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Abstract
Doxorubicin (DOX) is widely used in chemotherapy, yet it significantly contributes to heart
failure-associated death. Acetylcholine (ACh) is cardioprotective by enhancing heart rate variability
and reducing mitochondrial dysfunction and inflammation. Nonetheless, the protective role of
ACh in countering DOX-induced cardiotoxicity (DIC) remains underexplored as current
approaches to increasing ACh levels are invasive and unsafe for patients. In this study, we explore
the protective effects of ACh against DIC through three distinct ACh administration strategies: (i)
freely-suspended 100 µMACh; (ii) ACh-producing cholinergic neurons (CNs); or (iii)
ACh-loaded nanoparticles (ACh-NPs). These are tested in in vitro cardiac spheroids (CSs), which
have previously been shown to approximate the complex DIC. We assess ACh’s protective effects by
measuring the toxicity ratio (cell death/viability), contractile activity, gene expression changes via
qPCR and nitric oxide (NO) signaling. Our findings show that ACh effectively attenuates
DOX-induced cell death and contractile dysfunction. ACh also counteracts the DOX-induced
downregulation of genes controlling myocardial fibrosis, endothelial and cardiomyocyte
dysfunction, and autonomic dysregulation. ACh cardioprotection against DOX is dependent on
NO signaling in endothelial cells but not in cardiac myocytes or fibroblasts. Altogether, this study
shows for the first time that elevating ACh levels showed a promising therapeutic approach for
preventing DIC.

1. Introduction

Doxorubicin (DOX) is an antineoplastic agent extens-
ively employed in treating various types of cancer,
such as leukemia, lymphoma, and others [1, 2].
Despite its clinical utility in oncology, DOX is notori-
ously associated with chronic cardiotoxicity, and it
is estimated that up to 65% of oncology patients
may experience DOX-induced cardiotoxicity (DIC).
This leads to adverse cardiac outcomes, including

reduced left ventricular ejection fraction, ventricu-
lar wall thickening, arrhythmias, and congestive heart
failure (HF) [2, 3]. The mechanisms involved in DIC
include inhibition of autophagy, DNA/RNA dam-
age, nitric oxide (NO) release, endothelial dysfunc-
tion, increase of inflammatory mediators, and cell
death [4]. While NO produced at a standard dose
in the heart maintains cardiac function and exerts
anti-apoptotic effects, excess NO in endothelial cells
can be detrimental, leading to cardiac dysfunction
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associated with increased cardiomyocyte death and
endothelial dysfunction [5]. Previous studies utiliz-
ing cardiac spheroids (CSs) models have elucidated
that DIC is mechanistically linked to NO synthesis,
through the activation of endothelial nitric oxide
synthase (eNOS) via its phosphorylation, facilitat-
ing superoxide generation [6]. DOX-mediated redox
activation of eNOS has been implicated in cardiac
apoptosis and eNOS-dependent reactive oxygen spe-
cies (ROS) generation, significantly contributing to
myocardial dysfunction [7]. Additionally, we previ-
ously showed that DOX increased necrotic death of
cardiac cells and reduced contractility function in CS
via NOS signaling in cardiac endothelial cells and
fibroblasts [8].

Previous studies have demonstrated the critical
role played by the neurotransmitter acetylcholine
(ACh) in regulating cardiovascular health for main-
taining cardiac homeostasis [9–11]. Unbalance in
ACh levels is characterized by sympathetic overactiv-
ation and parasympathetic deterioration, exacer-
bating cardiac mortality and impeding myocardial
regeneration [12–14]. Kalay et al [15] demonstrated
that carvedilol, a nonselective β-adrenoceptor antag-
onist, attenuated DOX-induced side effects and sig-
nificantly improved the left ventricular function in
patients. Additionally, Prathumsap et al [3] repor-
ted that activation of ACh receptors protected against
DOX-induced myocardial inflammation and cardi-
omyocyte cell death and reduced ROS levels by pre-
venting mitochondrial dysfunction. ACh has been
shown to protect against myocardial infarction [16,
17], ischemic-reperfusion injury [18–21], diabetes
[22] and heart failure [23, 24]. These cardiopro-
tective effects are associated with the restoration of
autonomic balance, reduction of heart rate variab-
ility, mitigation of mitochondrial dysfunction, and
attenuation of inflammatory responses [14, 18, 25,
26]. Notably, recent studies have demonstrated ACh’s
efficacy in ameliorating DIC in rat models through
the inhibition of NO synthase activity, diminution
of DOX-induced apoptosis, and alleviation of mito-
chondrial dysfunction [27–29]. However, the long-
term impact of DIC and the inadequacies of current
in vitro and in vivo models of the human heart fail
to capture the intricate pathophysiological landscape
and fully underscore the necessity for advanced mod-
eling techniques [30, 31].

This study employs CSs, 3D in vitro models of
the human heart, which are composed of human-
induced pluripotent stem cell-derived cardiomyo-
cytes (iCMs), human coronary artery endothelial cells
(HCAEC), and human cardiac fibroblasts (HCFs)
[32]. Following our previous research showing the
feasibility of testing DOX-induced toxicity in CSs, we,
therefore, use them in this study to evaluate the pro-
tective effects of ACh against DIC. We hypothesize
that ACh has protective effects against DOX-induced

toxicity inCSs. ACh cardioprotectionwas tested using
approaches: (i) either by adding freely-suspended
ACh against DOX-treated CSs; (ii) or by adding ACh-
producing iPSC-derived cholinergic neurons (CNs)
to CSs (CN-CSs). To prevent ACh hydrolyses and
its multitarget effects in the human body [33, 34],
we developed novel ACh-loaded nanoparticles (ACh-
NPs) made of poly-butylcyanoacrylate (PBCA) to
deliver ACh in small doses and to target the injured
area. PBCA-NPs have been thoroughly developed as
a drug delivery system for cancer chemotherapy [35–
37] and to pass through the brain-blood barrier [38,
39].Wang et al [40] demonstrated that PBCA-NPs are
safe, non-toxic, stable and can release the encapsu-
lated drug in primary rat aortic endothelial cells to
treat atherosclerosis. Given their unique properties,
our third (iii) approach to delivering ACh was based
on the addition of ACh-NPs to DOX-treated CS.

