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Abstract

Telomeres are increasingly recognized for their potential role in the etiology of autism spectrum disorder (ASD) due to
their involvement in cellular aging and telomerase-shelterin function. Although shorter telomeres have been observed in
individuals with ASD, studies linking telomere dynamics in blood cells and brain regions remain limited. Using the valproic
acid (VPA, 500 mg/kg) rodent model, this study aimed to assess the impact of three drugs commonly used in ASD treatment
(amitriptyline, risperidone, and nooclerin) on telomere length and the expression of telomerase/shelterin-related genes (Dkcl,
Garl, Potla, Potlb, Tepl, Terc, Terf2ip, Tert, Tinf2, Tnks, Tppl, Trfl, and Trf2) in blood cells, the prefrontal cortex, and
hippocampus of VPA-exposed Wistar rats. Telomere length and gene expression were measured using quantitative PCR.
Risperidone treatment in VPA males resulted in telomere elongation and increased expression of Tnks in blood cell and
Trfl, Trf2 genes in prefrontal cortex. Nooclerin treatment also showed beneficial effects on telomere length of blood cell in
males, alongside increased Trfl expression. Long telomeres in male blood cells were associated with reduced anxiety, while
a positive correlation was found between Tppl expression and stereotypical behavior in both male and female VPA rats.
These findings suggest that nooclerin and risperidone influence telomere length and gene expression related to the telomere-
telomerase complex in a sex-dependent manner, offering insights into the neurobiological mechanisms underlying ASD.
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Introduction

Telomeres, composed of repeating nucleotide sequences
(TTAGGG), and associated with shelterin proteins, are
essential for maintaining genome integrity by protecting
chromosome ends from degradation (Blackburn 2005).
While somatic cells experience telomeric DNA loss with
each replication cycle, this erosion is prevented in germ
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cells, stem cells, and cancer cells due to telomerase activ-
ity (Lansdorp 2022; Shay & Wright 2011). Critically short
telomeres can trigger apoptosis and cellular senescence
(Mathon & Lloyd 2001). Various genetic, epigenetic, and
environmental factors influence telomere erosion rates
(Mukherjee et al. 2018; Mirabello et al. 2010; Buttet et al.
2022), and multiple studies have linked telomere shortening
to various pathologies (Wang et al. 2018; Ridout et al., 2016;
Polho et al. 2015; Zeng et al. 2020; Xu et al. 2019). How-
ever, research on telomere length in individuals with autism
spectrum disorder (ASD) is limited, particularly regarding
its relationship with specific clinical symptoms.

ASD is a neurodevelopmental pathology that is charac-
terized by specific early social and communicative deficits,
as well as an interest restriction (Sharma et al. 2018; Sem-
ina et al. 2019; Hirota & King 2023). ASD encompasses a
diverse range of disorders, including infantile autism, Asper-
ger’s syndrome, atypical autism, and others. This heterogene-
ity presents a significant challenge for accurate diagnosis and
effective treatment (Maenner 2021; Sharma et al. 2018). The
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current estimate is that ASD is diagnosed in one in 36 chil-
dren (Maenner 2021). The prevalence of ASD is higher among
males (1:4) (Maenner 2021). However, ASD is much more
severe in females, with severe socio-communicative impair-
ment, irritability, lethargy, poor adaptive skills, and low cog-
nitive abilities (Frazier et al. 2014; Rynkiewicz et al. 2016;
Solomon et al. 2012). The role of telomeres and telomerase
activity in the etiology of ASD remains unclear. Despite recent
research, there is currently limited evidence to suggest a link
between telomere length and telomerase subunit activity and
this disorder (Panahi et al. 2023; Li et al. 2014; Lewis et al.
2020; Lin et al. 2022). One of the proposed mechanisms for
telomere shortening in patients with ASD is linked to oxida-
tive stress (Zhang et al. 2023).There is a lack of animal studies
investigating telomere length in autism models. One common
model involves administering valproic acid (VPA) to fetal rats
to induce autism-like symptoms. VPA affects glutamatergic
differentiation in the embryonic rat brain by altering Pax6
transcription, leading to increased TERT expression through
histone deacetylase inhibition (Kim et al. 2014; Kim et al.
2017). However, more research is needed to understand the
molecular changes in the telomere-telomerase system in off-
spring exposed to VPA prenatally. To date, there are no effec-
tive treatments ASD and the pharmacological interventions
currently available often come with significant side effects
(Kennedy & Adolphs 2012). ASD patients typically experi-
ence challenges in social interaction, spatial reasoning, mem-
ory, and emotional regulation—functions that are primarily
supported by the hippocampus and prefrontal cortex. Certain
medications used in treating ASD may target these cognitive
and emotional processes, potentially enhancing the functioning
of these critical brain structures and leading to improvements
in behavior. Furthermore, these pharmacological agents may
also influence telomere length, a factor that plays a crucial
role in cellular aging and overall health. The study of telomere
length can facilitate the identification of alterations in cellular
processes occurring in response to pharmacological agents,
thereby enhancing the assessment of their safety and predicting
the efficacy of treatment.

The objective of the study was to investigate the impact of
pharmacological agents employed in the treatment of ASD,
namely the antidepressant amitriptyline, the antipsychotic
risperidone, and the nootropic agent nooclerin, on telomere
length and the expression of telomerase/shelterin-related
genes.

