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Abstract

Cardiac fibroblasts constitute the major cell type of the murine and human heart. Once activated, they contribute to an
excessive deposition of extracellular matrix (ECM) leading to cardiac fibrosis and subsequently organ dysfunction. With
the exception of the pulmonary drugs, nintedanib and pirfenidone, drugs specifically targeting anti-fibrotic pathways are
scarce. We recently performed large library screenings of natural occurring compounds and identified first lead structures
with anti-fibrotic properties in vitro and in vivo. In line, we now aimed to improve efficacy of these anti-fibrotic lead struc-
tures by combining in vitro validation studies and in silico prediction. Next to this combined approach, we performed large
OMICs-multi-panel-based mechanistic studies. Applying human cardiac fibroblasts (HCF), we analysed 26 similars of the
initially identified anti-fibrotic lead molecules bufalin and lycorine and determined anti-proliferative activity and potential
toxicity in an array of in vitro and ex vivo studies. Of note, even at lower concentrations, certain similars were more effective
at inhibiting HCF proliferation than nintedanib and pirfenidone. Additionally, selected similars showed low cytotoxicity on
human iPS-derived cardiomyocytes and anti-fibrotic gene regulation in human ex vivo living myocardial slices. Further,
array and RNA sequencing studies of coding and non-coding RNAs in treated HCFs revealed strong anti-fibrotic properties,
especially with the lycorine similar lyco-s (also known as homoharringtonine), that led to a nearly complete shutdown of
ECM production at concentrations 100-fold lower than the previously identified anti-fibrotic compound lycorine without
inducing cellular toxicity. We thus identified a new natural compound similar with strong anti-fibrotic properties in human
cardiac fibroblasts and human living heart tissue potentially opening new anti-fibrotic treatment strategies.
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Introduction

In the last decades, cardiovascular diseases (CVD) became
the leading cause of death worldwide with approx. 30% of
all deaths attributed to CVD [53]. One major driver and
representation of CVD is heart failure (HF), the inability of
the heart to supply the body with the necessary amount of
oxygenated blood, causing breathlessness, fatigue and swell-
ing. An estimate of 64 million people worldwide are affected
by HF, and morbidity as well as mortality remain high while
quality of life remains poor [41, 49]. To date, therapeutic
options for those HF patients with preserved ejection frac-
tion (HFpEF) but enhanced stiffness of the heart are still
absent [37].

A major underlying cause of HFpEF is cardiac fibro-
sis, marked by excessive deposition of extracellular matrix
(ECM). Currently, there are two anti-fibrotic drugs, nint-
edanib and pirfenidone, which are approved for treatment
of idiopathic pulmonary fibrosis (IPF). While both slow dis-
ease progression or prolong progression-free survival in [PF
patients, adverse reactions limit the therapeutic potential [18,
40]. The potential therapeutic effect of pirfenidone in HF
patients is currently under investigation, and a recent phase
II clinical trial (NCT02932566) showed slight improvements
of extracellular volume, a surrogate measurement of cardiac
fibrosis, but not in hemodynamic parameters [28]. While this
approach is promising, there is a serious and ever increas-
ing need for novel therapeutic strategies for the treatment
of HFpEF.

One possible treatment strategy counteracting the fibrotic
process and potentially reversing cardiac fibrosis is to inhibit
the activation of human cardiac fibroblasts (HCF), the main
effector cells of cardiac fibrosis, thereby lowering ECM dep-
osition. We previously identified two natural compounds,
bufalin (toad exudate and component of the traditional Chi-
nese medicine “ChanSu”) and lycorine (Amaryllidaceae),
as potent pharmacological inhibitors of HCF proliferation
in vitro and in vivo [42]. Here, we report on similars and
derivatives of these lead compounds with improved efficacy
and toxicological profiles. Additionally, we herein present
novel molecular insight into the compounds’ mechanism of
action.

Methods

Human cardiac fibroblast (HCF) culture

Cryopreserved human cardiac fibroblasts (HCF) of multiple
donors were obtained by Promocell, Germany (#C-12375).

Initial cryovial was thawed and cells were transferred into
pre-warmed fibroblast growth medium (FGM-3): 1 ng/mL
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Basic Fibroblast Growth Factor (bFGF) and 5 pg/mL Insulin
(Promocell, #C-39350), 1% Penicillin—Streptomycin (P/S,
Gibco, #15140122), 10% Fetal Bovine Serum (FBS, Gibco,
#10270106) in Fibroblast Basal Medium 3 (Promocell,
#C-23230). FGM medium was exchanged 24 h after thaw-
ing and/or 96 h after passaging, cells were passaged every
7 days by washing twice with DPBS and subsequent incuba-
tion with Trypsin/EDTA for 3-5 min. 10% FCS in DMEM
was used to block trypsin before centrifugation at 300g, 4 °C
for 5 min.

Human-induced pluripotent stem cell-derived
cardiomyocyte (hiPS-CM) culture and differentiation

Human-induced pluripotent stem cells (iPSC) [19] were
cultured and differentiated into cardiomyocytes following
the method of Lian et al. [29], adapted as described before
[6, 14]. Briefly, iPSCs were maintained on Geltrex (Gibco,
#A1413302) in SC medium (StemMACS iPS-Brew XF with
supplement, Miltenyi Biotec, #130-104-368) and passaged
on confluency with Versene (Gibco, #15040066) +2 pM
Thiazovivin (Selleckchem, #51459) in SC medium.

At a confluency of 70-80%, directed cardiomyocyte dif-
ferentiation was initiated by incubation with 250 mg human
recombinant albumin (Sigma-Aldrich, #A9731), 100 mg
L-AA (L-ascorbic acid 2-phosphate sesquimagnesium salt
hydrate, Sigma-Aldrich, #A8960), 5 pM GSK-3 inhibi-
tor XVI (Merck, #361559) in 500 mL RPMI-G medium
(RPMI 1640+ GlutaMAX™, Gibco, #72400047) for 48 h.
Subsequently, medium was changed and supplemented with
5 mM of the Wnt signaling inhibitor IWP-2 (Selleckchem,
#57085), followed by medium changes with albumin and
L-AA in RPMI-G medium every 48 h. From differentia-
tion day 8 on, cells were cultured with 1 xXB-27™ (Gibco,
#17504001) in RPMI-G, and medium was changed every
2-3 days.

Cardiomyocytes were purified using metabolic selection
[47] by culturing the cells for 4-10 days with 4 mM DL-lac-
tate (Merck, #4263, in 1 M HEPES, Carl Roth, #HN77.3),
albumin, L-AA, in no glucose RPMI medium (RPMI 1640,
no glucose, Gibco, #11879020).

In vitro anti-proliferative activity

96-well plates (TPP) were coated with 0.1% gelatine
and seeded with 7500 HCFs/well. After 72 h, medium
was exchanged with serial dilutions of compounds in
FGM-3+1.6% DMSO+ 1% 5-bromo-2'-deoxyuridine
(BrdU, Roche, #11647229001), prepared in additional
plates. After 24 h, cells were washed twice with DPBS
(Gibco, #14190144) before incubation with anti-BrdU:POD
(Roche, #11647229001) for 60 min (RT). Readout was per-
formed by measurement of absorbance at 370 nm +490 nm
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in a Synergy HT (BioTek) microplate reader. Reference
wavelength-corrected values were analysed using the
ECanything function of GraphPad Prism, normalized to
respective TOP, to determine EC50 (effective concentration
50%), as well as EC5 and EC95, +95% CI (confidence inter-
val). As validation, HCF were seeded as before, but treated
with serial dilutions of compounds after 24 h. After further
24 h, medium was exchanged to 10% 2-(4-lodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1,
Roche, #11644807001) in FGM-3. After 60 min of incuba-
tion (37 °C, in the dark), absorbance at 450 nm + 630 nm
was measured maintaining 37 °C and analysed as described
before.

To assess screening quality, quality acceptance criteria Z'
(Z prime), SW (signal window), S:B (signal-to-background),
S:N (signal-to-noise) were determined following [20, 55].
Average Z'>0.5 and SW >2 were required to accept the
screening overall, whereas single plates were rejected from
analysis if Z' < 0.3 or SW < 1. Compounds were categorized
as “active” if n >3 repetitions and EC50 < 10 uM in both
assays.

From this point on, we employed the respective
10X EC50 of each compound for all experiments unless
noted otherwise. Importantly, due to the high EC50 of lyco-
rine, we could generate only 2 X EC50 as the highest relative
concentration.

In silico ADME prediction, prediction score
and chemical similarity

After SMILES (string representation of molecular formula
using the “Simplified molecular-input line-entry system”)
were determined for every compound using Marvin (Che-
mAXxon), additional properties were predicted in silico
using SwissADME [10]. For all parameters, compounds
were scored as negative/poor (0) to positive/optimal (30).
Weighted scores were grouped into the categories phys-
icochemical properties, pharmacokinetics, drug-likeness,
medicinal chemistry, as well as bioavailability. Weighted
category averages (2, 3, 2, 1, 1, respectively) were used to
determine an average prediction score from O (poor) to 30
(optimal prediction) for every compound. Top 6 candidates
were chosen by combining low EC50 with high prediction
score (Fig. 1f), as well as the 2 original lead compounds
for comparisons. Chemical similarity was determined by
calculating Tanimoto coefficients of the fingerprints using
C-SPADE [38].

In vitro toxicity
As contrast to activity, toxicity of top six similars and lead

compounds was determined by a multiplex measurement
of caspase activation and membrane integrity (using LDH

release and inclusion of the CellTox Green dye). Briefly,
HCFs were seeded as before. After 24 h, cells were treated
with serial dilutions of compounds with additional 0.1%
CellTox™ Green dye (Promega, #G8741). After 24 h incu-
bation, 5 uL medium was removed from each well, mixed
with 95 pL. LDH Storage buffer (Promega, #J2380) and
frozen for later analysis. 95 uL Caspase-Glo® 3/7 reagent
(Promega, #G8090) was added to each well, and after 60 min
of incubation luminescence was measured in a Synergy HT.
Afterwards, micrographs of brightfield and green fluores-
cence were taken using a Cytation 1 (BioTek) automated
microscope maintaining 37 °C and 5% CO,. Wells were
manually checked for co-localization of fluorescence sig-
nal with cells in brightfield. On the next day, supernatants
in LDH Storage buffer were thawed, and 50 pL was mixed
with 50 uL of LDH Detection reagent and luminescence was
measured after 60 min of incubation. Dose-response curves
were determined as described before. To determine toxicity
of the top 3 anti-fibrotic similars in hiPS-CM, 20,000 cells/
well were seeded, treated and analysed as above, devoid the
fluorescent dye steps.

