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Taurine Improved Autism-Like Behaviours and Defective 
Neurogenesis of the Hippocampus in BTBR Mice through the 
PTEN/mTOR/AKT Signalling Pathway
(taurine / hippocampal neurogenesis / Ki67 / PTEN / ASD)

HUANG XIAOYAN, YANG ZHAOXI, ZHANG LINGLI, CHEN JINYUAN, QIN WEN

Department of Child Health, Shenzhen Guangming Women and Child Healthcare Hospital, Shenzhen, China

taurine reduced the autism-like behaviour in partially 
inherited autism model mice, which may be associa
ted with improving the defective neural precursor 
cell proliferation and enhancing the PTEN-associated 
pathway in hippocampal tissue.

Introduction
Autism spectrum disorder (ASD) is a neurodevelop-

mental disorder that is characterized by repetitive senso-
ry-motor behaviours, social and language deficits (Lord 
and Bishop, 2015). Since ASD patients cannot function 
independently, ASD became a social and economic bur-
den. The therapeutic strategies for ASD patients are still 
limited since the aetiology of ASD is polygenic and 
highly heterogeneous (Abraham et al., 2019). Accumu
lating evidence has indicated that several brain regions 
are involved in the pathology of ASD, including the hip-
pocampus, amygdala, inferior frontal gyrus, sensory 
cortices, and prefrontal region (Ecker et al., 2010, 2015). 
The hippocampus has drawn much attention in ASD re-
search because hippocampus-dependent spatial reason-
ing and episodic memory are also commonly impaired 
in ASD (Banker et al., 2021). Increasing research re-
ports have proved that deficits of hippocampal neuro-
genesis are related to the cognitive dysfunction and 
ASD-like psychiatric disorders (Liu et al., 2022). Pre-
clinical research shows that the promotion of dentate 
gyrus (DG) neurogenesis is one of potential therapies 
for ASD (Liu et al., 2022).

Taurine is a β-amino acid with a natural sulphur-con-
taining structure, which can be found in most mamma-
lian tissues (Ji et al., 2023). Mammals cannot biosynthe-
size taurine to its full extent, and taurine is acquired 
through daily diet (Tanaka and Mataga, 1987). Taurine 
has various physiological functions through its antioxi-
dant, anti-inflammatory, and blood pressure-regulating 
properties (ElBanna et al., 2023). Lower levels of taurine 
are found in ASD patients (Park et al., 2017). Although 
orally administered taurine is found to reduce repetitive 
and anxiety-like behaviour of BTBR T+ tf/J (Black and 
Tan Brachyury, BTBR) mice (Sharon et al., 2019), the 
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exact mechanism underlying taurine improving the au-
tism behaviour is still unknown. 

Phosphatase and tensin homologue deleted from 
chromosome 10 (PTEN) is a phosphoinositide 3-phos-
phatase, and the frequent loss of PTEN expression is 
linked to increased cancer risks to macrocephaly and 
neurodevelopmental impairment (Yehia and Eng, 2018). 
Germline mutations in PTEN have been identified in up 
to 20 % of children with ASD (Tilot et al., 2015). PTEN 
variants contribute to dysregulation of cortical neuro-
genesis and accelerate the neuronal maturation of upper 
layer neurons in the ASD genetic background (Fu et al., 
2023). Heterozygous Pten-knockout mice exhibit defi-
cits in social behaviour and acquired repetitive behav-
iours (Cheung et al., 2023). The loss of PTEN in-
duces up-regulation of mammalian target of rapamycin 
(mTOR)-driven transcriptional and translational ma-
chinery (Lee et al., 2018). The PTEN signalling path-
way can be enhanced by taurine treatments in human-
derived cancer cell lines (He et al., 2018; Wang et al., 
2020).

In this study, we characterized the ameliorating ef-
fects of taurine on autism-like behavioural deficits and 
the impact of promoting hippocampal neurogenesis, 
which might be related to activating the PTEN/mTOR/
AKT signalling pathway.