Methods
Animals

Prior to the commencement of the experiment, all rodents
were cared for in accordance with the guidelines set forth
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for the treatment of laboratory animals. The rodents were
housed at a temperature of 21 +2 “C and a light cycle con-
sistent with the European Convention for the Protection of
Vertebrate Animals (Strasbourg, 1986). Furthermore, the
animals were provided with a complete diet that met the
nutritional standards set forth in the convention. The study
was approved by the local ethics committee of the Kazan
State Medical University of the Ministry of Health of the
Russian Federation (protocol no. 10, 19-10-2017).

The studies were conducted on 49 female (170-220 g)
and 49 male (200-300 g) Wistar rats aged 90 +5 days. The
rats were obtained from the Stolbovaya laboratory animal
nursery, which is located in the Moscow region.

The modelling of fetal valproate syndrome in animals
was conducted through the subcutaneous administration
of valproic acid (Convulex; G.L. PHARMA, Austria) at a
dose of 500 mg/kg to pregnant females on the 13 th day of
gestation (Schneider & Przewlocki 2005). The experiments
were conducted on the offspring of 78 rats (39 males and
39 females), with 10 males and 10 females constituting the
VPA group. The remaining 58 rats in the valproate model
of autism were randomly assigned to one of the following
groups of rodents, which were administered drugs used in
the treatment of ASD for a period of 30 days. The antide-
pressant amitriptyline was administered at a dose of 4 mg/
kg (Moscow Endocrine Plant, Moscow). The antipsychotic
risperidone was administered at a dose of 1 mg/kg (Janssen
Pharmaceuticals, Belgium), while the drug with nootropic
effect nooclerin was administered at a dose of 20 mg/kg
(Pik-PHARMA, Moscow) (Fig. 1).

A control group consisting of 10 females and 10 males of
Wistar rats of the same age was also included in the study.
These individuals were administered a saline solution of the
same volume during the same period as the experimental

group.

Behavior

The development of fetal valproate syndrome was verified
through the utilization of the behavioral testing method
designated as the elevated plus maze (EPM). The EPM test
is employed as a means of evaluating the potential degree
of anxiety exhibited by an animal (Walf & Frye 2007).
The design comprises a platform elevated 70 cm from
the floor (14 X 14 cm) with four perpendicularly oriented
corridors or sleeves (50 X 14 cm). Two of the close arms
(analogous to a hole) and two are open arms (potentially
dangerous zones for the animal). The test is conducted
over a period of 3 min for each rodent. At the outset of
the experiment, the rat is positioned in the center of the
labyrinth with its muzzle oriented towards the open cor-
ridor. Subsequently, the time spent by the animal in the
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Fig. 1 Experimental design
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open arms of the labyrinth is recorded. A decrease in this
time is considered an indicator of anxiety development.

The registration of the EPM test was conducted utiliz-
ing the EthoVisionXT (11.5 version) software (Noldus,
Netherlands) with the incorporation of automated track
recording.

Following a 30-day period of administration of the study
drugs, behavioral testing was conducted using the following
tests (Fig. 1).

The Extrapolatory Escape test enables the assessment of
behavior in the context of acute stress conditions (Bond-
arenko 2017). The animal under study was placed inside a
cylinder, the limited water space of which is considered to be
a high-stress environment. The animal was unable to escape
this environment by any other means than by diving under
the lower edge of the cylinder. During the 2-min test, the
duration of the jumping period (in seconds) was taken into
account. A longer jumping period indicated a higher anxiety
level (Bondarenko 2017).

The Marble Burying test is predicated on the assumption
that aberrant burying may be a manifestation of neophobic
and stereotypical behavior, characterized by an aversion to
novel or unfamiliar objects (Angoa-Pérez et al. 2013). A
standard cage (40 x20 x20 cm) was filled with sawdust
to a depth of 3 cm, after which 20 glass balls (d= 1.6 cm)
were placed on the surface at equal distances. The test ani-
mal was then placed in the cage and left alone for 30 min.
Subsequently, the rat was removed, and the number of intact
balls was counted. It was observed that an increased number
of intact balls buried compared to the control animals cor-
responded with a more pronounced stereotypy (Dixit et al.
2020). During the experiment, each animal was tested on
three occasions. For the purposes of this study, balls that
were hidden by sawdust by more than two-thirds were con-
sidered to be buried.

Collection of Tissues

On the day following the final behavioral testing, whole
blood was collected from the tail vein of rats in a volume of
1 mL into a test tube containing 1.2 mg/mL. EDTA-K2 solu-
tion. On the following day, decapitation and the extraction of
individual brain structures (hippocampus, prefrontal cortex)
into test tubes was conducted, after which the test tubes were
placed in a freezer at — 80 °C until analysis.

The Estimation of Relative Telomere Length

Genomic DNA was isolated from blood cells, hippocampus
and prefrontal cortex according to the protocol of the used
commercial kit (diaGene, Russia). The quantity and quality
of DNA from the extracted samples was measured using a
NanoDrop Lite spectrophotometer (ThermoFisher, USA).
The concentration of genomic DNA in the blood was 34.4
+4.6 ng/pL, in the hippocampus 167.7 +£6.9 ng/pL and in
the prefrontal cortex 65.4 +4.4 ng/pL.

