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Selective serotonin reuptake inhibitors
induce cardiac toxicity through
dysfunction of mitochondria and

sarcomeres
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The administration of selective serotonin reuptake inhibitors (SSRIs) during pregnancy can increase
the odds of congenital heart defects in babies. The present study aims to explore the toxic effects of
SSRiIs on the cardiac systems and the underlying mechanism. We apply human pluripotent stem cells
to establish 2D-monolayer cardiomyocyte and 3D-cardiac organoid models to evaluate the effects of
three SSRiIs (fluoxetine, paroxetine, and sertraline) on cardiac development. We observe that SSRIs
exposure inhibited ATP production and mitochondrial respiration and disrupted mitochondrial
homeostasis and sarcomere structure in the differentiating cardiomyocytes, presenting high risks of
dysfunction and abnormality of cardiomyocytes. Further analyses in the cardiac organoid model show
that SSRIs not only reduce mitochondrial respiration and ATP production, but may also affect cardiac
development and angiogenesis. Altogether, our study reveals that SSRIs induce mitochondrial
dysfunction and sarcomeric disorganization in cardiomyocytes, implying their potential risk to the

cardiac system.

Selective serotonin reuptake inhibitors (SSRIs) are the most prescribed class
of medications for the treatment of depression. SSRIs increase the levels of
serotonin (5-hydroxytryptamine or 5-HT) by inhibiting serotonin trans-
porter at the presynaptic axon terminal. It allows serotonin to remain in the
synaptic cleft and stimulates postsynaptic receptors for a longer period to
alleviate depressive symptoms in depressed patients'™. SSRIs have been
commonly used by women during their pregnancy. The prevalence rates of
SSRIs administration during pregnancy have increased fourfold between
1996 and 2005, with the recent estimated international prevalence of 3% and
the US prevalence of 6%".

SSRIs have been found to exert adverse effects in adults and during
early development in infants or utero. SSRIs were reported to cause platelet
adhesion and aggregation, cardiovascular side effects, gastrointestinal side
effects, hepatotoxicity, seizure, weight gain, dry mouth, hyponatremia, sleep,
and sweating’. In the cardiovascular system, SSRIs were reported to cause
arrhythmias, syncope, increased right ventricular volume, atrial fibrillation,

bradycardia, and the production of proinflammatory cytokines leading to
atherosclerotic development®’. In addition, about 30% of babies whose
mothers had taken SSRIs while pregnant experienced neonatal adaptation
syndrome, which can cause irritability, abnormal crying, tremor, jitteriness,
lethargy, respiratory distress, poor muscle tone, and, rarely, convulsions'*"*.
The use of some SSRIs during the first trimester has been identified as
increasing the odds of congenital heart defects'’. SSRIs and their metabolites
can cross the placental barrier into the fetal blood'“. Therefore, SSRIs may
pose risks of heart toxicity in the fetuses of patients taking SSRIs during
pregnancy.

We utilized human pluripotent stem cells (hPSCs) to generate both
2-dimensional (2D-) monolayer cardiomyocytes and 3-dimensional (3D-)
cardiac organoids models to evaluate the potential cardiotoxic effects of
SSRIs. Compared to animal models, hPSCs avoid species-specific impacts
that may arise during the use of non-human model organisms. Monolayer
cardiomyocytes derived from hPSCs have been widely used for disease
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modeling and pharmacologic evaluation'”. More recently, the development
of 3D-cardiac organoids has been rapidly used as an emerging technology to
better understand early heart development. It has been shown that the
differentiated cardiac organoids can recapitulate patterns of early cardio-
genesis, including myocardial layer, foregut endoderm anlagen, vessel-like
structures, and endocardial-like cells'*"*. Cardiomyocytes and cardiac
organoids are derived from human pluripotent stem cells, thus, presenting
ideal models for the studies of cardiac development, cardiac diseases, drug
screening, and cellular therapies'**".

In the present study, we evaluated the impacts of three SSRIs (fluox-
etine, sertraline, and paroxetine) in the differentiated cardiomyocytes at
their reported clinical levels”. We also investigated the long-term effects of
SSRIs exposure during cardiac differentiation to mimic developmental
exposure during early heart development. Functional genomics was
implemented to understand mechanisms underlying SSRIs induced adverse
impacts in both cardiomyocytes and cardiac organoids.

Results

SSRIs toxicity on differentiated cardiomyocytes

We evaluated the toxicity of three SSRIs (i.e., fluoxetine, paroxetine, and
sertraline) in differentiated cardiomyocytes derived from both HI-
human embryonic stem cells (HI1-hESCs) and human induced

b

pluripotent stem cells (hiPSCs) (Fig. 1a). Based on the dose-response
experiments, we found that the estimated lethal concentration 50 (LCs)
levels in H1-CMs were 7.5 uM (sertraline), 8.9 uM (paroxetine), and 33.7
uM (fluoxetine), and the estimated LCs levels in hiPS-CMs were 7.8 uM
(sertraline), 11.7 uM (paroxetine), and 32.9 uM (fluoxetine) (Fig. 1b, c).
This demonstrates that sertraline exerts the highest toxicity in the dif-
ferentiated cardiomyocytes compared to paroxetine and fluoxetine,
despite variations in concentrations for cellular mortalities between dif-
ferent lines. To better evaluate the toxicity at clinical levels, H1-CMs and
hiPS-CMs were exposed to the reported levels of SSRIs in patients’ blood
with concentrations of 30nM (sertraline), 55nM (paroxetine), and
263 nM (fluoxetine). Exposure to SSRIs at these concentrations for five
days elevated intracellular levels of reactive oxygen species (ROS) and
significantly reduced ATP production in the differentiated H1-CMs
(Fig. 1d-g). However, SSRIs did not cause significant changes in ATP
production after 24 hours of exposure (Supplementary Fig. 1). Using an
Agilent Seahorse XF Analyzer, we measured the oxygen consumption
rate (OCR) and further confirmed that mitochondrial basal and maximal
respiration were decreased after exposure to clinical concentration levels
of SSRIs over five days (Fig. 1h-j). However, spare respiration capacity
was only reduced in the fluoxetine group, and ATP production was
decreased in the paroxetine and sertraline groups (Fig. 1k-1). These
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Fig. 1 | SSRIs toxicity on differentiated cardiomyocytes. a The procedure of SSRIs
treatment on differentiated cardiomyocytes. The LCs levels of SSRIs toxicity on
differentiated cardiomyocytes of H1-CMs (b) and hiPS-CMs (c). The ROS levels of
differentiated H1-CMs (d) and hiPS-CM:s (e) after five days of SSRIs exposure.n = 6
biological replicates of each group for (b-e). The ATP production of differentiated
H1-CMs (f) and hiPS-CM:s (g) after five days of SSRIs exposure. ATP production
was assessed using n =4 and n = 8 biological replicates per group for H1-CMs and
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hiPS-CMs, respectively. h-1 The mitochondrial respiration levels of differentiated
H1-CM:s after five days of SSRIs exposure. h Graphical representation of the
mitochondrial stress test, i basal respiration, j maximal respiration, k spare
respiration capacity, 1 ATP-linked respiration. *indicates p < 0.05, **indicates