Ex vivo toxicity in human living myocardial slices

Myocardial slices were generated from human left ventricu-
lar heart specimens taken from failing hearts at the time
of transplantation. Tissue was obtained from the Clinic for
Cardiac, Thoracic, Transplant and Vascular Surgery at the
Hannover Medical School (MHH), Hannover, Germany.
Patients provided informed consent to the scientific use of
the explanted tissue. The study was performed in accordance
with the ethical standards laid down in the 1964 Declaration
of Helsinki and its later amendments.

The preparation [16, 50] and culture [13] of myocardial
slices has been described before. Briefly, human heart speci-
mens were sliced into 300 um thick slices using a vibrating
microtome (Campden Instruments, #7000smz-2) while in
ice-cold 30 mM 2,3-butanedione monoxime + 1 mM p-glu-
cose+ 10 mM HEPES +6 mM KCl1+ 140 mM NaCl+ 1 mM
MgCl, + 1.8 mM CacCl, (cardioplegic Tyrode’s solution),
before being trimmed into approx. 7 X7 mm pieces of
aligned muscle fibres. Subsequently, pieces were attached
to plastic rings (3D-printed in-house) using Histoacryl® (B.
Braun, #1050052) and transferred into specifically designed
culture chambers (mechanically stretched to a sarcomere
length of 2.1 pm, continuous electrical stimulation at 0.2 Hz,
20-30 mA, 3 ms) filled with 0.1% DMSO or compound in
Medium 199 (Sigma-Aldrich, #M4530).

After 48 h in culture, myocardial slices were frozen in
liquid nitrogen and stored at—80 °C for further gene expres-
sion analysis.
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Fig.1 Similars of bufalin and lycorine inhibit human cardiac fibro-
blast (HCF) proliferation. a 15 similars of bufalin and 11 similars of
lycorine were investigated for their inhibitory potential on HCF pro-
liferation, determined by BrdU incorporation. 14 similars of bufalin
were able to inhibit HCF proliferation in a dose-dependent man-
ner, whereas only one similar of lycorine (lyco-s) showed inhibitory
activity. Solid lines represent calculated dose-response for bufalin
(blue), lycorine (red), working set (black) and remaining active simi-
lars (grey). Dashed line represents control and inactive compounds,
and dotted lines show exemplary 95% confidence interval for bufalin
(blue), lycorine (red) and lyco-s (black). n=3-7 biological replicates,
6-7 technical replicates each. b Similars inhibit metabolic activity of
HCF (determined by WST-1 assay) with comparable EC50s as seen

In vitro migration assays

To assess migrative capabilities of HCF, cells were
stained with 1:1000 1,1'-Dioctadecyl-3,3,3',3'-
Tetramethylindotricarbocyanine Iodide (DIR’) dye in FGM-3
for 20 min at 37 °C. Cells were washed with DPBS and
seeded into 0.1% gelatine-coated 96-well plates at 30,000
cells per well. After 24 h incubation, scratches were intro-
duced manually using a small pipette tip, cells were treated
with 10 X EC50 of the respective compound, and plates were
imaged using an Odyssey Imager. After 17 h and 24 h, plates
were imaged again. Rate of migration was determined using
the migrative index (MI) [31].

@ Springer

for BrdU incorporation. Lines and colours as in a. n=4 biological
replicates, 3—4 technical replicates each. ¢ In silico prediction sug-
gests superior drug properties for bufalin similars of the working set,
whereas lyco-s scored lower than lycorine in most categories. The
anti-fibrotic drugs nintedanib and pirfenidone (used in idiopathic
pulmonary fibrosis, IPF) are in a comparable range for most catego-
ries. d Analysis of chemical structure showed high similarity between
bufalin and the chosen similars, but not lycorine and lyco-s. e Sites of
modification of bufalin and lycorine similars. f Working set of simi-
lars was selected by combining BrdU and WST-1-derived EC50 with
the in silico-derived prediction score. Bufalin, lycorine, and similars
selected in the working set are highlighted. Approved IPF drugs nint-
edanib and pirfenidone are shown for comparison

Real-time qPCR and overexpression/inhibition

Cells were collected in QIAzol Lysis Reagent (Qiagen,
#79306) for RNA isolation via precipitation method or with
miRNeasy Mini Kit (Qiagen, #217004). Reverse transcrip-
tion of mRNA was performed with iScript Select cDNA
Synthesis Kit (Bio-Rad, #170-8897) using oligo dT prim-
ers. cDNA was diluted 1:3 with dH,O prior to the real-time
gPCR with iQ SYBR Green Supermix (Bio-Rad, #1708882),
including ROX Reference Dye. A mix of forward and
reverse primer pairs (10 uM, Eurofins) or 10 X Quantitect
Primer Assay (Qiagen, #249900) was used for mRNA.
To measure miRNA, RNA was reverse-transcribed using
the miRNA TagMan MicroRNA Reverse Transcription Kit
(Applied Biosystems, #4366597) with specific miRNA RT
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primers (ThermoFisher, #4427975). cDNA was diluted 1:3
with dH,0 before qPCR with Absolute Blue qPCR Mix
(Abgene, #AB-4136/B) and the specific Tagman probes
(ThermoFisher, #4427975). Runs were performed in ViiA7
(Applied Biosystems) or QuantStudio 7 Flex (Applied
Biosystems). Real-time qPCR data were analysed as
described elsewhere [30].

miRNA array and mRNA panel determination

For assessment of miRNA deregulation, TagqMan® Array
Human MicroRNA Cards (754 miRNAs, Applied Biosys-
tems™, #4444913) were used according to the manufacturer’s
instructions. Briefly, 590 ng of isolated total RNA of HCF
(2 individual replicates for each of 3 different passages) was
mixed with the Megaplex Primer Pool (A or B) and reverse-
transcribed as instructed. cDNA was gently mixed with
TagMan® Universal Master Mix II, no UNG (Applied Bio-
systems™, #4440043) and dH,O and loaded onto the cards.
PCR amplification of array cards was performed as instructed.
After quality control of all real-time qPCRs, cT values were
exported and all runs were merged into a single excel file. Rec-
ommended baseline correction using relative thresholds to cor-
rect for varying reconstitution rates of different Tagman probes
was not performed. Low-expressed miRNAs with ¢T > 32 in
more than 1 replicate per treatment were excluded from analy-
sis, before samples were normalized to column mean. Multi-
ple unpaired 7 tests were performed using GraphPad Prism,
deregulations were accepted as discoveries if FDR <1% (using
BKY adjustment [5]). As miRNA identifiers were based on
miRbase v14, we converted them to the latest v22 for further
analysis using miRBaseConverter [54]. 747 sequences could
be converted correctly, while the remaining miRNAs were
removed from miRbase due to incorrect annotation (e.g. the
sequences of hsa-miR-886-3p and hsa-miR-886-5p are part of
VTRNAZ2-1 [44]) or no evidence of human expression.

All discoveries from bufalin and its similars were grouped
as “bufalin-like”, and discoveries from lycorine and lyco-
s as “lycorine-like”, for pathway enrichment using miRNA
Enrichment Analysis and Annotation (miEAA v2.0, [21]).
Over-Representation Analysis (ORA) was performed using
all converted sequences as reference set, and for ORA and
miRNA enrichment analysis ((G)SEA) pathways were
deemed significant if BH [3] adjusted p value < 0.05 and at
least 2 hits per subcategory. The 7 most deregulated miR-
NAs were further validated by real-time qPCR and overex-
pression/inhibition analysis.

To determine whether our compounds were effective in
fibrotic signalling, we used the nCounter® Fibrosis Panel
(nanoString, #XT-CSO-HFIB2-12), which allows measure-
ment of 770 mRNAs related to 4 different stages of fibro-
sis, according to the manufacturer’s instructions. Briefly,
100 ng/5uL isolated total RNA of HCF after 24 h treatment

(RIN>7.5 and DV300 > 88%) was mixed with the hybridi-
zation Master Mix and incubated at 65 °C for 20 h before
loading on a nCounter® FLEX (Department of Pathology,
Hannover Medical School, Germany). All run files ((RCC)
were compiled into a single experiment using the nSolver
analysis software. After quality assessment with the R pack-
age NanoString QC Pro (v1.22, [34]), we excluded 1 sample
(medium control of Lot 5) for inconsistent count data. Refer-
ence genes for normalization were determined by nSolver
using all samples (ACAD9, ARMH3, CNOT10, GUSB,
MTMR14, NOL7, NUBP1, PGK1, PPIA, RPLPO, see sup-
plemental Fig. 4e, f). We then used the Advanced analysis
plugin (v2.0.115) including LOT as confounder variable
and BY adjusted p value < 0.05 for identification of cen-
tral deregulated pathways. Additionally, normalized counts
were further analysed with GraphPad Prism using multiple
unpaired 7 tests with FDR <5% after BKY adjustment [5]
andlog2 IFCI> 1. DiVenn was used to identify the shared
deregulated genes after treatment with similar compounds
(bufalin-like or lycorine-like), as well as after treatment with
lyco-s in multiple culture conditions (data not shown) [45].

Global RNA sequencing

The NEBNext Ultra II Directional RNA Kit was used to
prepare the samples (the same as for the nCounter® Fibro-
sis Panel, see above) for subsequent deep sequencing on a
NovaSeq PE50 (Illumina) at HZI Braunschweig (Germany).
Reads were trimmed and mapped to the human genome
hg38.79 using RNA STAR (v2.4.2a, [11]) by HZI Braun-
schweig. RAW read counts were further analysed on Galaxy
(v3.38.3, usegalaxy.org, [2]) using the limma-voom method
[26, 43]. Low-expressed transcripts without more than 0.25
CPM (counts per million reads mapped) in at least 3 samples
(42,079 of 61,043) were filtered out, and TMM (trimmed mean
of M values) was the method used to normalise library sizes.
Changes in transcript expression were considered significant
if FDR [4]<0.05 andlog2 IFCI>1.3. GSEA was performed
using enrichR [7, 24], combined as well as separate for up- and
down-regulated genes.