For real-time quantitative PCR analysis, 20 ng DNA, 2 X
Biomaster HS-qPCR SYBR Blue mix (Biolabmix, Russia),
200 nM of each primer (Gapdh F: 5'-cgaccccttcattgacct-
caactac- 3', Gapdh R: 5'-cactccaccacatactcagcaccg- 3'; Tell
F: 5'-ggtttttgagggtgagggtgagggtgagggtgagggtgagggt- 3,
Tell R: 5'-tcccgactatccctatcectatccctatecctateecta- 3') and
nuclease-free water were used. PCR amplification condi-
tions were 95 °C for 5 min, 30 cycles of 95 °C for 10 s, 63
°C for 30 s with detection of SYBR fluorescence signal and
subsequent melting curve analysis. The mixture with each
DNA sample was performed in triplicate. The calculation
of T/S, reflecting the ratio of the telomeric sequence to the
single-copy gene, expressed in the formula 272, and the
relative telomere length (2742%") was carried out according
to the original method of Cawthon (2002).
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RNA Isolation and Reverse Transcription

Total RNA was isolated from each rat structure using the
ExtractRNA (BC032, Evrogen, Russia) and Lysing Matrix
D ceramic beads (d= 1.4 mm) (MP Biomedicals, USA)
according to the manufacturer’s instructions. Blood cells
were also isolated without the homogenization step using
ExtractRNA (Moscow, Russia). The amount of RNA from
the extracted samples was measured using NanoDrop Lite
spectrophotometer (ThermoFisher, USA). Reverse tran-
scription was conducted using an RNA template of 2 pg,
M-MuLV-RH reverse transcriptase, 5 X RT-buffer-mix,
2 pL of random primers and sterile water, in accordance
with the protocol provided by the manufacturer (Biolab-
mix, Russia).

Estimation of Gene Expression

The resulting cDNA samples were then subjected to real-
time qPCR on a CFX96 (BioRad, USA) using synthesized
primers for Dkcl, Garl, Potla, Potlb, Tepl, Terc, Ter-
f2ip, Tert, Tinf2, Tnks, Tppl, Trfl, Trf2 gene (sequence
primers in the Supplementary Table 1) and the /8 sRna as
reference gene and with 2 X Biomaster HS-qPCR SYBR
Blue mix (Biolabmix, Russia). Each analysis was per-
formed in triplet. Gene expression levels were calculated
using the formula 2722 (Livak & Schmittgen 2001) rela-
tive to the control group of healthy saline-treated rats.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
8.0.1 software (GraphPad Software, Inc., San Diego, CA,
USA) with one-way ANOVA analysis of variance. Telomere
behavior and relative length results are presented as mean
+ standard error of the mean (SEM). The critical threshold
for significance was p < 0.05.

Results

In order to validate the constructed valproate model of
autism, the EPM was employed as a conventional test,
which demonstrated that the rats utilized in the autism
model exhibited elevated anxiety prior to the administra-
tion of drugs. In both male and female VPA rats, there was
a notable reduction in the time spent in the open arms of the
EPM when compared to the control group (p < 0.001). This
observation is indicative of an elevated state of anxiety in
the VPA rats (Fig. 2).

The Sexual Dimorphism of T/S in VPA Rats

A statistically significant difference of T/S was observed
in the hippocampus of healthy male rats and VPA rats
(reflecting the ratio of telomeric sequence to single-copy
gene) being higher in males compared to females (Fig. 2,
p < 0.0001). In contrast, an increase in the T/S ratio was
observed in females compared to males in the study groups
in the prefrontal cortex (Supplementary Table 2, p < 0.05).

? 300-
g 3 Control
= T = \PA
S 200-
o
(@]
£
..E T
S 100- * *
Q.
()]
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ig 0 | | 1
Male Female

Fig.2 The average time (mean +SEM, s) spent rats in open arms of the elevated plus maze. *p < 0.001
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The T/S length ratio in the blood cells of females in the
control group was higher than that of males (p = 0.003).
Nevertheless, no statistically significant difference between
the sexes was identified in the VPA group (p > 0.05). It can
be posited that future comparative assessments of telomere
length in rats should be conducted separately for males and
females.

Comparative Assessment of Relative Telomere
Length

A comparative analysis of the relative telomere length
(RTL) of VPA male’s rats revealed that the RTL value
in blood cells was higher than in the control group (p =
0.002, Fig. 3). No significant difference was observed
in the cells of the prefrontal cortex and hippocampus in
females and males in the autism model when compared to
the control (p > 0.05). Moreover, the impact of pharma-
cological agents on RTL was assessed. The administration

of nooclerin in the male rats, when compared to the VPA
group without treatment, resulted in a notable elevation
in this parameter in the blood, reaching a value approxi-
mately twofold higher (2.90 +0.50 versus 7.06 +1.75, p=
0.0031, Fig. 3) and sevenfold higher when compared to the
control group (1.00 +0.27 versus 7.06 +1.75, p= 0.0022).
In the prefrontal cortex, nooclerin increased RTL by 1.73
times relative to the control group but did not affect VPA
(1.00 £0.14 vs. 1.73 £0.21, p=0.0001). The administra-
tion of risperidone resulted in a significant increase in RTL
in male blood cells, with a 3.84-fold elevation observed
in the VPA (1.00 +0.27 vs. 3.84 +0.70, p = 0.0043) and
a 2.23-fold increase in the prefrontal cortex relative to
the control (1.00 +£0.14 vs. 2.23 +£0.23, p < 0.0001). The
administration of amitriptyline to VPA male rats resulted
in an increased RTL, as observed in prefrontal cortex cells
when compared to the control group (1.00 £0.14 vs. 1.90
+0.32, p< 0.0001; Fig. 3). No statistically significant
difference was identified between the groups in the RTL