Material and Methods

Animals and taurine supplement

C57BL/6J (referred to as WT for simplicity) and 
BTBR T+ Itpr3tf/J (or T+ tf/J) (Jackson Laboratory; re-
ferred to as BTBR) mouse strains were kept in a 12-hour 
light/dark cycle. BTBR is an inbred strain of mice that 
display similar behavioural and physiological deficits 
observed in patients with ASD (Leung et al., 2023). 
Food and water were provided ad libitum. All animal 
procedures were approved by the Ethics Committee of 
the Southern University of Science and Technology 
(Ethics number: SUSTech-JY202202040). All animals 
were randomly assigned to the control (WT), taurine 
supplement control (WT+Taurine), BTBR, or BTBR+ 
Taurine groups. The WT and BTBR group mice were 
provided with ddH2O, whereas the WT+Taurine and 
BTBR+Taurine group mice were administered ddH2O 
containing 10 mmol/l taurine from the beginning on 
postnatal day 28. Behavioural tests and other experi-
ments were performed after six weeks of taurine-water 
administration. Body weight was measured every seven 
days from postnatal day 28 to day 70.

Open field test (OFT)
Mice were habituated to the environmental room for 

at least one hour before the tests. The animal was placed 
in a custom box (40 × 50 × 50 cm) and gently put into 
the centre of the box, and its behaviour was video-re-
corded for 10 minutes. After each test, the mouse was 

returned to its cage, and the experimental box was cleaned 
with 75 % alcohol (v/v). All the collected video data 
were analysed by Ethovision XT2.0.

Elevated plus maze test (EPM)
The plus maze included two opposing open arms 

(50 × 10 cm) and two enclosed arms (50 × 10 × 40 cm). 
The cross shape was elevated 70 cm above the floor. 
Mice were placed at the junction of the four arms of the 
maze, facing an open arm. The total duration of the 
mouse stay in the elevated plus maze was 5 minutes and 
the duration in each arm was recorded by a video-track-
ing system. The maze was wiped with 75 % alcohol so-
lution between trials to eliminate the animal odour cues 
before the placement of each animal.

Marble burying test
The marble burying test was performed as previously 

described (Tseitlin et al., 2023). Animals were placed 
individually into clear polycarbonate cages (22 × 30 × 
28 cm), with clear Plexiglas covers, containing 5 cm of 
odourless bedding material. Twenty marbles were even-
ly spaced across the bedding. The mice were left undis-
turbed in the cages for 30 minutes. At the end of the 
experiment, animals were removed from the test cages 
and the number of unburied marbles was counted (less 
than 2/3rd of the marble’s height).

Self-grooming test
Mice were scored for spontaneous self-grooming be-

haviours individually in a clean cage (46 × 20 cm). After 
a 10-minute habituation period, mice were scored for 
cumulative time spent grooming any region of the body 
over 10-minute test trials.

Three-chamber sociability test
The three-chamber test measures general sociability 

and interest in social novelty in rodent models and was 
performed as previously described (Chen et al., 2019). 
Before the experiments, the animal was placed in the 
central chamber and was given 10 minutes to freely ex-
plore the three-chamber device. In the stage I test, the 
test animal was placed in the central chamber and then 
allowed to access an empty cage and a novel mouse 
(Stranger 1, S1) in two opposite chambers for 10 min-
utes. The S1 mouse was kept under a transparent plastic 
box in the right chamber. In the stage II social novelty 
preference test, the empty cage in stage I was replaced 
by another novel mouse (Stranger 2, S2). The test mouse 
was allowed to freely navigate in the three-chamber de-
vice for 10 minutes. The amount of time spent near each 
cage was measured using the SocialScan software (Cle
ver System Inc., Reston, VA).