Our analytical approach to assess ACh cardi-
oprotection included toxicity ratio measurements
(dead/live cells), colocalization of a cell death marker
in the three cell types, contractile activity, and gene
expression analysis via qPCR. Furthermore, we aimed
to juxtapose ourDOX-treatedCSsmodelwith human
heart tissue specimens, including healthy cardiac tis-
sue, DOX cardiomyopathy, ischemic heart disease
(IHD), and dilated cardiomyopathy (DCM), focusing
on NOS signaling. This comprehensive study aims to
elucidate the cardioprotective potential of ACh and
to develop a novel and efficient therapeutic approach
using ACh-NPs at the early stage of DIC.

2. Material andmethods

The Human Ethics Committee of University of
Technology Sydney and Sydney Human Heart
Biobank, University of Sydney (HREC 2021/122),
approved the use of human left ventricle myocardial
tissue samples (UTS HREC REF NO. ETH21-5968,
approved till 27/05/26). Human heart samples were
from donor hearts that were not used for heart trans-
plantation because of primarily logistical reasons.
Anatomical pathology confirmed these tissues were
normal. Heart failure samples were from patients
with end-stage heart failure undergoing heart trans-
plantation. Donor and heart failure samples were
flash-frozen within 15 min of procurement.

2.1. Drugs and reagents
Cell culture: L-glutamine solution, penicillin-
streptomycin and fibronectin bovine plasma were
purchased from Sigma-Aldrich (catalogue num-
ber: G8540, P4458 and 10838039001, respect-
ively). Cardiomyocytes iCell plating medium and
iCell maintenance culture medium were purchased
from Fujifilm Cellular Dynamics (catalog number:
R1017). Laminin (Natural Mouse) was purchased
from Thermo Fisher Scientific (catalog number:
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23017015), and maintenance medium iN1(AP) was
purchased from Elixirgen Scientific (catalog number:
CH-MM).

Drugs: Acetylcholine chloride was used at 100µM
(catalog number: A266), Doxorubicin hydrochloride
was used at a concentration of 10 µM (catalog num-
ber: D1515), and Atropine was used at 50 µM (cata-
log number: PHR3846) were purchased from Sigma-
Aldrich.

Antibodies: Primary antibody purified mouse
anti-human CD31 (BD Bioscience, catalog num-
ber: 550389) were used to immunolabelled HCAEC.
Secondary antibody Alexa fluor® 647 affinipure™
goat anti-mouse IgG (H+L) (catalog number: 115-
605-003), Alexa fluor® 790 affinipure™ Goat Anti-
Mouse IgG (H+L) (catalog number: 115-655-146)
and Alexa fluor® 647 affinipure™ Goat Anti-Rabbit
IgG (H+L) (catalog number: 111-605-003) were pur-
chased from Jackson ImmunoResearch. Alexa fluor®
488 mouse monoclonal (vimentin—cytoskeleton
marker) was purchased from Abcam (catalog num-
ber: AB195877), and Troponin T-C (CT3) Alexa
fluor® 546 was purchased from Santa Cruz (catalog
number: sc-20025). Anti-choline acetyltransferase
(ChAT) rabbit anti-human primary antibody from
Sigma-Aldrich (catalog number: SAB5701171).

2.2. Generation of human cardiac spheroids (CSs)
and CSs with cholinergic neuronal cells (CNs)
Human induced pluripotent stem cell-derived car-
diomyocytes (iCMs) were obtained from Cellular
Dynamics (catalog number: R1017). HCFs and
human coronary artery endothelial cells (HCAEC)
were purchased from Cell Applications, Inc. (cata-
log numbers: 306-05A and 300-05A, respectively).
Cells were plated and cultured according to the sup-
plier’s instructions. Briefly, HCFs were cultured in
cardiac fibroblast growth medium, and HCAECs
were cultured in human MesoEndo Cell Growth
Medium (Cell Applications, Inc, catalog number
316-500 and 212-500, respectively). L-glutamine–
penicillin–streptomycin solution (1%) was added to
both media for nutrient enrichment. According to
the manufacturer’s guidelines, iCMs were cultured
in iCell plating medium and iCell maintenance cul-
ture medium in fibronectin pre-coated culture flasks
(Cellular Dynamics, catalog number: R1017).

Human CSs were generated using the methodo-
logies previously outlined [41, 42]. In summary, the
monolayer cell cultures were passaged with trypsin-
EDTA (Sigma-Aldrich; catalog number: T4049) and
TrypLETM Express Enzyme (Thermofisher Scientific;
catalog number: 12604021) for iCMs and then
counted with trypan blue solution (Thermofisher
Scientific; catalog number: 15250061). The cells were
then mixed accordingly based on the chosen cellu-
lar ratio of 2:1:1 (iCMs:HCF: HCAEC), which has
proven effective in mimicking the human heart’s

Figure 1. Schematic illustration of in vitro DOX-induced
CS modeling. (I) Co-culture of human IPSC-derived
cardiomyocytes (iCMs), human coronary artery endothelial
cells (HCAEC), and human cardiac fibroblast (HCF) with
or without CNs in a 3D petri dish. (II) Cardiac spheroids
(CS) were formed and matured after three days. (III) CS are
plated in collagen type I-biopolymer gel diluted with CS
media in a 96-well plate. (IV) Acetylcholine (ACh) was
added in some samples, as well as atropine, the antagonist
of ACh. (V) Doxorubicin (DOX) was added to the samples
and, after 24 h, underwent analyses. (VI) Human heart
tissue cryosection was also used to compare with our DOX
CS. (VII) The analyses are toxicity assay, immunolabeling
and confocal imaging, contractile measurement and qPCR
for in vitro, and nitric oxide synthase analysis for both
in vitro and ex vivo.

