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Establishment of an in vitro safety assessment model for lipid-
lowering drugs using same-origin human pluripotent stem cell-
derived cardiomyocytes and endothelial cells
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Miao Yu', Guang-yin Xu?, Zhen-ao Zhao®, Wei Lei' and Shi-jun Hu'

Cardiovascular safety assessment is vital for drug development, yet human cardiovascular cell models are lacking. In vitro mass-
generated human pluripotent stem cell (hPSC)-derived cardiovascular cells are a suitable cell model for preclinical cardiovascular
safety evaluations. In this study, we established a preclinical toxicology model using same-origin hPSC-differentiated
cardiomyocytes (hPSC-CMs) and endothelial cells (hPSC-ECs). For validation of this cell model, alirocumab, a human antibody
against proprotein convertase subtilisin kexin type 9 (PCSK9), was selected as an emerging safe lipid-lowering drug; atorvastatin, a
common statin (the most effective type of lipid-lowering drug), was used as a drug with reported side effects at high
concentrations, while doxorubicin was chosen as a positive cardiotoxic drug. The cytotoxicity of these drugs was assessed using
CCK8, ATP, and lactate dehydrogenase release assays at 24, 48, and 72 h. The influences of these drugs on cardiomyocyte
electrophysiology were detected using the patch-clamp technique, while their effects on endothelial function were determined by
tube formation and Dil-acetylated low-density lipoprotein (Dil-Ac-LDL) uptake assays. We showed that alirocumab did not affect the
cell viability or cardiomyocyte electrophysiology in agreement with the clinical results. Atorvastatin (5-50 uM) dose-dependently
decreased cardiovascular cell viability over time, and at a high concentration (50 uM, ~100 times the normal peak serum
concentration in clinic), it affected the action potentials of hPSC-CMs and damaged tube formation and Dil-Ac-LDL uptake of hPSC-
ECs. The results demonstrate that the established same-origin hPSC-derived cardiovascular cell model can be used to evaluate lipid-
lowering drug safety in cardiovascular cells and allow highly accurate preclinical assessment of potential drugs.

Keywords: pluripotent stem cells; cardiomyocytes; endothelial cells; drug safety; lipid-lowering drugs; alirocumab; atorvastatin;

doxorubicin

Acta Pharmacologica Sinica (2022) 43:240-250; https://doi.org/10.1038/s41401-021-00621-8

INTRODUCTION

The fields of cardiovascular safety and pharmacology have an
important role in preclinical toxicity assessments to better guide
drug development. Animal models are traditionally used for
preclinical drug evaluation and inaccurately predict human
cardiac pathophysiology due to interspecies differences in cardiac
physiology [1, 2]. Cells transfected with the human ether-a-go-go-
related gene (hERG) potassium channel are commonly utilized in
drug-induced alterations in cardiac electrophysiology in vitro and
often lead to a high rate of false-positive results [3, 4]. Primary
human cardiovascular cells, the gold standard for assessing
cardiovascular toxicity of drugs, are difficult to obtain and
maintain. Thus, there is a considerable need to develop alternative
human cardiovascular cell models. With significant methodologi-
cal advances, human cardiomyocytes or endothelial cells can be
mass-produced in vitro from human pluripotent stem cells
(hPSCs), including human induced pluripotent stem cells (hiPSCs)

and embryonic stem cells (hESCs), which provide a promising
preclinical platform for drug evaluation [5-8].

Proprotein convertase subtilisin kexin type 9 (PCSK9) regulates
cholesterol and/or lipid homeostasis by promoting low-density
lipoprotein (LDL) receptor degradation and reducing LDL
cholesterol clearance [9, 10]. PCSK9 has emerged as a promising
lipid-lowering target for treating hypercholesterolemia and
coronary heart disease [11], and PCSK9 inhibitors have success-
fully reduced the occurrence of hypercholesterolemia, coronary
heart disease, and atherosclerotic cardiovascular disease [12].
However, no PCSK9 small molecule is currently in clinical
development. Recently, the fully human anti-PCSK9 monoclonal
antibodies alirocumab (Praluent) and evolocumab (Repatha)
have been approved by the US Food and Drug Administration
(FDA) to treat patients with hypercholesterolemia and mixed
dyslipidemia [13]. Alirocumab, the first approved PCSK9 inhibitor,
is safe and effective in reducing the LDL cholesterol level, with
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some side effects that are primarily associated with injection-site
reactions [14].

Similar to the PCSK9 inhibitors, 3-hydroxy-3-methylglutaryl-
coenzyme A reductase inhibitors (statins) are among the most
common lipid-lowering drugs for reducing LDL cholesterol and
preventing cardiovascular events. However, some statin-treated
patients have inadequate reductions in their LDL cholesterol level
or non-LDL-related dyslipidemia, resulting in an elevated cardio-
vascular risk [10]. Furthermore, the side effects of statins include
rhabdomyolysis and liver and renal toxicity [15, 16]. Thus, the
adverse effects of statins may limit their tolerability and the ability
to attain effective doses in some patients. Atorvastatin, a common
lipophilic statin, is the most prescribed statin and has been widely
used for the treatment of hypercholesterolemia and hypertrigly-
ceridemia. However, the use of atorvastatin has now been limited
because of several acute and chronic side effects observed in
some cases with reports of causing hepatotoxicity, nephrotoxicity,
and cardiac toxicity at high concentrations [17-20].