Western blot
Western blot was carried out as described previously 

(Yang et al., 2022). Briefly, the brain tissue was collect-
ed and resuspended in lysis buffer (10 mM Tris-HCl 
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[pH7.5], 150 mM NaCl, 0.1 % Nonidet p-40, 5 mM 
EDTA) with 1 × protease/phosphatase inhibitor cocktail 
(#78447, Thermo Fisher Scientific, Waltham, MA). The 
protein concentration was quantitated by Coomassie 
brilliant blue G250 (Beyotime, Haimen, China), and the 
protein sample was boiled for 5 min. Protein samples 
(30 μg) were subjected to electrophoresis in 8–10 % 
SDS-polyacrylamide gel and transferred to a polyvinyli-
dene difluoride membrane (Millipore, Burlington, MA). 
After being blocked with 5 % bovine serum albumin 
(BSA) for 1 h, the membranes were incubated with pri-
mary antibodies overnight at 4 °C, followed by seconda
ry antibodies for 1 h. The blot membranes were devel-
oped by chemiluminescence solution (Fdbio, Hangzhou, 
China). The protein bands were analysed by ImageJ 
(National Institutes of Health, Bethesda, MD). The pri-
mary antibodies were as follows: rabbit anti-PTEN 
(Abcam, Cambridge, UK, #ab267787, 1 : 1000), rabbit 
anti-AKT (Abcam, ab18785, 1 : 1000), rabbit anti-phos-
pho-Akt (Ser473) (Abcam, #ab285140, 1 : 1000), rabbit 
anti-mTOR (Abcam, # ab134903, 1 : 1000), rabbit anti-
phospho-mTOR (Ser2448) (Abcam, #5536, 1 : 1000), 
rabbit anti-GAPDH (Proteintech, Rosemont, IL, 
#10494-1-AP, 1 : 5000). GAPDH served as an internal 
control.

Immunofluorescence staining
The brain slices were blocked by 0.2 % (v/v) Triton 

X-100 and 3 % (m/v) BSA in PBS buffer for 30 minutes. 
Next, the brain sections were incubated with rabbit anti-
PTEN (Abcam, #ab267787, 1 : 500) or rabbit-anti-Ki67 
(Abcam, #ab15580, 1 : 200) in PBS buffer overnight at 
4 ℃. The sections were washed with PBS three times 
followed by staining with goat anti-rabbit Alexa Fluor 
594 secondary antibody (1 : 2000, Thermo Fisher Scien
tific) at room temperature for 2 hours. 4’,6-Diamidino-
2-phenylindole (DAPI) was used to stain the nuclei. 
Images of seven sections per animal were captured and 
used for analysis using ImageJ (National Institutes of 
Health).

Measurement of taurine concentration in the 
serum, hippocampus and cortex

The taurine concentration in the serum, hippocampus 
and cortex was measured according to the assay kit in-
structions (#CEV538Ge, Cloud-Clone Corp., Wuhan, 
China). The hippocampus and cortex tissue lysates were 
prepared as described previously (Ying et al., 2022). 
Briefly, the isolated tissue was homogenized in cold 
PBS and centrifuged at 10,000 × g for 15 min. The pro-
tein content of cell extracts was quantitated by Coo
massie brilliant blue G250 (Bio-Rad, #5000205, Her
cules, CA). Next, a 50 μl sample was added to each 
well. Fifty μl of Detection Reagent A (one of the re-
agents in the taurine assay kit) was further added and the 
mixed samples were incubated for 1 hour at 37 ℃. Then, 
the liquid in each well was aspirated and the wells were 

washed three times. Next, 100 μl of Detection Reagent B 
(another reagent in the taurine assay kit) was added to 
each well and kept for 30 minutes at 37 ℃. After aspira-
tion and 5-time wash, each well was supplemented with 
90 μl Substrate Solution and kept for 10 minutes at 37 ℃. 
Finally, 50 μl Stop Solution was added to each well and 
the absorbance was measured at 450 nm immediately. 
Each sample was tested in three parallel repeats. 

Statistical analyses
All the data are displayed as mean ± standard devia-

tion (SD). GraphPad Prism 7 (La Jolla, CA) was used 
for statistical analyses and quantification graphs. One-
way or two-way analyses of variance (ANOVA) were 
used to analyse multiple comparisons. Sidak’s multiple 
comparison test was applied for the analyses of the 
three-chamber approach test. P < 0.05 was considered 
statistically significant.

