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Abstract

Background and purpose: Anthracycline-induced cardiotoxicity, particularly from

doxorubicin, remains a major limitation in cancer therapy, contributing to heart failure

and long-term morbidity. Prokineticin receptor-1 (PKR1), involved in cardiomyocyte

survival and anti-fibrotic signalling, represents a promising therapeutic target. This

study evaluated the cardioprotective potential of IS39, a novel non-peptide PKR1

agonist, in models of doxorubicin-induced cardiac injury.

Experimental approach: In silico ADME–toxicity profiling, scaffold optimisation and

molecular docking were used to refine non-peptide PKR1 agonists, replacing the dehy-

droamide moiety of first-generation compounds with a D-aminoacyl group to enhance

metabolic stability. The lead compound IS39 was evaluated in vitro in primary cardiomyo-

cytes and in vivo in a murine model of doxorubicin-induced cardiotoxicity. Parallel studies

assessed potential interference with doxorubicin antitumour activity in breast cancer cell

lines and 3D tumour spheroids. Endpoints included cardiomyocyte viability, oxidative

stress, fibrotic markers, cardiac function, histopathology and systemic tolerability.

Key results: IS39 selectively activated PKR1, reduced reactive oxygen species, sup-

pressed profibrotic gene expression and protected cardiomyocytes from

doxorubicin-induced cytotoxicity in vitro. These effects were abolished by PKR1

knockdown or antagonism, confirming on-target activity, and IS39 did not impair

doxorubicin antitumour efficacy. In vivo, IS39 preserved left ventricular ejection frac-

tion, attenuated myocardial fibrosis and apoptosis, and improved cardiac morphology.

However, systemic IS39 administration exacerbated doxorubicin-associated weight

loss and did not improve overall survival.

Abbreviations: CO, Cardiac output; Col1A1, Collagen 1A1; DAPI, 40 ,6-Diamidino-2-Phenylindole; DCFDA, 5(6)-Carboxy-20 ,70-dichlorofluorescein diacetate; DOX, Doxorubicin; EC, Endothelial

Cell; EGFP, enhanced green fluorescent protein; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; GFP, Green Fluorescent Protein; GPCR, G Protein-Coupled Receptor; H2A.X, Histone

H2A.X; H9c2, Cell Line Derived From Embryonic Rat Cardioblasts; OCHEM, Online Chemical Database and Modelling Environment; PI3K, Phosphoinositide 3-kinase; PK2, Prokineticin-2;

TUNEL, Terminal Deoxynucleotidyl Transferase dUTP Nick-End Labelling.
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Conclusions and implications: IS39 confers cardioprotection via PKR1-mediated

antioxidant and antifibrotic mechanisms. Despite systemic tolerability limitations,

these findings support PKR1 as a therapeutic target and justify development of

tissue-selective PKR1 agonists for cardio-oncology applications.
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1 | INTRODUCTION

Cardiotoxicity remains a major clinical challenge in oncology and inter-

nal medicine, with long-term cardiovascular complications emerging

as a significant cause of morbidity and mortality among cancer survi-

vors (Nebigil et al., 2020; Zamorano et al., 2016). Despite decades of

research into the pathophysiological mechanisms underlying cardiac

injury and the development of cardioprotective drugs, clinically

approved cardioprotective therapies remain scarce (Audebrand

et al., 2019; Biswal et al., 2025).

Most existing therapies for heart failure, such as ACE inhibitors,

β-adrenoceptor antagonists (beta-blockers) and mineralocorticoid

receptor antagonists (Maddox et al., 2024), were developed to man-

age haemodynamic imbalance and neurohormonal activation, rather

than to directly prevent or reverse cardiac cellular cardiotoxicity

(Armenian et al., 2017; Audebrand et al., 2019; Hsu et al., 2021;

Linders et al., 2024). Moreover, cardioprotective agents that target

precise molecular pathways implicated in chemotherapy-induced car-

diac injury have been limited by suboptimal efficacy in large clinical

trials because of poor pharmacokinetics and limited tissue specificity

(Cardinale et al., 2015; Lyon et al., 2020).

This therapeutic gap is particularly critical in the context of doxo-

rubicin (DOX)-induced cardiotoxicity (Nebigil & Desaubry, 2018), a

dose-limiting adverse effect, affecting approximately 9% of patients

within a year of exposure and up to 26% at 10 years, according to

long-term cohort studies (Armenian et al., 2017; Linders et al., 2024).

There is currently no specific treatment for anthracycline-related

heart failure beyond conventional heart failure regimens, underscoring

the urgent need for novel agents that can both protect cardiac tissue

without diminishing oncological efficacy.

Cardioprotective G protein-coupled receptor (GPCR) signalling

provides a promising therapeutic avenue. GPCRs play pivotal roles in

regulating cardiomyocyte survival, angiogenesis, anti-apoptotic signal-

ling, and the modulation of inflammatory and fibrotic responses

(Wang et al., 2018). Despite this therapeutic potential, selective small-

molecule GPCR agonists with favourable pharmacokinetic and safety

profiles remain underrepresented in the clinic.

One particularly promising target is the prokineticin receptor-1

(PKR1), a class A GPCR that promotes cardiomyocyte survival and

maturation (Arora et al., 2025; Urayama et al., 2007), inhibits fibrosis,

and regulates energy homeostasis (Dormishian et al., 2013; Nguyen

et al., 2013; Szatkowski et al., 2013), thereby supporting cardiac repair

(Nebigil, 2017; Vincenzi et al., 2023; Vincenzi & Nebigil, 2025). The

non-peptide selective PKR1 agonist, IS20, developed using in silico

strategies (Gasser et al., 2015) displayed beneficial effects in preclini-

cal DOX-induced cardiotoxicity models (Gasser et al., 2019), but its

dehydroamide scaffold confers metabolic instability, thereby limiting

its translational potential.

To address these limitations, IS39, a novel, metabolically stable,

tyrosine-based PKR1 agonist, was designed. In this study, we present

pharmacological characterisation and preclinical efficacy of IS39 in

cellular and animal models of DOX-induced cardiac injury, demon-

strating robust cytoprotective and anti-fibrotic activity via selective

PKR1 activation without altering anti-tumour effects of DOX.

Although IS39 enhanced DOX-associated weight loss, which likely

contributed to the lack of improvement in overall survival, its favour-

able cardiac profile identifies PKR1 agonism as a promising strategy

for the development of next-generation cardioprotective agents in

oncology and potentially for the treatment of metabolic

cardiomyopathy.

What is already known

• Doxorubicin cardiotoxicity severely limits cancer treat-

ment, with no specific cardiac therapy available.

• PKR1, a cardioprotective GPCR, can be targeted by non-

peptide agonists like IS20.

What this study adds

• IS39 is a novel, metabolically stable PKR1 agonist with

improved drug-like properties.

• IS39 protects against doxorubicin-induced cardiac injury

without compromising antitumour efficacy.

Clinical significance

• IS39 highlights PKR1 agonism as a strategy to prevent

chemotherapy-induced cardiotoxicity.

• PKR1 ligand development may enable targeted therapies

for cardiovascular and metabolic disorders.
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2 | METHODS

2.1 | Materials

2.1.1 | Reagents and cell lines

Rat embryonic cardiomyoblasts (H9c2; CRL-1446), human cardiomyo-

cytes (AC16; CRL-3568), human aortic endothelial cells (HAEC; CRL-

4052, RRID:CVCL_Z065), Chinese hamster ovary cells (CCL-61,

RRID:CVCL_0214) and the breast cancer cell line, MDA-MB-231 (RRID:

CVCL_0062) were obtained from the American Type Culture Collection

(ATCC, Rockville, MD, USA). Green fluorescent protein (GFP)-expressing

human umbilical vein endothelial cells (ECs) (PELOBiotec Cat# PB-CAP-

0001GFP), human pulmonary fibroblasts (FBs, PELOBiotec Cat# PB-CH-

450-0811) and the respective growth media were purchased from PELO-

biotech GmbH (Planegg, Germany). Cell culture media were purchased

from PELObiotech GmbH (Planegg, Germany).