Doxorubicin is an effective anticancer anthracycline used in
treating solid tumors and hematologic malignancies [21]. How-
ever, the clinical use of doxorubicin has been hampered because it
causes dose-dependent cardiotoxicity in a subset of patients,
which may result in the development of life-threatening
cardiomyopathy [22, 23]. In mice, doxorubicin can induce
endothelial and cardiomyocyte damage, mimicking doxorubicin-
induced cardiotoxicity in the clinic [24]. The cardiotoxicity-
associated mechanism of doxorubicin has been widely studied,
but doxorubicin-induced mitochondrial dysfunction may be the
most important potential mechanism of doxorubicin-related
cardiotoxicity [25, 26]. At present, doxorubicin is the most
commonly reported drug causing cardiotoxicity in many cardio-
vascular cell models [22, 27, 28].

To date, there have been no published studies of lipid-lowering
drug-related preclinical models based on human pluripotent stem
cell-derived cardiovascular cells. Our study aimed to develop a
lipid-lowering drug-related preclinical model based on same-
origin hPSC-induced cardiomyocytes (hPSC-CMs) and endothelial
cells (hPSC-ECs). On this platform, we successfully performed
cardiovascular toxicity assessment of three drugs, including
alirocumab, atorvastatin and doxorubicin, and revealed the safety
of alirocumab on cardiovascular cell viability and function.

MATERIALS AND METHODS

Maintenance of hESCs and hiPSCs

Human iPSCs and the ESC line H1 were routinely maintained in
PSCeasy’ medium (Cellapy, China) on Matrigel-coated plates as
previously described [29, 30]. The hPSC lines were passaged every
3-4 days with 0.5mM EDTA. To prevent dissociation-induced
apoptosis of hPSCs, 2 uM thiazovivin (Selleck Chemicals, USA), a
rho-associated protein kinase (ROCK) inhibitor, was added to the
culture medium on the first day after cell passage. All cell cultures
were maintained in a humidified incubator at 37°C with an
atmosphere of 5% CO,.

Embryoid body (EB) formation

EB formation was used to test the in vitro differentiation ability of
hiPSCs and hESCs. hPSCs were dissociated with EDTA and then
cultured in DMEM/F12 supplemented with 20% knockout serum
replacement (Thermo Fisher, USA), 2 mM L-glutamine, and 100 pM
nonessential amino acids for 7 days on an ultralow-attachment
six-well plate. EBs were collected and replated on a 0.1% gelatin-
coated 35-mm dish. Then, after culturing for another 7 days, the
cells were fixed with 4% paraformaldehyde (PFA) and stained with
the indicated antibodies to detect endodermal (SOX17), meso-
dermal (a-SMA), and ectodermal (TUJ1) markers. The antibodies
used for immunofluorescence staining are listed in Table S1.

Acta Pharmacologica Sinica (2022) 43:240 - 250

Assessing drug safety using hPSC-CMs and hPSC-ECs
X Ni et al.

Cardiomyocyte differentiation

Cardiomyocyte differentiation from hPSCs was performed accord-
ing to a previously optimized protocol described by our laboratory
[31]. Briefly, hiPSCs and hESCs were grown on Matrigel-coated 35-
mm dishes until reaching 80%-90% confluence before cardio-
myocyte differentiation was initiated. On day 0, the medium was
changed to CDM3, which consisted of RPMI-1640 (Thermo Fisher,
USA), bovine serum albumin (BSA; Sigma-Aldrich, USA), and L-
ascorbic acid (Sigma-Aldrich, USA). Cells were first treated with 6
MM CHIR99021 (Sigma-Aldrich, USA) for 48h. On day 2, the
medium was changed to CDM3 supplemented with 2 uM Wnt-C59
(Selleck Chemicals, USA). Beginning on day 4, the medium was
refreshed with CDM3 every 2 days, and spontaneously contracting
cardiomyocytes were noted until day 7. Between days 10 and 14,
the differentiated cells were cultured in glucose-free RPMI-1640
(Thermo Fisher, USA) containing BSA and L-ascorbic acid, as well
as 5mM sodium DL-lactate (Sigma-Aldrich, USA) for metabolic
selection to remove noncardiomyocytes. The remaining cardio-
myocytes were cultured for another 16 days and used for further
study on day 30.