p <0.01, ***indicates p < 0.001, ****indicates p < 0.0001, ns indicates no sig-
nificance. n = 4 biological replicates of each group for (h-I).
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Fig. 2 | SSRIs toxicity on differentiating cardiomyocytes. a The procedure of SSRIs
treatment on differentiating cardiomyocytes. b The identification of NOAEL of
three SSRIs during the entire differentiation process of H1-CMs. ¢ The ATP pro-
duction of differentiating H1-CM:s after SSRIs exposure (n = 8 biological repli-
cates). d The mitochondrial membrane potential of differentiating H1-CM:s after
SSRIs exposure (n = 7 biological replicates). e-i The mitochondrial respiration
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levels of differentiating H1-CMs after SSRIs exposure. e Graphical representation of
the mitochondrial stress test. f basal respiration, g maximal respiration, h spare
respiration capacity, i ATP respiration. *indicates p < 0.05, **indicates p < 0.01,
**¥indicates p < 0.001, ****indicates p < 0.0001. n = 5 biological replicates for
DMSO and Sertraline groups; n = 7 for Fluoxetine and Paroxetine groups.

results suggested that long-term exposure to SSRIs at their clinical con-
centration levels decreased mitochondrial respiration and ATP produc-
tion. However, the morphology of mitochondria (branch length and
branches per network) and sarcomere (length and organization score)
did not show significant changes after differentiated H1-CMs exposure to
SSRIs for five days (Supplementary Fig. 2). Therefore, in subsequent
experiments, we used the no-observed-adverse-effect level (NOAEL) to
study the potential toxicity of SSRIs and underlying mechanisms in the
cardiac system. The NOAEL of SSRIs in this study was the exposure
concentration at which cardiomyocytes stop beating.

SSRIs toxicity on developmental 2D-monolayer cardiomyocytes
To investigate their developmental toxicity during differentiation, we
applied a 2D-monolayer cardiomyocyte differentiation model in this study.
First, we identified the NOAEL of three SSRIs during the entire
differentiation process (Fig. 2a), and we determined 500 nM as the NOAEL
for all three SSRIs (Fig. 2b). We found that 500 nM of the three SSRIs can
inhibit ATP production and mitochondrial membrane potential (Fig. 2c, d).
We also observed that mitochondrial respiration was impaired upon
exposure to 500 nM of SSRIs, including impaired mitochondrial basal
and maximal respiration, and decreased spare respiration capacity and
ATP production (Fig. 2e-i). These results suggested that SSRIs induced
mitochondrial dysfunction and lower ATP production in developmental
cardiomyocytes.

SSRIs cause mitochondrial and sarcomeric disorganization of
the cardiomyocytes

By examining mitochondrial morphology after two weeks of exposure to
SSRIs, the differentiating H1-CMs exhibited smaller mitochondria branch
lengths and decreased branches per network compared to the control group
(Fig. 3a, c-d). The result suggested that long-term exposure to SSRIs dis-
rupted mitochondrial homeostasis. Moreover, we examined the structural
integrity of the cells with sarcomere structure by immunofluorescence
staining (Fig. 3b). Our results show that sarcomere length was decreased
only in the paroxetine group, and sarcomere organization score was sig-
nificantly reduced in all exposure groups (Fig. 3e, f), indicating disar-
rangement of sarcomere structure after SSRIs exposure.

Transcriptome profiling revealed distinct biological processes
related to SSRIs toxicity in the 2D model

The RNA-seq analysis revealed that three SSRIs exhibited certain dif-
ferences in the transcriptome. Principal component analysis (PCA) and
inter-sample correlation revealed similar expression patterns and clus-
tering in replicate samples (Fig. 4a). The expression profiles of differ-
entially expressed genes (DEGs) were extracted and displayed by
clustering heatmaps, showing significant differences in the comparison
groups (Fig. 4b). We identified 163 DEGs in the fluoxetine group, 343
DEGs in the paroxetine group, and 306 DEGs in the sertraline group
compared to the control group. Notably, only 31 DEGs are shared
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Fig. 3 | Fluorescence staining of mitochondria and sarcomere of differentiating
cardiomyocytes. a Fluorescence staining of mitochondria in H1-CMs with Mito-
Tracker (green for mitochondria and blue for cell nucleus). b Immunofluorescence
staining of sarcomere with the primary antibodies of cITNT and a-actinin in H1-
CMs (green for a-actinin, red for cTNT, and blue for cell nucleus). The mean branch
length (c) and branches per network (d) of mitochondria were calculated by Fiji/

Paroxetine (500 nM)
(Hoechst/Mito)

Sertraline (500 nM)
(Hoechst/Mito)

O

Paroxetine (500 nM)
(DAPI/cTNT/a-actin)

Soum

Sertraline (500 nM)
(DAPI/cTNT/a-actin)

e Sarcomeres f Sarcomeres
ns %k
skokokk

o
w
1

2.0
1.94

ij’

2]
*
*

2
= 5
£ @
= =
= £
5 1.8 i g 0.2
c ':
Q *
= 1.7 o i j
(3
J S
£ 1.6 @ 0.1+
g £
£ 157 g
N 5
14 T T T T @ 0.0 T T T T
& & & & &
& & o P & F S
& S & & &