microenvironment and were centrifuged at 300 g for
5 min. The cell pellet was resuspended in 190 µl of
CS media, which is made up of iCMs media: HCF
media: HCAEC media (2:1:1, respectively) and was
plated in molten agarose 3D Petri dishes (81 wells)
(figure 1(I)). Prior to that, the 3D Petri dishes were
cast using micro-mold 3D Petri Dish® Microtissues®
(Sigma-Aldrich, catalog number: Z764027), follow-
ing the manufacturer’s guidelines using 2% agarose
(Sigma-Aldrich, catalog number: A4718) and diluted
in phosphate-buffered saline (PBS) (Sigma-Aldrich,
catalog number: D8537). To equilibrate the 3D Petri
dishes, they were submerged in cell culture medium
and left in the incubator (37 ◦C, 5%O2, 5%CO2)
overnight before use. Each CS contained 30 000 cells
andwas generated by co-culturing 15 000 iCMs (three
days post-thaw) with 7500 HCF and 7500 HCAEC,
the co-culturemedium, a blend tailored to the cellular
components, facilitated spheroid formation within
three days, with media replacements every two days
(figure 1(II)).

To evaluate the impact of ACh-producing CNs,
iCMs, HCAEC and HCF were co-cultured with
Quick-Neuron Cholinergic-Human iPSC-derived
Neurons (F, 74 yr donor) (Elixirgen Scientific, cata-
log number: CHSeV-CW50065-S) to form CNs.
According to the manufacturer protocol, CNs were
plated in Maintenance Medium iN1(AP) for 3 d.
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Before thawing the cell line, the plate was coated
overnight with laminin. According to previous stud-
ies, the ratio of the co-culture of neuronal cells to
cardiomyocytes is 1:1 [43–45]. Overall, the ratio of 2
iCMs: 2 CNs: 1 HCF: 1 HCAEC for the culture, with
the medium composition reflecting this ratio.

Upon reaching maturity after 3 d, both CS and
CNs (figure 1(III)) were harvested and transferred
to Falcon® 96-well Clear Microplates. These were
embedded in a 100 µl collagen rat tail type 1 biopoly-
mer gel (Merck, catalog number: 08-115) and mixed
at a 1:1 ratio with additional media to adjust the gel’s
pH to 7.

2.3. ACh and atropine treatment
After 2 d, 100 µM ACh was added to CS
(figure 1(IV)), with a concentration based on pre-
vious studies [46–48]. 50 µM atropine was added
after 2h of administrating ACh as well as atropine
was added to CNs after 2 d of being embedded in
hydrogel. Atropine is an antagonist of ACh to under-
stand the counter-effects of ACh.

2.4. Fabrication of ACh-NPs and PBCA-NPs
To prepare ACh-NPs, 10 mg of Polyvinylpyrrolidone
(PVP) (Sigma-Aldrich, catalog number: PVP40T)
was dissolved in 1 mL 10 mM citrate buffered solu-
tion of pH 3.5 to create a 1% w/v PVP solu-
tion. Subsequently, 10 mg of ACh was incorporated.
Following this, 10µl of PBCA (BRAUN, catalog num-
ber: 15054-BU) was injected into the mixture under
continuous stirring to achieve a 1% v/v PBCA solu-
tion. The mixture was then allowed to stir for 30 min
at room temperature and subsequently centrifuged
at 20 000 g for 30 min. After centrifugation, the pel-
let was resuspended in PBS of pH 7.4 and filtered
through a 1 µm PTFE syringe filter. The solution was
dried using a SpeedVac (SpeedVac™ SPD121P) on
an automated setting overnight for 12 h. The dry-
ing parameters were set as follows: a run temper-
ature of 45 ◦C, heat time of 2.00 h, run time of
2.00 h, and a vacuum level of 14 Torr. For the control
group involving PBCA-NPs, the same procedure was
employed, excluding the addition of Acetylcholine
chloride. The prepared nanoparticles were stored at
4 ◦C for a duration of up to one month.

2.4.1. Calculation of entrapment efficiency
Before transferring the NPs and spinning the solu-
tion, the weight of the empty tube (We) was noted.
After the lyophilization step, the weight of respect-
ive tubes (Ws) was retaken (i.e., tube with lyophilized
nanoparticles). The weight of NPs (Wn) is (Ws-We).

The PBCA-NPs are referred to as Wnc, and ACh-
NPs asWns. The formula for entrapment efficiency is
as follows:

Entrapment efficiency = (Wns −Wnc) /Wnc× 100.

2.4.2. Preparation of ACh-NPs and PBCA-NPs
CSmedia was added to 1.70mgmL−1 for either ACh-
NPs or PBCA-NPs and was sonicated for 12 min.
Then, further diluted with media, 100µl of the
solution was added per well at 0.17 mg mL−1

(figure 1(IV)).

2.5. Addition of DOX
After 2 h of adding either ACh alone or together
with atropine or ACh-NPs, 10 µm of DOX was
added to the samples for 24 h (figure 1(V)). After
that, the samples were analyzed through toxicity
assay, immunolabelled cell types against cell death or
eNOS, contractility assay, qPCR and stereo-seq ana-
lysis (figure 1(VII)).

2.6. Toxicity assay
The Live/Dead® Viability/Cytotoxicity Kit for mam-
malian cells (Invitrogen, catalog number: L32250)
was employed following the instructions to evaluate
cell viability, explicitly calculating the proportion of
cells dead (stained with Ethidium Homodimer) rel-
ative to those alive (marked by Calcein-AM stain-
ing). In addition, NucBlue® Live ReadyProbes®
Reagent (Hoechst 33342, Invitrogen, catalog num-
ber: R37605) was used as directed to determine the
total cell population. 4 h after application; observa-
tions were made using a Leica Stellaris 8 confocal
microscope (Leica Microsystems). Images were cap-
tured across three different fluorescent channels for
each sample to determine the live, dead, and total
cell counts. These images were analyzed using ImageJ
software (Fiji), quantifying the fluorescence intensity
of live versus dead cells, each compared to the total
area. The viability metrics, calculated as the ratio of
the dead-to-live cell, were initially compiled in Excel
version 2401 (Microsoft 365) and subsequently ana-
lyzed using GraphPad Prism for detailed evaluation.