Culture ware included T75 flasks (Corning, NY, USA), clear-bottom

black 96-well plates and ultra-low-attachment 96-well plates (ULA; S-Bio,

Hudson, NH, USA). Key reagents included a cell viability assay kit and

white opaque 96-well plates (Nunc), TRIzol reagent, OCT compound,

SuperFrost Plus slides, 40 ,6-Diamidino-2-Phenylindole (DAPI), Lipofecta-

mine 2000 (all from Thermo Fisher Scientific, Waltham, MA, USA) and

doxorubicin hydrochloride (Sigma-Aldrich/Merck, Darmstadt, Germany).

Additional chemicals and reagents such as Triton X-100, bovine serum

albumin (BSA), Eukitt, dextran T250, sucrose, CaCl₂, Tris-maleate buffer,

AMP, Pb (NO₃)₂, MnCl₂, (NH₄)₂S and dihydrorhodamine-123 (DHR-123)

were also obtained from Sigma-Aldrich. The PKR1 agonist PC25 (30 nM)

was synthesised by Laurent Désaubry. Apoptosis and reactive oxygen

species (ROS) were assessed using the TUNEL and ROS Detection Kits

(Abcam). PKR1 was down-regulated, using siRNA specific for PKR1

(Dharmacon, Paris France).

2.1.2 | Computational methods and chemical
syntheses

Ligand docking was performed using GOLD 3.0.1 (Cambridge Crystal-

lographic Data Centre, UK) employing a genetic algorithm, as previ-

ously described (Gasser et al., 2015). IS36, IS37 and IS39 were

synthesised via established multi-step procedures detailed in the

Supporting Information.

2.1.3 | In silico toxicological and pharmacokinetic
assessment

Toxicological and pharmacokinetic properties of IS20, IS37 and IS39 were

predicted using QSAR models implemented in the Online Chemical Data-

base and Modelling Environment (OCHEM) platform (Sosnin et al., 2019).

Chemical structures were submitted as SMILES strings and evaluated

using Registry of Toxic Effects of Chemical Substances (RTECS)-trained

models to predict multiple toxicity endpoints, including acute median

lethal dose (LD₅₀) and lowest effective/lethal levels (LEL) across avail-

able exposure routes, including intraperitoneal dosing.

Pharmacokinetic descriptors, including systemic half-life, plasma

protein binding (expressed as predicted free-plasma fraction) and

aqueous solubility, were predicted using validated OCHEM models

trained on experimental ADME datasets (Tetko et al., 2001). Default

model settings and consensus predictions were used where available.

Comparative interpretation focussed on relative differences between

compounds to guide medicinal chemistry optimisation rather than

absolute quantitative accuracy (Han et al., 2025).

2.1.4 | Angiogenesis assay (in vitro)

HAECs were cultured in endothelial cell growth medium supplemen-

ted with 10% FBS, 1% endothelial cell growth supplement and antibi-

otics (penicillin/streptomycin). Cells were seeded onto 24-well plates

pre-coated with Matrigel (BD Biosciences, Le Pont-de-Claix, France,

#356231) and treated with test compounds (IS20, IS37, IS39) for

16 h. Tube formation was quantified by microscopy at 24 h, as previ-

ously described (Gasser et al., 2015; Guilini et al., 2010).

2.1.5 | Internalisation assay

CHO cells stably expressing PKR1-GFP were seeded on poly-L-lysine–

coated glass coverslips. At �20% confluence, cells were treated with

30 nM IS39 for 30 min at 37�C. Cells were fixed and mounted in

Mowiol for imaging. Internalisation was quantified by confocal micros-

copy and digital analysis, as described previously (Gasser et al., 2015).

2.1.6 | Assessment of kinase pathway activation by
detection of protein phosphorylation using
Western blot

Cells or murine heart tissues were lysed in cold radio-

immunoprecipitation assay (RIPA) buffer supplemented with protease

and phosphatase inhibitors (Thermo Scientific, Illkirch, France). Protein

content was quantified using a bicinchoninic acid (BCA) assay

(Thermo Scientific). Equal amounts (10–30 μg) were resolved by

sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS–

PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes

(Thermo Scientific). Membranes were probed with antibody against

Phosphorylated-H2A.X (ser 139, Cell Signaling, #9718, 1/1000),

phosphorylated-Akt (ser 473, #4058, 1/1000) and total-Akt (Cell Sig-

naling, #9272, 1/1000), Phospho-p44/42 MAPK (Erk1) (Tyr204)/

(Erk2) (Tyr187) (D1H6G) Mouse Monoclonal Antibody (Cell Signaling

#5726), total p44/42 MAPK (Erk1/2) (137F5) Rabbit Monoclonal

Antibody (Cell Signaling #4695), Glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH) (Santa-Cruz, # sc-32233, 1/1000), and vinculin

(Cell Signaling, #4650, 1/5000). Membranes were exposed to

peroxidase-conjugated secondary antibodies (Santa Cruz, 1/10000),
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and immunoreactivity was detected with an enhanced chemilumines-

cence (ECL) Prime chemoluminescence detection kit (Amersham Phar-

macia). Signals were detected with ECL Prime (GE Healthcare)

chemiluminescence, and band intensities were quantified by densi-

tometry using ImageJ software as previously described (Qureshi

et al., 2018). Phosphorylation levels were expressed as the ratio of

phosphorylated protein to total protein and normalised to vinculin

and control conditions. All the antibodies are listed in Table 1.

2.1.7 | Viability assay and reactive oxygen species
(ROS) accumulation in 2D cells

Appropriate 10,000 cells per well H9c2 or AC16 cardiomyocytes and

20,000 MDA-MB 231 breast cancer cells were seeded at 10,000 cells

per well in 96-well plates and allowed to adhere for 24 h. Cells were

pre-treated with IS39 or IS37 overnight in 1% serum medium before

exposure to DOX (10 nM–10 μM) for 24 h. In selected experiments,

cells were pre-incubated with the PKR1 antagonist PC25 (30 nM). Via-

bility was assessed using the CyQUANT-NF Kit (Invitrogen/Thermo

Fisher, #C35006), with absorbance measured at 480/520 nm (Gasser

et al., 2019).

Intracellular ROS (Biswal et al.) generation in H9c2 cells was

assessed using the 20 ,70-dichlorodihydrofluorescein diacetate

(DCFDA) ROS Detection Assay Kit (Abcam, Cambridge,

United Kingdom, #ab113851) according to the manufacturer's proto-

col. Following pre-treatment with IS37 and IS39, the cells were

washed and incubated with 25 μM DCFDA for 45 min at 37�C in the

dark to enable dye loading and de-esterification. Subsequently,

the cells were exposed to 15 μM doxorubicin (DOX) for 3 h to induce

ROS production. The fluorescence intensity was measured at

excitation/emission wavelengths of 485/535 nm using a Fluoskan

Ascent Fluorescan Reader (Thermo Scientific) (Gasser et al., 2019).

2.1.8 | Real-time quantitative polymerase chain
reaction (PCR)

Total RNA from H9c2 cells or mouse hearts was isolated using TRIzol

reagent according to the manufacturer's instructions (Thermo Fisher).