A. Blood

101 *
& r * 1 3 Control
g s J_ M VPA
;‘, @@ VPA+amitriptiline
E 64 @ VPA+risperidone
o x @ VPA+nooclerin
D 4
[t *
[
=
g 2
[)
12

al ]

Male Female

B. Hippocampus C. Prefrontal cortex

2.51 L
< 254 =
=) s AE—
g 2.0+ g)zo
é 3° 1
g 15 S 1.54
S E
2 1.0 2 1.0
[}]
= 2
T 0.5 ® 0.5
& e

0.0- 0.0+

Male Female Male Female

Fig. 3 Effect of amitriptyline, risperidone and nooclerin on telomere
length (mean +SEM) in blood cells (a), hippocampus (b), and pre-
frontal cortex (c¢) in VPA rats relative to the control group. *p<

0.005, statistically significant differences relative control; **p <
0.0001, statistically significant differences relative VPA
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indices of VPA female blood cells, hippocampus, and pre-
frontal cortex (p > 0.05).

Correlation Analysis of Relative Telomere Length
Between Blood, Hippocampal, and Prefrontal Cortex
Cells

A significant correlation was identified between the RTL
of blood cells, the hippocampus and the prefrontal cortex
in males treated with nooclerin (R= 0.7998, p= 0.0031).
However, no such correlation was observed in the other
groups of rats. No such correlation was observed in the
female subjects.

Evaluation of Gene Expression of Telomerase
Activity Subunits

The transcriptional activity signature of shelterin complex
genes (Trfl - 2, Tinf2, Tppl, Potla, Potlb, Terflip) and
genes regulating telomerase activity (Dkcl, Garl, Tepl,
Terc, Tert), as well as Tnks, differs between female and
male rats in the valproate model of autism, depending on
the type of tissues. the expression level of Tppl, Potla,
and Tnks in the hippocampus in female VPA rats was
found to be almost threefold lower than that observed in
the control group (Supplementary Table 3, p = 0.0276,
p=0.0422, and p= 0.025). The Tepl expression level
was reduced to RQ 0.37 in blood cells (Supplementary
Table 3, p=0.0349). Conversely, an increase in the Potla

Dkc1
Garl

Potla
Potlb

Tepl
Terc
Terf2ip
Tert
Tinf2
Tnks
Tpp1
Trf1
Trf2

Male

5 Potla

3 Terf2ip

and Garl expression genes was observed in blood cells of
VPA males compared to the control.

In general, depending on the sex of the VPA rats, sig-
nificant changes in gene expression were observed in
response to the influence of the studied drugs, with nota-
ble differences between the sexes. To illustrate, in the
hippocampus of VPA males, only nooclerin resulted in
a reduction in the expression of the Porlb gene (relative
quantification (RQ, 274ACH 029, p=0.0152). In contrast,
in VPA females, the influence of risperidone, amitripty-
line, and nooclerin led to an increase expression of telom-
erase/shelterin-related genes (Fig. 4), except for the Poti1b,
Terc, and Tert, which demonstrated no alterations.

The administration of risperidone and amitriptyline to
VPA rats resulted in notable alterations in the gene expres-
sion of the prefrontal cortex and in blood cells, irrespec-
tive of gender. Thus, the administration of risperidone was
observed to induce alterations in the 7rf2 expression in the
prefrontal cortex of both male and female VPA rats. In the
male subjects, the indicator exhibited an increase to RQ
2.50 (p = 0.0047), whereas in the female rats, a reduction
was noted to RQ 0.26, p= 0.0004). In blood cells, risp-
eridone caused an increase in the Trnks expression in VPA
males (RQ 3.24, p= 0.0411) and in VPA females (RQ
1.50, p = 0.0276). Furthermore, an increase in the Tnks
expression was observed when administering amitriptyline
in VPA males (RQ 2.61, p=0.0211) and in VPA females
(RQ 1.49, p=0.0303) (Supplementary Table 1).

| I
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o

Dkc1
Garl

(&

Potlb
Tepl
Terc

IS

w

Tert
Tinf2
Tnks
Tppl
Trf1
Trf2
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Fig.4 Heatmaps for telomerase subunits gene expression analysis with significantly relative values. Abbreviations: A, amitriptyline; R, risperi-
done; N, nooclerin; HIP, hippocampus; PC, prefrontal cortex. *0.01 <p < 0.05; ** 0.01 <p < 0.001; *** 0.001 <p < 0.0001
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Correlation of Expression Levels of Telomerase/
Shelterin-Associated Genes and Telomere Length
With Behavior

A correlation was performed between the expression levels
of the studied genes and behavior (Supplementary Table 4).
It was anticipated that alterations in behavioral patterns and
the direction of gene expression would be observed, with
characteristics that were consistent with those typically asso-
ciated with each sex. Thus, the expression of the genes of the
shelterin complex Pot2a in the hippocampus and prefrontal
cortex of males correlated with the time (s) before diving
in the Extrapolation Escape test (r= 0.3567, p= 0.0096).
Furthermore, a negative correlation was observed between
the expression of the Pot2a gene in blood cells and the data
on the time (s) in open arms in the elevated plus maze test
(r=—0.4259, p=0.0096, and r= —0.3195, p= 0.0286,
respectively).