Endothelial cell differentiation

Human iPSCs and the ESC line H1 were differentiated into
endothelial cells using a 2D monolayer differentiation protocol as
previously described with some modifications [7]. Stem cells were
grown to 95%-100% confluence on Matrigel-coated 35-mm
dishes, and then refreshed with CDM3 containing 6 uM CHIR99021
for 48 h. Cells were subsequently cultured in CDM3 supplemented
with 25ng/mL basic fibroblast growth factor for 24h and
CDM3 supplemented with 50 ng/mL vascular endothelial growth
factor and 25 ng/mL bone morphogenetic protein 4 for 3 days.
The CD144" endothelial cells were then isolated by magnetic-
activated cell sorting and maintained in endothelial growth
medium-2 (Lonza, Switzerland) on gelatin-coated plates.

Alkaline phosphatase staining

Human iPSCs or ESCs were plated onto Matrigel-coated 35-mm
dishes and cultured in PSCeasy” medium (Cellapy, China). When
the confluence reached 60%-70%, the colonies were fixed and
stained with a BCIP/NBT Alkaline Phosphatase Color Development
Kit according to the manufacturer’s instructions (Beyotime, China).
Images of the stained colonies were acquired using an Olympus
fluorescence microscope (Olympus, Japan).

Real-time quantitative PCR (RT-qPCR)

The cells were lysed with TRIzol Reagent” (Sigma-Aldrich, USA),
and total RNA was isolated according to the manufacturer’s
instructions. Then, cDNA was synthesized from 500 ng of total RNA
with a TaKaRa PrimeScript™ RT Reagent Kit (TaKaRa, Japan), and
RT-qPCR was performed by using SYBR® Premix Ex Taq™ Il (TaKaRa,
Japan) in an Applied Biosystems StepOnePlus™ instrument
(Thermo Fisher, USA). The mRNA expression levels were measured
in triplicate samples and normalized to the endogenous reference
gene 18S. The comparative threshold cycle (2722 method was
used for data analysis as previously described [32]. The primer
sequences used for RT-qPCR are listed in Table S2.

Immunofluorescence staining

Cultured cells were fixed with 4% PFA for 15 min, permeabilized
with 0.25% Triton X-100 in phosphate-buffered saline (PBS) for 15
min, and then blocked with 5% BSA in PBS for 60 min at room
temperature. The cells were subsequently incubated overnight at
4°C with primary antibodies, washed with PBS-T (0.1% Tween 20
in PBS), and then incubated with the appropriate secondary
antibodies for 60 min and counterstained with Hoechst 33342 for
10 min at room temperature in the dark to visualize the cell nuclei.
Immunostaining was examined with an LSM880 Zeiss confocal
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microscope (Carl Zeiss, Germany). The antibodies used for
immunofluorescence staining are listed in Table S1.

PCSK9 concentration assay

The PCSK9 levels in HepG2 cell extracts or supernatant were
measured using a Human PCSK9 SimpleStep ELISA” Kit (Abcam,
USA) following the manufacturer’s instructions. PCSK9 secretion in
each well of a 12-well plate was measured after adding exogenous
PCSK9 (4 ng/mL; Abcam, USA) together with alirocumab (0.01, 0.1,
or 0.5 uM; TeraMabs, China) or the PCSK9 inhibitor R-IMPP (10 uM;
Sigma-Aldrich, USA).

Flow cytometry analysis

The cells were collected and then fixed with 1% PFA for 20 min
and 90% cold methanol for 15 min, respectively. After incubating
with 0.5% BSA in PBS for 15 min, the cells were incubated with
primary antibodies for 1h at room temperature, followed by
incubation with the appropriate secondary antibodies at room
temperature for 30 min. Then, the cells were rinsed three times
with PBS and assayed using a Guava easyCyte™ 8 flow cytometer
(EMD Millipore, Germany). The antibodies used for flow cytometry
analysis are listed in Table S1.

Electrophysiology

Whole-cell action potentials (APs) of cardiomyocytes were
recorded in current clamp mode using an Axopatch 200B
Microelectrode Amplifier (Axon, USA), as previously reported [33].
Cultured hPSC-CMs were dissociated and plated as single cells on
Matrigel-coated glass cover slips for 3 days. For whole-cell
recordings, cells were incubated in an extracellular solution
containing (in mM) 140 NaC1, 4 KCl, 1.2 CaCl,, 1.0 MgCl,, 10
HEPES, and 10 glucose, with the pH adjusted to 7.4 with NaOH.
Pipette was filled with the intracellular solution consisting of (in
mM) 115 potassium aspartate, 15 KCl, 4 NaC1 1.0 MgCl,, 5 Mg-ATP,
5 HEPES, and 5 EGTA, with the pH was adjusted to 7.2 with KOH.
APs were analyzed with pClamp 10.3 (Axon Instruments) and
Clampfit 10.3 software to determine the AP duration at 90%
repolarization (APDgy) and AP amplitude (APA) values. To evaluate
whether alirocumab, atorvastatin, or doxorubicin affected the
electrophysiology of cardiomyocytes, the cells were treated with
drugs for 24 and 72 h before patching.