[ Paroxetine (500 nM)  [ESertraline (500 nM)

Image]J with the MiNA plugin. n = 7 biological replicates of each group for (cand d).
Fast Fourier transformation (FFT) analysis showed the sarcomere length (e) and the
sarcomere organization score (f) of a-actinin signal distribution in the H1-CMs.
*indicates p < 0.05, **indicates p < 0.01, ***indicates p < 0.001, ****indicates

P <0.0001, ns indicates no significance. n = 7 biological replicates of each group for

(e and f).

between the three groups, which may indicate the activation of different
regulatory mechanisms (Fig. 4c, Supplementary Data 1). Several repre-
sentative genes were displayed in the Volcano plot of DEGs (Fig. 4d-f).
The relationship network of DEGs in each group associated with Gene
Ontology biological process (GO-BP) terms was displayed to indicate
which DEGs were caused by SSRIs that may lead to the dysregulation of
ROS, ATP production and mitochondrial function (Fig. 4g-i). We also
found that increased phosphoglycerate mutase 5 (PGAM5) expression
was highly associated with the “regulation of mitochondrial fission” after
paroxetine exposure, indicating that damaged mitochondria induced
PGAMS5 to activate mitochondrial biogenesis and mitophagy to promote
a cellular compensatory response (Figs. 3a, ¢, d, and 4h). The myosin
heavy chain 7 (MYH?7) showed a significant decrease and was highly
associated with the “sarcomere organization” after three SSRIs exposure
(Fig. 4g-i). Significant disarrangement in sarcomere structure was also
observed due to SSRIs exposure (Fig. 3b, e, f), indicating that SSRIs may

cause disarrangement of the sarcomere structure by dysregulating MYH7
expression. These results suggested that developmental exposure to SSRIs
increased ROS levels, inhibited ATP production and mitochondrial
respiration, and disrupted mitochondrial homeostasis and sarcomere
structure in the differentiating H1-CMs, exerting high risks of dysfunc-
tion or abnormality of cardiomyocytes. To further explore the regulatory
mechanisms underlying SSRIs-induced transcriptional changes in car-
diomyocytes, we performed Gene Set Enrichment Analysis (GSEA) using
the C3 collection from MSigDB, which includes transcription factor (TF)
and microRNA (miRNA) target gene sets. Significant enrichment of
some representative TF and miRNA targets was observed in response to
fluoxetine, paroxetine, and sertraline exposure when compared to con-
trols, suggesting that SSRIs may modulate specific regulatory networks
involved in cardiac function and development (Supplementary Fig. 3).
Thus, in the following experiments, we further applied a 3D-cardiac
organoid model to investigate the toxicity effects of paroxetine on the
cardiac system.
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Fig. 4 | Transcriptomic analysis of SSRIs toxicity in the 2D model. a Principal
component analysis for the samples. b Heatmap indicates the overall DEG expres-
sion pattern of all 4 groups of samples: C (control, DMSO), F (fluoxetine), P (par-
oxetine), and S (sertraline). ¢ Comparison of the number of shared and distinct
DEGs in three SSRIs compared to control. d-f Volcano plot showed the top altered
genes after three SSRIs compared to control. Some representative genes are

highlighted in blue in the plot. g-i GO-BP terms and DEGs relationship network in
three SSRIs compared to control. Each yellow node (circle) represents distinct GO-
BP terms, and the circle size indicates the number of differentially expressed genes in
the term. The edges represent categories of GO-BP terms with different color lines.

SSRiIs toxicity on developmental 3D-cardiac organoids

To further investigate the developmental toxicity of SSRIs on the cardiac
system during differentiation, we employed a 3D cardiac organoid model
and generated a simplified workflow schematic using BioRender (https://
www.biorender.com/) (Fig. 5a). First, we identified the NOAEL of three
SSRIs during the entire differentiation process and we determined 1000 nM
as the NOAEL for all three SSRIs (Fig. 5b). Developmental exposure to SSRIs
at 1000 nM did not cause obvious alterations in the size of the cardiac
organoids, but organoids were found to be enlarged and non-beating at 2000
nM (Fig. 5¢, Supplementary Fig. 4). However, long-term exposure to SSRIs
at NOAEL impaired mitochondrial basal and maximal respiration, and
decreased spare respiration capacity and ATP production (Fig. 5d-h). These
results suggested that the 3D-cardiac organoid model can recapitulate the

toxicity outcomes as in the 2D model. The beating cardiac organoids
exposed to SSRIs were attached in Supplementary Movies 1-4.

Histology and immunofluorescence staining of 3D model

Histological analysis was performed from both control and paroxetine-
treated 3D-cardiac organoids, which both showed the inner core (IC), the
outer layer (OL), endodermal cavities (END CAYV, which is in the IC), and
the endodermal islands (END ISL, which is in the OL) (Supplementary
Fig. 5). We further performed the immunofluorescence staining of the 3D
model with antibodies of cluster of differentiation 31 (CD31), Wilms’ tumor
1 (WT1), cardiac troponin T (cTNT), and a-actinin (Fig. 6a). CD31 is a
marker of endothelial cells and WTT1 is essential for cardiac development.
The results suggested that CD31 was increased and WT1 was decreased
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Fig. 5 | SSRIs toxicity on differentiating cardiac organoids. a The procedure of
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organoids. d Graphical representation of the mitochondrial stress test. e Basal
respiration, f maximal respiration, g spare respiration capacity, h ATP-linked
respiration. *indicates p < 0.05, **indicates p < 0.01, ***indicates p < 0.001. n = 4
biological replicates for all groups.

(Fig. 6b, c), which indicates SSRIs may impair cardiac development and
promote angiogenesis. CTNT and a-actinin showed no significant changes
(Fig. 6d, e). These results also suggested the disparities of using 2D- and 3D-
models for toxicology research. We can identify more comprehensive and
sophisticated alterations in the 3D model than in the 2D model.