Furthermore, the expression of another shelterin complex
gene, Terf2ip, and the telomerase subunit of the Dkc! gene
in the blood of males was found to be significantly correlated
with the number of marbles buried (r= 0.5128, p=0.0104,
and r= 0.4121, p= 0.0172, respectively). In contrast, in
females, only the expression of one shelterin complex gene,
Trfl, in the prefrontal cortex demonstrated a significant cor-
relation with the number of marbles buried (r= —0.3614,
p=0.0357) (Supplementary Table 4). In addition, a notable
correlation was observed between the Tnks gene and the
time in open arms (r= 0.4175, p= 0.008). It is noteworthy
that the expression of the Tert gene in the prefrontal cortex
of males demonstrated a statistically significant correlation
with the time before diving (r= —0.3401, p=0.0193). In
females, the correlation between 7ert expression in the hip-
pocampus and the number of marbles buried was also sig-
nificant (r=—0.3319, p= 0.0448). However, only the Tpp1
gene, which was expressed in blood cells equally for both
females and males, demonstrated a positive and statistically
significant correlation with The number of marbles buried
(r=0.5259, r=0.0041 for males, r= 0.5099, p= 0.0129 for
females) (Supplementary Table 4).

A correlation analysis of behavioral data with telomere
length revealed that in males, blood telomere length was
associated with time to dive in the extrapolation escape test
(r=10.6414, p < 0.0001; Supplementary Table 4). This dem-
onstrated a positive association between long telomeres and
reduced anxiety.

Discussion

The study of the effects of valproic acid during gestation as a
model of autism has been demonstrated in numerous rodent
studies to be a robust environmental factor. The study of the

effects of valproic acid during gestation as a model of autism
has been demonstrated to be a robust environmental factor in
numerous rodent studies. Some studies have demonstrated
that valproic acid (VPA) can induce morphological abnor-
malities in the cerebellum (Ingram et al. 2000), an imbalance
between excitatory and inhibitory neurotransmission (Kim
et al. 2013, 2014), as well as histone hyperacetylation and
altered MeCP2 expression (Kim et al. 2016; Liu et al. 2021).

Valproic acid has been demonstrated to induce behavio-
ral deviations that are characteristic of patients with ASD
(Schneider & Przewtocki 2005). In the initial phase of our
investigation, we employed the EPM behavioral test to vali-
date the autism model in rats. Our findings confirmed a cor-
relation between prenatal exposure to valproic acid (VPA)
and increased anxiety levels. Notably, previous research has
indicated that this heightened anxiety in rats exposed to VPA
during prenatal development is primarily observed in males
(Semina et al. 2023).

The current state of knowledge regarding the molecular
mechanisms underlying sex differences in the risk of devel-
oping ASD, as well as the processes associated with these
differences, is limited. Furthermore, the presence of sexual
dimorphism in telomere length in individuals with autism
suggests the involvement of a sex factor (Panahi et al. 2023).
The objective of our study was to examine the effect of pre-
natal administration of valproic acid on telomere length in
the offspring of rats of different sexes. It was demonstrated
that in the control group of females, telomeres in blood cells
exhibited significantly greater length than those observed
in males. The findings are in accordance with the data pre-
sented in a systematic review, which confirmed a significant
association between long telomeres in blood cells in women
(Gardner et al. 2014) and can be explained by several fac-
tors. The initial rationale pertains to the favorable impact of
estrogen on telomerase activity in blood cells (Aviv 2002),
which results in telomere elongation. The second rationale
is based on the heterogametic sex hypothesis, which posits
that men (carriers of XY) will exhibit a greater prevalence
of deleterious recessive alleles compared to women (Bar-
rett & Richardson 2011). This, in turn, can influence the
length of telomeres in blood cells due to the diminished
transcriptional activity of certain genes that are capable of
protecting telomeres. Subsequently, we demonstrated that
although prenatal administration of VPA solely to blood
cells resulted in an increase in telomere length in males,
there was no discernible difference in the length of blood
cell telomeres between female and male VPA rats. It is plau-
sible that gender-specific regulation of the expression of cer-
tain genes encoding telomerase subunits in male rats may
occur following exposure to VPA. These genes are involved
in the elongation of chromosome ends through the activation
of telomerase in blood cells. Previous studies have demon-
strated that VPA can induce TERT activity in rat embryonic
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brain and cultured rat primary neural progenitor cells. How-
ever, the impact of gender on this phenomenon has not been
investigated (Kim et al. 2017).

Previously, differences in telomere length between dif-
ferent areas of the healthy human brain were observed.
However, the telomere length of different brain structures
does not differ between sexes with age (Cherif et al. 2003;
Mamdani et al. 2015). It is currently unclear whether these
differences are preserved in the cells of the brain struc-
tures of patients with ASD. Accordingly, the present study
was designed to examine the telomere length of two brain
regions, namely the hippocampus and the prefrontal cortex,
which have been identified as playing a pivotal role in the
impairment of cognitive functions, emotional and social reg-
ulation, and spatial navigation in ASD individuals (Mohapa-
tra & Wagner 2023; Banker et al. 2021). It was observed that
telomere length in the prefrontal cortex of females in the
control group and those with untreated VPA was longer than
in males. Conversely, in the hippocampus, this parameter
differed significantly between males and females, irrespec-
tive of the study group. A number of factors may account
for this discrepancy. The shortening of telomere length is
indicative of not only cellular ageing, but also neurode-
generation, as observed in autism (Kern et al. 2013). It can
therefore be postulated that another reason for the observed
differences in behavior may be associated with the presence
of long telomeres in the prefrontal cortex of female rats and
in the hippocampus of male rats, regardless of group. These
differences in telomere length may be associated with differ-
ences in the function of these brain regions. The prefrontal
cortex is responsible for a number of cognitive functions,
including decision-making, planning, behavioral control
and emotional regulation (Mohapatra & Wagner 2023).
The presence of long telomeres in the prefrontal cortex of
females may be indicative of a heightened level of protec-
tion for cellular DNA and an enhanced capacity for DNA
repair. This may, in turn, be associated with a more efficient
prefrontal cortex function in females. The hippocampus is a
vital structure for memory formation and spatial navigation
(Banker et al. 2021). Long telomeres in the hippocampus of
male rats may indicate a better ability to preserve and repair
cellular DNA, which may be associated with more efficient
memory and spatial navigation in males. However, it should
be noted that these links between long telomeres and brain
function are speculative and require further research to be
fully understood.