Results

Taurine supplementation enhances the taurine 
content in the cortex and hippocampus tissue

Compared with WT groups (12 ± 1.26 mM), a lower 
serum taurine concentration in BTBR mice was ob-
served (8.40 ± 3.29 mM, P < 0.01, Fig. 1A). The taurine 
concentration in the serum after taurine-water supple-
mentation was significantly increased in both the WT 
(16.30 ± 1.90 mM) and BTBR (16.14 ± 2.89 mM) mice 
(Fig. 1A). The body weight showed no statistical differ-
ence at weeks 1–6 post taurine supplementation among 
WT, WT+Taurine, BTBR, and BTBR+Taurine groups 
(Fig. 1B). Mice in the BTBR and BTBR+Taurine groups 
presented significantly heavier body weight than WT 
mice at weeks 5–6 post taurine supplementation, which 
was similar with a previous study (Leung et al., 2023). 
The body weight showed no significant difference bet
ween the BTBR group and BTBR+Taurine group mice 
at weeks 5–6 post taurine supplementation (Fig. 1B). 
The above data suggest that the taurine supplementation 
had no effect on the body weight gain of BTBR mice.

Given the association between the taurine level in the 
hippocampus and ASD-like symptoms in humans 
(Bruce et al., 2023; Song et al., 2023), the taurine levels 
in the hippocampus and cortex of mice were further ana-
lysed. The taurine level in the cortex between WT (10.20 
± 1.43 μM/g) and BTBR (10.440 ± 1.00 μM/g) groups 
showed no significant difference (P > 0.05, Fig. 1C). In 
the hippocampal tissue, the taurine content in the BTBR 
group (5.60 ± 0.90 μM/g) was significantly reduced 
compared to that in the WT group (9.90 ± 1.28 μM/g) 
(P < 0.001, Fig. 1C). The taurine content in the cortex 
and hippocampus was significantly increased post tau-
rine supplementation in WT or BTBR groups (Fig. 1D). 
This suggests that the reduced taurine level in the hip-
pocampus of BTBR mice was improved after orally ad-
ministered taurine. 
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Taurine-water treatment reduces the anxiety-like 
and repetitive behaviour and increases the 
sociability and social memory of BTBR mice

The OFT, EPM, and marble burying tests were con-
ducted to examine the effects of taurine supplementa-
tion on the anxiety-like behaviour in BTBR mice. The 
taurine supplementation in WT mice had no significant 
impact on the centre stay duration in the OFT test, the 
time spent in the closed arms in the EPM test, and the 
buried marbles in the marble burying test (Fig. 2A–C). 
BTBR mice showed significantly reduced time in the 
central zone in the OFT test, the time spent in the open 
arms in the EPM test, and the number of buried marbles 
in the marble burying test, while the taurine-water treat-
ment attenuated this reduction (Fig. 2A–C).

The self-grooming test was used to examine the effect 
of taurine supplementation on repetitive behaviour in 
mice. We observed that the self-grooming time was sig-
nificantly increased in BTBR mice compared with WT 
mice (Fig. 2D) (P < 0.001), whereas taurine supplemen-
tation reduced the self-grooming time in BTBR mice.

The three-chamber social test was used to determine 
the social behaviour abnormality (Fig. 2E). Mice in the 
WT and WT+Taurine groups spent more time with S1, 
whereas mice in the BTBR group spent time with no 
significant difference between the object (Ob) and S1, 
indicating social interaction deficits (Fig. 2E). In con-

trast, mice treated with taurine spent more time with S1 
while spending significantly less time with Ob. In the 
social memory trials, the Ob in the cage was replaced 
with a stranger (Stranger 2, S2). We observed that mice 
spent significantly more time with S2 than with S1 in 
the WT, WT+Taurine, and BTBR+Taurine groups. There 
was no significant difference in the social time in the 
BTBR groups. The results show that taurine improves 
social deficits in BTBR mice.

Taurine supplementation increases hippocampal 
cell proliferation in BTBR mice

Ki67 was used to determine the neural progenitor 
proliferation in the cortex and dentate gyrus (DG) of the 
BTBR mice. In the cortex, the number of Ki67+ among 
the WT, WT+Taurine, BTBR, and BTBR+Taurine 
groups showed similar results (Fig. 3A–B). In the DG 
region of the hippocampus, there was no difference in 
Ki67+ cell numbers between the WT and WT+Taurine 
groups (Fig. 3C–D). The amount of neurogenic marker 
Ki67 was reduced in the DG of the BTBR mice com-
pared with that in the WT mice (Fig. 3C–D). Taurine 
supplementation normalized the Ki67+ cell number in 
the DG region of BTBR mice (Fig. 3C–D). The above 
data demonstrate that taurine supplementation enhances 
cell proliferation in the DG region but not in the cortex 
of BTBR mice.