2.7. Tissue and CS immunolabeling and confocal
imaging
To determine cell death for all cell types in CSs and
CNs-CSs, the samples were stained with Ethidium
Homodimer for at least 2 h then fixed with 10% neut-
ral buffered, 4% (w/v) formaldehyde (Sigma-Aldrich,
catalog number: HT5012) for 24 h. Afterward,
the samples were washed in phosphate buffered
saline/0.01% (w/v) sodium azide (0.01% (v/v) PBSA)
three times for a period of 30 min and were per-
meabilized in 0.02% (v/v) Triton-X-100 (30min).
The samples were then blocked with 3% (v/v) bovine
serum albumin (BSA)/PBSA solution (overnight).
First antibody mouse monoclonal anti-human CD31
(1:10, diluted in 3% BSA/PBSA) was added to
stain HCAEC and/or Anti-Choline Acetyltransferase
(ChAT) (1:100, diluted in 3% BSA/PBSA) antibody
to stain CNs overnight at 4 ◦C. The samples were
then washed with 0.001% (v/v) PBSA three times
and secondary antibody was added, Alexa fluor 647
goat anti-mouse (1:142, diluted in 3%BSA/PBSA) for
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CS and/or Alexa Fluor 647 Goat Anti-Rabbit (1:142,
diluted in 3% BSA/PBSA) and Alexa Fluor 790 Goat
Anti-mouse (1:142, diluted in 3% BSA/PBSA) for
CNs (overnight at 4 ◦C). The solution was removed,
and the samples werewashed three timeswith 0.001%
(v/v) PBSA. NucBlue® Live ReadyProbes® Reagent
(Hoechst 33342) was added for nuclei labeling in 3%
BSA/PBSA with cTNT (1:10) to stain iCMs and Alexa
Fluor® 488 vimentin (1:250) to stain HCF and the
solution was left overnight at 4 ◦C. The samples were
then washed with 0.001% (v/v) PBSA and stored at
4 ◦C.

To determine the concentration of eNOS level in
human heart tissue samples (healthy, IHD, DOX car-
diomyopathy and DCM) (figure 5(VI)), the frozen
samples were cut at 50 µM at 20 ◦C using the
NX70 cryostat (Leica Biosystems). We also evaluated
the level of eNOS production in CS (media only,
DOX and DOX ACh). All samples were fixed fol-
lowing the procedure above and stained with anti-
phospho-eNOS/NOS III (Ser 114) antibody (15 µg
mL−1, rabbit immunoaffinity purified antibody)
(Sigma-Aldrich; catalog number: 07-357) andMouse
Monoclonal anti-human CD31 overnight. After the
three washes with 0.001% (v/v) PBSA, secondary
antibodies were added following the conjugated anti-
bodies and Hoechst.

All samples including cell death colocalized
against all cell types and anti-phospho ENOS coloc-
alized against all cell types were visualized using
the Leica Stellaris 8 confocal microscope (Leica
Microsystems). Optical sectioning along the Z-axis
was performed, and the images collapsed into a
single focal plane using the manufacturer’s software,
Microscope Software Platform LAS X Life Science
(Leica Microsystems). The Z-stacks were processed
using IMARIS software (Oxford Instruments plc,
RRID:SCR_007370).

2.8. Fractional shortening and contractile
frequency measurements
The contractile function of CS and CNs were ana-
lyzed using a Nikon Eclipse Ti2-E inverted micro-
scope, and the contractility of each CS was recorded
using the time frame option on NIS-Elements soft-
ware. The fractional shortening percentage and the
frequency of contractions aremeasured using Image J.
This was done bymeasuring each sample’s total num-
ber of contractions and the total length of each CS
when contracted or relaxed.

2.9. mRNA isolation and quantitative polymerase
chain reaction (qPCR) analysis
mRNA was extracted from the collected samples and
analyzed through real-time polymerase chain reac-
tion (qPCR) to measure changes in cardiovascular
disease markers (angiogenesis, fibrosis, inflamma-
tion, cytoskeletal proteins, cell cycle-related proteins,
apoptosis).

RNA isolation was carried out utilizing the
guanidine-isothiocyanate lysis technique with the aid
of the RNeasy Mini Kit (Qiagen, catalog number:
74104). Initially, samples underwent lysis and homo-
genization in the presence of absolute ethanol (100%
v/v) to ensure optimal conditions for RNA binding.
Subsequently, the lysates were applied to a RNeasy
silica membrane for purification. The concentration
and purity of the isolated total RNA were determined
based on the absorbance ratio at 260 nm to 280 nm
(A260/280), measured in a 10 mM Tris-Cl solution,
pH 7.5. After quantification, each sample’s total RNA
was reverse transcribed into complementary DNA
(cDNA) using the RT2 First Strand Kit (Qiagen, cata-
log number: 330411). The resultant cDNA was then
diluted appropriately for subsequent analyses using
the RT2 SYBRGreen qPCRMasterMix (Qiagen, cata-
log number: 330503).

The qPCR assays were conducted on the
Quantstudio 12 K Flex Real-Time PCR System
(Thermo Fisher Scientific), employing the RT2
Profiler PCR Arrays (Qiagen, catalog number:
330231), which are designed to target mRNAs associ-
ated with human cardiovascular diseases specifically.
Data analysis was performed using Qiagen’s web-
based software, applying the fold-change (∆∆Ct)
method for quantitative assessment (N = 3).

