via stimulation of guanylate cyclase,
which produces cGMP, leading to protein kinase G activation. Protein
kinase G might inhibit L-type Ca2+ channels, essential for Ca2+ tran-
sient formation. Also, NO could directly suppress L-type Ca2+ channels
via S-nitrosylation [11,37]. Thus, 24HC can enhance β1-AR-mediated
increase in contractility via downregulation of NO signaling. Accord-
ingly, the depressant action of 24HC on the ISO-induced inotropy was
not directly related to β1-ARs.

Mechanism by which 24HC may selectively attenuate β1-AR (but
not β2-AR)-induced NO production is elusive. Previously, we found that
24HC can decrease NO synthesis during synaptic activity and this could
be depended on increase in lipid raft integrity at mice neuromuscular
junctions [48,52]. NO synthase activity in cardiomyocytes also could be
suppressed in a lipid raft/cholesterol-dependent manner [7,53]. Our
data indicate that 24HC increases staining of the atrial membranes with
subunit B of cholera toxin, a marker of lipid rafts (Suppl. Fig. 1).
Speculatively, β1-ARs could be preferentially incorporated into newly
formed lipid rafts in response to 24HC treatment, because atrial β2-ARs
are already residents of caveolar lipid rafts [9,10,54]. The lack of in-
fluence of 24HC on NO synthesis in response to simultaneous activation
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Fig. 5. Role of PDE in the effects of 24HC. A, Influence PDE inhibitor IBMX on contractions. N=10 and 12 for IBMX and IBMX+24HC group, respectively. B,
Inotropic effects of ISO in the presence of IBMX. N=10 and 12 for IBMX and IBMX+24HC group, respectively. C, ISO-induced changes in DAF-FM fluorescence in
the presence of IBMX. N=8 for each group. D, Influence of IBMX on positive inotropic response to selective stimulation of β2-ARs (ISO+CGP). N= 12 and 14 for
IBMX+ ISO+CGP and IBMX+ ISO+CGP+24HC group, respectively. E, Effect of rolipram (Rol) on contractions. N= 8 for each group. F, Influence of rolipram
on positive inotropy of ISO. N=10, 12, 14 and 14 for 1 μM Rol, 10 μM Rol, 1 μM Rol+ 24HC, 10 μM Rol+ 24HC group, respectively. G, Effect of adenylyl cyclase-
stimulating compound forskolin (Forsk) on contractions. N=8, 8, 10 and 12 for Forsk, Forsk+ 24HC, Forsk+Rol, Forsk+Rol+24HC. A, B, D–G; Y-axis -
percentage changes, relative to the value before onset of drug application. C; Y-axis - the normalized effect of ISO; the initial value before the application was taken as
1.0. *P < 0.05, ***P < 0.001 versus pre-IBMX/ISO/Rol value, #P < 0.05, ##P < 0.01 between 24HC-untreated and treated group (A, C, E); *P < 0.05,
**P < 0.01, ***P < 0.001, versus the action of ISO in the control (B, D, F), #P < 0.05 between 24HC-treated atria in the absence and presence of IBMX (B, D);
##P < 0.01, ###P < 0.001 between ISO action in 24HC-treated atria and ISO effects in the presence of Rol (F); ***P < 0.001 versus pre-Forsk baseline; #P < 0.05
versus control action of Forsk (G).

Fig. 6. Putative mechanism of 24HC effects in atrial myo-
cytes. Pharmacological stimulation of β-ARs leads to activa-
tion Gs proteins (not shown), which activate adenylate cy-
clase (AC), producing cAMP. cAMP stimulates protein kinase
A (PKA), causing an increase in Ca2+ transient and, in turn,
contraction. At the same time, several mechanisms which are
activated by downstream of β-ARs could limit the increase in
[Ca2+]in and contraction. There are increases in NO produc-
tion by NOS (nitric oxide synthase) and in cAMP hydrolysis by
PDE4. NO could decrease Ca2+ transient acting directly
through S-nitrosylation of Ca2+ channels or indirectly
through activation of guanylate cyclase/protein kinase G
(PKG) signaling. Oxysterol, 24HC, may modulate effects of β-
AR-stimulation in atrial myocytes. 24HC increases activation
of PDE4, thereby suppressing increase in both [Ca2+]in and
contraction induced by co-activation of β1- and β2-ARs.
However, under conditions of selective stimulation of β1-ARs,
24HC decreases NO production, causing increase in [Ca2+]in
and contraction. In the case of selective stimulation of β2-ARs,
24HC facilitates an activity of PDE4, leading to decrease in
[Ca2+]in and contraction. Although, β1-ARs mainly con-
tribute to enhancement of [Ca2+]in and contraction, but the
depressant effect of 24HC linked with β2-ARs/PDE4 dom-
inates under conditions of β1-and β2-AR co-stimulation.
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of β1- and β2-ARs could be linked with blocking effect of β2-AR acti-
vation on coupling between β1-ARs and NO signaling.

