for Paediatric Research

jé: - Society for
5 APS Br\ European Society S Dr Pediotr>ilc Research www.nature.com/pr

BASIC SCIENCE ARTICLE W) Check for updates
Elevated maternal testosterone induces sex-specific

neurodevelopmental changes and ASD-related behavioral
phenotypes in rat offspring

Jay S. Mishra’, Sai Krishna Bhamidipati', Jordan Ronald Ross', Sri Vidya Dangudubiyyam’, Jayshree Samanta'? and Sathish Kumar'?™

© The Author(s) 2025

OBJECTIVE: Elevated maternal testosterone (T) during pregnancy disrupts neurodevelopment and behavior in offspring, mimicking
features of autism spectrum disorder (ASD).

METHODS: In a rat study, dams received daily T injections (0.5 mg/kg) from gestational days 12-20, doubling maternal plasma T to
mimic levels seen in pregnancy complications. Controls received vehicle. Offspring were assessed neonatally (postnatal day 9) for
communication (ultrasonic vocalizations), neurogenesis (NeuN+ neurons), myelination (MBP+ area), and brain docosahexaenoic
acid (DHA). Adolescent offspring (6-8 weeks) underwent behavioral tests for cognition (Y-maze, novel object recognition) and
sociability (three-chamber test).

RESULTS: T-exposed pups had lower birth weights and reduced vocalizations during maternal separation. Sex-specific neural
changes observed: males showed reduced cortical neuron density, while females had diminished corpus callosum myelination.
Both sexes exhibited decreased brain DHA. In adolescence, T offspring displayed cognitive deficits (impaired spatial/recognition
memory) and social impairments (reduced sociability and social novelty preference).

CONCLUSION: The study highlights maternal T as a risk factor for neurodevelopmental disorders, with sex-specific effects on brain
structure and function. Reduced brain DHA suggests a mechanistic link, implicating lipid metabolism in T-associated
neurodevelopmental disruptions. These findings support further exploration of DHA supplementation as a therapeutic strategy to
mitigate adverse outcomes in high-risk pregnancies.

IMPACT:

® Elevated maternal testosterone (T) during pregnancy induces ASD-like neurobehavioral deficits (e.g., impaired communication,
social/cognitive dysfunction) and sex-specific neural alterations in offspring.

® Prenatal T differentially impacts male vs. female brain structure: T-exposed males show cortical neuron loss, while females
exhibit myelination deficits in the corpus callosum.

® First to connect maternal T-driven offspring brain docosahexaenoic acid (DHA) reduction to neurodevelopmental impairment.

Supports prenatal DHA supplementation as a strategy to mitigate neurodevelopmental risks in high-T pregnancies.

® Informs policies addressing rising neurodevelopmental disorder rates linked to maternal metabolic/endocrine imbalances.
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INTRODUCTION

The etiology of psychiatric disorders is increasingly understood as
a complex interplay between genetic predisposition and early-life
environmental exposures, particularly during critical windows of
fetal development.! Among these exposures, dysregulation of
maternal sex hormones has emerged as a significant contributor
to neurodevelopmental disruptions. Epidemiological and preclini-
cal studies link hormonal imbalances, such as elevated maternal
testosterone (T), to fetal growth restriction and long-term
behavioral deficits in offspring.>™ As a key sex hormone, T plays
a profound role in shaping mammalian brain development,
influencing neural circuitry that governs social behavior, cognition,
and emotional regulation.® Clinical studies highlight this relation-
ship, reporting correlations between elevated maternal T levels
and increased autism spectrum disorder (ASD) traits in children,
particularly male offspring.”® Notably, maternal polycystic ovary
syndrome (PCOS)—a hyperandrogenic condition—is also asso-
ciated with a higher prevalence of ASD diagnoses, but predomi-
nantly in female offspring.'®"" Preclinical models further
strengthen this link, demonstrating that prenatal T exposure
alters dendritic spine density and morphology in offspring,
structural changes that mirror observations in individuals with
ASD and attention-deficit/hyperactivity disorder (ADHD).'>'3
Together, these findings underscore the need to investigate
how maternal T influences neurodevelopmental trajectories,
particularly through mechanisms bridging maternal hormonal
imbalance and fetal neural dysfunction.