2.10. Nitric oxide (NO) synthesis
Intracellular NO was detected using 1 µM DAF-FM
diacetate solution (Sigma-Aldrich; catalog number:
D2321) as previously described [6] Briefly, CS were
treated with or without L-NIO (100 µM, Sigma-
Aldrich; catalog number: 400600) for 60min after two
days of being plated in collagen gel. Then DOX, ACh
andDOX+AChwere added and left in for two hours.
The samples were rinsed twice with PBS, and 1µM
DAF-FMDA solution was freshly prepared in DMEM
media with no phenol red (Thermo Fisher Scientific;
catalog number: 21063029). After two hours, DAF-
FM diacetate solution was removed, and the samples
were rinsed twice with PBS, and fresh media was
added. The samples were imaged using Leica Stellaris
8 confocal microscope (Leica Microsystems). Optical
sectioning along the Z-axis was performed, and the
images were collapsed into a single focal plane using
Image J software (maximum intensity). NO synthesis
was calculated by normalizing measurements against
a total number of cells and then against all samples
with Image J and analyzed using GraphPad Prism™
(La Jolla, CA).

2.11. Statistical analysis
Data were analyzed using GraphPad Prism software to
calculate mean ± SEM, and a one-way ANOVA test
(Turkey multiple comparisons) or t-test were used to
compare every sample. Significance was set to p< 0.05.
For gene expression for the qPCR analysis, fold changes
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were calculated as 2∧(-Avg.∆∆Ct) and analyzed based
on Qiagen web-based software.

3. Results

3.1. Addition of ACh protects against DOX-induced
toxicity and reduction in contractile activity
To evaluate the cardioprotective effects of ACh against
DOX-induced toxicity, we added freely-suspended
100 µM ACh to DOX-treated for 24 h. We meas-
ured the toxicity ratio (dead/live cells) in CSs by
staining dead cells with ethidium homodimer and
live cells with calcein-AM. As shown in figures 2(A)
and (B), the addition of ACh significantly reduced
cell death and increased cell viability in DOX-treated
CSs, while atropine (an ACh antagonist) counterac-
ted ACh’s protective effects.

Subsequently, we colocalized ethidium homod-
imer as a marker of cell death with cell-specific
markers to identify cell-specific responses to ACh
cardioprotection using IMARIS 3D rendering soft-
ware. Our findings showed that ACh significantly
attenuated DOX-induced death of cardiomyocytes
(figure 2(C)), endothelial cells (figure 2(D)) and car-
diac fibroblast (figure 2(E)). The addition of atropine
counteracted ACh’s effect, resulting in a signific-
ant increase in cardiomyocyte cell death in DOX-
treated CSs, with no significant changes in cardiac
endothelial cells and fibroblasts.

To evaluate any effects of ACh on DOX-induced
reduction in CS contractile activity, we measured
their contraction frequency and fractional shorten-
ing % (FS%) [8]. Our results showed that ACh pro-
tected against DOX-induced reduction in FS% while
the addition of atropine counteracted ACh’s protect-
ive effects (figure 2(H)). ACh did not significantly
improve contraction frequency in DOX-treated CSs
(figure 2(G)). To identify the mechanisms regulating
ACh cardioprotection, we performed qPCR analyses
of genes regulating cardiovascular pathophysiology
(supplementary table 1). ACh significantly reversed
DIC-induced upregulation of cardiac remodeling
genes, such as matrix metallopeptidase 13 and renin
(REN), indicative of extracellular matrix (ECM)
protein degradation. Additionally, ACh reduced the
DOX-induced increase of SNCA (alpha-synuclein)
mRNA levels, which regulates apoptosis. The addi-
tion of ACh to DOX-treated CSs also increased phos-
phodiesterase 5A (PDE5A), which controls the β-
adrenergic system.

3.2. Cholinergic neurons (CNs) protect against
DOX-induced toxicity and reduction in contractile
activity
We next sought to elucidate the cardioprotective role
of ACh-derived from cholinergic nerves against DOX

Figure 2. Protective role of addition of ACh against DOX
CS. (A) Confocal stack images of CSs treated as follows: (i)
media only (control); (ii) 10 µMDOX; (iii) 10 µM
DOX+ 100 µMACh; and (iv) 10 µMDOX+ 100 µM
ACh+ 50 µM atropine. CSs were stained with Hoechst
(blue, nuclei), calcein-AM (green, live cells) and ethidium
homodimer (red, dead cells). The magnification bars equal
100 µm. (B) Toxicity ratio (dead cells/ live cells, normalized
against control); N ⩾ 5. (C) Colocalization of
cTNT-positive cells (iCMs) and cell death (ethidium
homodimer) in CSs; N ⩾ 3. (D) Colocalization of
CD31-positive cells (HCAECs) and cell death (ethidium
homodimer) in CSs; N ⩾ 3. (E) Colocalization of
vimentin-positive cells (HCFs) and cell death (ethidium
homodimer) in CSs; N ⩾ 3. (F) Schematic illustration of
the protective effects of ACh against DOX based on the
colocalization measurements in (C)–(E). (G) Fractional
shortening % (FS%) in CSs; N > 7. (H) Contraction
frequency of CS; N > 7. (B)–(E) and (G), (H) Each
individual point in the figures corresponds to a replicate of
a single CS and mean± SEM, with error bars indicating the
standard error of the mean. Statistical significance is
denoted as P < 0.05= ∗, p< 0.01= ∗∗, p< 0.001= ∗∗∗

and p< 0.0001= ∗∗∗∗, analyzed using One-way ANOVA
followed by Tukey’s multiple comparisons tests (normalized
against control except for (G) and (H)).

by co-culturing CNs with CSs (CN-CSs). As illus-
trated in figure 3(A), viable cells stained with calcein-
AM and dead cells stained with ethidium homodi-
mer either in the presence or absence of DOX when
CNs were added to CSs. These observations were
confirmed by our statistical analysis of the toxicity
ratios (figure 3(B)). Atropine significantly increased
the toxicity ratios in DOX-treated CSs (figures 3(A)
and (B)), supporting an ACh-dependent protective
effect. After the colocalization of ethidium homodi-
mer (cell death marker) with cell-specific markers in
CN-CSs, we measured no significant changes in cell
death for cardiomyocytes (figure 3(C)), endothelial
cells (figure 3(D)), fibroblasts (figure 3(E)), and CNs
(figure 3(F)) following DOX treatment. On the con-
trary, atropine increased DOX-induced toxicity in
CN-CSs specifically in endothelial cells (figure 3(D)).