H. Xiaoyan et al.

Fig. 1. Taurine concentration in the serum and hippocampus tissue increased after taurine supplementation, and the effect 
of taurine supplementation on body weight of mice in WT, WT+Taurine, BTBR, and BTBR+Taurine groups. (A) Taurine 
concentration test in the serum in WT, WT+Taurine, BTBR, and BTBR+Taurine groups. N = 12/group. (B) Body weight 
changes over the six weeks of taurine supplementation (N = 12/group). (C, D) Taurine concentration test in the cortex (C) 
and hippocampus (D) in WT, WT+Taurine, BTBR, and BTBR+Taurine groups. N = 12/group. Data are shown as the 
mean ± SD. **P < 0.01, ***P < 0.001, ns: non-significant. ##P < 0.01, BTBR+Taurine vs WT group. BTBR: BTBR T+tf/J.
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Fig. 2. Taurine supplementation ameliorated repetitive and anxiety-like behaviour and improved the sociability in the 
BTBR mouse model for ASD. (A) Open field test. Bar graph showing alterations in the time spent in the central zone and 
the representative track-sheets of the open field test. (B) Elevated plus maze test. (C) Marble burying test. (D) Grooming 
test. (E)Three-chamber test. N = 12/group. Data are shown as the mean ± SD. ns: non-significant, *P < 0.05, **P < 0.05, 
***P < 0.001. Ob, object; S1: stranger mouse 1; S2: stranger mouse 2.

Fig. 3. Ki67 immunofluorescent expression in the cortex and dentate gyrus (DG) of the hippocampus. (A) Representative 
microphotography of immunofluorescent expression of Ki67 in WT, WT+Taurine, BTBR, and BTBR+Taurine mice with 
the labelled area of the cortex. Scale bars = 50 μm. (B) The number of Ki67+ cells/μm2 in the cortex in WT, WT+Taurine, 
BTBR, and BTBR+Taurine mice. (C) Representative microphotography of immunofluorescent expression of Ki67 in 
DG. Scale bars = 20 μm. (D) The number of Ki67+ cells/μm2 in hippocampi in WT, WT+Taurine, BTBR, and BTBR+Taurine 
mice. N = 8/group. Data are shown as the means ± SD. ns: non-significant, ***P < 0.001.
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Taurine supplementation enhances the PTEN/
mTOR/AKT pathway in the hippocampal tissue 
of BTBR mice

Since PTEN contributes to the proliferation of cells 
upon taurine treatment in in vitro studies, the PTEN ex-
pression was further analysed in the hippocampus of 
BTBR mice upon taurine supplementation. No differ-
ences in PTEN expression in the DG region were ob-
served in the WT and WT+taurine groups (Fig. 4A–B). 
Significantly down-regulated PTEN expression in the 
DG regions of BTBR mice was observed when com-
pared with WT groups, but taurine supplementation re-
covered the PTEN level in the DG regions of BTBR 
mice (Fig. 4A–B). Confirmative results by Western 
blotting supported this finding, showing that the PTEN 
expression level in the hippocampal tissue of BTBR+ 
Taurine mice was significantly increased when com-
pared to BTBR mice (Fig. 4C–D).

As the downstream pathway of PTEN, mTOR inacti-
vation promoted self-renewal regulation of neural pro-
genitor cells (NPCs) (Han et al., 2013). To explore 
whether the PTEN/mTOR/AKT pathway was related to 
the effects of taurine on hippocampal neurogenesis, we 
analysed the expression of PTEN and its downstream 
signalling molecules, including mTOR and AKT, in the 
hippocampus and cortex. As shown in Fig. 4C–D, the 
PTEN level and total or phosphorylated protein levels of 
mTOR and AKT in the hippocampi did not show sig-
nificant differences between the WT and WT+Taurine 
groups. The p-mTOR and p-AKT levels in the hippo-
campi of the BTBR group were significantly increased 
as compared to WT mice. Taurine supplementation re-
covered the PTEN level and reduced the p-mTOR and 
p-AKT levels in the hippocampi of BTBR mice (Fig. 
4C–D). In the cortex, the PTEN level and total or phos-
phorylated protein levels of mTOR and AKT showed no 
significant difference among the WT, WT+Taurine, 
BTBR, and BTBR+Taurine groups. This shows that tau-
rine supplementation enhanced the PTEN/mTOR/AKT 
signalling pathway in the hippocampus, but not in the 
cortex of BTBR mice.