Statistical analysis

Statistical analyses were performed with GraphPad Prism
(versions 7, 8, and 9) or as described in the other methods.
Generally, unpaired Student’s ¢ tests were used to compare
two groups, one-way or two-way ANOVA (as mixed model
if values were missing) to compare multiple groups. Find-
ings were deemed significant if p value <0.05 (*), 0.01
(**), 0.001 (***), 0.0001 (****). p values were adjusted
for multiple comparisons with Dunnett/Tukey, BH (Benja-
mini—-Hochberg), BY (Benjamini—Yekutieli), or BYK (Ben-
jamini—Krieger—Yekutieli) whenever appropriate. Values
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with O =0 were removed from Volcano plots for graphing
reasons. Several heatmaps were created using the cluster-
gram function of MATLAB (versions 2019a, and 2020a)
exported using the “export_fig” plugin (version 3, Y. Alt-
man, https://github.com/altmany/export_fig).

Results

Identification of anti-fibrotic efficacy of natural
compound similars

We previously identified anti-fibrotic activities of bufa-
lin and lycorine in a screen of 480 natural compounds
[42]. To search for compounds with even further improved
anti-fibrotic properties, we now analysed a selection of
“similars”, small molecules closely related to these lead
substances. In a first step, we investigated whether these
similars demonstrate potential to reduce cardiac fibroblast
proliferation (Fig. 1a). Activity of similars on human car-
diac fibroblasts (HCF) was determined by BrdU incorpora-
tion (first screen) and WST-1-derived metabolic activity
(second screen). Overall, 14 out of 15 similars of bufalin
(buf-s-n) showed anti-proliferative effects (EC50 < 10 uM)
with EC50s in the range of 5-500 nM (Fig. 1a). In com-
parison, only 1 out of 11 similars of lycorine could reduce
HCF proliferation. When compared to lycorine, the EC50
of this similar, from here on termed “lyco-s” (lycorine
similar, later identified as homoharringtonine), was deter-
mined to be over 100-fold lower than the EC50 of the lead
substance lycorine. The EC50s determined by BrdU incor-
poration could be validated by WST-1-derived metabolic
activity for all compounds (Fig. 1b) with 0.04 +0.19 log
units difference between BrdU and WST-1-derived EC50s.
Please note differences between the compounds observed
on the Y-axis do not necessarily translate to metabolic dif-
ferences due to assay variability.

In addition to these efficacy measurements, we predicted
physicochemical properties, pharmacokinetics, drug- and
lead-likeness, as well as bioavailability in silico using the
SwissADME webservice [10]. All compounds were ranked
in each category, leading to an “ADMET” prediction score
ranging from O (unfavourable) to 30 (optimal in all catego-
ries) (Fig. 1c). This score was used as an additional ranking
dimension to determine our working set of the 2 initial lead
compounds and 6 follow-up similars for further follow-up
studies (Fig. 1f). When compared to nintedanib and pirfeni-
done, the two leading anti-fibrotic drugs approved for treat-
ment of idiopathic pulmonary fibrosis, our newly identified
natural compound similars show higher activity and similar
or better prediction scores.

To assess the striking differences in bufalin and lyco-
rine similars, we first compared the chemical structures
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(Fig. le, working set of compounds highlighted). We could
observe a high similarity between bufalin and the chosen
similars buf-s-13, buf-s-14, buf-s-17 and buf-s-18, mostly
differing in a single bond only (Fig. 1d). Only bufalin simi-
lar buf-s-5, chosen for its high prediction score, exhibits
notable differences in structure. Surprisingly, the only
active lycorine similar lyco-s was not as closely related to
the lead substance as expected, but had an additional side
chain and a differing scaffold approximately doubling its
molecular weight.

Toxicological assessment and functional validation
of natural compound similars

After we demonstrated anti-proliferative activity of selected
similars, we assessed potential cytotoxic effects by measur-
ing caspase activation and membrane integrity (using LDH
release and inclusion of the CellTox Green dye) to rule out
that anti-fibrotic effects were mediated mainly by cell death.
Comparison of efficacy (BrdU) and cytotoxicity measure-
ments yielded therapeutic indices (T.i., ratio of toxic to
effective concentration) for each compound of the working
set (Fig. 2a, b and Supplemental Fig. 2a). We did not detect
any increase of LDH release or cellular inclusion of CellTox
Green dye, indicating persistent membrane integrity after
compound treatment. Treatment with bufalin, buf-s-13, buf-
s-14, buf-s-17, and buf-s-18 led to dose-dependent induction
of Caspase-3/7 within the tested concentration range. Most
probably, true EC50s for cytotoxicity (Fig. 2a, red crosses)
as well as Caspase induction (Fig. 2a, yellow crosses) are
at higher concentrations than tested, placing T.i. for most
compounds well over 1000:1 and likely higher than noted
in Fig. 2b.

Furthermore, we treated human iPS-derived cardiomyo-
cytes (hiPS-CM) with selected compounds (Supplemental
Fig. 2b—e). hiPS-CM showed neither increased Caspase acti-
vation nor LDH release after treatment at effective concen-
trations, but we observed increased cytotoxicity at maximal
available concentrations (Supplemental Fig. 2d, e). This led
to smaller, but still useable T.i. compared to the treatment of
HCF (Supplemental Fig. 2b, c¢). Furthermore, we employed
human living myocardial slices, an ex vivo model of human
left ventricular heart tissue under constant electrical stimula-
tion ([23, 51], details see methods section). qPCR analysis
revealed significant down-regulation of FAP (supplemen-
tal Fig. 2g, Fibroblast activation protein alpha) and MMP2
(supplemental Fig. 2j) after treatment with lyco-s, but not
lycorine.

As our working set of compounds overall showed favoura-
ble safety at effective concentrations in HCFs and hiPS-CM,
we investigated further functional anti-fibrotic properties.
HCF treated with selected bufalin similars and the lycorine
similar showed markedly impaired fibroblast migration
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Fig.2 Favourite similars buf-s-14, buf-s-18 and lyco-s have low
toxicity and inhibit HCF migration. a In addition to efficacy (BrdU,
teal; WST-1, green), we determined cytotoxicity via dye inclu-
sion (CellTox Green, not shown), LDH release (red) as well as Cas-
pase-3/7 activation (yellow). Vertical lines represent EC50, horizon-
tal lines 95% CI. Horizontal bars indicate therapeutic index (T.i.,
IC50 / EC50) until LDH (red) or caspase activation (yellow). Pale
part of bars indicates predicted range above the highest tested con-
centration. n=3 biological replicates (donors), 2 technical repli-

(Fig. 2c, d). Interestingly, using microscopic evaluation after
treatment with bufalin or its related similars (buf-s-5, buf-s-
14, buf-s-18), we observed nearly complete lack of migra-
tion within the first half hour. In contrast, treatment with
lyco-s repressed migration only after several hours, explain-
ing the slightly elevated migration index. In summary, the
two lead compounds as well as the chosen similars are able
to impair fibroblast proliferation and migration.

Natural compound similars regulate a set
of fibrosis-associated miRNAs

As the importance of miRNAs in organ fibrosis [32, 46] and
cardiovascular disease [1, 22] has been reported, we specu-
lated on the importance of miRNAs regulated through our
newly identified anti-fibrotic natural compound similars. An
overview of all 165 in HCFs detectable miRNAs is shown in
Fig. 3a. We found a common set of miRNAs down-regulated
after treatment with buf-s-14, buf-s-18, lycorine and lyco-s,
but not bufalin and buf-s-5, whereas a smaller number of

-
=)
1

Migration Index after 24h [mmZ/mm] 2
o
L

] L] T L] T L] T T
s & s b > NI Y
o . o
N3 & g é,*‘ &
N

cates each. b Effective concentration (EC50 by BrdU assay) and
T.i. IC50 / EC50) for working set. CTG: CellTox Green dye. ¢, d
HCF were stained with 1:1000 DIR before plating. After 24 h incu-
bation, cells were scratched and subsequently treated with the com-
pounds (c). All compounds were able to inhibit HCF migration (d).
n=3 biological replicates, six technical replicates each. Bars repre-
sent mean+95% CI. Analysed with Two-way ANOVA (p <0.05),
adjusted following Dunnett. DIR: 1,1'-Dioctadecyl-3,3,3",3'-
Tetramethylindotricarbocyanine lodide

miRNAs were upregulated across all treatments. Overall,
we identified 43 miRNAs with Q value > 2.

We further performed over-representation analysis (ORA)
of significantly deregulated miRNAs using the miEAA?2
tool [21] (see Supplemental File 1). Briefly, miEAA?2 tests
whether a given list of miRNAs (without prior conversion
to mRNA targets) is significantly over-represented in cer-
tain biological pathways, compared to a random selection
of miRNAs. Enriched terms (with g,4; <0.05) were indeed
related to ECM (Fig. 3b), e.g. extracellular matrix structural
constituent (GO:0005201, adj. p=5.5x 1072), extracellular
matrix organization (GO:0030198, adj. p=1.3% 10_2), or
cell matrix adhesion (GO:0007160, adj. p=2.2 X 10‘2),
as well as fibrosis (Fig. 3c), e.g. regulation of cell migra-
tion (GO:0030334, adj. p=1.2X 10_3), regulation of cell
proliferation (GO:0042127, adj. p=1.2x 1072, or fibro-
sis (MNDR,! adj. p=2.8x 107%). Additionally, miRNAs

! MNDR: mammalian ncRNA-Disease Repository [35].
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«Fig. 3 Natural compound similars regulate a set of fibrosis-associ-
ated miRNAs. a Treatment with compounds led to upregulation of
several miRNAs across all treatments, whereas downregulation of a
set of miRNAs was observed in buf-s-14, buf-s-18, lycorine as well
as lyco-s. miRNAs analysed in more detail indicated on the right.
n=3 biological replicates (donors), 2 technical replicates each. Dis-
coveries determined with multiple unpaired ¢ tests, adjusted follow-
ing BKY (Q=0.01). Pathways of significantly deregulated miRNAs,
summarized by “bufalin-like” (blue) or “lycorine-like” (red) treat-
ment, were determined by over-representation analysis (ORA) using
miEAA2, adjusted following BH (Q=0.05). A high number of terms
were found related to extracellular matrix (b), fibrosis and fibroblast
biology (c) as well as TGF-p pathways (d). As the analysis included
more similars of bufalin than lycorine, more significant terms were
observed for “bufalin-like” treatment overall. Dotted line indicates
significance threshold (p,g; <0.05). Real-time qPCR analysis showed
hsa-miR-125a-5p expression was independent of compound treatment
(e), whereas hsa-miR-132-3p was upregulated in compound-treated
HCF (f). n=1 donor, 3 biological replicates. Analysed with Two-way
ANOVA, adjusted following Tukey. Utilizing the WST-1 assay, over-
expression of hsa-miR-125a-5p partially protected against the anti-
proliferative effect of buf-s-14, buf-s-18 and lyco-s (g). In contrast,
inhibition of hsa-miR-132-3p protected against buf-s-18 and lyco-s,
but not buf-s-14 (h). Bars show Lipofectamine control (hatched),
overexpression with respective miRNA mimic (full colour) and inhi-
bition with respective miRNA inhibitor (pale colour). Horizontal
lines represent remaining activity after treatment with buf-s-14 (pink,
dash-dot-dot) and buf-s-18 (teal, dash-dot) without miRNA mimic or
inhibitor. n=3 biological replicates (donors), 3—10 technical repli-
cates each. Analysed with Two-way ANOVA (p <0.05), adjusted fol-
lowing Tukey

controlling the TGF-§ pathway were significantly affected
(Fig. 3d), e.g. positive regulation of transforming growth
factor beta receptor signaling pathway (GO:0030511, adj.
p=3.6x10"%. In summary, our compounds deregulate
miRNAs mainly involved in fibrotic processes.