Docosahexaenoic acid (DHA), a long-chain polyunsaturated
fatty acid (PUFA) constituting ~30% of brain cell membranes, is
indispensable for neurodevelopment due to its roles in neuronal
membrane fluidity, synaptogenesis, and neuroinflammation reg-
ulation."”'® During late gestation—a critical period marked by
neuronal migration, synaptogenesis, and myelination'’"'® —both
human and rodent fetuses rely entirely on placental transfer of
maternal DHA to support rapid brain growth.'® Postnatally, DHA
levels surge 30-fold within the first two years of human life,
reflecting its ongoing importance for neural connectivity and
cognitive maturation.?>?" Maternal PUFA supplementation during
pregnancy not only improves infant DHA status®*** but also
enhances neurodevelopmental outcomes, including language
acquisition and executive function.?*?® Conversely, prenatal
DHA deficiency disrupts neurogenesis,”’ reduces neuron size in
regions like the prefrontal cortex and hippocampus,®® and lowers
serotonin and dopamine concentrations.”® Lower PUFAs, particu-
larly DHA, have been observed in individuals with ASD**? and
linked with cognitive and behavioral impairments, memory
dysfunction, and neurodegenerative diseases.>>> Importantly,
maternal conditions such as preeclampsia and gestational
diabetes—which dysregulate placental DHA metabolism—result
in reduced fetal DHA levels.>**3° Children born under these
conditions exhibit lifelong neurocognitive impairments, including
higher rates of ASD, ADHD, and lower intelligence quotients*®™*?
underscoring DHA’s pivotal role in linking maternal health and
offspring neurodevelopment.

A critical gap remains in understanding how maternal T
exposure intersects with fetal DHA availability to influence
neurodevelopment. While experimental studies suggest maternal
T reduces fetal plasma DHA levels,*? its direct effects on fetal brain
DHA concentrations—and downstream consequences for neuro-
genesis, myelination, and long-term neurobehavioral outcomes—
remain unknown. To address this gap, we investigated the impact
of elevated maternal T across two developmental stages: (a)
Neonatal outcomes: Brain DHA levels, neurogenesis (cortical
neuronal counts), myelination (corpus callosum integrity), and
ultrasonic vocalizations—a validated measure of early commu-
nicative behavior in rodents. (b) Adolescent outcomes: Cognitive
function (spatial working memory, novel object recognition) and
social behavior (sociability, social novelty preference), with
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emphasis on sex-specific effects to clarify disparities in neurode-
velopmental susceptibility.

METHODS

Experimental animals and treatment

Timed-pregnant Sprague-Dawley rats (gestational day [GD] 8) were
obtained from Charles River Laboratories (Wilmington, MA) and housed
in AAALAC-accredited facilities under a 12h light/dark cycle with ad
libitum access to food and water. From GD 12 to GD 20, dams received
daily subcutaneous injections of T propionate (0.5mg/kg) dissolved in
sesame oil, a dose previously shown to elevate maternal plasma T levels
twofold, mimicking concentrations observed in complicated human
pregnancies.**** Control dams received vehicle (sesame oil) injections.
Maternal weight and plasma T levels were measured at GD 20. Pups were
delivered vaginally, and birth weights were recorded on postnatal day (P)
0. On P9, offspring underwent assessments of ultrasonic vocalizations,
neurogenesis, myelination, and brain DHA concentration. In adolescent
offspring (6-8 weeks of age), the behavioral tests, including spatial working
memory (spontaneous alternation in the Y-maze), recognition memory
(novel object recognition task), and social behavior (Three-chamber
sociability and social novelty preference tests) were conducted. All
procedures were approved by the University of Wisconsin-Madison
Institutional Animal Care and Use Committee (IACUC protocol #V005847)
and adhered to the NIH Guide for the Care and Use of Laboratory Animals.