Discussion
In our study, the administration of taurine from con-

ception through adulthood reduced the anxiety-like and 
repetitive behaviour, and increased sociability and so-
cial memory in BTBR mice, which is similar to previous 
reports (Sharon et al., 2019). The BTBR mouse strain 
has a high tendency for obesity. Several quantitative 
trait loci have been identified to promote metabolic dis-
ease in the BTBR strain (Leung et al., 2023), which ex-
plains the higher body weight in the BTBR mice than in 
WT mice in our study. A previous report shows that tau-
rine transporter knockout mice have lower body weights 
and visceral fat (Ito et al., 2015). Taurine reduced obe-
sity and body weight in WT mice fed a diet containing 
60 % fat (Murakami, 2017). The body weight and height 

of the newborn are significantly higher in the high tau-
rine intake group of pregnant women (Jung and Choi, 
2019). Here, we found that taurine supplementation had 
no effect on the body weight of WT and BTBR mice, 
which may suggest that taurine reduced obesity and in-
creased energy expenditure of mice under special condi-
tions, such as a high-fat diet.

Deficits of hippocampal neurogenesis are involved in 
ASD development and are one of the pathological 
changes in ASD (Liu et al., 2022). Also, abnormal neu-
ral proliferation has been reported in the hippocampus 
of the ASD mouse model. In the VPA-treated model, the 
neural proliferation of the hippocampus is enhanced in 
the early stage, followed by a significant decrease in 
later stages (Kinjo et al., 2019). In Ube3a transgenic 
adult mice, impaired neural proliferation of the hippo-
campus was observed (Godavarthi et al., 2015). We pro-
vided novel evidence that taurine supplementation en-
hanced the proliferation of hippocampal neural cells in 
the hippocampal DG region of BTBR mice. This sup-
ports the assumption that restoring neurogenesis may be 
a novel therapeutic approach for ASD. Deficits of adult 
hippocampal neurogenesis can cause social behavioural 
defects and anxiety-like and repetitive behaviour (Liu et 
al., 2022). The recovered effect on hippocampal neuro-
genesis by taurine supplementation may contribute to 
the remission of anxiety-like, repetitive, and defective 
sociability and social memory in ASD.

PTEN is among the most common ASD-predisposing 
genes (Tilot et al., 2015). Heterozygous Pten-knockout 
mice exhibit deficits in social behaviour and acquired 
repetitive behaviours (Cheung et al., 2023). Pten defi-
ciency leads to ASD-like behaviours and long-term 
memory impairment in mice (Chen et al., 2019). As one 
of the predominantly downstream molecules, the inhibi-
tion of mTOR rescued the ASD-like behaviour associ-
ated with Pten deficiency (Chen et al., 2019). Based on 
the results in our study, we suggest that the activation of  
PTEN/mTOR signalling by taurine supplementation 
contributed to improving behaviour in the BTBR mice.