In order to further elucidate the discrepancy in telomere
length observed in brain structures of rats subjected to
an autism model, we undertook an investigation into the
expression of genes that are directly responsible for tel-
omere lengthening, namely telomerase activity (Wojtyla
et al. 2011). A comparative analysis of the expression of
telomerase and shelterin complex subunit genes in females
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and males in the valproate model of autism versus the con-
trol group revealed some significant changes, which were
specific to each sex. In VPA males, the gene responsible
for protecting telomeres, 1 A, Potla, exhibited increased
expression exclusively in blood cells. Conversely, in
females, Potla gene expression was diminished solely in
the hippocampus, while another ortholog of Potla demon-
strated a notable elevation in blood cells of VPA females.

As indicated on the SFARI website (https://gene.sfari.
org/), this gene is a strong candidate for de novo mutations
that have been observed to cause ASD in children (Prasad
et al. 2012; Zhou et al. 2022; Cirnigliaro et al. 2023). In
rats, this gene, which comprises two orthologs (A and B),
plays a role in the shelterin complex that is distinct from
its function in humans. It binds to telomeres to maintain
their structural integrity and length. It has been previously
demonstrated that POT1a is more efficacious in suppress-
ing the DNA damage signal at telomeres than POT1b. Of
greater significance, however, is the fact that the latter pos-
sesses the capacity to regulate the amount of single-stranded
DNA at the end of telomeres (Hockemeyer et al. 2006). It
is additionally noteworthy that in VPA females, the Potla
expression was diminished in the hippocampus, along with
another gene, Tppl, which encodes tripeptidyl peptidase 1
and constitutes part of the shelterin complex (Sekne et al.
2022). The Pot1-Tppl complex has been demonstrated to
bind the telomeric protrusion, thereby suppressing the ATR-
dependent DNA damage response and recruiting telomerase
to telomeres for DNA replication (Aramburu et al. 2020).
The human POT1-TPP1 complex serves as an illustrative
example of how mutations in these proteins can contribute
to the development of various pathological conditions. This
association has been demonstrated in several studies (Aoude
et al. 2015; Bisht et al. 2016; Guo et al. 2014). The substan-
tial alterations in Potla/Pot1b-Tppl gene expression may, to
some extent, be attributed to an endeavor to avert the impair-
ment of cellular functions resulting from prenatal exposure
to valproic acid, or alternatively, to an attempt to circumvent
damage through the modulation of the telomerase enzyme.
In VPA females’ model of autism, the hippocampus, which
is implicated in the pathogenesis of ASD, exhibited a reduc-
tion in the expression of Trnks, which encodes tankyrase. The
expression of the Tnks gene may play a role in the regulation
of the cell cycle, apoptosis, cell differentiation, and other
processes (Wojtyla et al. 2011; Klapper et al. 2003), which
may be disrupted in autism. Therefore, increased Tnks gene
expression in blood cells of females in the autism model may
be one mechanism contributing to the changes in cellular
function associated with this disorder. To fully understand
the mechanisms underlying this phenomenon, additional
studies are needed to elucidate the specific role of the Tnks
gene and its relationship to autism.
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Previously, only one child patient with ASD, mild facial
dysmorphisms and cardiac anomalies was found to have
a duplication in the TNKS gene (Corréa et al., 2022). It
is established that valproic acid, employed in the induced
model of autism, can stimulate the canonical Wnt signal-
ling pathway through modulation of histone deacetylase and
GSK- 3 (Wang et al. 2015; Wiltse 2005; Go et al. 2012).
This evidence demonstrates the involvement of the Wnt
pathway in the pathophysiology of ASD, and potentially
specifically inhibits the expression of the tankyrase gene,
which is observed in females in the hippocampus. In a fur-
ther existing model of ASD, the use of the tankyrase inhibi-
tor XAV939 has been observed to result in impaired devel-
opment and function of dendrites and dendritic spines of
excitatory neurons, as well as alterations to the distribution
of interneurons, which collectively give rise to ASD features
(Fang et al. 2014).

Currently, there is a lack of comprehensive data regarding
the impact of prenatal valproic acid administration on the
genes associated with telomerase subunits and the shelterin
complex in adult rodents. Further research is essential to
explore these effects, particularly concerning the potential
influences of the antidepressant amitriptyline, the nootropic
agent nooclerin, and the atypical antipsychotic risperidone
within this model.