RNA concentration and purity were assessed with a NanoDrop

spectrophotometer. First-strand cDNA was synthesised from 1 μg total

RNA and used as a template for SYBR Green–based qPCR on a MyiQ

cycler (Bio-Rad). GAPDH and β-actin were used as endogenous house-

keeping controls. All reactions were run in technical triplicates. Relative

gene expression was calculated by the 2�ΔΔCt method, normalising

target gene Ct values to the geometric mean of GAPDH and β-actin

and expressing fold change relative to the control (vehicle-treated)

group. Primer sequences for target genes are listed in Table 2.

2.1.9 | Down-regulation of PKR1

Small interfering RNA-targeting prokineticin receptor-1 (siRNA-PKR1,

siGenome Smart pool cat# M-005593-00; Dharmacon, Lafayette, CO,

USA) was employed to silence PKR1 expression, as previously

described (Qureshi et al., 2018). Briefly, human AC16 cardiomyocytes

were plated on gelatine-coated dishes and transfected with 100-nM

siRNA-PKR1 using Lipofectamine 2000 (Thermo Fisher, # 11668019)

in Opti-MEM medium (Thermo Fisher, # 31985062) for 6 h, followed

by replacement with complete culture medium. A scrambled siRNA

sequence with no known target in the mouse genome was used as a

TABLE 1 Primary and secondary antibodies.

Antibody Host Dilution Source (RRID) and Cat#/

p-Akt (473) (WB) Rabbit 1:1000 Cell Signaling Technology (AB_2315049)

#4060

t-Akt (WB) (C67E7) #4691

Phospho-p44/42 MAPK (Thr202/Tyr204) (WB) Rabbit 1:1000 Cell Signaling #9101

total p44/42 MAPK (Erk1/2) (WB) Rabbit 1/1000 (137F5) #4695

Gamma-H2A.X (Ser139)

(WB)

Rabbit 1:1000 Sigma-Aldrich (clone JBW301)

#05-636

GADPH (WB) Rabbit 1:1000 Sigma-Aldrich G9545

Vinculin (WB) Rabbit 1/500 V4139-200UL

Anti-Rabbit IgG (H + L) highly cross-adsorbed

secondary antibody, HRP

Goat anti

rabbit

1:5000 Thermo Fisher G-21234

Collogen I and III (Nauck et al.) Rabbit 1:200 Abcam, Abcam, #ab34710

MHC (MF20)-I (Nauck et al.) Monoclonal 1:200 Developmental Studies Hybridoma Bank,

University of Iowa

(AB_2147781)

#MF20

Goat Anti-Rabbit IgG Alexa Fluor 488 (Nauck et al.) Goat 1:500 Thermo Fisher #A-11008

Goat Anti-Rabbit IgG Alexa Fluor 647 (Nauck et al.) 1:500 # A-11001

Goat anti mouse Alexa Fluor™ 488 (Nauck et al.) 1:1000 #A21247
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control. After 48 h, total RNA were extracted to assess knockdown

efficiency by qPCR.

2.1.10 | Mouse models of cardiotoxicity

Animal studies complied with Directive 2010/63/EU and were

approved by French and European regulatory bodies (APAFIS#4708).

Animal studies are reported in compliance with the ARRIVE guidelines

(Percie du Sert et al., 2020) and with the recommendations made by

the British Journal of Pharmacology (Lilley et al., 2020). Male C57BL/6J

mice (10 weeks old; Janvier Labs, Le Genest-Saint-Isle, France)

received weekly intraperitoneal injections of DOX (5 mg kg�1) for

7 weeks over a 9-week period, as previously described (Gasser

et al., 2019). IS39 (1 mg kg�1) or vehicle (0.1% DMSO) was adminis-

tered daily. Mice were randomly assigned to treatment groups. All

efforts were made to minimise suffering with respect to the regulation

concerning genetically manipulation of organisms.

Echocardiography was performed in week 9 using a Vevo 2100 sys-

tem (VisualSonics, Toronto, ON, Canada) under light anaesthesia (1% iso-

flurane in O₂, Vetoquinol, Magny-Vernois, France). Operators were

blinded to group allocation (n = 10 mice per group). All echocardiographic

parameters measured was obtained from a long-axis view for two-

dimensional guided M-mode imaging by the dedicated imaging platform.

After echocardiographic analyses, mice were euthanised, and hearts were

excised for cryopreservation or histological analysis. All animal experi-

ments were carried out in accordance with current institutional guide-

lines for the care and use of experimental animals. At the end of

experiments, mice were deeply anaesthetised with isoflurane until loss

of reflexes was confirmed. Animals were then humanely killed by exsan-

guination, resulting in permanent cessation of circulation. Death was

confirmed by absence of respiration and cardiac activity prior to rapidly

tissue harvesting for downstream analyses.

2.1.11 | Histological analyses

Cryosections (5–10 μm) of murine hearts were stained using Mallory's

trichrome method (VWR Chemicals, Strasbourg, France) to assess

myocardial fibrosis. Tissue morphology and fibrosis were evaluated

under LEICA microscopes (MZ95 and DME) and documented with

PROGRes C5 digital imaging. The planimetric cross-sectional area of

the heart was measured on standardised histological sections using

calibrated image-analysis software. Cardiomyocyte cross-sectional

area was analysed individually on stained transverse sections, and

their areas via cell borders were quantified using ImageJ with either

manual tracing or semi-automated thresholding.

2.1.12 | TUNEL assay

The frozen hearts embedded in OCT compound (Tissue-Tek,

Villeneuve‑d’Ascq, France) were cryosectioned at 7-μm thickness and

were fixed with 3.7% formaldehyde and permeabilised by ethanol/

acetic acid 2:1 (v/v) solution in �20�C. Terminal deoxynucleotidyl

transferase dUTP nick end labelling (TUNEL, Apoptag fluorescein,

TABLE 2 Primers for qRT-PCR.
Gene Forward Reverse

Col1A1 50-TGCTGTCCCTGTATGCCTCTG-
30

50-TGATGTCACGCACGATTTCC-30

BNP 50-AAGTCCTAGCCAGTCTCCAGA-
30

50-GAGCTGTCTCTGGGCCATTTC-30

alpha-MHC 50-GAGATTTCTCCAACCCAG-30 50-TCTGACTTTCGGAGGTACT-30

beta-MHC 50-CTACAGGCCTGGGCTTACCT-
30

50-TCTCCTTCTCAGACTTCCGC-30

β-actin 50-GAGACCTTCAACACCCC-30 50-GTGGTGGTGAAGCTGTAGCC-30

Mouse pkr1 50-GCTCTGGTTCGCAGGTTGAA-
30

50-GCAAGGTTGACGACTCCTCT-30

Mouse Gapdh 50-
AGGTCGGTGTGAACGGATTTG-30

50-TGTAGACCATGTAGTTGAGGTCA-
30

Fbxo32 (Atg-1) 50-ATGCACACTGGTGCAGAGAG-
30

50-TGTAAGCACACAGGCAGGTC-30

Human BCL2 50-GGAGGATTGTGGCCTTCTTT-30 50-
GCCCAATACGACCAAATCCGTTGA-30

Human BAX: 50-CGGAGGCTGGGATGCCTTTG-
30

50-TCCAATGTCCAGCCTTTG-30

Human PKR1 50-GCTCTGGTTCGCAGGTTGAA-
30

50-GCAGTTTCTTGTAGCGGACCA-30

Human GAPDH

50-
50-GAAATCCCATCACCATCT-30 50-GACTCCACGACGTACTCA-30

Abbreviations: Atg-1, Atrogin-1; Fbxo32, F-box protein 32.
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Sigma Aldrich/Merck) assays were performed, using an In Situ Cell

Death Detection Kit (Sigma Aldrich/Merck, #S7110), according to the

manufacturer's instructions (Gasser et al., 2019). The sample was incu-

bated in enzymatic solution for 1 h at 37�C. During this, the terminal

deoxynucleotidyltransferase catalyses the addition of dUTP-

associated digoxygenin on 30OH free of DNA strand damage. Anti-

digoxygenin antibody conjugated-fluorescein labelled the apoptosis

positive cells in green; DAPI stained all nuclei cells in blue. Cells num-

bers were calculated for TUNEL-positive nuclei among total DAPI-

stained nuclei in 10 randomly selected high-power microscopic fields

(40X) from 10 section per heart (n = 5) for each experimental group,

using a fluorescence microscope.