Conclusion
In summary, we uncovered that the remission of anx-

iety-like, repetitive, and defective sociability and social 
memory behaviour in BTBR mice by taurine supple-
mentation may be related to promoting the proliferation 
of hippocampal neural precursor cells and activation of 
the PTEN/AKT/mTOR signalling pathway, providing 
new evidence for the prevention of ASD with taurine 
supplementation.
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Fig. 4. Taurine activated the PTEN/AKT/mTOR pathway. (A) Representative microphotography of immunofluorescent 
expression of PTEN in the subgranular zone (SGZ) of dentate gyrus (DG) of WT, WT+Taurine, BTBR, and BTBR+Taurine 
mice. Scale bars = 10 μm. (B) Mean fluorescent intensity (MFI) of PTEN in SGZ of DG of WT, WT+Taurine, BTBR, and 
BTBR+Taurine mice. N = 5/group. (C) Western blotting was used to test the protein levels of PTEN, p-mTOR, mTOR, 
p-AKT, and AKT in the hippocampal tissue of WT, WT+Taurine, BTBR, and BTBR+Taurine groups. GAPDH served as 
the internal control. (D) Quantification of immunoblots as shown in (C), expressed as normalized intensity compared to 
the control (WT) group that was set to 1 (N = 8/group). (E) Western blotting was used to test the protein levels of PTEN, 
p-mTOR, mTOR, p-AKT, and AKT in the cortex of WT, WT+Taurine, BTBR, and BTBR+Taurine groups. GAPDH 
served as the internal control. (F) Quantification of immunoblots as shown in (E), expressed as normalized intensity com-
pared to the control (WT) group that was set to 1 (N = 8/group). Data are shown as the means ± SD. ns: non-significant, 
*P < 0.05, **P < 0.01, ***P < 0.001.



52	 Vol. 70H. Xiaoyan et al.

Data availability statement

Original data in our study are available upon request.

Conflict of interest
The authors have no conflict of interest to declare.

References
Abraham, J. R., Szoko, N., Barnard, J. et al. (2019) Proteomic 

investigations of autism brain identify known and novel 
pathogenetic processes. Sci. Rep. 9, 13118.

Banker, S. M., Gu, X., Schiller, D. et al. (2021) Hippocampal 
contributions to social and cognitive deficits in autism 
spectrum disorder. Trends Neurosci. 44, 793-807.

Bruce, M. R., Couch, A. C. M., Grant, S. et al. (2023) Altered 
behavior, brain structure, and neurometabolites in a rat 
model of autism-specific maternal autoantibody exposure. 
Mol. Psychiatry 28, 2136-2147.

Chen, C. J., Sgritta, M., Mays, J. et al. (2019) Therapeutic in-
hibition of mTORC2 rescues the behavioral and neuro-
physiological abnormalities associated with Pten-deficien-
cy. Nat. Med. 25, 1684-1690.

Cheung, S. K. K., Kwok, J., Or, P. M. Y. et al. (2023) Neuro-
pathological signatures revealed by transcriptomic and 
proteomic analysis in Pten-deficient mouse models. Sci. 
Rep. 13, 6763.

Ecker, C., Bookheimer, S. Y., Murphy, D. G. (2015) Neuroim-
aging in autism spectrum disorder: brain structure and 
function across the lifespan. Lancet Neurol. 14, 1121-1134.

Ecker, C., Rocha-Rego, V., Johnston, P. et al. (2010) Investi-
gating the predictive value of whole-brain structural MR 
scans in autism: a pattern classification approach. Neuro-
image 49, 44-56.

ElBanna, A. H., Osman, A. S., Hossny, A. et al. (2023) Dose-
dependent effects of taurine against testicular damage in a 
streptozotocin-induced type 1 diabetes mellitus rat model. 
Int. J. Immunopathol. Pharmacol. 37, 3946320231172745.

Fu, S., Bury, L. A. D., Eum, J. et al. (2023) Autism-specific 
PTEN p.Ile135Leu variant and an autism genetic back-
ground combine to dysregulate cortical neurogenesis. Am. 
J. Hum. Genet. 110, 826-845.

Godavarthi, S. K., Dey, P., Sharma, A. et al. (2015) Impaired 
adult hippocampal neurogenesis and its partial reversal by 
chronic treatment of fluoxetine in a mouse model of Angel-
man syndrome. Biochem. Biophys. Res. Commun. 464, 
1196-1201.

Han, J., Xiao, Z., Chen, L. et al. (2013) Maintenance of the 
self-renewal properties of neural progenitor cells cultured 
in three-dimensional collagen scaffolds by the REDD1-
mTOR signal pathway. Biomaterials 34, 1921-1928.

He, F., Ma, N., Midorikawa, K. et al. (2018) Taurine exhibits 
an apoptosis-inducing effect on human nasopharyngeal 
carcinoma cells through PTEN/Akt pathways in vitro. Ami-
no Acids 50, 1749-1758.

Ito, T., Yoshikawa, N., Ito, H. et al. (2015) Impact of taurine 
depletion on glucose control and insulin secretion in mice. 
J. Pharmacol. Sci. 129, 59-64.