Tube formation assay

Fifty microliters of Matrigel was plated in each well of 96-well
plates and incubated for 30 min at 37 °C. Then, 2 x 10* endothelial
cells were seeded in each well, and the formation of vascular
tubes was observed under a phase contrast microscope. To
examine the effect of drugs on endothelial tube formation,
endothelial cells were incubated with alirocumab, atorvastatin, or
doxorubicin for 24 and 72h before capturing images of the
formed tubes.

Dil-acetylated LDL (Dil-Ac-LDL) uptake

Endothelial cells were seeded on 12-well plates at a density of 1 x
10° cells per well and grown to 80%-90% confluence. Then, 20 pg/
mL Dil-Ac-LDL (Yeasen Biotech, China) was added, and the cells
were incubated at 37°C in the dark for an additional 4 h before
being washed three times with PBS and imaged under a
microscope. For the drug study, endothelial cells were incubated
with alirocumab, atorvastatin, and doxorubicin for 24 and 72 h.
Then, 20 pg/mL Dil-Ac-LDL was added for 4 h, and the cells were
analyzed by a fluorescence microscope or flow cytometry. Dil-Ac-
LDL uptake is expressed as the relative percentage of the
geometric mean fluorescence intensity.

Quantitative viability assays

Human PSC-CMs between day 30 and day 40 or hPSC-ECs
between day 10 and day 20, as well as the cardiomyocyte line
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H9C2 and human umbilical vein endothelial cells (HUVECs), were
used for cell viability assays. The analyses were performed 24, 48,
or 72 h after drug exposure. The concentrations of alirocumab
were set at 0.01, 0.1, 1, 2, and 10 uM (that is 0.1, 1, 10, 20, and 100
times the peak serum concentration of 15pug/mL), while the
concentrations of atorvastatin were set at 0.05, 0.5, 5, 10, and 50
MM (0.1, 1, 10, 20, and 100 times the peak serum concentration of
252 ng/mlL) [34, 35]. Five different doses of doxorubicin (0.1, 0.5, 1,
5, and 10 uM), as a positive control cardiotoxic drug, were used
according to previous studies for doxorubicin toxicity analysis
[28, 36]. The cell viability, ATP production, and intracellular lactate
dehydrogenase (LDH) activity were evaluated by using the Cell
Counting Kit 8 (CCK8) Assay (Dojindo, Japan), CellTiter-Glo Viability
Assay (Promega, USA), and CytoTox-ONE™ Homogeneous Mem-
brane Integrity Assay (Promega, USA) kits, respectively, according
to the manufacturer-recommended procedures. Viability measure-
ments were conducted using a microplate reader (BioTek, USA).

Statistical analysis

Comparisons between two groups were analyzed with Student’s t
test. Comparisons of multiple groups were performed using one-
way analysis of variance post hoc test. At least three replicates
were performed per experiment. All data are presented as the
mean + SD. Differences with P values <0.05 were considered
significant.

RESULTS

Establishment of a cardiovascular cell model

To develop a human cardiovascular cell model for drug safety
evaluation, hiPSCs were initially obtained by reprogramming
human fibroblasts and were then confirmed to have morpholo-
gical characteristics similar to those of hESCs, including bright
edges and a high nuclear-cytoplasmic ratio (Fig. S1a). In addition,
hiPSCs and hESCs exhibited comparable expression of pluripotent
stem cell markers (OCT-3/4, SOX2, and NANOG) (Fig. 1a, b), similar
alkaline phosphatase activity (Fig. S1b), and the same capacity to
differentiate into cells from all three germ layers (Fig. S1c). Both
the hiPSC and hESC lines used in this study had normal karyotypes
(Fig. S1d).

Using direct differentiation protocols, both hiPSCs and hESCs
were successfully differentiated into synchronously beating
cardiomyocytes (hiPSC-CMs and hESC-CMs) (Fig. 1c—e, Movies S1
and S2) and endothelial cells (hiPSC-ECs and hESC-ECs) (Fig. 1f-i).
Flow cytometry analysis showed that the percentages of cardiac
troponin T (TNNT2)-positive cardiomyocytes reached over 90% in
both hiPSC- and hESC-derived cell populations (Fig. 1c). Moreover,
the TNNT2 staining data showed that the differentiated cardio-
myocytes had a normal myofilament structure (Fig. 1d). The hiPSC-
CMs and hESC-CMs presented their electrophysiological properties
(Fig. 1e) as determined by the patch-clamp technique. Regarding
endothelial cells, the purities of CD31 and CD144 double-positive
hiPSC-ECs and hESC-ECs were greater than 90% after MACS-based
cell purification (Fig. 1f). The immunofluorescence staining results
further confirmed the visual expression of CD144 in the purified
hiPSC-ECs and hESC-ECs (Fig. 1g). In addition, these cells exhibited
an in vitro angiogenesis potential as indicated by their tube
formation (Fig. 1h) and Dil-Ac-LDL uptake abilities (Fig. 1i). The
tube branching and LDL uptake abilities were not significantly
different between hiPSC-ECs and hESC-ECs. Therefore, the above
data indicated that functional cardiovascular cells were success-
fully induced from hPSCs.