The addition of CNs to DOX-treated CSs also
prevented any changes in contraction frequency
(figure 3(G)) and FS% (figure 3(H)), while atropine
significantly reduced contractile activity in CN-CSs
(figures 3(g) and (H)).
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Figure 3. Protective role of ACh-producing CNs against
DIC in CN-CSs. (A) Epifluorescence stack images of
CN-CSs treated as follows; (i) media only (control); (ii)
10 µMDOX; (iii) 10 µMDOX+ 50 µM atropine. CN-CSs
were stained with Hoechst (blue, nuclei), calcein-AM
(green, live cells) and ethidium homodimer (red, dead
cells). The magnification bars equal 100 µm. (B) Toxicity
ratio (dead cells/ live cells, normalized against control);
N ⩾ 6. (C) Colocalization of cTNT-positive cells (iCMs)
and cell death (ethidium homodimer) in CN-CSs; N ⩾ 4.
(D) Colocalization of CD31-positive cells (HCAECs) and
cell death (ethidium homodimer) in CN-CSs; N = 3. (E)
Colocalization of vimentin-positive cells (HCFs) and cell
death (ethidium homodimer) in CN-CSs; N ⩾ 4. (F)
Colocalization of ChAT expression in CNs and cell death
(ethidium homodimer) in CN-CSs; N = 4. (G)
Contraction Frequency of CN-CSs; N ⩾ 7. (H) FS%
analysis of CN-CSs; N ⩾ 7. (B)–(H) Each individual point
in the figures corresponds to a replicate of a single CS and
mean± SEM, with error bars indicating the standard error
of the mean. Statistical significance is denoted as
P < 0.05= ∗, p< 0.01= ∗∗, p< 0.001= ∗∗∗ and
p< 0.0001= ∗∗∗∗, analyzed using One-way ANOVA
followed by Tukey’s multiple comparisons tests (normalized
against control except for (G) and (H)).

When we measured changes in gene expression
levels, monoamine oxidase-A (MAOA) was signific-
antly increased in DOX-treated CN-CSs compared
to CN-CSs (supplementary table 2). MAO controls
the breakdown of other neurotransmitters, such as
serotonin, epinephrine, norepinephrine, and dopam-
ine. Following the addition of DOX to CN-CSs, we
also measured an upregulation in adrenergic recept-
ors ADRA1A and ADRA1D, which regulate cat-
echolamines, norepinephrine and epinephrine sig-
naling. DOX also upregulated phosphodiesterase 3B,
which regulates lipolysis, energy homeostasis and
insulin secretion, in CN-CSs.

3.3. ACh-NPs protect against DOX-induced cell
death and reduction in contraction function
Given the fact that ACh hydrolyses rapidly and higher
doses might be used to achieve the desired biological
response, there is a high chance that systemic ACh
administration could lead to undesired side effects,
including lacrimation, salivation, tremors, loss of
motor activity, hypothermia, and tonic convulsions
[49]. To deliver ACh in a targeted manner and pre-
vent its potential side effects in other tissues and

organs while also reducing its dose, we generated
a novel therapeutic approach for ACh delivery in
combination with PBCA-NPs. ACh-NPs were created
by loading ACh in PBCA-NPs, with a loading effic-
acy of 17.50% (supplementary figure S1 and supple-
mentary table S3). Further characterization of ACh-
NPs was performed, and the results from 3 biolo-
gical and technical replicates showed that the size of
ACh-NPs was 108.304 nm± 6.805, the polydispersity
index was 0.117 ± 0.052 and the Z-potential was
4.754 mV± 0.955 (supplementary table S4).

As indicated in figures 4(A) and (B), ACh-NPs
significantly mitigated DOX-induced toxicity in CSs,
while control PBCA-NPs (which did not contain
any ACh) had no significant protective effects. After
our colocalization of DOX-treated CSs with eth-
idium homodimer (cell death) and antibodies against
the three cell types, we found that ACh-NPs sig-
nificantly attenuated cell death in endothelial cells
(figure 4(D)) and fibroblasts (figure 4(E)), while
this effect was not statistically significant in cardi-
omyocytes (figure 4(C)). The protection provided
by ACh-NPs against cell death was supported by
similar effects on contractile frequency and FS%
(figures 4(f) and (G)). Although we demonstrated
significant effects of ACh-NPs compared to DOX, we
did not include DOX+ PBCA-NPs as a control group
for figures 4(C)–(G) due to limitations in resources
and funding.

3.4. ACh inhibits phospho-eNOS expression in
endothelial cells of DOX-treated CSs
We previously identified NO through the activation
of eNOS signaling as a major regulator of DOX-
induced toxicity in endothelial cells and fibroblasts
in CSs [6] Therefore, we investigated whether ACh
could inhibit NO signaling following DOX treatment
in CS (figure 5(A)). We, therefore, measured any
changes in intracellular NO production using DAF-
FM, which becomes fluorescent in the presence of
NO within cells. ACh did not significantly decrease
the overall NO in CSs (supplementary figure S2).
However, after colocalizing antibodies against activ-
ated eNOS (phospho-eNOS) and antibodies stain-
ing cell-specific markers, ACh significantly inhibited
eNOS activation in endothelial cells (figures 5(B)–
(E)), suggesting that ACh protection against DOX
toxicity in CSs is dependent on NO signaling within
endothelial cells. This is consistent with previous
findings highlighting a dual role of NO in being both
cardioprotective at homeostasis and cardiotoxic when
exacerbated to high levels, especially in the generation
of peroxynitrite [6].