Of the 43 significantly deregulated miRNAs, we chose
the top 7, based on absolute fold-change, for further vali-
dation and assessment. As such, we were able to validate
the significant regulation of miRNA expression by real-
time qPCR analysis (exemplarily shown in Fig. 3e, f). To
determine whether these miRNAs are part of and essential
to the mechanism of action of the compounds, we trans-
fected HCF with miR mimics or inhibitors of the miRNA
candidates prior to compound treatment. If a miRNA is
essential for the compounds’ mechanism, we would expect
the absence of anti-proliferative effects after inhibition
of this miRNA, whereas anti-proliferative effects would
remain if the miRNA is rather a downstream element of
the compound response. Indeed, we were able to detect
such an absence of the anti-proliferative effect for hsa-
miR-132-3p after treatment with buf-s-18 and lyco-s, but
not buf-s-14 (Fig. 3h). Meanwhile, we observed an inverse
correlation for hsa-miR-125a-5p, as overexpression of the
miRNA was able to prevent the anti-proliferative effect of
treatment with buf-s-14 and lyco-s (Fig. 3g). These find-
ings indicate the contribution of these two miRNAs in

the signalling required for the anti-proliferative action of
the respective anti-fibrotic drug candidates. The remain-
ing miRNAs showed changed expression after compound
treatment via real-time qPCR (data not shown), but no sig-
nificant influence on HCF proliferation could be detected
regardless of the treatment (Supplemental Fig. 3c—g).

Identification of regulated anti-fibrotic pathways

To test a potential influence of newly identified natural com-
pound similars on pro-fibrotic pathways, we utilized a tar-
geted fibrotic signalling mRNA profiling tool. Quality con-
trol of all runs led to exclusion of 1 sample (HCF in medium
only, Donor 5, Supplemental Fig. 4a—c). Results from the
remaining 29 samples were analysed by correlation analy-
sis, indicating relatively high consistency between measure-
ments (Pearson r>0.84 for all comparisons). Moreover, 10
of the genes were chosen as reference genes (Supplemental
Fig. 4e, f). Highest-expressed genes after normalization were
CXCLS, FN1, and VIM, as well as SERPINEI in lyco-s-
treated samples (Supplemental Fig. 4g). As we observed sig-
nificant differences between the HCF donors (Supplemental
Fig. 4h), we corrected for donor variability as a covariate in
the following in-depth analyses.

Out of the remaining 760 mRNAs of this targeted
panel, 369 showed significant deregulation (BY adjusted p
value < 0.05) in at least one condition. No significant differ-
ences were found between DMSO and medium only con-
trol samples. An overview of all significantly deregulated
genes is shown in Fig. 4a. Of note, treatment with lycorine
resulted in less deregulation (fold-change) compared to
the other treatments. Samples treated with lyco-s trended
towards more down- than upregulation, and the pattern of
up- and down-regulated genes was different from the pat-
tern observed for the remaining treatments. In contrast, bufa-
lin and all bufalin similars shared a highly similar profile.
Indeed, out of 156 differentially expressed genes (DEGs)
with log2 IFCI> 1 of bufalin and its similars, a set of 93
genes was always up- or down-regulated across all condi-
tions, and further 13 genes in at least 5 of the 6 different
treatments (Fig. 4b). Consequently, Volcano plots were
highly similar for bufalin similars, but not lyco-s (Fig. 4c).
Pathway analysis revealed significant downregulation of
several gene clusters after lyco-s treatment (Fig. 4d). Spe-
cifically, lyco-s repressed genes related to endothelial mes-
enchymal transition (EMT), ECM homeostasis as well as
collagen biosynthesis (Fig. 4e).

Next-generation RNA-Sequencing after anti-fibrotic
treatments

Global transcriptome analysis by RNA sequencing was per-
formed for buf-s-14, buf-s-18 and lyco-s. In total, sequencing
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buf-s-13

Fig.4 Similars regulate fibrotic mRNA signalling. a RNA isolated
from HCF treated with bufalin, buf-s-5, buf-s-13, buf-s-14, buf-s-17,
buf-s-18, lycorine or lyco-s was analysed using the nanoString Fibro-
sis panel. Out of 770 mRNAs measured, expression of 369 genes was
significantly deregulated and distinct expression profiles for the com-
pound groups bufalin-like (blue) or lycorine-like (red) were obtained.
n=3 biological replicates (donors). Analysed with multiple ¢ tests
(p<0.05), adjusted following BY. b 93 genes were up-regulated,
respectively, downregulated in all bufalin-like compound-treated
HCEF, and further 13 genes in at least 5 of the 6 different treatments. ¢

detected 61,043 transcripts, of which 42,079 low-expressed
transcripts were excluded. Cluster analysis on the remain-
ing 18,964 transcripts could not distinguish buf-s-14 from
buf-s-18 (Supplemental Fig. 5a). When compared to DMSO
control, we detected over 4000 DEGs for all three treatments
(Fig. 5a). We further determined the top 20 expressed tran-
scripts of the DMSO control in more detail to get infor-
mation about the most important genes of “basal HCF”
(Supplemental Fig. 5b). Of note, the 6 highest-expressed
transcripts already constitute over 10% of all reads (after fil-
tering, see methods section): FN1 (3.3%), COL1A1 (2.0%),
EEF1A1 (1.3%), COL1A2 (1.3%), and two neighbouring
lincRNAs. When we assessed the underlying pathways,
we found most of those transcripts to be part of pathways
expected for fibroblasts (supplemental Fig. 5c): cell-cell
adhesion (GO:0034109), ECM organisation (GO:0030198),
TGF-beta receptor signaling (GO:0007179) and cell migra-
tion (G0O:0030334), as well as general protein-related pro-
cesses (GO:0006414, GO:0044267, GO:0006464).

We further analysed all DEGs of the different treatments
using enrichR (Fig. Sc—f). For the two bufalin-related simi-
lars, down-regulated genes were enriched for terms related

@ Springer
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buf-s-14 and buf-s-18 tended to increase overall expression, whereas
the number of significantly up- and down-regulated genes was simi-
lar after treatment with lyco-s. d Pathway signatures were scored by
average expression of genes in respective pathway, normalized to
respective signature mean. Bufalin and its similars have nearly inter-
changeable pathway profiles, whereas the profile of lycorine is similar
to controls. Treatment with lyco-s is the only condition with reduction
in collagen, ECM and EMT pathways. e Average expression per gene
for selected pathways. n=3 biological replicates (donors)

to DNA binding, cytoskeleton and multiple pathways of
biosynthesis. Analysis of up-regulated genes after treatment
with lyco-s enriched terms related to inflammation, whereas
down-regulated terms concentrated on ECM, collagen and
several biosynthesis pathways.

Of note, ECM organization or ECM-receptor interactions
were the top 1 term in GO:BP, KEGG, Reactome and WikiP-
athways databases. This strong consistency between several
databases led us to evaluate the changes in gene expres-
sion after treatment with lyco-s in more detail. First, we
assessed the gene expression profile of GO biological path-
ways relevant to ECM and collagen function (Fig. 5b). We
detected broad deregulation for many genes related to ECM
organisation (GO:0030198, orange) and collagen binding
(GO:0005518, green) or both (yellow) after treatment with
lyco-s, and to a lesser degree for buf-s-14- and buf-s-18-
treated samples. Subsequently, we evaluated all expressed
collagen isoforms as central components of fibrosis. From
COL1A1 (13.9-14.6 log2 counts) to COL9A1 (-6.3
to—4.7 log2 counts), expression level of collagen isoforms
spun nearly 6 orders of magnitude. Focusing on the top 20
expressed isoforms, we found significant differences after
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Fig.5 mRNA expression analysis of HCF reveals repression of
ECM and collagen function after treatment with lyco-s. a Out of
61,043 transcripts, 18,964 remained after exclusion of low-expressed
transcripts. Volcano plots show over 4000 differentially expressed
genes (DEGs) for all three treatments. Treatment with lyco-s led to
a similar amount of significantly up- (red), but not down-regulated
genes (blue) compared to bufalin similars. n=3 biological replicates
(donors). Discoveries (Q=0.05) adjusted following BY. b Treat-
ment with lyco-s leads to increased deregulation of central pathways
related to ECM function, including ECM organisation (orange), col-
lagen binding (green), or both (yellow). GO:BP analysis of DEGs
highlights downregulation of ECM and myofibroblast functions (¢) as

treatment (ANOVA p value <0.001). As such, treatment
with lyco-s led to significantly reduced expression levels
of most high- to medium-expressed collagen isoforms, and
highest-expressed isoforms were reduced approx. tenfold
(Fig. 5g, top 20 collagen isoforms, ordered from highest

well as metabolism (d) after treatment with lyco-s. In contrast, treat-
ment with buf-s-18 led to downregulation of genes involved in cilia
(e) and DNA damage responses (f). For samples treated with buf-s-
14, no terms were significantly enriched after multiplicity adjustment.
Dotted line indicates significance threshold (p,q; <0.05). g Treatment
with lyco-s (purple) repressed most high to medium-expressed colla-
gen isoforms in HCF. The top 5 collagens are among the top 20 over-
all genes (compare Supplementary Fig. 4d). Mean (bars) and single
biological replicates (circles), asterisk indicates significance in Two-
way ANOVA (p <0.05), adjusted following Dunnett (including buf-s-
14 +buf-s-18, see Supplementary Fig. 4d)

expressed left to the lowest expressed right). In contrast, col-
lagen levels remained mostly unchanged after treatment with
buf-s-14 or buf-s-18 (Supplemental Fig. 5d, same order), as
only COL5A1 was downregulated approx. fivefold.
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Conclusion

Here we describe the characterization of molecular simi-
lars of the previously identified natural compounds bufa-
lin and lycorine for the treatment of cardiac fibrosis. We
selected anti-proliferative candidates based on in vitro
screening and in silico predictions, and further validated
their effect. In a multi-OMICs approach, we confirmed
anti-fibrotic activity and identified several underlying
molecular pathways.