The study of telomere length dynamics can provide fur-
ther insight into the impact of pharmaceutical agents on cells
in diverse tissues, as well as to evaluate their potential ben-
efits and risks in the context of ASD treatment. Risperidone
is an atypical antipsychotic medication that is frequently
employed in the treatment of schizophrenia, bipolar disor-
der, and irritability associated with autism spectrum disorder
(FDA Approved Drug Products: Risperdal (risperidone) for
oral use).

This is the first study that risperidone increases telomere
length in whole blood and prefrontal cortex cells of male
VPA relative to controls. However, this increase was not
observed in untreated VPA rats. The existing literature on
the effect of antipsychotic drugs, including risperidone, on
telomere length in peripheral blood cells is inconclusive. For
example, a study by Monroy-Jaramillo et al. (2017) found
that olanzapine may lead to a decrease in telomere length.
Conversely, work by Yu et al. (2008) found that schizophre-
nia patients who responded positively to pharmacological
treatment had longer telomeres. However, a study by Li et al.
suggests that baseline telomere length may predict response
to antipsychotic treatment (2015). Researchers from Brazil
showed that the antipsychotics aripiprazole and haloperidol
increased telomere length by 23% and 20% in peripheral
blood mononuclear cells from healthy volunteers after acute
oxidative stress injury (Polho et al. 2022). Additionally, a
study examining the effects of haloperidol and clozapine on
telomerase activity in peripheral blood mononuclear cells

revealed no discernible impact (Porton et al. 2008). In the
initial phase of the study, risperidone administration in rats
resulted in notable alterations in the expression of the 7rf2
gene in the prefrontal cortex. This was observed exclusively
in male subjects, where an increase in gene expression was
documented, while in females, the opposite trend was evi-
dent. The Trf2 gene, which encodes the telomere repeat
binding factor 2 protein, is highly expressed in the rat brain,
as evidenced by data from the Expression Atlas (https://
www.ebi.ac.uk/gxa’/home).

The Trf2 protein is a component of the shelterin complex,
which interacts with telomeres, bending them and stabilizing
the t-loop (O’Sullivan & Karlseder 2010; De Boeck et al.
2009). The Trf2 protein has been demonstrated to exert a
negative regulatory effect on telomere elongation, while
exhibiting no discernible impact on telomerase activity
(Smogorzewska et al. 2000). In the present study, an increase
in Trfl and Trf2 gene expression in VPA males’ model of
autism was associated with a relative increase in prefrontal
cortex, as compared to the control group of rats (healthy).
However, this increase was not observed in rats within the
studied autism model. Additionally, telomere length was
found to be elevated in both the VPA and control groups, as
compared to the healthy control group. In females, the direc-
tion of Trf2 gene expression differed from that observed in
males, which may be attributed to a sex effect.

It has been demonstrated that risperidone, an atypical
dopamine and serotonin receptor antagonist, can influ-
ence gene expression, including 7rfI and Trf2, in a range of
models of autism. Valproic acid is employed in the creation
of an animal model of autism due to the fact that maternal
administration of valproic acid during pregnancy can result
in alterations to the offspring’s brain development that are
analogous to certain characteristics of autism. These changes
can affect genes that encode telomerase subunits, whose bio-
logical function is to maintain cell viability by regulating the
cell cycle and the response to DNA damage (Smogorzewska
et al. 2000; Klapper et al. 2003; Kim et al. 2017). It is plausi-
ble that risperidone may modulate 77f2 gene expression via
its impact on neurotransmitter systems and signaling path-
ways within the brain (Gao et al. 2024). Nevertheless, the
precise mechanisms through which risperidone influences
Trf2 gene expression in the valproate rat model of autism
remain to be elucidated through further investigation.

Amitriptyline is a pharmaceutical agent that has been
demonstrated to be efficacious in the treatment of depres-
sive disorders, anxiety, agitation, and sleep disturbances
in children with ASD (Hellings 2023). The drug increases
the levels of norepinephrine in synapses and/or serotonin
in the central nervous system by inhibiting the reuptake of
these mediators (Stahl 2008). As previously demonstrated,
amitriptyline has been shown to increase the expression of
the telomeric binding factor protein (TRF1/TRF2) in mouse
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spermatogenic cells (Sotek et al. 2021). In our own study,
amitriptyline affected telomeres solely in relation to the
increase in the indicator in VPA males’ model of autism in
the prefrontal cortex. However, in VPA males, amitripty-
line increased the expression of Tepl, Tert, and Tnks only
in the blood cells. In VPA, females resulted in a notable
overexpression of the Dkcl, Terflip, Tnks, Tpp1, and Trf2
genes in the hippocampus and the Potla and Tnks genes in
blood cells. In both tissues, an increase in Tnks expression
was observed, which may demonstrate a protective role in
relation to the growth and survival of different types of hip-
pocampal neurons, affecting the Wnt signalling pathways
(Wang et al. 2015; Wiltse 2005; Go et al. 2012; Fang et al.
2014).