To potentially translate our in vitro findings
to human heart samples, we stained human heart
biopsies from the Sydney Heart Biobank with
antibodies against phospho-eNOS and antibodies
against the markers of the three cell types in CSs
(supplementary figure S3). Consistent with our
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Figure 4. Protective role of ACh-NPs against DOX CS. (A)
Confocal stack images of CSs treated as follows: (i) media
only (control); (ii) 10 µMDOX; (iii) 10 µM
DOX+ ACh-NPs; and (iv) 10 µMDOX+ PBCA-NPs. CSs
were stained with Hoechst (blue, nuclei), calcein-AM
(green, live cells) and ethidium homodimer (red, dead
cells). The magnification bars equal 100 µm. (B) Toxicity
ratio (dead cells/ live cells, normalized against control);
N ⩾ 7. (C) Colocalization of cTNT-positive cells (iCMs)
and cell death (ethidium homodimer) in CSs; N ⩾ 4. (D)
Colocalization of CD31-positive cells (HCAECs) and cell
death (ethidium homodimer) in CSs; N ⩾ 4. (E)
Colocalization of vimentin-positive cells (HCFs) and cell
death (ethidium homodimer) in CSs; N ⩾ 4. (F) FS% in
CSs; N ⩾ 5. (G) Contraction Frequency in CSs; N ⩾ 5.
(B)–(G) Each individual point in the figures corresponds to
a replicate of a single CS and mean± SEM, with error bars
indicating the standard error of the mean. Statistical
significance is denoted as P < 0.05= ∗, p< 0.01= ∗∗,
p< 0.001= ∗∗∗ and p< 0.0001= ∗∗∗∗, analyzed using
One-way ANOVA followed by Tukey’s multiple
comparisons tests (normalized against control except for
(F) and (G)).

in vitro results in CSs, DOX significantly increased
phospho-eNOS expression in endothelial cells in
human heart tissues (supplementary figure S3(C)).
Altogether, our in vitro and ex vivo findings support
that ACh is cardioprotective against DOX by inhibit-
ing eNOS signaling in endothelial cells.

4. Discussion

Previous studies showed that ACh is protective
against cardiovascular disease [18, 22, 24, 50],
Alzheimer’s disease [51–53] and dementia [54, 55].
Increasing ACh levels through vagus nerve stim-
ulation (VNS) and cholinesterase inhibitors, such
as donepezil, are cardioprotective against DIC by
improving mitochondrial function, reducing car-
diomyocyte apoptosis and improving left ventricles
function in ratmodels [3, 27–29].However, VNS is an
invasive surgical procedure [56], and cholinesterase
inhibitors lead to adverse drug reactions, including
tiredness, panic, sweating, diarrhea, vomiting,muscle
tension, speech difficulty, and involuntary tremors
[57]. VNS protects against endothelial dysfunction
[58] and prevented contractile dysfunction in DOX-
induced rat models [50, 59]. However, clinical tri-
als using ACh and VNS have shown mixed results,

Figure 5. Effect of ACh on nitric oxide synthase through
eNOS pathway. (A) Schematic illustration of DOX-induced
cell death in CSs dependent on eNOS signaling and
potential ACh-mediated protection in endothelial cells and
fibroblasts via eNOS inhibition. (B) 3D rendering images of
the three cell types of CS against ENOS. Samples are as
follows: (i) media only (control); (ii) 10 µMDOX; (iii)
10 µMDOX+ 100 µMACh; and (iv) 100 µMACh. CSs
were stained with vimentin (cyan, HCF), cTNT (green,
iCMs), CD31 (magenta, HCAECs), and anti-phospho
eNOS (yellow, eNOS) in CS. Magnification bars are 100 µm
and 20 µm. (C) Colocalization of cTNT against
anti-phospho ENOS in CS; N ⩾ 9. (D) Colocalization of
CD31 against anti-phospho ENOS in CS; N ⩾ 7. (E)
Colocalization of vimentin against anti-phospho ENOS in
CS; N ⩾ 6. (C)–(E) Data are presented as individual points
and mean± SEM, with error bars indicating the standard
error of the mean. Statistical significance is denoted as
P < 0.05= ∗, p< 0.01= ∗∗, p< 0.001= ∗∗∗ and
p< 0.0001= ∗∗∗∗, analyzed using One-way ANOVA
followed by Tukey’s multiple comparisons test (normalized
against control).

mostly due to the lack of a systematic approach in the
experimental plan [34]. We have previously shown
that CSs can be used to study DOX-induced toxicity
and potentially prevent its toxic effects by inhibit-
ing downstream signaling pathways by using either
pharmacological or genetic inhibition [6]. In this
study, we demonstrated that the addition of ACh
through the three delivery methods reduced total cell
death (figures 2–4). However, ACh-NPs predomin-
antly reduced cell death in endothelial cells and fibro-
blasts (figure 4), which is consistent with our previous
findings in CSs [6], where eNOS signaling inhibition
reduced DOX-induced toxicity. Additionally, ACh-
NPs also protected against the reduction in contrac-
tion frequency and FS% (figure 3).

Our results in CSs on DOX-dependent eNOS sig-
naling in endothelial cells are consistent with the ones
in ex vivoDOX-treated biopsies (figure 5 and supple-
mentary figure S3). It is only with the use of in vitro
CSs that we were then able to show that ACh reduced
eNOS activation in endothelial cells following DOX
treatment [6], which was associated with improved
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viability and contractile function (figure 2). Our find-
ings are consistent with previous studies. At physiolo-
gical concentrations, NO plays a protective role in
the heart when synthesized by eNOS in both cardi-
omyocytes and endothelial cells [60].NO release from
vascular eNOS regulates myocyte relaxation, diastolic
function and vascular function [61–63]. It also plays
a crucial role in cardiomyocyte functions, such as ion
channel regulation, contractility, Ca2+ homeostasis,
cell growth and survival [64]. Nevertheless, excessive
eNOS activation in endothelial cells can trigger DOX-
induced toxicity in cardiomyocytes [6]. Kalivendi
et al [65] demonstrated that inhibiting eNOS in
endothelial cells attenuated DOX-induced ROS pro-
duction and apoptosis. Kuwabara et al [66] reported
that increasing ACh in cardiomyocytes during hyp-
oxia led to an increase inNOproduction, which activ-
ated the production of vascular endothelial growth
factor and accelerated angiogenesis [66]. Oikawa
et al [5] showed that knocking down a heart-specific
choline acetyltransferase (ChAT) leads to a signific-
ant decrease inNOproduction in cardiomyocytes and
cardiac dysfunction in mice.