Transcriptome profiling revealed distinct biological processes
related to SSRIs toxicity in the 3D model

The PCA and inter-sample correlation analysis revealed similar expression
patterns and clustering in replicate samples (Fig. 7a). Based on the RNA-seq
analysis from 3D-cardiac organoids upon developmental exposure to par-
oxetine, the expression profiles of DEGs were extracted and displayed by

clustering heatmaps, showing significant differences in the comparison
groups (Fig. 7b). We identified 919 DEGs in the paroxetine-treated orga-
noids compared to the control group, with some representative genes
highlighted in blue in the plot (Fig. 7c, Supplementary Data 2). The sig-
nificantly up-regulated genes fibrinogen beta chain (FGB) and vitronectin
(VTN) were associated with “regulation of hemostasis”, “negative regulation
of blood coagulation”, and “regulation of mitochondrion organization”. On
the other hand, the down-regulated genes ankyrin repeat domain 1
(ANKRD1I) and MYH?7 were associated with “sarcomere organization” and
“cardiac muscle tissue morphogenesis”, myosin light chain-2 (MYL2) was
associated with “cardiac muscle tissue morphogenesis”, cytochrome P450
2J2 (CYP2J2) was associated with “xenobiotic metabolic process”,
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and immediate early response 3 (IER3) was associated with “regulation of
mitochondrial organization” (Fig. 7d-f). In particular, the expression of
MYH7 was significantly decreased after 3D-cardiac organoids were exposed
to paroxetine, which is consistent with the results in 2D-monolayer cardi-
omyocytes (Figs. 7f and 4h). Besides, we noticed that the 9 genes, including
titin-cap (TCAP), MYH7, ANKRDI, myozenin 1 (MYOZI), limonin 2
(LMOD2), troponin T1 (TNNT1), synaptopodin 2 like (SYNPOZ2L), cysteine
and glycine rich protein 3 (CSRP3), and calsequestrin 1 (CASQI), related to
the sarcomere organization were all decreased except for bone morphoge-
netic protein 10 (BMP10) (Fig. 7f), which implied that the sarcomeric
structure disarrangement. We validated the expression of these repre-
sentative genes by real-time quantitative PCR (qQPCR), which was highly
consistent with the RNA-seq results (Fig. 7g), underscoring the reliability
and accuracy of our RNA-seq data. We further investigated the regulatory
mechanisms underlying SSRI-induced transcriptional changes in 3D car-
diac organoids by performing GSEA using C3 gene sets, which include TF
and miRNA target gene sets. Notably, significant enrichment of some
representative TF and miRNA targets was observed in response to parox-
etine compared to controls, offering valuable insights for future studies on
regulatory pathways, particularly integrated with GSEA analyses of 2D
cardiomyocyte models (Supplementary Fig. 6).

Discussion

SSRIs have been found to be toxic to the cardiovascular system in both adult
and early developmental stages during pregnancy®. Previous animal studies
suggested that serotonin and its receptors play a critical role during heart
development and cardiomyocyte function by regulating mitochondrial
function. Serotonin has been reported to possess significant effects on

cardiac activities and is a novel survival factor targeting mitochondria
in cardiomyocytes™. Serotonin can directly activate its functional receptors
on the mitochondrial membrane, and regulate mitochondrial and cellular
activities and functions™. Serotonin can also be a regulator of mitochondrial
biogenesis and function in rodent cortical neurons, via a 5-HT2A receptor-
mediated recruitment of the SIRT1-PGC-1a axis™*. However, continuous
SSRIs treatment causes an adaptive fall in 5-HT metabolism and
synthesis™, suggesting that SSRIs may cause cardiac toxicity via dysfunction
of mitochondria. It is crucial to unravel the intricate effects of SSRIs on
both cardiac and mitochondrial function, particularly considering their
potential adverse effects during the critical phase of early human heart
development.

The clinical study estimated that the median drug concentrations in
umbilical cord serum of fluoxetine, paroxetine, and sertraline to be
6.0-201.0 ng/ml, 3.0-31.0 ng/ml, and 1.0-35.0 ng/ml, respectively”. The
fetal exposure levels vary among SSRI drugs measured in the umbilical cord
and show significant inter-individual variabilities®. Our results showed that
intracellular ROS levels were significantly increased, and ATP production
and mitochondrial respiration were decreased in the differentiated cardio-
myocytes after exposure to SSRIs. These results suggested that long-term
exposure to clinical levels of SSRIs induced mitochondrial dysfunction,
ultimately decreasing ATP production. During the first trimester of preg-
nancy, exposure to paroxetine, fluoxetine, and sertraline have demonstrated
an approximate increased likelihood of congenital heart defects by 1.6, 1.4,
and 1.3 times, respectively”. In particular, paroxetine use during the first
trimester of pregnancy is highly associated with an increased risk of major
congenital malformations and cardiac malformations” . During our
development exposure experiment of 2D and 3D models, ATP production
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Fig. 7 | Transcriptomic analysis of SSRIs toxicity in the 3D model. a Principal
component analysis for the samples. b Heatmap indicates the overall DEG expres-
sion pattern of 2 groups of samples: P1000 (paroxetine, 1000 nM) and PO (parox-
etine, 0 nM). ¢ Volcano plot showed the DEGs between paroxetine and control.
Some representative genes are highlighted in blue in the plot. d, e GO-BP terms
enrichment in paroxetine compared to control. f GO-BP terms and DEGs

relationship network in paroxetine compared to control. Each yellow node (circle)
represents distinct GO-BP terms, and the circle size indicates the number of dif-
ferentially expressed genes in the term. The edges represent categories of GO-BP
terms with different color lines. g The identification of RNA-seq was verified by
gPCR. *indicates p < 0.05, **indicates p < 0.01, ***indicates p < 0.001. For qPCR,
n = 6 biological replicates; for RNA-seq, n = 3.
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and mitochondrial respiration were impaired upon exposure to NOAEL of
SSRIs, indicating that SSRIs toxicity on cardiac development.