2.1.13 | Immunostaining assay

The heart sections were fixed with 3.7% formaldehyde for 10 min;

blocked with a solution containing 10% goat serum, 1% BSA, and

0.1% Tween-20; and then incubated overnight at 4�C with primary

antibodies against Col1A1 (Abcam, #ab34710; 1:200), MHC (MF20,

Developmental Studies Hybridoma Bank, University of Iowa; 1:200)

and PKR1 (monoclonal antibody raised at the Institut de Génétique et

de Biologie Moléculaire et Cellulaire, Illkirch, France). On the following

day, antibody binding was detected by incubation with fluorescein-

conjugated secondary antibodies (1:500 dilution)—Goat Anti-Rabbit

IgG Alexa Fluor 488 (Thermo Fisher, #A-11008) and Goat Anti-

Rabbit IgG Alexa Fluor 647 (Thermo Fisher, #A21247)—in blocking

buffer for 1 h at room temperature. Finally, nuclei were stained with

DAPI. Fluorescence was analysed using a Leica fluorescence micro-

scope, and total pixel density was quantified from 10 random micro-

scopic fields per section in 10 sections per heart (n = 5 mice) using

NIH ImageJ software (Gasser et al., 2019). All the antibodies have

been listed in Table 1. The Immuno-related procedures used comply

with the recommendations made by the British Journal of Pharmacol-

ogy (Alexander et al., 2018).

2.1.14 | Breast cancer spheroid (3D) formation and
treatments

Human breast cancer spheroids were generated as previously

described (Vincenzi et al., 2025). Briefly, the triple-negative breast

cancer cell line MDA-MB-231 was maintained in RPMI-1640 medium

without Hepes, supplemented with 10% fetal calf serum (FCS) and

40 μg ml�1 gentamicin. For spheroid generation, MDA-MB-231 cells,

fibroblasts (FB) and endothelial cells (EC) were seeded at a ratio of

1:2:2 in 200 μl per well of spheroid medium in 96-well ultra-

low-attachment plates. Spheroid medium was prepared by mixing

MDA-MB-231 culture medium with FB and EC growth media in a

1:2:2 ratio (Yakavets et al., 2020; Yu et al., 2021). Plates were incu-

bated at 37�C and 5% CO₂, and spheroid formation and morphology

were monitored daily for 7 days using an EVOS XL Core microscope

(Thermo Fisher Scientific, Waltham, MA, USA) until mature, compact

spheroids were obtained.

For treatment, established breast cancer spheroids were exposed to

10 μM doxorubicin hydrochloride (Dox) for 72 h at 37�C in a humidified

incubator with 5% CO₂. In the Dox + IS39 group, 50 nM IS39 was added

concurrently with Dox. Control spheroids (Vehicle) and the IS39-alone

group received fresh spheroid medium without Dox.

2.1.15 | Viability assay in 3D cancer spheroids

Spheroid viability was assessed using the CellTiter-Glo 3D Cell Viabil-

ity Assay (Promega, Charbonnières‑les‑Bains, France) according to

the manufacturer's protocol. Briefly, individual spheroids were trans-

ferred into white, opaque 96-well plates (Nunc) containing 100 μl of

conditioned culture medium per well. An equal volume of CellTiter-

Glo 3D reagent was then added to each well; plates were protected

from light and shaken for 7 min to promote spheroid lysis, and subse-

quently incubated at room temperature for 25 min to allow stabilisa-

tion of the bioluminescent signal. Luminescence, proportional to ATP

content, was recorded using a luminometer (1450 MicroBeta TriLux,

PerkinElmer, USA) (Vincenzi et al., 2025). Data have been shown as

percent of viability changes.

2.1.16 | Statistical analysis

Data and statistical analysis complied with the recommendations of

the British Journal of Pharmacology on experimental design and analy-

sis in pharmacology (Curtis et al., 2025). Data are presented as mean

± SEM unless stated otherwise. Data normality was assessed using

the Shapiro–Wilk test. Group sizes (n ≥ 5 biological replicates per con-

dition for statistical comparisons) were determined a priori using

G*Power 3.1.9.6 with α = 0.05, power = 0.80, anticipated effect sizes

derived from Saitoh and Nagase (2018), and estimates of outcome

variability. Data are displayed as individual values obtained from three

independent experiments for cancer spheroids, each including techni-

cal replicates (≥10 spheroids per experiment). Statistical analyses were

conducted only when group sizes were ≥5, using independent biologi-

cal replicates. Comparisons among groups were performed using one-

way analysis of variance (ANOVA) followed by Bonferroni's post hoc

test for multiple comparisons. A P-value < 0.05 was considered statis-

tically significant. Post-hoc tests were run only if F achieved P<0.05

and there was no significant variance inhomogeneity. All analyses

were performed on raw data using GraphPad Prism 8 (GraphPad Soft-

ware, USA). Significance levels of P < 0.05, 0.01, 0.001 and 0.0001

are denoted by one, two, three and four, symbols (*, **, ***, ****),

respectively. Randomisation and blinding were applied throughout

in vivo and in vitro experiments.

2.1.17 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY

http://www.guidetopharmacology.org and are permanently archived
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in the Concise Guide to PHARMACOLOGY 2025/26 (Alexander, Al-

hosaini et al., 2025; Alexander, Cidlowski et al., 2025; Alexander,

Fabbro et al., 2025).

3 | RESULTS

3.1 | In Silico absorption, distribution, metabolism
and excretion-toxicity, scaffold optimisation and
docking to PKR1 homology modelling

Our previous modelling studies suggest that the alkene moiety does

not form direct contacts with the PKR1 receptor but only presents the

pharmacophoric elements to this receptor in a well-defined geometric

orientation. On this basis, the dehydroamino amide of IS20 was rede-

signed into a tyrosine-derived scaffold (IS37 and IS39; Figure 1a) to

enhance drug-like properties while maintaining the productive binding

orientation. Toxicological liabilities and pharmacokinetic descriptors of

IS20, IS37 and IS39 were predicted in silico using Registry of Toxic

Effects of Chemical Substances

(RTECS)-trained models implemented in Online Chemical Data-

base and Modelling Environment (OCHEM) across all evaluated end-

points; IS20 exhibited a higher predicted toxicity profile than its

analogues, being more toxic than IS37 for every endpoint assessed

(including lethal dose 50 [LD50] and lowest effect level [LEL] for

intraperitoneal dosing) and more toxic than IS39 in 20 of

29 endpoints.

Despite similar predicted systemic half-lives of approximately

10 h for all three compounds, the tyrosine-based analogues showed

marked improvements in both plasma protein binding and aqueous

solubility. The predicted free-plasma fraction of IS20 was only 4%,

whereas IS37 and IS39 reached 8% and 7%, respectively, indicating a

near twofold reduction in protein sequestration. In parallel, IS20 was

predicted to be approximately fivefold and 10-old less soluble in

aqueous media than IS37 and IS39, respectively. Together, these

in silico data suggest that replacement of the dehydroamino amide by

a tyrosine-derived scaffold mitigates the poor solubility and high pro-

tein binding of IS20, consistent with improved systemic bioavailability

and a potentially wider therapeutic window from a medicinal chemis-

try standpoint.