The most promising candidate from our screen was lyco-
s, also known as homoharringtonine, and we determined
EC50 for inhibition of proliferation on HCF at rather low
concentrations (34 nM), being in line with the median activ-
ity of approved drugs of approx. 20 nM [36] and sufficient to
advance further translational developments. Homoharringto-
nine has been mainly tested as an anti-cancer therapeutic,
and has been evaluated in a number of phase II clinical trials
(e.g. NCT00375219 [9]). After orphan drug designation in
2006, homoharringtonine has been approved for treatment
of chronic myeloid leukemia (CML) by the FDA in 2012.

Historic studies proposed interaction of bufalin with the
Na(+),K(+)-ATPase [39] as well as of lycorine and lyco-s
with the 80S ribosome [15, 48], recently supported by crys-
tal structures [17, 25]. Notwithstanding, literature reports on
the action of bufalin, lycorine and lyco-s are highly incon-
sistent, often contradictory, and regularly with a relative
narrow focus on potential interaction partners or targets. To
conclusively resolve anti-fibrotic and selective target pro-
files of bufalin, lycorine and their similars, we decided on
global and unbiased evaluation of the non-coding and coding
transcriptome.

To determine changes in miRNA expression, we used a
panel of 754 known human miRNAs. We could detect only
a minority of 165 miRNAs expressed in HCF, of which 43
were significantly deregulated after treatment. Surprisingly,
overexpression of hsa-mir-125a-5p counteracted the anti-
proliferative activity of our compounds. Hsa-mir-125a-5p
has been described to be a negative regulator of p53, thereby
promoting cell proliferation and differentiation [27, 33].
Similarly, increased expression of hsa-mir-125a-5p has been
reported in a sheep model of HF [52] and correlated with
fibrosis score and severity of hepatic fibrosis and cirrhosis
in human [8].

RNA profiling and validation experiments identified an
exceptional downregulation by approx. 90% of high- to
medium-expressed collagen isoforms after treatment with
lyco-s, but not buf-s-14 and buf-s-18. Fibronectin 1 (FN1),
Pleiotrophin (PTN), and Biglycan (BGN) are essential mark-
ers of myofibroblasts, which act as paracrine signals to other
cell populations of the heart [12]. Again, we found all of

@ Springer

those factors were significantly downregulated after treat-
ment with lyco-s. Anti-fibrotic effectivity of lyco-s could
be validated even ex vivo in human living myocardial slices
derived from heart failure patients.

In conclusion, we found strong evidence that the anti-
proliferative activity and anti-migratory activity of several of
our similars, especially lyco-s, are sufficient to block fibro-
blast activation and thus validate them as interesting anti-
fibrotic drug candidates for further preclinical and clinical
development.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00395-022-00919-6.

Acknowledgements F.P.K. was enrolled in the Molecular Medicine
program of the Hannover Biomedical Research School (HBRS). The
authors thank GreenPharma S.A.S. (Orléans, France) for providing
the compounds.

Author contributions F.P.K.,J.F. and T.T. conceived the study. F.P.K.,
S.M. and A.M. performed the in vitro HCF and molecular biologi-
cal experiments. H.J.H., F.P.K. and S.M. performed the in vitro hiPS-
CM experiments. N.A. performed the ex vivo slicing culture. R.G.
performed RNA-Sequencing. D.D.J. provided access to the nCounter
machine. F.P.K. performed all analyses, wrote the initial draft of the
manuscript and designed the initial drafts of the figures. F.P.K. and T.T.
revised the manuscript and the figures. All authors approved the final
version of the figures and the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. Initial batch of the compounds was provided by GreenPharma
S.A.S. (Orléans, France) under support of the European Union project
Fibrotarget (7th Framework Project, to T.T.). F.P.K. was funded by
CARDINAL (DFG 316872437, to T.T.), CardioREGenix (EU 825670,
to T.T.) and Cardiovascular ncRNA (TRR 267, to T.T.). Further support
came from the SFB1470 (project BO7, DFG, to T.T.). A.M. acknowl-
edges support from HBRS (StrucMed program) at Hannover Medical
School. D.DJ. and T.T. were funded by KFO 311 (project Z, DFG
286251789, to D.D.J.).

Declarations

Conflict of interest T.T. and J.F. filed several patents about noncoding
RNAs and/or therapeutic use of natural compounds in fibrosi (outside
the field of this manuscript)s. T.T. is founder and shareholder of Cardi-
or Pharmaceuticals (outside the field of this manuscript). The remain-
ing authors declare no competing interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.1007/s00395-022-00919-6
http://creativecommons.org/licenses/by/4.0/

Basic Research in Cardiology

(2022) 117:9

Page130of16 9

References

10.

11.

12.

13.

14.

Abbas N, Perbellini F, Thum T (2020) Non-coding RNAs:
emerging players in cardiomyocyte proliferation and cardiac
regeneration. Basic Res Cardiol 115:52. https://doi.org/10.1007/
500395-020-0816-0

Afgan E, Baker D, Batut B, van den Beek M, Bouvier D, Cech
M, Chilton J, Clements D, Coraor N, Griining BA, Guerler A,
Hillman-Jackson J, Hiltemann S, Jalili V, Rasche H, Soranzo N,
Goecks J, Taylor J, Nekrutenko A, Blankenberg D (2018) The
Galaxy platform for accessible, reproducible and collaborative
biomedical analyses: 2018 update. Nucleic Acids Res 46:W537—
W544. https://doi.org/10.1093/nar/gky379

Benjamini Y, Hochberg Y (1995) Controlling the false discovery
rate: a practical and powerful approach to multiple testing. J R Stat
Soc Series B (Methodological) 57:289-300

Benjamini Y, Yekutieli D (2001) The control of the false discovery
rate in multiple testing under dependency. Ann Statist 29:1165—
1188. https://doi.org/10.1214/a0s/1013699998

Benjamini Y, Krieger AM, Yekutieli D (2006) Adaptive linear
step-up procedures that control the false discovery rate. Biom-
etrika 93:491-507. https://doi.org/10.1093/biomet/93.3.491
Chatterjee S, Hofer T, Costa A, Lu D, Batkai S, Gupta SK, Bole-
sani E, Zweigerdt R, Megias D, Streckfuss-Bomeke K, Branden-
berger C, Thum T, Bir C (2021) Telomerase therapy attenuates
cardiotoxic effects of doxorubicin. Mol Ther 29:1395-1410.
https://doi.org/10.1016/j.ymthe.2020.12.035

Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV,
Clark NR, Ma’ayan A, (2013) Enrichr: interactive and collabora-
tive HTMLS gene list enrichment analysis tool. BMC Bioinform
14:128. https://doi.org/10.1186/1471-2105-14-128

Coppola N, Onorato L, Panella M, de Stefano G, Mosca N, Mini-
chini C, Messina V, Potenza N, Starace M, Alessio L, Farella
N, Sagnelli E, Russo A (2018) Correlation between the hepatic
expression of human microRNA hsa-miR-125a-5p and the pro-
gression of fibrosis in patients with overt and occult HBV infec-
tion. Front Immunol 9:1334. https://doi.org/10.3389/fimmu.2018.
01334

Cortes J, Lipton JH, Rea D, Digumarti R, Chuah C, Nanda N,
Benichou A-C, Craig AR, Michallet M, Nicolini FE, Kantarjian
H (2012) Phase 2 study of subcutaneous omacetaxine mepesuc-
cinate after TKI failure in patients with chronic-phase CML with
T315I mutation. Blood 120:2573-2580. https://doi.org/10.1182/
blood-2012-03-415307

Daina A, Michielin O, Zoete V (2017) SwissADME: a free web
tool to evaluate pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules. Sci Rep 7:42717.
https://doi.org/10.1038/srep42717

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S,
Batut P, Chaisson M, Gingeras TR (2013) STAR: ultrafast univer-
sal RNA-seq aligner. Bioinformatics 29:15-21. https://doi.org/10.
1093/bioinformatics/bts635

Farbehi N, Patrick R, Dorison A, Xaymardan M, Janbandhu V,
Wystub-Lis K, Ho JW, Nordon RE, Harvey RP (2019) Single-
cell expression profiling reveals dynamic flux of cardiac stromal,
vascular and immune cells in health and injury. Elife. https://doi.
org/10.7554/eLife.43882

Fischer C, Milting H, Fein E, Reiser E, Lu K, Seidel T, Schin-
ner C, Schwarzmayr T, Schramm R, Tomasi R, Husse B, Cao-
Ehlker X, Pohl U, Dendorfer A (2019) Long-term functional and
structural preservation of precision-cut human myocardium under
continuous electromechanical stimulation in vitro. Nat Commun
10:117. https://doi.org/10.1038/s41467-018-08003-1
Foinquinos A, Batkai S, Genschel C, Viereck J, Rump S,
Gyongyosi M, Traxler D, Riesenhuber M, Spannbauer A, Lukovic

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

D, Weber N, Zlabinger K, HaSimbegovi¢ E, Winkler J, Fiedler J,
Dangwal S, Fischer M, de La-Roche J, Wojciechowski D, Kraft
T, Garamvolgyi R, Neitzel S, Chatterjee S, Yin X, Bér C, Mayr
M, Xiao K, Thum T (2020) Preclinical development of a miR-132
inhibitor for heart failure treatment. Nat Commun 11:633. https://
doi.org/10.1038/s41467-020-14349-2

Fresno M, Jiménez A, Vazquez D (1977) Inhibition of translation
in eukaryotic systems by harringtonine. Eur J Biochem 72:323—
330. https://doi.org/10.1111/j.1432-1033.1977.tb11256.x