Our results also suggested that ACh protected CSs
against DIC by inhibiting ECM protein degradation,
myocardial fibrosis and cardiac remodeling through
MMP-13 (supplementary table 1). DOX upregulates
MMP-13 expression, which is also a typical feature
of vascular disease, myocardial fibrosis and cardiac
remodeling [67–70]. Furthermore, the administra-
tion of ACh reduced the overexpression of the SNCA
(supplementary table 1), which is a common bio-
marker for Parkinson’s disease and is highly expressed
in patients with stroke or atrial fibrillation, impair-
ing the autonomic system by increasing norepineph-
rine levels and inhibiting ACh-induced relaxation
[71]. Studies have also shown that DIC causes a
shift in the autonomic balance toward sympath-
etic predominance [27, 72] and has an atropine-like
inhibitory effect on cardiac ACh receptor signaling,
drastically reducing cardiac contractility and heart
rate [3, 73]. Our results demonstrated that increas-
ing ACh in DOX-treated CSs led to the upregulation
of PDE5A expression (supplementary table 1), which
activates β-adrenergic receptors and is responsible
for pressure overload in the heart [74, 75]. We also
measured an upregulation of MAOA and adrener-
gic receptors, including ADRA1A and ADRA1B, in
ACh-derived CNs exposed to DIC (supplementary
table 2). These genes are associated with the sym-
pathetic nervous pathway, and the elevation of cat-
echolamines, epinephrine, and norepinephrine are
hallmarks of many cardiovascular disorders [76].
Moreover, emerging evidence suggests that ADRA1A
could provide cytoprotective effects by enhancing
contractility [77] and activating glucose intake [78]
in cardiomyocytes.

In this study, we demonstrated for the first
time a novel therapeutic approach using ACh-
NPs that has shown to be promising in improv-
ing contractile function and reducing necrotic death
in endothelial cells and fibroblasts against DOX-
induced CSs (figure 4(A)). To ensure specificity to
ACh in any effects of ACh-NPs in CSs and not to the
PBCA-NPs themselves, we also tested the effects of
PBCA-NPs (without any ACh), as a negative control
[79]. Our findings indicated that PBCA-NPs had no
effects (figure 4(A)). However, further studies are
required to explore the protective role of ACh-NPs
specifically in cardiomyocytes and their long-term
effects. Future work should also revolve around the
efficacy and delivery of ACh-NPs including improv-
ing their stability, targeting efficiency, and controlled
release properties, which is necessary. Comparative
studieswith in vivomodels usingmurine or pigmodel
are also necessary to validate our findings from the CS
model and establish their relevance to human cardiac
physiology and disease.

One limitation of our study is that while we have
demonstrated the potential protective effects of ACh
against DOX,we have yet to quantify the final concen-
tration of freely-dissolved ACh and ACh-NPs within
CSs. Future studies will incorporate the use of a
choline/acetylcholine quantification kit to measure
ACh levels accurately. Additionally, to better under-
stand ACh-NPs’ delivery mechanism and optimize
therapeutic strategies, we will investigate the localiza-
tion of ACh-NPs within CSs.

Another critical consideration is the potential
variability in the response of CS models compared
to in vivo conditions. Although CSs effectively mimic
human heart tissue pathophysiology, they lack cer-
tain features that are dependent on blood flow
and multi-organ responses. Future studies on DOX-
induced toxicity could address these limitations by
incorporating other cell types, such as inflammat-
ory, immune, and sympathetic neuron cells, as well
as dynamic conditions like blood flow and parac-
rine effects. Such an approach would provide a
more comprehensive understanding ofDOX-induced
toxicity mechanisms. Additionally, evaluating DOX-
induced toxicity in both heart and cancer tissues
could help determine the optimal dosage of DOX
in conjunction with the cardioprotective effects of
ACh-NPs.

Other limitations include the timing of ACh-NPs
administration. In our study, ACh-NPs were admin-
istered prior to DOX-induced myocardial damage in
CSs, whereas cardiotoxicity in cancer patients often
manifests years after DOX treatment, sometimes up
to 17 years later [80]. This underscores the import-
ance of investigating the timing of ACh-NPs deliv-
ery to patients. Administering ACh-NPs before DOX
treatmentmight prevent chronicmyocardial damage,
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but further studies are needed to confirm this. It will
also be critical to determine the most effective deliv-
ery method for ACh-NPs, whether intravenously or
orally.

Lastly, while our in vitro models have demon-
strated promising results, translating these findings to
clinical settings remains a challenge. The complexity
of human CVD may not be fully replicated in animal
models, and species-specific and sex-specific differ-
ences in response to ACh treatments must be con-
sidered. Future research should include in vivo exper-
imentation in both small and large animal models,
such as pigs, which possess cardiac functions compar-
able to humans. [79] These efforts will be essential to
bridging the gap between preclinical studies and clin-
ical applications.

5. Conclusion

In conclusion, our study highlights the potential of
increasing ACh levels as a therapeutic strategy against
DIC and underscores the utility of the CS model in
advancing our understanding of cardiac protection
mechanisms. Our findings support the protective role
played by ACh against DOX-induced toxicity, nec-
rosis, reduction in contractile function and progres-
sion to HF. We also showed for the first time that
ACh-NPs could be a promising therapeutic approach
to attenuate DOX-induced cell death in endothelial
cells and fibroblasts and prevent contractile dys-
function. However, additional studies are required
to evaluate the optimal dosage of ACh-NPs deliv-
ery and to translate our in vitro findings to in vivo
studies.
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