F IGURE 1 Structure and binding mode of IS20 and IS37 within the PKR1 binding site. (a) Chemical structures of IS20 and its dihydro-
derivatives IS36 and IS37. (b,c) Predicted binding poses of IS20 (b) and IS37 (c) in the PKR1 homology model (orange cartoon). Ligands binding
sites are shown as sticks IS20 (grey) and IS37 (yellow), hydrogen bonds are indicated as yellow dashed lines. The molecular docking analysis
highlights key interactions stabilizing IS20 and IS37 with the PKR1binding pocket.
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Docking into the PKR1 homology model revealed that both

IS20 and IS37 form key hydrogen bonds (H-bonds) with residues

Asn141, Gln219 and Tyr325 and hydrophobic contacts (π-π stacking)

with Tyr123 and Phe300 within the orthosteric pocket. IS37 engages

additional hydrophobic contacts (π-π stacking) with Tyr301

and Phe309, consistent with the binding mode previously described

for IS1 (Gasser et al., 2015). The docking scores (ChemScores) of IS20,

IS36 and IS37 were comparable (40.43, 38.21 and 38.90, respec-

tively), supporting that the tyrosine‑based analogues retain a binding

affinity compatible with PKR1 agonism (Fig. 1b,c).

3.2 | Chemical synthesis

Tyrosine derivatives were synthesised following the synthetic route

disclosed in Scheme 1 (Supporting Information). Boc-O-methyl-D-

tyrosine was coupled to 3-picolylamine, deprotected using TFA and

acylated to afford derivatives IS37 and IS39. Enantiomer IS36 was

obtained similarly using Boc-O-methyl-L-tyrosine.

3.3 | PKR1 internalisation and ERK activation

We assessed the receptor-binding and activation properties of the

novel compounds IS37 and IS39 towards PKR1 using Chinese

Hamster Ovary (CHO) cells stably expressing enhanced green fluores-

cent protein (EGFP)-tagged human PKR1 and monitored receptor

internalisation, a hallmark of G protein coupled receptor (GPCR) acti-

vation. Under basal conditions, confocal microscopy revealed that

PKR1–EGFP was predominantly localised at the plasma membrane

(Figure 2a,b, left panels). Upon stimulation with IS37 (30 nM, 30 min)

or IS39 (30 nM, 30 min), a pronounced internalisation of PKR1 was

observed, evidenced by redistribution of EGFP fluorescence from

the plasma membrane to perinuclear endosomal compartments

(Figure 2a,b, right panels). This ligand-induced internalisation demon-

strates functional engagement and activation of PKR1 by both IS37

and IS39. Like IS20, IS37 and IS39 bind to a putative allosteric site of

PKR1 within the transmembrane domain, involving helices II, III, V, VI

and VII. This site differs from the orthosteric pocket of the endoge-

nous ligand PK2 (Gasser et al., 2015), precluding the use of a classical

radioactive ligand competition assay.

To further support specific ligand–receptor interaction, we exam-

ined MAPK activation as a functional readout. In CHO cells (which

express over 70 endogenous GPCRs), IS37 and IS39 did not increase

MAPK activity in cells lacking PKR1 or expressing PKR2 (Figure S1A).

In contrast, expression of PKR1 restored MAPK activation by IS39,

(Figure S1B), confirming that these ligands act specifically through

PKR1. Furthermore, treatment with IS37 or IS39 elicited a dose-

dependent increase in ERK phosphorylation in H9c2 cardiomyocytes

(Figure 2c,d), consistent with activation of canonical PKR1

F IGURE 2 Internalisation of PKR1 and activation of PKR1 signalling pathway by IS37 and IS39. (a, b) Representative confocal images
showing the localisation of PKR1-GFP in CHO cells at baseline (0 min) and 30 min after stimulation with 30 nM IS37 (a) or IS39 (b). Both IS37 and
IS39 provoked PKR1-GFP internalisation within 30 min. Scale bars: 30 μm (a) and 65 μm (b). (c, d) Time- and dose-dependent ERK1/2 activation
by IS37 (c) and IS39 (d). Phospho-ERK was quantified by Western blot and expressed as phospho-ERK/total ERK normalised to GAPDH. Data are
presented as mean ± SEM from n = 5 independent experiments each performed in duplicate. Statistical analysis was performed using one-way
ANOVA followed by Bonferroni's multiple comparison test; *P < 0.05 **P < 0.01 versus vehicle (DMSO).

8 AUDEBRAND ET AL.

 14765381, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.70394 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [11/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.guidetopharmacology.org/GRAC/ReceptorFamiliesForward?type=ENZYME&familyId=459#node459
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=514


downstream signalling pathways implicated in cardioprotection and

cell survival (Urayama et al., 2007, 2008).

3.4 | Pro-angiogenic activity of PKR1 agonists

Given the established role of PKR1 in promoting endothelial cell

function and neovascularisation (Guilini et al., 2010; Urayama

et al., 2008), we next evaluated the angiogenic potential of new

analogues IS36, IS37 and IS39 using a Matrigel-based tube forma-

tion assay (Figure 3). While IS20 served as a reference compound,

both IS37 and IS39 demonstrated superior pro-angiogenic activity

compared with IS36, suggesting that D-aminoacyl substitution at

the scaffold confers improved receptor activation. The comparable

potency of IS37 and IS39 suggests that the hydrophobic nature of

the acyl moiety may be more critical than its aromaticity in driving

PKR1 agonism. These findings support the structure–activity rela-

tionship (SAR) hypothesis that guided the rational design of these

analogues.

3.5 | IS39 protects cardiomyocytes from
doxorubicin (DOX)-induced cytotoxicity

The cardioprotective potential of IS39 was evaluated in human AC16

cardiomyocytes (Figure 4a) exposed to DOX, a clinically relevant

model of chemotherapy-induced cardiotoxicity (Bouleftour

et al., 2021). Treatment with DOX (10–1000 nM, 24 h) significantly

reduced cell viability in a dose-dependent manner. Pretreatment of

AC16 cells with IS39 significantly improved viability in the presence

of DOX (Figure 4a). Notably, when PKR1 expression was reduced by

approximately 85 ± 5% via siRNA-mediated knockdown in AC16 car-

diomyocytes, the protective effect of IS39 against DOX-induced cyto-

toxicity was abolished, confirming that the biological activity of IS39

is mediated through PKR1 (Figure 4b). Similar to IS39, pre-treatment

of H9c2 cells with IS37 at concentrations of 10, 30 and 50 nM also

significantly attenuated DOX-induced cytotoxicity, particularly at

higher DOX concentrations (Figure 4c). Mechanistically, IS39 rapidly

activated Akt phosphorylation in H9c2 cells, with a maximal response

at 30 min after treatment with 30 nM IS39, suggesting engagement

of a well-characterised PKR1–PI3K–Akt pro-survival axis (Gasser

et al., 2019) (Figure 4d).

3.6 | IS37 and IS39 inhibit doxorubicin (DOX)-
induced apoptosis in cardiomyocytes

To further define the anti-apoptotic actions of IS37 and IS39, the acti-

vation of H2A.X by phosphorylation as a marker of double-strand

DNA break levels was evaluated utilising γ-H2A.X specific antibody

(Valceski et al., 2024). Immunoblotting revealed elevated levels of

phosphorylated histone variant γ-H2AX following 24 h exposure to

1 μM DOX, reflecting DNA double-strand breaks (Figure 5a). Pre-

treatment with IS37 or IS39 reduced γ-H2AX expression by �35%

(Figure 5b), further substantiating their role in mitigating DOX-

induced apoptotic injury.

