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Title: Drug discovery research for autism spectrum disorder induced by exposure to valproic acid

during pregnancy

Background

Digoxin and digoxigenin, which are already clinically used as cardiotonic agents, may increase the expression
of pathways which is related to autism spectrum disorder (ASD). Their target of molecules may be different
from cardiotonic effects. The goal of this study is to confirm the effects of digoxin and digoxigenin on the
nervous system in vitro and in vivo, and to identify their target molecules. There is a possibility that it will

lead to the development of a new treatment for ASD.

Animal behavior studies

Sodium valproate (VPA) was administered to pregnant rats to create an animal model of ASD. In silico data
suggest that VPA suppresses ASD-repressed gene expression, while digoxin and digoxigenin increase the
expression of ASD-related genes. Therefore, we created an ASD model rat and verified whether the behavior
changed. Based on previous studies, we administered 800mg/kg of sodium valproate (VPA) to Wistar rats on
the 12.5th day of pregnancy, and used the offspring as ASD model rats. Digoxin was administered at the
same time as VPA during pregnancy (VPA 800 mg + digoxin in pregnancy) or 45-49 days after birth (VPA 800
mg + digoxin in PD49).

Postnatal administration of digoxin to ASD model rats reduced hyperactivity. In the next step, we conducted
a 3-channel social interaction test for sociability. The sociability index (SI) was calculated as an index of
sociability. A lower SI indicates higher sociability. Compared with the ASD model VPA 800mg administration
group, the postnatal administration of digoxin improved sociability. Postnatal administration of digoxin
resulted in changes in locomotor activity and sociability, indicating that digoxin changed behavior, and that

change improved ASD-like behavior.

Gene expression of digoxin

RNA sequencing was performed using SH-SY5Y cells to verify whether ASD-like behaviors improve with
digoxin which caused altering the expression of ASD-related genes, as hypothesized. The concentrations of
VPA were verified at 10mM, 50mM and 100mM. As ASD-related genes, we targeted 72 genes identified by
Duan et al. (2020) in a systematic review. As a result, TCF7L2 and SYNGAP1 were associated with ASD
among the genes whose expression was decreased by VPA exposure. Next, we analyzed genes whose gene
expression increased 1.5-fold or more by exposure to digoxin 500 uM. Expression of 3006 genes was increased,
20 of which were ASD-related genes. Hypergeometric tests showed that significantly more genes were
associated with ASD (p < 2.23x1010), Although these 20 genes did not match the ASD-associated genes whose
gene expression was decreased by VPA, it was possible that digoxin increased the expression of other ASD-
associated genes, thereby altering behavior. Pathway analysis of the action of Digoxin revealed that it is

related to histone and neuroprotection pathways.



Mass spectrometry

We identified the proteins that digoxin acts on. We left the common group of digoxin and digoxigenin,
attached -NH2 group, identified proteins with affinity to digoxigenin using affinity beads, and performed
mass spectrometric analysis. As a result, 27 proteins could be identified.

Furthermore, in order to examine the theoretical binding ability of these proteins with digoxin and
digoxigenin, we analyzed them using the LIGHTHOUSE method (Shimizu et al, iScience 25: 105314, 2022).
As a result, it was shown that the protein related to the GRIA1 gene strongly binds to both digoxin and
digoxigenin. The GRIA1 gene is a gene that encodes AMPA receptor subunit 1, and it was suggested that

acting on this protein may cause changes in behaviors.