Nooclerin (deanol aceglumate), a nootropic agent, has
been demonstrated to enhance cognitive function and mem-
ory. In a randomized study, the administration of the drug to
children suffering from tension headaches was observed to
result in the manifestation of an anxiolytic effect (Shipilova
et al., 2019). Our findings demonstrated that in males, the
treatment resulted in an increase in telomere length in the
blood relative to the VPA group without treatment and the
control group. Additionally, it led to an increase in telomere
length in the prefrontal cortex relative to the control group.
In the absence of data on this drug in relation to the treat-
ment of autism in children, and given its clinical use as an
anti-anxiety drug, it can be postulated that this drug exerts a
beneficial effect on telomere length in VPA males model of
autism in blood cells and the prefrontal cortex. With respect
to gene expression, nooclerin elicited disparate effects con-
tingent on the sex of the animals. Therefore, in VPA males’
model of autism, nooclerin administration in the prefrontal
cortex resulted in a reduction in 7rf] expression, whereas in
blood cells, it caused a threefold increase. Additionally, in
the hippocampus, it led to a decrease in the Potlb gene. In
VPA females’ model of autism, nooclerin exerted the most
pronounced influence on alterations in the transcriptional
activities of the ks genes, telomerase (Tep 1, Dkcl) and the
shelterin complex (Terf2ip, Potla, Tinf2, Tppl, Trfl -2) in
the hippocampus. In the prefrontal cortex of VPA females,
nooclerin resulted in an increase in the expression of the
Trf2 gene, and in blood cells, a change in the expression of
Potla-b, Tinf2, and Tnks.

Nooclerin is a nootropic agent that is similar in chemical
structure to natural brain metabolites (GABA, glutamic acid)
(Okovity et al. 2016). Glutamic acid is an amino acid and
the main excitatory neurotransmitter in the central nervous
system. Research shows that people with autism may have
changes in glutamate metabolism, which can affect their
behavior and cognitive functions (Coghlan et al. 2012).
In the context of the valproate model of autism in rats, the
effect of nooclerin on the expression of telomerase subunit
genes and the shelterin complex can be explained by several
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mechanisms. Firstly, nooclerin has the capacity to interact
with specific transcription factors and RNAs, thereby modu-
lating their activity. Such alterations may result in modifica-
tions to the expression of genes linked to telomerase (e.g.,
Dkcl, Tepl) and the shelterin complex (e.g., Trfl, Trf2,
Tinf2, etc.). An increase or decrease in the expression of
these genes may affect telomere stability and chromosome
protection (Sekne et al. 2022; Smogorzewska et al. 2000).
Secondly, valproic acid, which is used in the autism model,
has been demonstrated to cause oxidative stress and other
forms of cellular damage (Hansen et al. 2021). It is hypoth-
esized that nooclerin may play a role in cellular responses
to stress, which may affect the expression of genes associ-
ated with DNA repair and telomere maintenance. Thirdly,
nooclerin is also implicated in neuroplastic processes (Oko-
vity S. V. et al., 2016). Such alterations in molecular pro-
cesses may influence neuronal differentiation and survival,
which in turn may affect the expression of genes associ-
ated with telomeres and the shelterin complex. This may
be of particular importance in the context of neurodegen-
erative processes observed in autism (Kern et al. 2013). It
can be reasonably deduced that nooclerin exerts a multitude
of effects on the expression of genes encoding telomerase
subunits and shelterin complex components in the valproate
rat model of autism. These effects are likely to be mediated
by mechanisms associated with transcriptional regulation,
cellular stress response, neuroplasticity, and potentially epi-
genetic modifications.

The most significant alterations in gene expression were
observed in females within the valproate model of autism
in the hippocampus. The disparate effects of the examined
pharmaceuticals on the expression of genes encoding tel-
omeres and the shelterin complex, contingent on sex, may
be attributable to the influence of estrogens, which are pre-
dominantly present in females, and which have the capac-
ity to modulate the expression of genes associated with
hippocampal function or telomere length (Kimura et al.
2004; Finney et al. 2020). Modifications in the transcrip-
tional activity of telomerase complex genes may impact the
aging processes of neurons and, subsequently, hippocampal
functionality. This phenomenon may be more pronounced
in females (Finney et al. 2020). Changes in the expression
activity of shelterin complex genes may be critical in the
context of stress and neuroplasticity, which may also explain
the observed changes in the hippocampus. It is possible that
in the SMA model, females are exposed to specific stress or
metabolic conditions that activate these molecules, while
males may respond differently, perhaps due to differences
in hormonal background or other biological factors (Kimura
et al. 2004; Hodes & Epperson, 2019).

In light of the contradictory findings in the existing lit-
erature and the limited quantity of available data, it remains
unclear precisely how the studied drugs operate at the
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cellular level. Further studies are required to gain a deeper
understanding of the effects of risperidone, amitriptyline and
nooclerin on telomeres and the transcriptional activity of
telomerase and shelterin complex genes in blood cells and
brain structure.

It is important to note that this is only one aspect of the
study, and a comprehensive understanding of the mecha-
nism of action of the drugs and their impact on autism
requires further research. In this study, only telomere length
was measured; however, information on telomerase activ-
ity in the studied cells would provide further insight into
the underlying mechanisms responsible for the observed
changes in telomere length in rats. A second limitation is
the insufficient number of animals in the studied groups,
which could enhance the level of reliability. Thirdly, the
assessment of epigenetic changes in the valproate model
of autism in rats was not conducted, nor was it carried out
when using drugs (risperidone, amitriptyline and nooclerin)
that have the potential to affect the gene expression that was
studied. Fourthly, the impact of the investigated pharma-
ceutical agents on telomere length and the expression of
telomerase/shelterin-related genes was not evaluated in the
control group. A further limitation of this study is that it did
not evaluate the effect of these drugs on the lifespan of the
subjects. Our current study efforts to examine the effect of
risperidone and amitriptyline on the lifespan of rats exhibit-
ing autistic-like behaviors.
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