3.7 | IS39 reduces doxorubicin (DOX)-induced
oxidative stress

DOX is known to generate excessive ROS (Biswal et al., 2025), con-

tributing to mitochondrial damage and contractile dysfunction

(Nebigil & Desaubry, 2018). Using DCFDA-based fluorescence assays

in H9c2 cells, we observed that IS39 (30 nM) reduced DOX (15 μM)-

induced ROS accumulation by 23% (Figure 6a), while concomitantly

enhancing cell viability by 11% (Figure 6). The cardioprotective effects

were abrogated by co-treatment with the PKR1-specific antagonist

PC25 (Figure 6), confirming that the antioxidant and cytoprotective

effects of IS39 are mediated through PKR1 activation.

3.8 | In vivo activation of Akt by IS37 and IS39

To verify the in vivo activity of these PKR1 agonists, Akt

phosphorylation was assessed in cardiac and pulmonary tissue

F IGURE 3 Effect of IS20, IS37, IS39 and
analogues on PKR1-dependent tube
formation. H5V endothelial cells
overexpressing human PKR1 were treated
with vehicle (DMSO), IS20, IS37 or IS39
(30 nM), and tube formation (an in vitro
angiogenesis model) was quantified after
16 h. Data are presented as fold increase
versus DMSO, (mean ± SEM from n = 5
independent experiments, each performed in
triplicate). Statistical analysis was performed
using one-way ANOVA followed by
Bonferroni's multiple comparison test;
*P < 0.05 **P < 0.01, ***P < 0.001 versus
vehicle (DMSO) group.
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following intraperitoneal administration of IS37 or IS39 (1 mg kg�1).

Ten minutes post-injection, both compounds markedly induced Akt

activation in the heart, with 13.2-fold and 9.7-fold increases observed

for IS37 and IS39, respectively (Table 3). The effect was less pro-

nounced in lung tissue, indicating some degree of organ selectivity

consistent with the cardiac protective aim of these agents.

F IGURE 5 IS37 and IS39 reduce doxorubicin (DOX)-mediated DNA damage. (a, b) Representative Western blots and densitometric analysis
of phospho-γ-H2A.X in H9c2 cells treated with DOX (1 μM) ± IS37 or IS39 (30 nM). Phospho-p-γ H2A.X is expressed as phospho-γ-H2A.X/
GAPDH, normalised to vehicle (mean ± SEM, n = 5 independent experiments, each in duplicate). Data were analysed by one-way ANOVA with
Bonferroni's test; **P < 0.01 vs DOX, ***P < 0.001 versus vehicle.

F IGURE 4 Effect of IS39 and IS37 on doxorubicin (DOX)-induced cytotoxicity and PKR1 signalling in human AC16 and rat H9c2
cardiomyocytes. (a) Viability of human AC16 cardiomyocytes exposed to DOX (1 mM), without or with increasing concentration of IS39 (10, 30,
100 nM). (b) Effect of PKR1 knockdown on viability of AC16 cells transfected with control or PKR1 siRNA and treated with DOX (1 μM) ± IS39
(10, 30 and 100 nM). Data are mean ± SEM, n = 5 independent experiments, each in triplicate. One-way ANOVA followed by Bonferroni's post
hoc test: ***P <0.001 versus vehicle (DMSO) group, **P < 0.01 versus DOX group. ns, non-significant versus DOX. (c) Viability of rat H9c2
cardiomyocytes exposed to different concentrations of DOX (nM) in the presence or absence of IS37 (10, 30 and 50 nM). Cell viability was
expressed as percent of vehicle (mean ± SEM, n = 5 independent experiments, each in triplicate). One-way ANOVA with Bonferroni's test;
*P < .05 versus DOX group. (d) Akt activation by IS39 (30 nM) in H9c2 cells. Phospho-Akt levels were quantified by Western blot and expressed
as phospho-Akt/total Akt normalised to Vinculin (see Annex), relative to time 0 (mean ± SEM, n = 5 independent experiments, each in duplicate).
One-way ANOVA with Bonferroni's correction; *P < 0.05, **P < 0.01, ***P < 0.001 versus vehicle.
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3.9 | IS39 mitigates doxorubicin (DOX)-induced
fibrosis and apoptosis in a mouse model of chronic
toxicity

To evaluate the therapeutic efficacy of IS39 in vivo, a chronic DOX

cardiotoxicity mouse model was used, replicating the cumulative

anthracycline exposure commonly observed in cancer patients. Mice

were administered DOX (5 mg kg�1 week�1 for 7 weeks) and co-

treated with IS39 (1 mg kg�1 day�1, i.p.) or vehicle. IS39 significantly

attenuated collagen deposition, thereby reducing cardiac fibrosis

(Figure 7a,b upper panel and Figure 7c left histogram), and reduced

doxorubicin-induced apoptosis in mouse hearts, as shown by TUNEL

staining (Figure 7b lower panel and Figure 7c right histogram).

Morphological examination revealed that DOX induced atrophic

cardiac remodelling, characterised by reduced heart and cardiomyo-

cyte cross-sectional area with increased fibrosis and apoptosis, while

F-box protein 32 (Fbxo32) (Atrogin-1 [Atg-1]) expression (Figure S2)

remained unchanged, indicating that atrophy in this model is better

captured by morphometric than by single-gene readouts. IS39 co-

treatment largely restored global cardiac dimensions and cardiomyo-

cyte size (Figure 7d,e). Quantitative morphometry showed that the

visually larger hearts in the IS39-only group reflected a slight, statisti-

cally non-significant increase in heart area, consistent with echocar-

diographic evidence of a small increase in Left Ventricular End

Systolic Diameter (LVESD) without changes in Left Ventricular

End Diastolic Diameter (LVEDD), Left Ventricular Ejection Fraction

(LVEF), Left Ventricular Fractional Shortening LVFS or cardiac output

(CO) (Table 4). Heart-weight-to-body-weight ratios for all groups

(Table 5) confirmed the absence of significant cardiac hypertrophy

orinducing maladaptive heart growth.

3.10 | IS39 mitigates doxorubicin (DOX)-induced
cardiac gene and function alterations in mice heart

RT-qPCR analysis showed that IS39 blunted DOX-induced up-

regulation of profibrotic collagen (Col1a1) and hypertrophic markers

(e.g. BMP) and attenuated the fetal gene reprogramming from α-MHC

to β-MHC in the myocardium (Figure 8a). Consistent with these molec-

ular effects, echocardiography demonstrated a significant improvement

in left ventricular systolic function ( ejection fraction [EF] %) in DOX

+ IS39-treated mice compared with DOX alone (Figure 8b and

Table 4), indicating attenuation of adverse cardiac remodelling. How-

ever, IS39 treatment exacerbated DOX-associated body-weight loss

(Figure 8c) and did not improve overall survival (DOX: 54 ± 7% vs

DOX + IS39: 51 ± 6%), suggesting that systemic IS39 exposure may

induce cachexia-like effects, potentially via hypothalamic or other off-

target PKR1 activation, and underscoring the need for further pharma-

codynamic optimisation and/or cardiac-targeted delivery strategies.

3.11 | IS39 did not interfere with doxorubicin
(DOX)-mediated anti-cancer efficacy in vitro

To evaluate whether IS39 interferes with the anticancer efficacy of

DOX, we first examined its effects in the MDAMB-231 breast cancer

cell line. IS39 (10 and 100 nM) did not modify the dose-dependent

DOX-induced cytotoxicity (Figure 9a). Consistent with this observa-

tion, IS39 did not affect DOX-associated apoptotic markers, including

pro-apoptotic BAX and anti-apoptotic BCL2 (Figure 9b), indicating

that IS39 does not influence the cytotoxic mechanism of DOX in

tumour cells.