In contrast to β1-AR responses, positive inotropic effects of β2-AR
stimulation (ISO+CGP or fenoterol) were attenuated by 24HC. 24HC
also suppressed β2-AR-induced enhancement of Ca2+ transient.
However, these effects of 24HC were NO-independent. 24HC did not
modify NO production in response to β2-AR stimulation. Additionally,
inhibitors of NO synthases (L-NAME, TRIM or cavtratin), which itself
potentiated positive inotropy of fenoterol, did not counteract the de-
pressant effect of 24HC. One of the important “breaks” for β-AR sig-
naling is cAMP-hydrolyzing enzymes (PDEs), which limit cAMP pool
and stimulatory action of β-ARs [12,14,55,56]. Inhibition of PDEs with
IBMX prevented the depressant effect of 24HC on positive inotropy of
β2-AR activation with ISO+CGP. Moreover, 24HC-induced suppres-
sion of ISO inotropy (related to co-activation of β1- and β2-AR) was
significantly less expressed when PDEs were inhibited with IBMX. Si-
milarly, a specific inhibitor of PDE4 (rolipram) counteracted 24HC-
mediated suppression of positive inotropic response to ISO. These re-
sults indicate that 24HC could attenuate β-AR-dependent inotropy via
potentiating PDE activity, in particular PDE4. Consistent with this is
that 24HC decreased an enhancement of contractility in response to
IBMX or rolipram administration. Note that 24HC suppressed po-
tentiating effect of rolipram on inotropy of adenylyl cyclase-stimulating
compound forskolin.

Thus, 24HC may facilitate or suppress positive inotropy linked with
β1-ARs or β2-ARs, respectively. Under condition of simultaneous β1-
and β2-AR activation, the depressant action of 24HC dominates. This
phenomenon may be linked with specific properties of β1- and β2-ARs.
β1-ARs are distributed throughout the plasmalemma (in raft and non-
raft microdomains), while β2-ARs are mainly located into caveolae of
adult cardiomyocytes [9,12,54]. β1-AR stimulation leads to a global
increase in cAMP pool, whereas β2-AR activation triggers formation of
local cAMP signals, spreading of which can be strongly limited by PDEs
[12]. A greater abundance of caveolar system [32] and high density of
β2-ARs in atria [30] suggest that β2-ARs may contribute more to β-AR-
dependent contractility in atria [12]. Additionally, PDE4 is highly ex-
pressed in atria and in lipid raft fraction, and PDE4 function is speci-
fically modulated by β-AR stimulation [12,42,43,57]. It is conceivable
that β2AR-dependent activation of PDE4 may be enhanced by 24HC
and PDE4 could limit positive inotropic action of selective β2-AR sti-
mulation as well as non-specific β-AR stimulation. More close associa-
tion of PDE4 with β2-ARs was found to be implicated in heterologous
desensitization in response to neurohormonal stimuli [58]. β-AR acti-
vation could lead to dissociation of PDE4 from complex with activated
β1-ARs and association of PDE4 to internalized β2-AR/arrestin complex
(located in endosomes), which, in turn, facilitates cAMP accumulation
[14]. It may be a reason why IBMX and rolipram did not markedly
modify the inotropy of ISO in control, but potentiated it, when β1-ARs
were blocked. In this scenario, 24HC could inhibit the internalization of
β2-AR-PDE4 complex that may facilitate cAMP-hydrolyzing function of
PDE4 and prevent propagation of cAMP signal into the organelles.

The physiological relevance of the 24HC effects on β-AR-dependent
regulation is an open question. 24HC in the circulation mainly origi-
nates from neuronal cholesterol metabolism in response to high neu-
ronal activation [17–19]. Probably, plasma 24HC could limit effect of
β-AR overstimulation, thereby protecting cardiomyocytes. The en-
hanced PDE4 activity may limit cAMP-depended nuclear activity of
protein kinase A, that stimulates protein kinase A target genes and pro-
apoptotic factor, inducible cAMP element repressor, in cardiomyocytes
[57]. Changes in the plasma levels of 24HC were found at preclinical
stages of neurodegenerative diseases [20,25]. Therefore, 24HC can be
further studied as a possible element in connection of some neurode-
generative disorders with alteration of heart regulation [24,27,29].

5. Conclusions

In sum, present study suggests that 24HC, the main brain-derived
cholesterol metabolite, could affect β-AR-dependent regulation of atrial
contractions. Herein, 24HC specifically modulate β1- and β2-AR sig-
naling, thereby increasing or decreasing the inotropic effects of the β1-
and β2-AR activation, respectively. The underlying mechanism of 24HC
action may be related to the changes in NO production, PDE activity
and crosstalk between β1- and β2-ARs. The results of the our study are
subject to the limitations of pharmacological approaches and further
molecular and genetic studies are required to discover the precise
molecular mechanism of cardiac action of 24HC. Also, in vivo 24HC is
present in plasma in free and esterified forms [59], but in our experi-
ments 24HC (in vehicle DMSO) was added in physiological solution.
This limits a direct translation of our results to physiological situation.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.lfs.2019.01.054.
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