Mitochondria play key roles in cardiac development and homeostasis,
and mitochondrial damage is highly associated with mitochondrial
cardiomyopathy, congenital heart disease, coronary heart disease, myo-
cardial ischemia-reperfusion injury, heart failure, and drug-induced
cardiotoxicity’’. Mitochondria are not only a source of ATP energy but
also generators of ROS, that cause oxidative damage™’. Excess ROS pro-
duction and oxidative damage are associated with cardiac pathology.
Antioxidant defenses, mitochondrial quality control, mtDNA maintenance
mechanisms as well as mitochondrial fusion and fission improve mito-
chondrial function and cardiomyocyte survival under stress conditions™.
The structural specialization includes the expansion of the mitochondrial
network by fission and fusion of mitochondria, which is not restricted to
cardiomyocyte development but also later on required for the maintenance
of a healthy heart™. In our study, developmental exposure to SSRIs resulted
in smaller mitochondria branch sizes compared and fewer branches per
network indicating that mitochondrial homeostasis of cardiomyocytes was
impaired. We also noticed that the PGAMb5 gene significantly increased after
paroxetine treatment. PGAMS5 was identified as a crucial regulator in
maintaining mitochondrial homeostasis®’. PGAMS5 activates mitochondrial
biogenesis and mitophagy to promote a cellular compensatory response
when mitochondria are mildly damaged, whereas severe damage to mito-
chondria leads to PGAM5-induced mitochondria fission, disruption to
mitochondrial movement, and amplification of apoptosis, necroptosis and
mitophagy death signals, which eventually evoke cell death™. Moreover,
PGAMS5 plays a key role in oxidative stress-induced necroptosis, which
increases the level of Cyclophilin D phosphorylation to open mitochondrial
permeability transition pores and increase ROS production in cardiac
ischemia-reperfusion injury”. Our result also showed similar results that
cardiomyocyte ROS increased after SSRIs exposure. Consequently, there
was a notable increase in ROS, a decline in ATP production, and mito-
chondrial respiration that may be caused by PGAMS5 activating mito-
chondrial excessive fission after exposure to SSRIs.

From the 2D- and 3D-models used in this study, we also found that the
genes related to sarcomere organization of GO-BP terms were dysregulated,
and the sarcomere structure exhibited disarrangement. Sarcomere is the
basic contracting unit in cardiac muscles. Genetic mutation in genes coding
sarcomeric proteins can cause impairments in the structure integrity and
function of the sarcomere’®”’. In the heart, mutations in sarcomeric proteins
are responsible for the majority of genetically inherited cardiomyopathies™.
MYH?7, a sarcomeric gene encoding the myosin heavy chain, which
mutations affect the structure and physiologic function of sarcomere, thus
resulting in cardiomyopathy””. The two major types of MYH7-related
inherited cardiomyopathy include hypertrophic cardiomyopathy and
dilated cardiomyopathy. Restricted cardiomyopathy, left ventricular non-
compaction cardiomyopathy, congenital heart defects, arrhythmia, etc., can
be affected as well”. MYH?7 showed a significant decrease both in 2D-
monolayer cardiomyocytes and 3D cardiac organoids after SSRIs exposure.
Significant disarrangement in sarcomere structure was also observed in
response to paroxetine exposure, indicating that SSRIs may cause disar-
rangement of the sarcomere structure by dysregulating MYH?7 expression.

From the immunofluorescence staining results of 3D-cardiac orga-
noids, we noticed that the CD31 signal increased after paroxetine exposure.
CD31 is a reliable marker for identifying endothelial cells”. The up-
regulated CD31 indicates endothelial cells increasing, which means angio-
genesis may be promoted after paroxetine exposure. It has been reported
that hippocampal angiogenesis is increased with SSRIs use in major
depression™. Fluoxetine improves the angiogenic parameters and restores
neovascularization in animals exposed to psychological stress*’. SSRIs may
induce changes in TGFp signaling, leading to a change in placental angio-
genesis and barrier formation''. Moreover, we found that WT1 decreased
after paroxetine exposure. WT1 is essential and required for many aspects of
cardiac development. WT1 is associated with key processes such as the
formation of the epicardium, valves, and myocardial wall maturation®.

Ablation of WT1 leads to abnormal development of the sinus venosus and
atrium, absence of pectinate muscles, and a thin ventricular myocardium43 .
While there is a dearth of relevant studies on the effects of SSRIs on cardiac
development and angiogenesis in the heart, our findings indicate potential
roles for SSRIs in impairing cardiac development and promoting angio-
genesis. Nonetheless, it is imperative to underscore the necessity for addi-
tional evidence and comprehensive investigations to corroborate these
preliminary observations.

Based on the RNA-seq analysis from 3D-cardiac organoids upon
developmental exposure to paroxetine, the significantly up-regulated genes
FGB and VTN were related to the regulation of hemostasis and negative
regulation of blood coagulation. It has also been reported that SSRIs treat-
ment is associated with abnormal bleeding and coagulation disorder
because these drugs can directly influence 5-HT, which is involved in pla-
telet aggregation and hemostasis'**’. IER3 is involved in preventing the
production of ROS in mitochondria, and consequently, null mutation of
IER3 increases the production of mitochondrial ROS™. Our result showed
that IER3 was significantly reduced and involved in the regulation of
mitochondrial organization, suggesting that increased mitochondrial ROS
leads to decreased mitochondrial respiration. ANKRDI is a sarcomere-
localized transcriptional cofactor, and mutations in ANKRD1 have been
shown to be associated with hypertrophic and dilated cardiomyopathy”.
Our results also indicated that ANKRD1, same as MYH?7, was significantly
reduced and involved in the regulation of sarcomere organization, further
providing evidence for the consequences of sarcomeric structure disar-
rangement. Furthermore, our results showed that the 9 genes (TCAP,
MYH7, ANKRDI1, MYOZI1, LMOD2, TNNT1, SYNPO2L, CSRP3, CASQI)
related to the sarcomere organization were all decreased except for BMP10,
which explained the sarcomeric structure disarrangement. MYL2 is also a
sarcomeric protein and a member of the EF-hand calcium-binding protein
family, which is involved in heart muscle structure and function*®. Our result
showed that MYL2 was significantly decreased and involved in cardiac
muscle tissue morphogenesis, implying that disorder of cardiac muscle
structure and function after SSRIs exposure.