Cardiomyocyte-related cytotoxicity assessments

We selected the monoclonal antibody alirocumab as a represen-
tative anti-PCSK9 drug for lipid-lowering drug-related preclinical
drug assessment. Alirocumab was safe (Fig. S2a) and effective in
inhibiting PCSK9 secretion in HepG2 cells by reducing the
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Fig. 1 Characterization of undifferentiated hPSCs (hiPSCs and hESCs) and their derived cardiovascular cells. a Immunofluorescence
staining of pluripotency proteins OCT-3/4 (red) and SOX2 (green) in undifferentiated hiPSCs and hESCs. Nuclei were labeled with Hoechst
33342 (blue). Scale bar, 50 um. b Gene expression levels of pluripotency markers (OCT-3/4, SOX2, and NANOG) in hiPSCs and hESCs compared
with fibroblasts (n = 3). ¢ Flow cytometry analysis of the cardiac structural marker troponin T (TNNT2)-positive cells in hPSC-derived cells after
cardiomyocyte differentiation. d Immunofluorescence staining of hPSC-CMs for TNNT2 (red). Nuclei were stained with Hoechst 33342 (blue).
Scale bar, 10 pum. e Typical cardiomyocyte waveforms were acquired in hPSC-CMs by the patch-clamp technique. f Flow cytometry analysis of
CD31- and CD144-positive hPSC-ECs post cell purification. g Immunofluorescence images showing the expression of the endothelial marker
CD144 (green). Nuclei were stained with Hoechst 33342 (blue). Scale bar, 20 pm. h Cord-like structure formation of hiPSC-ECs and hESC-ECs
was visualized under a phase contrast microscope. Scale bar, 100 um. i Dil-Ac-LDL uptake was observed in both hiPSC-ECs and hESC-ECs.
Nuclei were stained with Hoechst 33342 (blue). Scale bar, 100 pm.
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concentration of PCSK9 in HepG2 cell supernatants but not in cell
extracts after the addition of exogenous PCSK9 (Fig. S2b). R-IMPP,
an inhibitor of PCSK9 expression, was selected as a positive
control, as it was demonstrated to significantly decrease the
PCSK9 concentration in both HepG2 cell extracts and supernatants
(Fig. S2b). Then, we performed independent cytotoxicity assays to
evaluate the structural safety of alirocumab and atorvastatin on
our hPSC-CM model, while doxorubicin was used as a positive
cardiotoxic control. To test the dose-dependent effects, hiPSC-CMs
and hESC-CMs were treated with alirocumab or atorvastatin at five
different doses for 24, 48, and 72 h, respectively. The doses of
alirocumab or atorvastatin were set to have the same multiples
based on their peak serum concentrations. As expected, the
positive cardiotoxic control doxorubicin showed dose-dependent
cardiac damage in hiPSC-CMs and hESC-CMs at 24, 48, and 72 h, as
assessed by a CCK8 assay (Fig. 2a). Following incubation with
alirocumab at different concentrations (0.01, 0.1, 1, 2, and 10 uM),
hiPSC-CMs and hESC-CMs exhibited normal cell viability, indicat-
ing that alirocumab was safe. Similar to doxorubicin, atorvastatin
also induced dose-dependent cardiac damage in hPSC-CMs after
24, 48, and 72 h (Fig. 2a). ATP analysis results also verified the
safety of alirocumab in hiPSC-CMs and hESC-CMs. However, the
ATP levels were significantly reduced in hPSC-CMs treated with
doxorubicin or atorvastatin at high doses (Fig. 2b), indicating that
these two drugs resulted in energy impairment in these cells.
Similar to the CCK8 and ATP assay results, the LDH release
experiment showed that doxorubicin could induce LDH release
after 24, 48, and 72 h, indicating that doxorubicin caused cell
plasma membrane damage (Fig. 2c). However, alirocumab did not
affect the level of LDH release in hiPSC-CMs and hESC-CMs.
Atorvastatin was proven to have no effect on LDH release when
applied for 24 h, even at 50 uM, but it led to significant LDH
release in hPSC-CMs at high concentrations when administered for
a longer period of time (48 and 72 h).

We next assessed the morphology of hPSC-CMs after drug
treatment. We found that alirocumab (0.1-10 uM) and atorvastatin
at a low concentration (0.5 pM) did not affect the cellular state of
hiPSC-CMs at 24, 48, and 72h, whereas the treatments with
atorvastatin at high concentrations (5 and 50 uM) for 48 and 72 h or
with 10 uM doxorubicin for 24, 48, and 72 h significantly impaired
the cell morphology (Fig. S3). The changes in hiPSC-CM morphology
after the indicated drug treatments were similar to those observed
in hESC-CM (data not shown). Furthermore, we performed CCKS,
ATP, and LDH assays in rat myocardial H9C2 cells, to assess the
myocardial safety data of alirocumab, atorvastatin, and doxorubicin.
The data obtained from H9C2 cells were similar to those obtained
from hiPSC-CMs and hESC-CMs (Fig. S4).