Fuchs M, Kreutzer FP, Kapsner LA, Mitzka S, Just A, Perbel-
lini F, Terracciano CM, Xiao K, Geffers R, Bogdan C, Prokosch
H-U, Fiedler J, Thum T, Kunz M (2020) Integrative bioinformatic
analyses of global transcriptome data decipher novel molecular
insights into cardiac anti-fibrotic therapies. Int J Mol Sci 21:4727.
https://doi.org/10.3390/ijms21134727

Garreau de Loubresse N, Prokhorova I, Holtkamp W, Rodnina
MYV, Yusupova G, Yusupov M (2014) Structural basis for the inhi-
bition of the eukaryotic ribosome. Nature 513:517-522. https://
doi.org/10.1038/nature13737

Gulati S, Luckhardt TR (2020) Updated evaluation of the safety,
efficacy and tolerability of pirfenidone in the treatment of idi-
opathic pulmonary fibrosis. Drug Healthc Patient Saf 12:85-94.
https://doi.org/10.2147/DHPS.S224007

Haase A, Gohring G, Martin U (2017) Generation of non-trans-
genic iPS cells from human cord blood CD34+ cells under animal
component-free conditions. Stem Cell Res 21:71-73. https://doi.
org/10.1016/j.scr.2017.03.022

Iversen PW, Eastwood BJ, Sittampalam GS, Cox KL (2006) A
comparison of assay performance measures in screening assays:
signal window, Z' factor, and assay variability ratio. J Biomol
Screen 11:247-252. https://doi.org/10.1177/1087057105285610
Kern F, Fehlmann T, Solomon J, Schwed L, Grammes N, Backes
C, van Keuren-Jensen K, Craig DW, Meese E, Keller A (2020)
miEAA 2.0: integrating multi-species microRNA enrichment
analysis and workflow management systems. Nucleic Acids Res
48:W521-W528. https://doi.org/10.1093/nar/gkaa309

Kreutzer FP, Fiedler J, Thum T (2020) Non-coding RNAs: key
players in cardiac disease. J Physiol (Lond ) 598:2995-3003.
https://doi.org/10.1113/JP278131

Kreutzer FP, Meinecke A, Schmidt K, Fiedler J, Thum T (2022)
Alternative strategies in cardiac preclinical researchand new clini-
cal trial formats. Cardiovascular research 118:746-762. https://
doi.org/10.1093/cvr/cvab075

Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan
Q, Wang Z, Koplev S, Jenkins SL, Jagodnik KM, Lachmann A,
McDermott MG, Monteiro CD, Gundersen GW, Ma’ayan A,
(2016) Enrichr: a comprehensive gene set enrichment analysis
web server 2016 update. Nucleic Acids Res 44:W90-W97. https://
doi.org/10.1093/nar/gkw377

Laursen M, Gregersen JL, Yatime L, Nissen P, Fedosova NU
(2015) Structures and characterization of digoxin- and bufalin-
bound Na+, K+-ATPase compared with the ouabain-bound com-
plex. Proc Natl Acad Sci U S A 112:1755-1760. https://doi.org/
10.1073/pnas.1422997112

Law CW, Chen Y, Shi W, Smyth GK (2014) voom: preci-
sion weights unlock linear model analysis tools for RNA-seq
read counts. Genome Biol 15:R29. https://doi.org/10.1186/
gb-2014-15-2-r29

Le MTN, Teh C, Shyh-Chang N, Xie H, Zhou B, Korzh V, Lodish
HF, Lim B (2009) MicroRNA-125b is a novel negative regula-
tor of p53. Genes Dev 23:862-876. https://doi.org/10.1101/gad.
1767609

Lewis GA, Dodd S, Clayton D, Bedson E, Eccleson H, Schelbert
EB, Naish JH, Jimenez BD, Williams SG, Cunnington C, Ahmed
FZ, Cooper A, Rajavarma V, Russell S, McDonagh T, Williamson
PR, Miller CA (2021) Pirfenidone in heart failure with preserved

@ Springer


https://doi.org/10.1007/s00395-020-0816-0
https://doi.org/10.1007/s00395-020-0816-0
https://doi.org/10.1093/nar/gky379
https://doi.org/10.1214/aos/1013699998
https://doi.org/10.1093/biomet/93.3.491
https://doi.org/10.1016/j.ymthe.2020.12.035
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.3389/fimmu.2018.01334
https://doi.org/10.3389/fimmu.2018.01334
https://doi.org/10.1182/blood-2012-03-415307
https://doi.org/10.1182/blood-2012-03-415307
https://doi.org/10.1038/srep42717
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.7554/eLife.43882
https://doi.org/10.7554/eLife.43882
https://doi.org/10.1038/s41467-018-08003-1
https://doi.org/10.1038/s41467-020-14349-2
https://doi.org/10.1038/s41467-020-14349-2
https://doi.org/10.1111/j.1432-1033.1977.tb11256.x
https://doi.org/10.3390/ijms21134727
https://doi.org/10.1038/nature13737
https://doi.org/10.1038/nature13737
https://doi.org/10.2147/DHPS.S224007
https://doi.org/10.1016/j.scr.2017.03.022
https://doi.org/10.1016/j.scr.2017.03.022
https://doi.org/10.1177/1087057105285610
https://doi.org/10.1093/nar/gkaa309
https://doi.org/10.1113/JP278131
https://doi.org/10.1093/cvr/cvab075
https://doi.org/10.1093/cvr/cvab075
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1073/pnas.1422997112
https://doi.org/10.1073/pnas.1422997112
https://doi.org/10.1186/gb-2014-15-2-r29
https://doi.org/10.1186/gb-2014-15-2-r29
https://doi.org/10.1101/gad.1767609
https://doi.org/10.1101/gad.1767609

9

Page 14 of 16

Basic Research in Cardiology (2022) 117:9

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

ejection fraction: a randomized phase 2 trial. Nat Med 27:1477—
1482. https://doi.org/10.1038/s41591-021-01452-0

Lian X, Zhang J, Azarin SM, Zhu K, Hazeltine LB, Bao X,
Hsiao C, Kamp TJ, Palecek SP (2013) Directed cardiomyocyte
differentiation from human pluripotent stem cells by modulat-
ing Wnt/B-catenin signaling under fully defined conditions. Nat
Protoc 8:162—-175. https://doi.org/10.1038/nprot.2012.150

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(—Delta Delta
C(T)) Method. Methods 25:402—408. https://doi.org/10.1006/
meth.2001.1262

Menon MB, Ronkina N, Schwermann J, Kotlyarov A, Gaestel
M (2009) Fluorescence-based quantitative scratch wound heal-
ing assay demonstrating the role of MAPKAPK-2/3 in fibroblast
migration. Cell Motil Cytoskelet 66:1041-1047. https://doi.org/
10.1002/cm.20418

Moro A, Driscoll TP, Boraas LC, Armero W, Kasper DM, Baey-
ens N, Jouy C, Mallikarjun V, Swift J, Ahn SJ, Lee D, Zhang J,
Gu M, Gerstein M, Schwartz M, Nicoli S (2019) MicroRNA-
dependent regulation of biomechanical genes establishes tissue
stiffness homeostasis. Nat Cell Biol 21:348-358. https://doi.org/
10.1038/541556-019-0272-y

Naidu S, Shi L, Magee P, Middleton JD, Lagana A, Sahoo S,
Leong HS, Galvin M, Frese K, Dive C, Guzzardo V, Fassan M,
Garofalo M (2017) PDGFR-modulated miR-23b cluster and miR-
125a-5p suppress lung tumorigenesis by targeting multiple com-
ponents of KRAS and NF-kB pathways. Sci Rep 7:15441. https://
doi.org/10.1038/541598-017-14843-6

Nickles D, Sandmann T, Ziman R, Bourgon R (2017)
NanoStringQCPro: quality metrics and data processing meth-
ods for NanoString mRNA gene expression data. Bioconductor.
https://doi.org/10.18129/B9.bioc.nanostringqcpro

Ning L, Cui T, Zheng B, Wang N, Luo J, Yang B, Du M, Cheng
J,Dou Y, Wang D (2021) MNDR v3.0: mammal ncRNA-disease
repository with increased coverage and annotation. Nucleic Acids
Res 49:D160-D164. https://doi.org/10.1093/nar/gkaa707
Overington JP, Al-Lazikani B, Hopkins AL (2006) How many
drug targets are there? Nat Rev Drug Discov 5:993-996. https://
doi.org/10.1038/nrd2199

Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats
AJS, Falk V, Gonzélez-Juanatey JR, Harjola V-P, Jankowska EA,
Jessup M, Linde C, Nihoyannopoulos P, Parissis JT, Pieske B,
Riley JP, Rosano GMC, Ruilope LM, Ruschitzka F, Rutten FH,
van der Meer P (2016) 2016 ESC Guidelines for the diagnosis and
treatment of acute and chronic heart failure. Eur Heart J 37:2129—
2200. https://doi.org/10.1093/eurheartj/echw128

Ravikumar B, Alam Z, Peddinti G, Aittokallio T (2017)
C-SPADE: a web-tool for interactive analysis and visualization
of drug screening experiments through compound-specific bioac-
tivity dendrograms. Nucleic Acids Res 45:W495-W500. https://
doi.org/10.1093/nar/gkx384

Repke KR, Schonfeld W (1984) Na+/K+-ATPase as the digitalis
receptor. Trends Pharmacol Sci 5:393-397. https://doi.org/10.
1016/0165-6147(84)90480-2

Rodriguez-Portal JA (2018) Efficacy and safety of nintedanib for
the treatment of idiopathic pulmonary fibrosis: an update. Drugs
R D 18:19-25. https://doi.org/10.1007/s40268-017-0221-9
Savarese G, Lund LH (2017) Global Public health burden of heart
failure. Card Fail Rev 3:7. https://doi.org/10.15420/cfr.2016:25:2
Schimmel K, Jung M, Foinquinos A, José GS, Beaumont J, Bock
K, Grote-Levi L, Xiao K, Bér C, Pfanne A, Just A, Zimmer K,
Ngoy S, Lépez B, Ravassa S, Samolovac S, Janssen-Peters H,
Remke J, Scherf K, Dangwal S, Piccoli M-T, Kleemiss F, Kreutzer
FP, Kenneweg F, Leonardy J, Hobuf3 L, Santer L, Do Q-T, Gefters
R, Braesen JH, Schmitz J, Brandenberger C, Miiller DN, Wilck N,
Kaever V, Bihre H, Batkai S, Fiedler J, Alexander KM, Wertheim

@ Springer

43.

44.

45.

46.

47.

48.

49.