In conclusion, our study demonstrated that SSRIs induced cardiac
toxicity via dysfunction of mitochondria and sarcomere structure, as
observed at both morphological and phenotypic levels on 2D-monolayer
cardiomyocytes and 3D-cardiac organoids. We also elucidated mechanisms
of SSRIs-induced dysfunction in mitochondria and sarcomere structure
through transcriptomic analysis of 2D and 3D models, underscoring that
PGAMS5 and MYH7 may have important roles in these processes. Fur-
thermore, our data suggested that SSRIs may be associated with abnormal
bleeding and coagulation disorder, as well as impair cardiac development
and promote angiogenesis from the 3D model analysis. These findings
highlight the potential risks of SSRIs to cardiac health and contribute to a
deeper understanding of their side effects and mechanisms. It may also
inform future strategies for safer antidepressant therapies.

Methods

Chemicals

Fluoxetine (cat. no. F07501G), paroxetine (cat. no. 50-612-50001), and
sertraline (cat. no. AC462190010) were purchased from Fisher Scientific
and then dissolved in DMSO (cat. no. D2650, Sigma-Aldrich) as stocks.
Afterwards, they were diluted to the final working concentration in the
medium for experiments.

Stem cell lines and cell culture

The H1-hESCs used in this study were obtained from WiCell (Wisconsin,
USA). The hiPSCs were used in this study obtained from the Stanford
Cardiovascular Institute (SCVI) Biobank, Stanford University. It was gen-
erated through reprogramming of peripheral blood mononuclear cells from
an anonymous healthy individual with the Sendai virus. Stem cells were
grown in Matrigel, hESC-qualified (cat. no. 354277, Corning)-coated 12-
well plates in Essential 8™ Medium (E8 medium) (cat. no. A1517001,
Thermo Fisher Scientific) at 37 °C in 5% CO, in compressed air and high
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humidity. This study involved the use of H1-hESCs and hiPSCs repro-
grammed from peripheral blood mononuclear cells and was approved by
the Clemson University Human Subjects Research Institutional Review

Board. All ethical regulations relevant to human research participants were
followed.

2D-monolayer cardiomyocytes exposed to SSRIs

For 2D-monolayer cardiomyocyte differentiation, a well-established pro-
tocol was used to generate beating cardiomyocytes derived from H1-hESCs
or hiPSCs*. Beating cardiomyocytes will generally appear in about 8 days,
and the cells can be further treated with glucose-free RPMI/1640 medium
(cat. no. 11879020, Gibco) with B27 supplement (cat. no. 17504044, Thermo
Fisher Scientific) for 2 rounds. For differentiated cardiomyocytes derived
from both H1-hESCs (i.e., H1-CMs) and hiPSCs (i.e., hiPS-CMs), H1-CMs
and hiPS-CMs were exposed to three clinical levels of SSRIs i.e., 30 nM
(sertraline), 55 nM (paroxetine), and 263 nM (fluoxetine) for five days at
day 30 which were used to analyze the clinical levels of SSRIs toxicity’'. For
developmental exposure, the SSRIs were added into the medium when we
replaced the culture medium following the differentiation protocol. After
obtaining beating H1-CMs, the medium with drugs was replaced every two
days until day 25. We evaluated NOAEL of SSRIs on differentiating car-
diomyocytes using the graded concentration with 125nM, 250 nM,
500 nM, 1000 nM, 2000 nM, and 4000 nM. Cardiomyocytes treated with
0.1% DMSO were used as the control group.

Cell culture and cardiac organoids differentiation exposed

to SSRIs

For 3D-organoid differentiation, a scaffold-free 3D-cardiac organoid
method was used"”. Briefly, 5000 H1-hESCs were seeded into a 96-well Clear
Round Bottom Ultra-Low Attachment Microplate (cat. no. 7007, Corning)
with 100 pl E8 medium containing 10 uM Y-27632 ROCK Inhibitor (cat.
no. 7000, Tocris), and then the plate was centrifuged at 1600 rpm for 5 min.
After 2 days, the 3D spheroids can be observed and then were removed and
embedded into a 20 ul Matrigel Membrane Matrix (cat. no. 356234,
Corning) in a new ultra-low-attachment 96-well round bottom plate, using
a blunt 10 pl tip. After embedding, the plate was placed in the 37 °C incu-
bator for 1 h to solidify the Matrigel droplet, then add 200 pl of E8 medium.
After 2 days (day 0), cardiac differentiation was initiated by replacing the
medium with RPMI/1640 medium (cat. no. 11875093, Gibco) with
B27 supplement without insulin (cat. no. A1895601, Thermo Fisher Sci-
entific) and 7.5 uM CHIR99021 (cat. no. 4423, Tocris). After 24 h (day 1),
the medium was replaced with RPMI/1640 medium with B27-insulin. On
day 3, the medium was replaced with RPMI/1640 medium with B27-insulin
and 5 uM IWP2 (cat. no. 3533, Tocris). On day 5, the medium was replaced
with RPMI/1640 medium with B27 supplement without insulin. The
beating cardiac organoids can be observed around day 9, then the medium
was replaced with RPMI/1640 medium with B27 containing insulin. On day
12, 60 pl Cell Recovery Solution (cat. no. CB-40253, Corning) was added to
dissolve the Matrigel by putting the plate at 4 °C for 20 min. After that, the
organoids were removed to a low-attachment 24-well plate using a blunt
1000 pl tip. The cardiac organoids were then cultured until day 25, and
changed the RPMI/1640 medium with B27 containing insulin every two
days. During this procedure, SSRIs with final concentrations of 1000 nM
were added at each step of medium replacement after obtaining beating
cardiac organoids.