Assessment of cardiomyocyte electrophysiology

To evaluate whether alirocumab and atorvastatin affected the
electrophysiology of hPSC-CMs, we used the patch-clamp
technique to assess the influence of these drugs on the APs of
hiPSC-CMs and hESC-CMs after 24 and 72 h of treatment. The
results showed that alirocumab did not affect the AP waveform of
hiPSC-CMs and hESC-CMs at 24 and 72 h (Fig. 3a, c). Furthermore,
the APDg, repolarization and APA values of the alirocumab group
at 24 and 72 h were similar to those of the control group (Fig. 3b,
d). Although 0.5 uM atorvastatin had no effect on the APDy, and
APA values, 50 uM atorvastatin significantly induced APDgyq
prolongation of hiPSC-CMs and hESC-CMs after 24 and 72 h of
treatment (Fig. 3). Atorvastatin (50 uM) reduced the APA value of
hiPSC-CMs after 24 h of incubation, although it did not affect the
APA value of hESC-CMs. Although its 24 h treatment did not affect
APDgyg and APA values of hiPSC-CMs and hESC-CMs, doxorubicin
(10 uM) significantly reduced the APA value of hiPSC-CMs and
hESC-CMs after 72 h of treatment. Moreover, 10 uM doxorubicin
also reduced the APDgy, value of hESC-CMs at 72 h, although the
effect was not significant in hiPSC-CMs (Fig. 3).
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Endothelial cell-related cytotoxicity evaluation

We next used the hPSC-EC model to evaluate the safety of
alirocumab and atorvastatin. The CCK8 data showed that
alirocumab treatment for 24, 48, and 72h was safe in both
hiPSC-ECs and hESC-ECs. Doxorubicin, a positive control cardio-
toxic drug, significantly decreased cell viability of hPSC-ECs after
24h of treatment, and its toxicity increased with increasing
concentrations and time (48 and 72 h). After 24 h of incubation
with a high concentration of atorvastatin (50 uM), the hPSC-EC
viability was reduced, and toxicity was more notable with longer
incubation time while lower concentrations of atorvastatin (5 and
10 uM) also affected hPSC-EC viability after 48 and 72h of
treatment (Fig. 4a). The ATP analysis results also verified these
findings (Fig. 4b). Compared with the control treatment,
alirocumab did not affect the ATP level, whereas doxorubicin led
to low ATP concentrations. In the atorvastatin group, lower ATP
levels in hiPSC-ECs and hESC-ECs were only noted at a high
concentration (50 uM) after incubation for 24h, but upon
prolonged incubation (48 and 72 h), atorvastatin showed greater
toxicity, even at lower concentrations (5 and 10 uM) (Fig. 4b). Both
doxorubicin and atorvastatin increased LDH release when treated
at high concentrations or when administered at low concentra-
tions for a sustained period (Fig. 4c). Unlike doxorubicin and
atorvastatin, alirocumab at both low and high concentrations did
not affect the level of LDH release (Fig. 4c). The above cytotoxic
results were similar to the data presented in Fig. 2 for hiPSC-CMs
and hESC-CMs.

Moreover, we also observed the morphology of hPSC-ECs
following drug treatment for 24, 48, and 72 h. In agreement with
the cell viability data, alirocumab (0.1-10uM) and 0.5puM
atorvastatin did not affect the morphology of hiPSC-ECs, while
atorvastatin (50 uM) and doxorubicin (1 and 10 uM) affected
endothelial cell morphology after 24h of incubation and
significantly worsened the morphology after 48 and 72h of
treatment (Fig. S5). The morphology of hESC-ECs after drug
treatment was similar to the results of hiPSC-ECs (data not shown).
When using HUVEC cell model, we observed similar cell viability
results as those obtained from hiPSC-ECs and hESC-ECs (Fig. S6).