BM, Fisch S, Liao R, Diez J, Gonzélez A, Thum T (2020) Natu-
ral compound library screening identifies new molecules for the
treatment of cardiac fibrosis and diastolic dysfunction. Circulation
141:751-767. https://doi.org/10.1161/CIRCULATIONAHA.119.
042559

Smyth GK (2005) Limma: linear models for microarray data. In:
Gentleman R, Carey VJ, Dudoit S, Huber W, Irizarry RA (eds)
Bioinformatics and computational biology solutions using R and
bioconductor, 1st edn. Springer Science+Business Media Inc,
New York, pp 397-420

Stadler PF, Chen JJ-L, Hackermiiller J, Hoffmann S, Horn F, Khai-
tovich P, Kretzschmar AK, Mosig A, Prohaska SJ, Qi X, Schutt
K, Ullmann K (2009) Evolution of vault RNAs. Mol Biol Evol
26:1975-1991. https://doi.org/10.1093/molbev/msp112

Sun L, Dong S, Ge Y, Fonseca JP, Robinson ZT, Mysore KS,
Mehta P (2019) DiVenn: an interactive and integrated web-based
visualization tool for comparing gene lists. Front Genet 10:421.
https://doi.org/10.3389/fgene.2019.00421

Thum T, Gross C, Fiedler J, Fischer T, Kissler S, Bussen M,
Galuppo P, Just S, Rottbauer W, Frantz S, Castoldi M, Soutschek
J, Koteliansky V, Rosenwald A, Basson MA, Licht JD, Pena
JTR, Rouhanifard SH, Muckenthaler MU, Tuschl T, Martin GR,
Bauersachs J, Engelhardt S (2008) MicroRNA-21 contributes to
myocardial disease by stimulating MAP kinase signalling in fibro-
blasts. Nature 456:980-984. https://doi.org/10.1038/nature07511
Tohyama S, Hattori F, Sano M, Hishiki T, Nagahata Y, Matsuura
T, Hashimoto H, Suzuki T, Yamashita H, Satoh Y, Egashira T,
Seki T, Muraoka N, Yamakawa H, Ohgino Y, Tanaka T, Yoichi
M, Yuasa S, Murata M, Suematsu M, Fukuda K (2013) Distinct
metabolic flow enables large-scale purification of mouse and
human pluripotent stem cell-derived cardiomyocytes. Cell Stem
Cell 12:127-137. https://doi.org/10.1016/j.stem.2012.09.013
Tujebajeva RM, Graifer DM, Karpova GG, Ajtkhozhina NA
(1989) Alkaloid homoharringtonine inhibits polypeptide chain
elongation on human ribosomes on the step of peptide bond for-
mation. FEBS Lett 257:254-256. https://doi.org/10.1016/0014-
5793(89)81546-7

Vos T, Abajobir AA, Abate KH, Abbafati C, Abbas KM, Abd-
Allah F, Abdulkader RS, Abdulle AM, Abebo TA, Abera SF,
Aboyans V, Abu-Raddad LJ, Ackerman IN, Adamu AA,
Adetokunboh O, Afarideh M, Afshin A, Agarwal SK, Aggarwal
R, Agrawal A, Agrawal S, Ahmadieh H, Ahmed MB, Aichour
MTE, Aichour AN, Aichour I, Aiyar S, Akinyemi RO, Akseer N,
Al Lami FH, Alahdab F, Al-Aly Z, Alam K, Alam N, Alam T,
Alasfoor D, Alene KA, Ali R, Alizadeh-Navaei R, Alkerwi A,
Alla F, Allebeck P, Allen C, Al-Maskari F, Al-Raddadi R, Alsha-
rif U, Alsowaidi S, Altirkawi KA, Amare AT, Amini E, Ammar
W, Amoako YA, Andersen HH, Antonio CAT, Anwari P, Arnlov
J, Artaman A, Aryal KK, Asayesh H, Asgedom SW, Assadi R,
Atey TM, Atnafu NT, Atre SR, Avila-Burgos L, Avokphako
EFGA, Awasthi A, Bacha U, Badawi A, Balakrishnan K, Banerjee
A, Bannick MS, Barac A, Barber RM, Barker-Collo SL, Bir-
nighausen T, Barquera S, Barregard L, Barrero LH, Basu S, Bat-
tista B, Battle KE, Baune BT, Bazargan-Hejazi S, Beardsley J,
Bedi N, Beghi E, Béjot Y, Bekele BB, Bell ML, Bennett DA,
Bensenor IM, Benson J, Berhane A, Berhe DF, Bernabé E, Betsu
BD, Beuran M, Beyene AS, Bhala N, Bhansali A, Bhatt S, Bhutta
ZA, Biadgilign S, Bicer BK, Bienhoff K, Bikbov B, Birungi C,
Biryukov S, Bisanzio D, Bizuayehu HM, Boneya DJ, Boufous S,
Bourne RRA, Brazinova A, Brugha TS, Buchbinder R, Bulto
LNB, Bumgarner BR, Butt ZA, Cahuana-Hurtado L, Cameron E,
Car M, Carabin H, Carapetis JR, Cardenas R, Carpenter DO, Car-
rero JJ, Carter A, Carvalho F, Casey DC, Caso V, Castafieda-
Orjuela CA, Castle CD, Catala-Loépez F, Chang H-Y, Chang J-C,
Charlson FJ, Chen H, Chibalabala M, Chibueze CE, Chisumpa
VH, Chitheer AA, Christopher DJ, Ciobanu LG, Cirillo M,


https://doi.org/10.1038/s41591-021-01452-0
https://doi.org/10.1038/nprot.2012.150
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1002/cm.20418
https://doi.org/10.1002/cm.20418
https://doi.org/10.1038/s41556-019-0272-y
https://doi.org/10.1038/s41556-019-0272-y
https://doi.org/10.1038/s41598-017-14843-6
https://doi.org/10.1038/s41598-017-14843-6
https://doi.org/10.18129/B9.bioc.nanostringqcpro
https://doi.org/10.1093/nar/gkaa707
https://doi.org/10.1038/nrd2199
https://doi.org/10.1038/nrd2199
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1093/nar/gkx384
https://doi.org/10.1093/nar/gkx384
https://doi.org/10.1016/0165-6147(84)90480-2
https://doi.org/10.1016/0165-6147(84)90480-2
https://doi.org/10.1007/s40268-017-0221-9
https://doi.org/10.15420/cfr.2016:25:2
https://doi.org/10.1161/CIRCULATIONAHA.119.042559
https://doi.org/10.1161/CIRCULATIONAHA.119.042559
https://doi.org/10.1093/molbev/msp112
https://doi.org/10.3389/fgene.2019.00421
https://doi.org/10.1038/nature07511
https://doi.org/10.1016/j.stem.2012.09.013
https://doi.org/10.1016/0014-5793(89)81546-7
https://doi.org/10.1016/0014-5793(89)81546-7

Basic Research in Cardiology

(2022) 117:9

Page150f16 9

Colombara D, Cooper C, Cortesi PA, Criqui MH, Crump JA, Dadi
AF, Dalal K, Dandona L, Dandona R, das Neves J, Davitoiu DV,
Courten B de, Leo D de, Defo BK, Degenhardt L, Deiparine S,
Dellavalle RP, Deribe K, Des Jarlais DC, Dey S, Dharmaratne SD,
Dhillon PK, Dicker D, Ding EL, Djalalinia S, Do HP, Dorsey ER,
dos Santos KPB, Douwes-Schultz D, Doyle KE, Driscoll TR,
Dubey M, Duncan BB, El-Khatib ZZ, Ellerstrand J, Enayati A,
Endries AY, Ermakov SP, Erskine HE, Eshrati B, Eskandarieh S,
Esteghamati A, Estep K, Fanuel FBB, Farinha CSES, Faro A,
Farzadfar F, Fazeli MS, Feigin VL, Fereshtehnejad S-M, Fer-
nandes JC, Ferrari AJ, Feyissa TR, Filip I, Fischer F, Fitzmaurice
C, Flaxman AD, Flor LS, Foigt N, Foreman KJ, Franklin RC,
Fullman N, Fiirst T, Furtado JM, Futran ND, Gakidou E, Ganji
M, Garcia-Basteiro AL, Gebre T, Gebrehiwot TT, Geleto A,
Gemechu BL, Gesesew HA, Gething PW, Ghajar A, Gibney KB,
Gill PS, Gillum RF, Ginawi IAM, Giref AZ, Gishu MD, Giussani
G, Godwin WW, Gold AL, Goldberg EM, Gona PN, Goodridge
A, Gopalani SV, Goto A, Goulart AC, Griswold M, Gugnani HC,
Gupta R, Gupta R, Gupta T, Gupta V, Hafezi-Nejad N, Hailu GB,
Hailu AD, Hamadeh RR, Hamidi S, Handal AJ, Hankey GJ, Han-
son SW, Hao Y, Harb HL, Hareri HA, Haro JM, Harvey J, Has-
sanvand MS, Havmoeller R, Hawley C, Hay SI, Hay RJ, Henry
NJ, Heredia-Pi IB, Hernandez JM, Heydarpour P, Hoek HW, Hoft-
man HJ, Horita N, Hosgood HD, Hostiuc S, Hotez PJ, Hoy DG,
Htet AS, Hu G, Huang H, Huynh C, Iburg KM, Igumbor EU,
Ikeda C, Irvine CMS, Jacobsen KH, Jahanmehr N, Jakovljevic
MB, Jassal SK, Javanbakht M, Jayaraman SP, Jeemon P, Jensen
PN, Jha V, Jiang G, John D, Johnson SC, Johnson CO, Jonas JB,
Jiirisson M, Kabir Z, Kadel R, Kahsay A, Kamal R, Kan H, Karam
NE, Karch A, Karema CK, Kasaeian A, Kassa GM, Kassaw NA,
Kassebaum NJ, Kastor A, Katikireddi SV, Kaul A, Kawakami N,
Keiyoro PN, Kengne AP, Keren A, Khader YS, Khalil IA, Khan
EA, Khang Y-H, Khosravi A, Khubchandani J, Kiadaliri AA,
Kieling C, Kim YJ, Kim D, Kim P, Kimokoti RW, Kinfu Y, Kisa
A, Kissimova-Skarbek KA, Kivimaki M, Knudsen AK, Kokubo
Y, Kolte D, Kopec JA, Kosen S, Koul PA, Koyanagi A,
Kravchenko M, Krishnaswami S, Krohn KJ, Kumar GA, Kumar
P, Kumar S, Kyu HH, Lal DK, Lalloo R, Lambert N, Lan Q, Lars-
son A, Lavados PM, Leasher JL, Lee PH, Lee J-T, Leigh J, Lesh-
argie CT, Leung J, Leung R, Levi M, Li Y, Li Y, Li Kappe D,
Liang X, Liben ML, Lim SS, Linn S, Liu PY, Liu A, Liu S, Liu
Y, Lodha R, Logroscino G, London SJ, Looker KJ, Lopez AD,
Lorkowski S, Lotufo PA, Low N, Lozano R, Lucas TCD, Maca-
rayan ERK, Magdy Abd El Razek H, Magdy Abd El Razek M,
Mahdavi M, Majdan M, Majdzadeh R, Majeed A, Malekzadeh R,
Malhotra R, Malta DC, Mamun AA, Manguerra H, Manhertz T,
Mantilla A, Mantovani LG, Mapoma CC, Marczak LB, Martinez-
Raga J, Martins-Melo FR, Martopullo I, Mérz W, Mathur MR,
Mazidi M, McAlinden C, McGaughey M, McGrath JJ, McKee M,
McNellan C, Mehata S, Mehndiratta MM, Mekonnen TC,
Memiah P, Memish ZA, Mendoza W, Mengistie MA, Mengistu
DT, Mensah GA, Meretoja TJ, Meretoja A, Mezgebe HB, Micha
R, Millear A, Miller TR, Mills EJ, Mirarefin M, Mirrakhimov EM,
Misganaw A, Mishra SR, Mitchell PB, Mohammad KA, Moham-
madi A, Mohammed KE, Mohammed S, Mohanty SK, Mokdad
AH, Mollenkopf SK, Monasta L, Montico M, Moradi-Lakeh M,
Moraga P, Mori R, Morozoff C, Morrison SD, Moses M, Mount-
joy-Venning C, Mruts KB, Mueller UO, Muller K, Murdoch ME,
Murthy GVS, Musa KI, Nachega JB, Nagel G, Naghavi M,
Naheed A, Naidoo KS, Naldi L, Nangia V, Natarajan G, Negasa
DE, Negoi RI, Negoi I, Newton CR, Ngunjiri JW, Nguyen TH, Le
Nguyen Q, Nguyen CT, Nguyen G, Nguyen M, Nichols E, Nin-
grum DNA, Nolte S, Nong VM, Norrving B, Noubiap JIN,
O’Donnell MJ, Ogbo FA, Oh I-H, Okoro A, Oladimeji O, Ola-
gunju TO, Olagunju AT, Olsen HE, Olusanya BO, Olusanya JO,
Ong K, Opio JN, Oren E, Ortiz A, Osgood-Zimmerman A, Osman