Microscopy and high-content imaging

The microscopy of the 3D spheroids was conducted using a Nikon
motorized Ti2E microscope with a stage-top incubator (In Vivo Scientific,
SC, USA). Reactive oxygen species (ROS), ATP production, mitochondrial
membrane potential, and mean mitochondrial branch size and network of
cardiomyocytes were evaluated using an imaging-based multi-parametric
analysis strategy (ie., high content imaging). Cardiomyocytes were re-
plated into optical 96-well plates, and cells were labeled with the following
fluorescent dyes: Fluorometric Intracellular ROS Kit (cat. no. MAK143,

Sigma-Aldrich) for ROS assay, BioTracker ATP-red live cell dye (cat. no.
SCT045, Sigma-Aldrich) for ATP production assay, and MitoProbe™
TMRM Assay Kit (cat. no. M20036, Thermo Fisher Scientific) for mito-
chondrial membrane potential assay. The fluorescence intensities were
quantified using a Cytation 5 Cell Imaging Multimode Reader with Gen5
Image Prime software (Biotek, Winooski, VT, USA). For mitochondrial
morphology analysis, 200 nM of MitoTracker Green FM (cat. no. M46750,
Thermo Fisher Scientific) was used for staining live mitochondria. The cell
nucleus was stained by Hoechst (cat. no. 14533, Sigma-Aldrich). The images
were taken using a Nikon Ti2-E fluorescence microscope, and then mito-
chondrial morphology was analyzed using the Fiji/Image] software with
MiNA plugin®.

Immunofluorescence staining of sarcomere in cardiomyocytes
The cardiomyocytes were re-plated in Nunc™Lab-Tek™II glass-bottomed
8-chamber glass slides (cat. no. 177402, Thermo Fisher Scientific), and
then cells were fixed and permeated in the plate using a Human Car-
diomyocyte Immunocytochemistry Kit (cat. no. A25973, Thermo Fisher
Scientific). The primary antibodies included rabbit anti-cTNT (cat. no.
ab45932, 1:500, Abcam) and mouse anti-a-actinin (sarcomeric) (cat. no.
ab9465, 1:500, Abcam). The secondary antibodies included goat anti-
rabbit IgG, Alexa Fluro 594 (cat. no. R37117, 1:500, Thermo Fisher
Scientific) and goat anti-mouse IgG, Alexa Fluro 488 (cat. no. A-11001,
1:500, Thermo Fisher Scientific). The cell nuclear was stained by DAPI
(cat. no. D9542, Sigma-Aldrich). The images were taken using a Nikon
Ti2-E fluorescence microscope with a 60X oil-immersed objective. For
subsequent data analysis, to measure the sarcomeric disarrangement in
paroxetine-treated cells, we analyzed the immunofluorescence staining
images. Sarcomere arrangement signals were extracted from each image
and subjected to in-depth analysis, including sarcomere length and
sarcomere organization score, through Fast Fourier Transformation
(FFT) method with SotaTool software’.

Histology analysis and immunofluorescence staining of 3D-
cardiac organoids

The cardiac organoids were fixed in 4% paraformaldehyde (cat. no.
100496, Sigma-Aldrich), further dehydrated through a graded ethanol
(cat. no. BP28184, Fisher Scientific) series (70%, 80%, 90%, and 100%),
transparentized in xylene (cat. no. 534056, Sigma-Aldrich), and finally
embedded in paraffin blocks. The paraffin blocks were cut into 8 pum
thick sections by using a Semi-Automated Rotary Microtome (Leica,
Wetzlar, Germany) and stained with hematoxylin and eosin (H&E) by
H&E staining kit (cat. no. ab245880, Abcam) following standard pro-
cedures of H&E Staining System (Leica). Microscopic examination was
observed using a Nikon Y-TV55 microscope and photographed with a
Nikon DS-Ri2 (Nikon). For IF staining, the cardiac organoid paraffin
sections were immersed in xylene 2 times for 10 min each, then rehy-
drated through a graded ethanol series (100%, 90%, 80% and 70%) for
5min each. Rinse the sections with deionized H,O then followed by
antigen retrieval using Antigen Retrieval Reagent, pH 9 (cat. no.
ENZACCI1130100, Enzo Life Sciences). Block non-specific staining
between the primary antibodies and the cardiac organoid by incubating
in blocking buffer (5% BSA in PBS, cat. no. AAJ61089AK, Thermo Fisher
Scientific) for 30 min at room temperature. Incubate the sections over-
night at 4 °C in the primary antibodies, including rabbit anti-cTNT (cat.
no. ab45932, 1:500, Abcam), rabbit anti-WT1 (cat. no. ab89901, 1:200,
Abcam), mouse anti-a-actinin (cat. no. ab9465, 1:500, Abcam), and
mouse anti-CD31 (cat. no. ab9498, 1:200, Abcam). Incubate the sections
for one hour at room temperature in the secondary antibodies, including
goat anti-rabbit IgG, Alexa Fluro 594 (cat. no. R37117, 1:500, Thermo
Fisher Scientific) and goat anti-mouse IgG, Alexa Fluro 488 (cat. no. A-
11001, 1:500, Thermo Fisher Scientific). The cell nucleus was stained by
DAPI for 15 min. Sections were mounted with Anti-Fade Fluorescence
Mounting Medium (cat. no. ab104135, Abcam). The images were taken
using a Nikon Ti2-E fluorescence microscope with a 10X objective.
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Mitochondrial respiratory activity assay

For the 2D-monolayer cardiomyocytes, the mitochondrial respiratory
activity in cardiomyocytes was analyzed by mitochondrial stress test using a
Seahorse XFe24 Extracellular Flux Analyzer (Agilent, Santa Clara, CA,
USA). 50,000 cells were plated into an XFe24 cell culture microplate (Agi-
lent) with RPMI/1640 and B27 supplemented with 10% FBS and 10 pM
ROCK inhibitor. After 48 h of recovery, the mitochondrial stress test was
performed using a Seahorse XF Cell Mito Stress Test kit (including pyruvate,
glytamine, and glucose) (cat. no. 103681-100, Agilent) according to the
manufacturer’s manual. Briefly, one day prior to the experiment, the
XFe24 sensor cartridges were hydrated in XF calibrator solution (cat. no.
100840-000, Agilent) and incubated overnight at 37°C in a non-CO,
incubator. One hour prior to the experiment, the cells were incubated at
37 °C (non-CO,) in 500 pl of Seahorse assay medium, containing XF base
medium (cat. no. 103334-100, Agilent) supplemented with 1 mM pyruvate,
2 mM glutamine, and 10 mM glucose (pH 7.4). Mitochondrial respiratory
activity was measured with sequential injections of 2 uM oligomycin (cat.
no. 75351, Sigma-Aldrich), 2 uM carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP) (cat. no. ¢2920, Sigma-Aldrich) and each 0.5 pM
of rotenone/antimycin A (cat. no. R8875 and A8674, Sigma-Aldrich). Data
were normalized by cell-number counting using a TC20 automated cell
counter (Bio-Rad, Hercules, CA, USA).