F IGURE 6 Protective effect IS39 in H9c2 cardiomyocytes
against doxorubicin (DOX)-induced oxidative stress and cell death.
(a) Reactive oxygen species (ROS) accumulation in H9c2 cells exposed
to DOX (15 μM) ± IS39 (10, 30, 100 nM) with or without the PKR1

antagonist PC25 (10 nM). ROS are expressed as fold change versus
vehicle. (b) Cell viability of H9c2 cells treated in parallel, expressed as
percent of vehicle. Data are mean ± SEM from n = 5 independent
experiments, each performed in triplicate. One-way ANOVA with
Bonferroni's multiple comparison test; *P < 0.05, **P < 0.01 versus
DOX, ***P < 0.001 versus vehicle (DMSO) group. ns, non-significant
versus DOX.

TABLE 3 Akt activation in heart and lung 30 min after
intraperitoneal injection of IS37 and IS37 into mice (n = 6), detected
by Western blot analyses of phosphorylated Akt versus total Akt.

Compounds Heart Lungs

Vehicle 1 ± 0.2 1 ± 0.2

IS37 13.2 ± 2 3.6 ± 0.5

IS39 9.7 ± 2 4.8 ± 0.8

Note: Data shown as fold increase because of individual variabilities.
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F IGURE 7 IS39 attenuates doxorubicin (DOX)-induced cardiomyopathy and fibrosis in vivo. (a) Representative mid-ventricular short-axis
Mallory's trichrome stained heart sections, from DOX, IS39 alone, or DOX + IS39 groups (left) and corresponding high-magnification images of
left ventricular (LV) myocardium illustrating cardiomyocyte borders. (right). (b) Representative LV sections stained for cardiomyocyte-specific
MHC, collagen-1A (Col1A1) and TUNEL: Scale bar: 50 and 30 μm, respectively. (c) Quantification of Col1logen I and III positive area (pixels per

high-power field, HPF) and TUNEL-positive nuclei (cells/HPF). (d, e) Quantification of total heart area and cardiomyocyte area (μm2). Data are
mean ± SEM, n = 5 animals per group; each morphometric value represents the average of ≥10 sections and ≥100 cells per images. One-way
ANOVA with Bonferroni's multiple comparison test; *P < 0.05 versus DOX, **P < 0.01, ***P < 0.001 versus vehicle.

TABLE 4 Quantitative data for echocardiographic measurements.

Group Heart rate (bpm) LVESD LVEDD EF (%) LVFS (%) CO (ml min�1)

Vehicle (n = 12) 525 ± 15 2.59 ± 0.04 3.86 ± 0.03 68.0 ± 1.6 32.6 ± 0.9 51.4 ± 3.1

DOX (n = 6) 435 ± 15*** 3.10 ± 0.03 *** 4.10 ± 0.03*** 55.2 ± 1.0*** 24.0 ± 0.9*** 41.2 ± 1.5***

IS39 (n = 102) 503 ± 18 ns 2.70 ± 0.04* 3.85 ± 0.03 ns 64.0 ± 2.0 ns 30.0 ± 1.0 ns 46.2 ± 2.2 ns

DOX + IS39 (n = 6) 455 ± 18*† 2.65 ± 0.03††† 3.87 ± 0.04†† 67.0 ± 1.5††† 31.5 ± 0.5††† 44.0 ± 2.7†

Note: SV = (LVEDD3 � LVESD3), CO = HR � SV. Data are presented as mean ± SEM. Statistical analysis was performed using one-way ANOVA followed

by Bonferroni's multiple comparison test. P < .05 was considered statistically significant. Cardiac Functional Parameters (mean ± SEM).

Abbreviations: CO, cardiac output; EF, ejection fraction; HR, heart rate; LVEDD, Left ventricular end diastolic diameter; LVESD, left ventricular end systolic

diameter; LVFS, left ventricular fractional shortening; ns, not significant versus vehicle; SV, stroke volume.

*p < 0.05 compared with vehicle.

***p < 0.001 compared with vehicle.
†p < .05 compared with doxorubicin (DOX).
††p < .01 compared with DOX.
†††p < .001 compared with DOX.
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TABLE 5 Heart to body weight
parameters in mice groups.

Group Body weight (g) Heart weight (mg) Heart/body weight (%)

Vehicle (n = 12) 25.2 ± 0.8 112.6 ± 3.0 0.46 ± 0.01

IS39 (n = 10) 24.9 ± 1.1 ns 112.9 ± 2.0 ns 0.43 ± 0.01 ns

DOX (n = 6) 20.8 ± 1.0** 84.0 ± 1.4*** 0.40 ± 0.01**

IS39 + DOX (n = 6) 18.8 ± 1.0**† 87.0 ± 1.0†† 0.46 ± 0.01†††

Note: Statistical analysis was performed using one-way ANOVA followed by Bonferroni's multiple

comparison test. Heart weight/body weight parameters (mean ± SEM).

*p < .05 versus vehicle.

**p < .01 versus vehicle.

***P < .001 versus vehicle.
†p < .05 versus doxorubicin (DOX).
††P < .01 versus DOX.
†††P < .001 versus DOX.

F IGURE 8 IS39 modulates doxorubicin (DOX)-induced changes in cardiac gene expression and function. (a) RT–PCR analysis of fibrosis-
related and cardiomyopathy marker genes in mouse hearts. mRNA levels were quantified by the 2�ΔΔCt method after normalisation to
GAPDH and β-actin and are expressed as fold change relative to the vehicle group (mean ± SEM, n = 5 hearts per group; each sample
measured in technical triplicate). One-way ANOVA with Bonferroni's test; *P < .05 versus DOX, **P < .01 versus vehicle. (b) Left ventricular
ejection fraction (%) assessed by transthoracic echocardiography. Data are mean ± SEM (n = 10 for control, IS39 and Vehicle groups, n =

5 for DOX and IS39+DOX). Data were analysed by one-way ANOVA followed by Bonferroni's multiple comparison test: **P < 0.05 versus
vehicle treated group. *P < 0.05 versus DOX-treated group. (c) Body-weight changes during treatment, expressed as percent of baseline.
Data in Figure 8b,c are mean ± SEM, n = 5 animals per group. One-way ANOVA with Bonferroni's test; *P < 0.05 versus DOX, **P < 0.01
versus vehicle.
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To further assess this interaction, we employed a tumour model

that more closely mimics the in vivo environment, using 3D breast

cancer spheroids composed of fibroblasts, endothelial cells and

breast cancer cells as previously described (Vincenzi et al., 2025).

Treatment with DOX (3 μM) significantly reduced spheroid viability

by 30.7%, and co-treatment with IS39 (30 nM) did not significantly

modify this effect (33.4%; Figure 9c).

Overall, these 2D and 3D data demonstrate that IS39 does not

compromise the anticancer activity of DOX, supporting its safety and

compatibility in cancer therapeutic contexts.

4 | DISCUSSION

4.1 | Advancing PKR1 agonist development

Since the introduction of first non-peptide PKR1 agonist, IS20 (Gasser

et al., 2015) progress in refining PKR1-targeted pharmacological

agents has been limited. Our study extends this field by demonstrat-

ing that replacement of the original dehydroamide motif with a

D-aminoacyl scaffold yields a new agonist, IS39, with enhanced

improved systemic bioavailability, and cytoprotective, anti-fibrotic,

F IGURE 9 IS39 does not interfere doxorubicin (DOX)-mediated cytotoxicity in breast cancer 2D and 3D models. (a) Viability of MDA-MB-
231 human breast cancer cells exposed to different DOX concentrations with or without IS39 (10 or 100 nM). Viability is expressed as percent of
vehicle (mean ± SEM, n = 5 independent experiments, each in triplicate). One-way ANOVA with Bonferroni's test; *P < 0.05, **P < 0.01,
***P < 0.001 versus vehicle. (b) RT-qPCR analysis of BCL2 and BAX mRNA in MDA-MB-231 cells treated with vehicle, DOX, IS39 or DOX
+ IS39. mRNA levels were quantified by the 2�ΔΔCt method after normalisation to GAPDH and β-actin and are expressed as fold change relative
to vehicle (mean ± SEM, n = 5 independent experiments, each in technical duplicate). One-way ANOVA with Bonferroni's test; *P < 0.05 versus
control and IS39, **P < 0.01 versus control, ***P < 0.001 versus vehicle or IS39. (c) Effect of DOX (3 μM) ± IS39 (100 nM) on viability of human
3D breast cancer spheroids composed of MDA-MB-231, human HUVEC endothelial cells and fibroblasts. Viability is expressed as percent of
untreated control (mean ± SEM, n = 3 independent experiments, 10 spheroids per group/condition). Each dot represents the mean of technical
replicates. DOX alone and in the present of IS39 reduced spheroid viability by >60% compared to vehicle treated or control spheroids. As n=3 for
these experiments, statistical analysis was not carried out, and results should be regarded as preliminary.
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and antioxidant properties. These findings position IS39 as a promis-

ing lead molecule for developing selective PKR1-directed cardiopro-

tective therapeutics.