50.

51.

52.

53.

M, Owolabi MO, PA M, Pacella RE, Pana A, Panda BK,
Papachristou C, Park E-K, Parry CD, Parsaeian M, Patten SB,
Patton GC, Paulson K, Pearce N, Pereira DM, Perico N, Pesudovs
K, Peterson CB, Petzold M, Phillips MR, Pigott DM, Pillay JD,
Pinho C, Plass D, Pletcher MA, Popova S, Poulton RG, Pourmalek
F, Prabhakaran D, Prasad NM, Prasad N, Purcell C, Qorbani M,
Quansah R, Quintanilla BPA, Rabiee RHS, Radfar A, Rafay A,
Rahimi K, Rahimi-Movaghar A, Rahimi-Movaghar V, Rahman
MHU, Rahman M, Rai RK, Rajsic S, Ram U, Ranabhat CL,
Rankin Z, Rao PC, Rao PV, Rawaf S, Ray SE, Reiner RC, Reinig
N, Reitsma MB, Remuzzi G, Renzaho AMN, Resnikoff S, Rezaei
S, Ribeiro AL, Ronfani L, Roshandel G, Roth GA, Roy A,
Rubagotti E, Ruhago GM, Saadat S, Sadat N, Safdarian M, Safi
S, Safiri S, Sagar R, Sahathevan R, Salama J, Saleem HOB, Salo-
mon JA, Salvi SS, Samy AM, Sanabria JR, Santomauro D, Santos
IS, Santos JV, Santric Milicevic MM, Sartorius B, Satpathy M,
Sawhney M, Saxena S, Schmidt MI, Schneider IJC, Schéttker B,
Schwebel DC, Schwendicke F, Seedat S, Sepanlou SG, Servan-
Mori EE, Setegn T, Shackelford KA, Shaheen A, Shaikh MA,
Shamsipour M, Shariful Islam SM, Sharma J, Sharma R, She J,
Shi P, Shields C, Shifa GT, Shigematsu M, Shinohara Y, Shiri R,
Shirkoohi R, Shirude S, Shishani K, Shrime MG, Sibai AM, Sig-
fusdottir ID, Silva DAS, Silva JP, Silveira DGA, Singh JA, Singh
NP, Sinha DN, Skiadaresi E, Skirbekk V, Slepak EL, Sligar A,
Smith DL, Smith M, Sobaih BHA, Sobngwi E, Sorensen RJD,
Sousa TCM, Sposato LA, Sreeramareddy CT, Srinivasan V, Stan-
away JD, Stathopoulou V, Steel N, Stein MB, Stein DJ, Steiner TJ,
Steiner C, Steinke S, Stokes MA, Stovner LJ, Strub B, Subart M,
Sufiyan MB, Sunguya BF, Sur PJ, Swaminathan S, Sykes BL,
Sylte DO, Tabarés-Seisdedos R, Taffere GR, Takala JS, Tandon
N, Tavakkoli M, Taveira N, Taylor HR, Tehrani-Banihashemi A,
Tekelab T, Terkawi AS, Tesfaye DJ, Tesssema B, Thamsuwan O,
Thomas KE, Thrift AG, Tiruye TY, Tobe-Gai R, Tollanes MC,
Tonelli M, Topor-Madry R, Tortajada M, Touvier M, Tran BX,
Tripathi S, Troeger C, Truelsen T, Tsoi D, Tuem KB, Tuzcu EM,
Tyrovolas S, Ukwaja KN, Undurraga EA, Uneke CJ, Updike R,
Uthman OA, Uzochukwu BSC, van Boven JFM, Varughese S,
Vasankari T, Venkatesh S, Venketasubramanian N, Vidavalur R,
Violante FS, Vladimirov SK, Vlassov VV, Vollset SE, Wadilo F,
Wakayo T, Wang Y-P, Weaver M, Weichenthal S, Weiderpass E,
Weintraub RG, Werdecker A, Westerman R, Whiteford HA,
Wijeratne T, Wiysonge CS, Wolfe CDA, Woodbrook R, Woolf
AD, Workicho A, Xavier D, Xu G, Yadgir S, Yaghoubi M, Yakob
B, YanLL, Yano Y, Ye P, Yimam HH, Yip P, Yonemoto N, Yoon
S-J, Yotebieng M, Younis MZ, Zaidi Z, Zaki MES, Zegeye EA,
Zenebe ZM, Zhang X, Zhou M, Zipkin B, Zodpey S, Zuhlke LJ,
Murray CJL (2017) Global, regional, and national incidence,
prevalence, and years lived with disability for 328 diseases and
injuries for 195 countries, 1990-2016: a systematic analysis for
the Global Burden of Disease Study 2016. Lancet 390:1211-1259.
https://doi.org/10.1016/S0140-6736(17)32154-2

Watson SA, Scigliano M, Bardi I, Ascione R, Terracciano CM,
Perbellini F (2017) Preparation of viable adult ventricular myo-
cardial slices from large and small mammals. Nat Protoc 12:2623—
2639. https://doi.org/10.1038/nprot.2017.139

Watson SA, Dendorfer A, Thum T, Perbellini F (2020) A practi-
cal guide for investigating cardiac physiology using living myo-
cardial slices. Basic Res Cardiol 115:61. https://doi.org/10.1007/
$00395-020-00822-y

Wong LL, Rademaker MT, Saw EL, Lew KS, Ellmers LJ, Charles
CJ, Richards AM, Wang P (2017) Identification of novel micro-
RNAs in the sheep heart and their regulation in heart failure. Sci
Rep 7:8250. https://doi.org/10.1038/s41598-017-08574-x

World Health Organization (2020) Global health estimates 2019:
deaths by cause, age and sex, by World Bank Group, 2000-2019.
Switzerland, Geneva

@ Springer


https://doi.org/10.1016/S0140-6736(17)32154-2
https://doi.org/10.1038/nprot.2017.139
https://doi.org/10.1007/s00395-020-00822-y
https://doi.org/10.1007/s00395-020-00822-y
https://doi.org/10.1038/s41598-017-08574-x

9 Page 16 of 16 Basic Research in Cardiology (2022) 117:9

54. XuT, SuN, Liu L, Zhang J, Wang H, Zhang W, Gui J, Yu K, Li 55. Zhang J-H, Chung TDY, Oldenburg KR (1999) A simple statisti-

J, Le TD (2018) miRBaseConverter: an R/Bioconductor package cal parameter for use in evaluation and validation of high through-
for converting and retrieving miRNA name, accession, sequence put screening assays. J Biomol Screen 4:67-73. https://doi.org/10.
and family information in different versions of miRBase. BMC 1177/108705719900400206

Bioinform 19:514. https://doi.org/10.1186/s12859-018-2531-5

@ Springer


https://doi.org/10.1186/s12859-018-2531-5
https://doi.org/10.1177/108705719900400206
https://doi.org/10.1177/108705719900400206

	Development and characterization of anti-fibrotic natural compound similars with improved effectivity
	Abstract
	Introduction
	Methods
	Human cardiac fibroblast (HCF) culture
	Human-induced pluripotent stem cell-derived cardiomyocyte (hiPS-CM) culture and differentiation
	In vitro anti-proliferative activity
	In silico ADME prediction, prediction score and chemical similarity
	In vitro toxicity
	Ex vivo toxicity in human living myocardial slices
	In vitro migration assays
	Real-time qPCR and overexpressioninhibition
	miRNA array and mRNA panel determination
	Global RNA sequencing
	Statistical analysis

	Results
	Identification of anti-fibrotic efficacy of natural compound similars
	Toxicological assessment and functional validation of natural compound similars
	Natural compound similars regulate a set of fibrosis-associated miRNAs
	Identification of regulated anti-fibrotic pathways
	Next-generation RNA-Sequencing after anti-fibrotic treatments

	Conclusion
	Acknowledgements 
	References