Ji, X., Tang, Z., Zhang, F. et al. (2023) Dietary taurine supple-
mentation counteracts deoxynivalenol-induced liver injury 

via alleviating oxidative stress, mitochondrial dysfunction, 
apoptosis, and inflammation in piglets. Ecotoxicol. Envi-
ron. Saf. 253, 114705.

Jung, Y. M., Choi, M. J. (2019) Relation of taurine intake dur-
ing pregnancy and newborns’ growth. Adv. Exp. Med. Biol. 
1155, 283-292.

Kinjo, T., Ito, M., Seki, T. et al. (2019) Prenatal exposure to 
valproic acid is associated with altered neurocognitive 
function and neurogenesis in the dentate gyrus of male off-
spring rats. Brain Res. 1723, 146403.

Lee, Y. R., Chen, M., Pandolfi, P. P. (2018) The functions and 
regulation of the PTEN tumour suppressor: new modes and 
prospects. Nat. Rev. Mol. Cell Biol. 19, 547-562.

Leung, C. L. K., Karunakaran, S., Atser, M. G. et al. (2023) 
Analysis of a genetic region affecting mouse body weight. 
Physiol. Genomics 55, 132-146.

Liu, C., Liu, J., Gong, H. et al. (2022) Implication of hippo-
campal neurogenesis in autism spectrum disorder: patho-
genesis and therapeutic implications. Curr. Neuropharma-
col. 21, 2266-2282.

Lord, C., Bishop, S. L. (2015) Recent advances in autism re-
search as reflected in DSM-5 criteria for autism spectrum 
disorder. Annu. Rev. Clin. Psychol. 11, 53-70.

Murakami, S. (2017) The physiological and pathophysiologi-
cal roles of taurine in adipose tissue in relation to obesity. 
Life Sci. 186, 80-86.

Park, E., Cohen, I., Gonzalez, M. et al. (2017) Is taurine a bio-
marker in autistic spectrum disorder? Adv. Exp. Med. Biol. 
975 (Pt 1), 3-16.

Sharon, G., Cruz, N. J., Kang, D. W. et al. (2019) Human gut 
microbiota from autism spectrum disorder promote behav-
ioral symptoms in mice. Cell 177, 1600-1618, e1617.

Song, Y., Cho, J. H., Kim, H. et al. (2023) Association between 
taurine level in the hippocampus and major depressive dis-
order in young women: a proton magnetic resonance spec-
troscopy study at 7 Tesla. Biol. Psychiatry 95, 465-472.

Tanaka, F., Mataga, N. (1987) Fluorescence quenching dy-
namics of tryptophan in proteins. Effect of internal rotation 
under potential barrier. Biophys. J. 51, 487-495.

Tilot, A. K., Frazier, T. W., 2nd, Eng, C. (2015) Balancing pro-
liferation and connectivity in PTEN-associated autism 
spectrum disorder. Neurotherapeutics 12, 609-619.

Tseitlin, L., Richmond-Hacham, B., Vita, A. et al. (2023) 
Measuring anxiety-like behavior in a mouse model of 
mTBI: Assessment in standard and home cage assays. 
Front. Behav. Neurosci. 17, 1140724.

Wang, G., Ma, N., He, F. et al. (2020) Taurine attenuates car-
cinogenicity in ulcerative colitis-colorectal cancer mouse 
model. Oxid. Med. Cell. Longev. 2020, 7935917.

Yang, Y., Wu, Y., Meng, X. et al. (2022) SARS-CoV-2 membrane 
protein causes the mitochondrial apoptosis and pulmonary 
edema via targeting BOK. Cell Death Differ. 29, 1395-1408.

Yehia, L., Eng, C. (2018) 65 YEARS OF THE DOUBLE HE-
LIX: one gene, many endocrine and metabolic syndromes: 
PTEN-opathies and precision medicine. Endocr. Relat. 
Cancer. 25, T121-T140.

Ying, Z., Bao, Y., Li, Y. et al. (2022) Impact of different diets 
on adult tri-spine horseshoe crab, tachypleus tridentatus. J. 
Ocean Univ. China 21, 541-548.