Plasma T quantification

Plasma T levels were quantified using a commercially available ELISA kit
(Enzo Life Sciences, Farmingdale, NY) following established protocols from
our previous studies.*®*” The assay sensitivity was 6 pg/mL, with intra- and
inter-assay coefficients of variation (CV) < 5%.

Ultrasonic vocalization

Pups were isolated from their mothers and individually placed in a sound-
attenuated isolation chamber (white plastic walls) for recording. An
ultrasound microphone (Avisoft Bioacoustics, Nordbahn, Germany) was
positioned 10 cm above the chamber floor. Ultrasonic vocalizations were
recorded for 5min using an Avisoft UltraSoundGate 116 USB acquisition
device and Avisoft Recorder software (sampling rate: 300 kHz, 16-bit
resolution). Following recording, pups were marked with a non-toxic
surgical marker and returned to their home cage. The chamber was
cleaned with 70% ethanol and allowed to dry between trials to eliminate
residual odors. For analysis, the first 90 s of each recording were processed
using Avisoft-SASLab-Pro software. A high-pass filter (25 kHz cutoff) was
applied to remove background noise,"®**° and vocalizations were
quantified based on total call numbers.

Immunofluorescence
Postnatal day 9 pups were transcardially perfused with cold phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde (PFA). Brains were
immersion post-fixed in 4% PFA for 2-4h at 4°C, cryoprotected by
incubating overnight in 30% sucrose on a shaker at 4°C, followed by
embedding in optimal cutting temperature compound for cryostorage at
—80°C. The cryopreserved brains were sectioned on a Leica CM3050S
cryostat to obtain 20 um coronal sections starting from the rostral end of the
corpus callosum (forceps minor) to the anterior hippocampus caudally
(bregma 2.7 mm to —1.4 mm). For immunofluorescence, we used 10 sec-
tions/brain with 200 pm distance between sections, sampling the entire
rostrocaudal span of the forebrain corpus callosum. Sections were fixed in
cold methanol for 10 minutes, blocked for 1 hour at room temperature in
PBS containing 10% normal goat serum, 0.1% bovine serum albumin, and
0.3% Triton X-100. Sections were then incubated overnight at 4°C with
mouse anti-MBP (myelin basic protein; 1:200, MilliporeSigma, Burlington, MA;
Cat# MAB386) or anti-NeuN (neuronal nuclei; 1:200, MilliporeSigma,
Burlington, MA; Cat# MAB377) primary antibodies. After PBS washes,
sections were incubated for 1h at room temperature with goat anti-
mouse Alexa Fluor 488- or 568-conjugated secondary antibodies (1:1000,
Invitrogen, ThermoFisher Scientific, Newark, DE; Cat# A-11034, A-11036) and
counterstained with Hoechst 33342 (1:5000, Invitrogen, ThermoFisher
Scientific, Newark, DE; Cat# H3570) to label nuclei.

Epifluorescent images were obtained as Z-stacks of 5 um optical sections
using a Keyence BZX700 microscope with inbuilt automatic deconvolution
at 20x magnification. For quantification of cortical neurons, images were
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acquired from two fields per hemisphere (total four fields per section): one
from the anterior cingulate cortex (ACC; medial prefrontal cortex) and one
from the sensorimotor cortex (lateral frontal lobe). NeuN+ cells and
Hoechst-stained nuclei were manually counted using the cell counter
plugin in Fiji ImagelJ. Data from the ACC and sensorimotor cortex were
pooled as ‘frontal cortex’ due to comparable neuronal density (p > 0.05)
and shared axonal projections to the corpus callosum,>*®' enabling
integrated analysis of neuron-myelin relationships. The percentage of
NeuN+ cells was calculated as [(NeuN+Hoechst+ cells)/(Hoechst+ nuclei)] x
100. Counts from four fields/section, 10 sections/brain, and six brains/
group were averaged per litter.