For the 3D-cardiac organoids, the mitochondrial respiratory activity in
cardiac organoids was analyzed by mitochondrial stress test using a Sea-
horse XF Pro Analyzer (Agilent). Briefly, one day prior to the experiment,
the XF Pro sensor cartridges were hydrated in XF calibrator solution and
incubated overnight at 37 °C in a non-CO, incubator. One hour prior to the
experiment, the cardiac organoids were transferred to the Poly-D Lysine
100 ug/mL coated Agilent Seahorse XFe96 Spheroid Microplates and
incubated at 37 °C (non-CO,) in 175 ul of Seahorse assay medium. Mito-
chondrial respiratory activity was measured with sequential injections of
5 uM oligomycin, 2 uM FCCP and each 2 uM of rotenone/antimycin A.
Data were normalized by the total amount of DNA of each cardiac organoid
extracted using DNeasy Blood & Tissue Kit (cat. no. 69504, Qiagen).

RNA-sequencing and data analysis

Total RNA was extracted using the miRNeasy Mini Kit (cat. no. 217084,
Qiagen), and RNA was then subjected to RNase-Free DNase (cat. no.
79254, Qiagen)digestion and purified using the RNeasy Kits for RNA
Purification (cat. no. 74104, Qiagen) according to the manufacturer’s
instructions. RNA integrity was checked with Cytation 5, and only
samples with a 260/280 ratio of around 2.0 were used for RNA-
sequencing preparation. cDNA Libraries were prepared following the
DNBSEQ Eukaryotic Stranded Transcriptome library preparation pipe-
line. mRNA was enriched with Oligo dT selection and fragmentation.
First-strand cDNA was synthesized using random N6-primed reverse
transcription and dUTP for second-strand synthesis. Ends were repaired,
3’ adenylated, and adapters ligated. cDNA was amplified by PCR,
denatured by heat, and cyclized by splint oligo and DNA ligase.
Sequencing of the cDNA libraries was done on the DNBSEQ platform.
Sequencing reads were inspected by FastQC (v0.12.1, http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) and trimmed through
Trim Galore (v0.6.7, https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/) to retain high-quality clean reads for subsequent
analysis. All clean reads were appropriately mapped to the human
reference genome (GRCh38) by using HISAT2 (v2.2.1)*’. The gene
expression quantification was carried out using HTSeq (v2.0.4)”, fol-
lowed by the DESeq2 (v1.42.0)* package to obtain DEGs with the criteria
of |log2(fold change)| > 1 and p-value < 0.05. GO-BP terms enrichment
analysis was performed based on the DEGs between SSRIs-treated and
control groups to identify functional attributes via clusterProfiler
(v4.10.0). We prioritized GO-BP terms associated with mitochondrial
and sarcomeric functions from the enriched results based on their rele-
vance to the observed cellular phenotypes. GSEA was performed to
identify enriched regulatory pathways in transcriptomic profiles of

cardiomyocytes treated with SSRIs. The resulting ranked gene lists were
used for GSEA using the MSigDB C3 collection, which includes gene sets
representing transcription factor targets (C3:TFT) and microRNA targets
(C3:MIR). Enrichment was assessed using the clusterProfiler. Gene sets
with a p-value < 0.05 were considered significantly enriched. Enrichment
results were visualized using bubble plots, indicating the gene ratio,
p-value, and gene count per term, separated into activated and sup-
pressed categories. For 2D-model RNA-seq, we set two replicates for each
group. For 3D-model RNA-seq, we set three replicates for each group.

RNA isolation and real-time quantitative PCR

Total RNA was extracted from organoids in each group using the miRNeasy
Mini Kit according to the manufacturer’s instructions. RNA integrity was
checked with a Take3 microvolume plate in Cytation 5, and only samples
with a ratio of 260/280 around 2.0 were subsequently used for PCR. cDNA
was synthesized from 500 ng of total RNA using iScript™ cDNA synthesis
kits (cat. no. 1708890, BioRad) following the manufacturer’s protocol. gPCR
was performed with BioRad CFX Real-Time PCR System in 20 pl reactions
using 1 pl of cDNA, 0.25 uM of each forward and reverse primer and 1X
iTaq™ Universal SYBR® Green Supermix (cat. no. 1725121, Bio-Rad). The
qPCR program consisted of 1 cycle of 95 °C for 5 min; and 40 cycles of 95 °C
for 155, 60°C 30s and 72 °C for 30s. Primers used were ordered from
Qiagen to amplify the genes, including FGB, VTN, ANKRDI, MYL2, MYH?,
CYP2J2, and IER3. The 18S was used as a normalizing gene. A standard
curve was generated to assess accuracy, and primers with an amplification
efficiency of more than 95% were chosen for qPCR. Six biological and three
technical replicates were used for each gene. The primers used in this study
were displayed in Supplementary Table 1.

Statistics and reproducibility

We conducted the statistical analysis using GraphPad Prism 10.2.1
(GraphPad Software, Inc., San Diego, CA). Nonparametric t-test was used
to compare data between two groups and one-way ANOVA followed by
Fisher’s LSD test was used to compare data of multiple groups wherever
appropriate. Data are presented as means * standard error of the
mean (SEM). At least 3 biological replicates were used in each experiment.
The number of biological replicates (1) is detailed in the figure legends.
For Bulk RNA sequencing data, statistical analyses were descripted
as above.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The RNA-seq data generated for this work have been deposited in the NTH
BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/), and Bio-
Project IDs are PRJNA1045682 for 2D-monolayer cardiomyocytes and
PRJNA1045285 for 3D-cardiac organoids. The source data for the main and
Supplementary Figs. are available as Supplementary Data 3, and all other
data are available from the corresponding author on reasonable request.
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