Evaluation of endothelial function

In addition to the cytotoxicity evaluations, the influence of
alirocumab and atorvastatin on the function of hPSC-ECs was
investigated. Tube formation assays were conducted after drug
treatment with alirocumab (0.1, 1, and 10 uM), atorvastatin (0.5, 5,
and 50 uM), or doxorubicin (1 and 10puM). When placed on
Matrigel, we observed that hPSC-ECs all formed intact tube-like
structures after incubation with drugs. Through tube structure
analyses, we found that 24 and 72 h of treatment with alirocumab
(0.1, 1, and 10uM) or 0.5uM atorvastatin did not affect the
formation of cord-like structures (Fig. 5a, b). However, the 50 uM
atorvastatin and 10 M doxorubicin treatments harmed the
integrity of the tubes formed by hiPSC-ECs and hESC-ECs at 24
and 72h, while the 5uM atorvastatin and 1uM doxorubicin
treatments only damaged the integrity of the tubes of hPSC-ECs at
72h (Fig. 5a, b). In addition, we investigated the effects of
alirocumab and atorvastatin on Dil-Ac-LDL uptake by hPSC-ECs
after 24 and 72h of treatment. The results showed that
alirocumab did not influence the Dil-Ac-LDL level in hiPSC-ECs
or hESC-ECs (Fig. 5c, d). At a low concentration (0.5 uM),
atorvastatin did not obviously affect the Dil-Ac-LDL uptake, while
at higher concentrations (5 and 50 uM), it appeared to decrease
the level of Dil-Ac-LDL uptake in both hiPSC-ECs and hESC-ECs
(Fig. 5¢, d), especially after 72 h of treatment. Flow cytometry also
verified these results (Fig. S7). In addition, consistent with its
toxicity to hPSC-EC viability and tube formation, doxorubicin at 1
and 10 uM also damaged the Dil-Ac-LDL uptake ability of hPSC-
ECs (Fig. 5c, d). Taken together, these data suggested that
alirocumab did not affect endothelial cell function, including tube
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Fig. 2 Quantitative viability assessments of hiPSC-CMs and hESC-CMs. a CCK8 assay results for hiPSC-CMs and hESC-CMs after 24, 48, and
72 h of treatment with alirocumab (0.01, 0.1, 1, 2, and 10 pM) and atorvastatin (0.05, 0.5, 5, 10, and 50 pM). Doxorubicin (0.1, 0.5, 1, 5, and 10
pM) was used as a cardiotoxic positive control (n 2 3). b ATP levels in hiPSC-CMs and hESC-CMs were measured after doxorubicin, alirocumab,
and atorvastatin treatments (n 2 3). ¢ Lactate dehydrogenase (LDH) release levels were assessed in both hiPSC-CMs and hESC-CMs after 24, 48,
and 72 h of treatment with doxorubicin, alirocumab, and atorvastatin (n > 3). ***P < 0.001 in the 24 h treatment group. *P < 0.05, #P < 0.01; *#p
<0.001 in the 48 h treatment group. *P < 0.05; **P < 0.01; ***P < 0.001 in the 72 h treatment group.

formation and Dil-Ac-LDL uptake, while atorvastatin at high
concentrations (5 and 50 uM) and doxorubicin (1 and 10 uM)
damaged endothelial cell function, especially over longer treat-

ment time (72 h).
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DISCUSSION

Terminally differentiated cells, such as adult cardiomyocytes and
endothelial cells, are the most suited for high-throughput drug
screening. Because of the scarcity of human primary
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Fig. 3 Assessments of cardiomyocyte electrophysiology after drug treatment. a Cardiomyocyte waveforms were recorded in hiPSC-CMs
after 24 and 72 h of drug treatment. Different concentrations of alirocumab (0.1 and 10 pM), atorvastatin (0.5 and 50 pM), and doxorubicin
(1 and 10 pM) were evaluated. b APDgy, (action potential duration at 90% repolarization) and APA (AP amplitude) values for hiPSC-CMs were
calculated using Clampfit after drug treatment for 24 and 72 h (n =4-16). **P < 0.01; ***P < 0.001. ¢ Cardiomyocyte waveforms were recorded
in hESC-CMs after 24 and 72 h of treatment. The drugs were used at the following concentrations: alirocumab (0.1 and 10 pM), atorvastatin
(0.5 and 50 uM), and doxorubicin (1 and 10 pM). d Statistical analyses of the APDgy and APA values in hESC-CMs after 24 and 72 h of treatment

(n=4-16). *P < 0.05; ***P < 0.001.

cardiovascular cells, hPSC-derived cardiovascular cells show
great promise for assessing the safety and efficacy of drugs on
the heart. In particular, hiPSC-CMs are increasingly being used
for disease modeling, drug discovery, and toxicity evaluation

SPRINGER NATURE

studies [37, 38]. For the first time, the results of our study
showed the establishment of a valuable and reproducible
in vitro cellular model based on same-origin human pluripo-
tent stem cell-derived cardiovascular cells to study preclinical
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Fig. 4 Quantitative viability assessments of hiPSC-ECs and hESC-ECs. a CCK8 assay of hiPSC-ECs and hESC-ECs after 24, 48, and 72 h of
treatment with alirocumab (0.01, 0.1, 1, 2, and 10 pM) and atorvastatin (0.05, 0.5, 5, 10, and 50 pM) at 24, 48, and 72 h. Doxorubicin (0.1, 0.5, 1, 5,
and 10pM) was used as a cardiotoxic positive drug (n=3). b ATP levels of hiPSC-ECs and hESC-ECs incubated with different drugs
(doxorubicin, alirocumab, and atorvastatin) for 24, 48, and 72 h were evaluated (n>3). ¢ LDH release from hiPSC-ECs and hESC-ECs was
assessed after drug treatment for 24, 48, and 72 h (n 2 3). *P < 0.05; **P < 0.01; ***P < 0.001 in the 24 h treatment group. *P < 0.05, *#*P <0.01;
###p 0,001 in the 48 h treatment group. **P < 0.01; ***P < 0.001 in the 72 h treatment group.