4.2 | Mechanistic insights and in vivo functional
effects

Our data show that IS39 selectively activates PKR1-dependent signal-

ling in cardiomyocytes, resulting in reduced ROS production, suppres-

sion of apoptosis, and modulation of PI3K/Akt activity, that are known

to support myocardial survival in DOX-treated hearts. These molecular

effects translated into preserved cardiac morphology and systolic

function in vivo, alongside repression of cardiomyopathy associated

gene programmes. IS39 also reduced the expression of collagen-

encoding genes, reinforcing its direct anti-fibrotic action. Together,

these findings support a model in which PKR1 activation mitigates mal-

adaptive cardiac remodelling under chemotherapeutic stress.

Prior work with IS20 established that PKR1 activation preserves

endothelial integrity (Guilini et al., 2010), stimulates angiogenesis in

ischaemic territories and limits doxorubicin-induced vascular injury

without compromising anti-tumour efficacity (Gasser et al., 2019). The

present data with IS39 are consistent with this profile, as IS39 failed

to promote tumour growth in both conventional 2D cultures and 3D

tumour spheroid models, indicating that PKR1 stimulation can stabilise

the endothelial barrier and repair damaged vasculature without fuel-

ling pathological tumour angiogenesis. Collectively, these findings sup-

port a mechanistic model in which selective PKR1 agonism favours

vascular normalisation and endothelial protection, thereby reinforcing

the concept of PKR1-targeted agents as dual myocardial and vascular

cardioprotective therapeutics in the cardio-oncology setting.

4.3 | Systemic and context-dependent effects
of IS39

Despite the favourable cardiac phenotype, systemic IS39 treatment

produced modest weight loss and did not improve overall survival in

doxorubicin-treated mice, highlighting a potential liability of chronic

PKR1 activation under conditions of metabolic stress. This context-

dependent effect reflects the pleiotropic nature of GPCR signalling.

Prokineticin-2, the endogenous ligand of PKR1, acts on hypothalamic

centres that regulate appetite and energy balance and is now recog-

nised as an appetite-regulating hormone. (Gardiner et al., 2010;

Mortreux et al., 2019). Activation of central PKR1 in this context sup-

presses food intake in mice under the high fat diet, whereas

adipocyte-specific PKR1 knockout mice display adiposity (Szatkowski

et al., 2013; Von Hunolstein & Nebigil, 2015), supporting a role for

peripheral PKR1 signalling in limiting fat accumulation. In our study,

IS39 did not further reduce food intake or body weight in lean control

mice, but it did enhance body-weight loss selectively in doxorubicin-

treated mice, suggesting that IS39 may unmask PKR1-dependent

anorexigenic and/or anti-adipogenic effects in a pathological,

catabolic context. In addition, the energetic cost of myocardial repair

driven by PKR1-dependent Akt and ERK activation could further

unmask vulnerabilities in whole-body energy homeostasis during

anthracycline treatment. These context-dependent systemic effects

underscore the need to delineate tissue-specific PKR1 actions.

Ongoing work in our group includes analysis of circulating

appetite-regulating hormones (including prokineticin-2) and body

composition, as well as studies of IS39 in obesity- and diabetes-

associated cardiomyopathy models, to better define its central and

peripheral metabolic effects and to delineate its potential use in meta-

bolic cardiomyopathy.

4.4 | Broader therapeutic implications

The combination of cardioprotective, anti-oxidant, anti-fibrotic and

weight-lowering properties suggests that IS39, or peripherally restricted

analogues, might be particularly relevant for obesity-associated cardio-

myopathy, a setting characterised by diastolic dysfunction, myocardial

fibrosis and metabolic derangement (Alpert, 2016; Packer, 2025).

PKR1's established involvement in both cardiovascular protection and

energy balance raises the possibility of a ‘single-target, dual-system’
pharmacology analogous to GLP-1 receptor agonists, which improve

glycaemic control while conferring cardioprotection in high-risk patients

(Nauck et al., 2021; Sattar et al., 2021). Ongoing evaluation of IS39 in

obesity- and diabetes-associated cardiomyopathy models will be critical

to delineate central versus peripheral mechanisms, define a therapeutic

window and inform the design of dose-optimised or peripherally

restricted derivatives.

4.5 | Positioning among GPCR-targeted
cardioprotective drugs

Conventional GPCR-directed therapies, such as β-adrenoceptor

antagonists, angiotensin AT1 receptor blockers and sphingosine-

1-phosphate receptor modulators, predominantly act by chronic neu-

rohormonal blockade or immunomodulation (Audebrand et al., 2019;

Biswal et al., 2025). In contrast, IS39 exemplifies a ligand-biased

approach that activates a pro-survival, pro-repair PKR1 signalling pro-

file, promoting endothelial and cardiomyocyte resilience without

detectable loss of doxorubicin cytotoxicity in breast cancer models

(Table 2). The absence of tumour growth promotion in both 2D and

3D spheroid models, together with previous data showing preserved

anti-tumour efficacy during PKR1 agonist treatment, addresses a

major translational barrier for pro-angiogenic GPCR agonists in

oncology.

4.6 | Implications for drug development

Our findings emphasise the need for medicinal chemistry strategies

that enhance tissue specificity and minimise systemic metabolic
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effects. Approaches such as peripherally restricted analogues,

nanoparticle-based cardiac delivery, or ligand optimisation guided by

structure–activity relationships may improve translational readiness.

IS39 provides a tractable scaffold for such efforts and a mechanistic

foundation for developing next-generation PKR1 agonists with favour-

able pharmacokinetic and safety profiles.

5 | STUDY LIMITATION

This study has limitations. IS39 induced weight loss and failed to

improve survival in DOX-treated mice, suggesting off-target or cen-

trally mediated metabolic effects. Although IS39 selectively activated

PKR1 in cardiomyocytes, broader GPCR crosstalk or off-target activity

cannot be excluded. Only male mice were studied, and sex-specific

differences in DOX cardiotoxicity remain unexamined. Long-term and

chronic dosing regimens were not assessed, and the delivery route

used may not represent optimal clinical translation. These limitations

underscore the need for future studies addressing pharmacokinetics,

receptor specificity and tissue-targeted delivery.

6 | CONCLUSION

IS39 is a novel PKR1 agonist that provides robust protection against

DOX-induced cardiac injury by engaging antioxidant, anti-fibrotic and

pro-survival pathways. Although systemic metabolic effects currently

limit translational applicability, IS39 establishes a strong pharmacolog-

ical basis for PKR1-targeted cardioprotection. Future optimisation

aimed at enhancing cardiac selectivity and reducing catabolic side

effects may yield clinically viable therapeutics for cardio–oncology

and metabolic cardiomyopathies.
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