lipid-lowering drug safety. Furthermore, hPSC-CMs and hPSC-
ECs can be obtained from both healthy individuals and patient-
and disease-specific resources, which are the basis of diverse
disease models for use in multilevel safety pharmacological
screening. In addition, our model, a same-origin hPSC-derived
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cardiovascular cell model, may facilitate more accurate predic-
tions of the responses to personalized medicine under the same
genetic background. Thus, our model can not only facilitate the
prediction of potential preclinical cardiotoxic drugs but may also
become a specific model for personalized medicine.
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Fig.5 Assessments of endothelial function after drug treatment. a Tube-like structures formed by hiPSC-ECs after 24 and 72 h of treatment.
Different concentrations of alirocumab (0.1, 1, and 10 pM) and atorvastatin (0.5, 5, and 50 pM) as well as doxorubicin (1 and 10 uM) were used
for assessments. Scale bar, 100 um. b Images of tube-like structures formed by hESC-ECs after the indicated drug treatments for 24 and 72 h.
Scale bar, 100 pm. ¢ The Dil-Ac-LDL (red) uptake ability of hiPSC-ECs after alirocumab (0.1, 1, and 10 uM), atorvastatin (0.5, 5, and 50 uM), and
doxorubicin (1 and 10 pM) treatments for 24 and 72 h. Nuclei were stained with Hoechst 33342 (blue). Scale bar, 50 pm. d The Dil-Ac-LDL (red)
uptake ability of hESC-ECs after alirocumab, atorvastatin, and doxorubicin treatments for 24 and 72 h. Nuclei were stained with Hoechst 33342

(blue). Scale bar, 50 pm.

Doxorubicin, a chemotherapy drug that can lead to cardiotoxi-
city, has been widely used in hPSC-related drug evaluation models
[28, 39, 40]. To assess whether hPSC-CMs and hPSC-ECs are both
suitable for drug safety evaluation, we treated these cells with
doxorubicin. Based on the results, both hPSC-CMs and hPSC-ECs
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can be used to accurately reproduce drug-induced toxicity in a
dose-dependent manner, as was reported by Zhao et al. [39]. In
our report, doxorubicin not only reduced cell viability but also
affected cardiovascular cell (CMs and ECs) function. Thus, the
above data indicated that our hPSC-derived cardiovascular cell
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model was successful and suitable for the evaluation of other
drugs including lipid-lowering drugs.

Alirocumab, the first PCSK9 inhibitor approved by the FDA and
the European Medicines Agency, is currently recommended as a
first-line lipid-lowering treatment for patients with familial hyperch-
olesterolemia [41]. The most common adverse effects of alirocumab
treatment are injection-site reactions, back pain, and fall, but no
other specific safety issues or concerns have been noted [42].
Emerging data indicate that alirocumab is safe for human
cardiovascular cells. However, because of high costs and some
efficacy problems, PCSK9 antibody drugs are lacking, and patient
use is limited. In agreement with the clinical data, alirocumab (even
~100 times the normal peak serum concentration in clinic) was
indeed safe in our model. Therefore, our model may aid in
promoting PCSK9-related drug development by allowing for
preclinical safety evaluations using human cardiovascular cells.

Statins are widely used as lipid-lowering agents, and the side
effects of most statins have been reported to be related to
hepatorenal and muscular toxicities [43, 44]. Furthermore, the side
effects of statins are regarded as dose-related, and they can
disappear upon the withdrawal of statin drugs [45]. Atorvastatin, a
highly effective statin for treating hypercholesterolemia and
hypertriglyceridemia, is generally thought to be safe and effective
without the potential for abuse. However, atorvastatin use is
restricted due to several acute and chronic side effects [46-48]. At
the cellular level, high concentrations of atorvastatin (25, 50, 75, 100,
and 125 pM) have been reported to be toxic toward mitochondria in
the pancreas by reducing ATP level and increasing mitochondrial
swelling [46]. In addition, high concentrations of atorvastatin have
been reported to be cardiotoxic (more than 80 mg daily) [19] and to
induce endothelial damage [20], while low concentrations have a
protective effect against cardiovascular diseases [49]. In our study,
atorvastatin was nontoxic for hPSC-CMs at low concentrations, as it
has been reported that atorvastatin at low concentrations has no
influence on the cell viability or contractile properties of hiPSC-CMs
[50]. However, our results also suggested that atorvastatin was toxic
to both hPSC-CMs and hPSC-ECs at a high concentration (50 pM,
~100 times normal peak serum concentration in clinic), especially
with longer incubation time (48 and 72h). Finally, our data
demonstrated that 50 pM atorvastatin also promoted AP prolonga-
tion, which is similar to the results of a report indicating that
atorvastatin inhibits the hERG current, suggesting that it may
prolong the duration of AP [51].

In summary, in this study, we successfully established a human
cardiovascular cell model for the preclinical assessment of
different aspects of lipid-lowering drugs. In the future, hPSC-
derived cardiovascular cell models, especially patient-specific cell
models, will be used to screen more drugs for safety and to
promote individualized lipid-lowering drug development.
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