For MBP+ area quantification, tiled Z-stack images of the corpus
callosum (genu and body between cingula) were acquired from
10 sections/brain and six brains/group. Images were converted to 8-bit
grayscale, thresholded uniformly to isolate MBP+ areas, and the corpus
callosum was manually outlined (polygon tool). The % MBP+ area within
the selection was calculated and averaged per group. MBP analysis
focused on the corpus callosum due to its peak postnatal myelination at
P9.>2 Publication-quality confocal images (1 um Z-stacks; Leica TCS SP8)
were processed in Adobe. Investigators were blinded to treatment groups
during all procedures.

DHA quantification using LC-MS/MS

Brain tissues were homogenized in 0.5 mL of ice-cold methanol containing
deuterated DHA (DHA-d5) as an internal standard, followed by protein
precipitation for 12 h at 4 °C. Lipids were extracted using C18 solid-phase
extraction columns preconditioned with methanol and water, and methyl
formate eluates were analyzed via liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Chromatographic separation was performed on
a Shim-Pack GIST-HP C18 column (150 x 2.1 mm, 3 um) with a guard
column (10X 1.5mm, 3 um) using an isocratic mobile phase of 90%
acetonitrile, 10% water, and 2 mM ammonium acetate at a flow rate of
0.21 mL/min. The column oven and autosampler temperatures were
maintained at 40 °C and 5 °C, respectively, with a 10 pL injection volume.
The LCMS-8045 triple quadrupole mass spectrometer operated in negative
electrospray ionization mode with an interface voltage of 3 kV, desolvation
line temperature of 250 °C, heat block temperature of 400 °C, and source
temperature of 300 °C. Nebulizing and drying gas (nitrogen) flows were set
to 3 L/min and 10 L/min, respectively, with argon collision gas at 230 kPa.
Data acquisition and processing were performed using LabSolution
software (v5.91/2017), where raw spectra were smoothed using a 20-
second window and integrated via the i-PeakFinder algorithm (1-degree
baseline offset). Peaks were identified by absolute retention time (+2%
tolerance) and quantified using a 5-point calibration curve (linear
regression, no weighting), with quantifier-to-qualifier ion ratios validated
within £50% tolerance.

Y-Maze spontaneous alternation

The Y-maze apparatus (Maze Engineers, Skokie, IL) consisted of three
identical arms (11 cm wide x 50 cm long) surrounded by distal spatial cues
(e.g., geometric patterns, contrasting visual markers). Rats were placed in
the center of the maze and allowed to explore freely for 10 minutes. An
arm entry was defined as all four paws crossing into an arm. Triplets were
counted only after the first complete entry into all three arms.
Spontaneous alternation percentage was calculated as: Alternation
(%) = (Number of Non-Repeating Arm Triplets divided by Total Arm
Entries) x100. Testing and analysis were conducted by an experimenter
blinded to treatment conditions to minimize bias.

Novel object recognition

The novel object recognition test was conducted to assess long-term object
memory in rats using a gray open-field arena (60 x 60X 40cm; Maze
Engineers, Skokie, IL). Rats underwent habituation in the empty arena for
5 minutes/day over two consecutive days to reduce stress and acclimate to
the environment. On day 3 (training phase), two identical objects (size-
matched glass or plastic jars; similar texture, ~15 cm height) were placed
symmetrically in the arena, and rats explored them for 5 minutes. After a 48 h
retention interval, one object was replaced with a novel object (distinct
shape, similar size/texture), and rats were reintroduced to the arena for a
5-minute test phase. Objects and arena were cleaned with 70% ethanol
between trials to eliminate odor cues. Object positions (left/right for novel vs.
familiar) were counterbalanced across subjects. Experimenters wore gloves
to prevent scent transfer. Exploration (sniffing or touching objects with the
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nose within 2 cm) was video recorded. Rats failing to explore both objects or
with <10 seconds of total exploration were excluded. The recognition index
was calculated as [(time with novel object) / (total exploration time)] x 100,
with >50% indicating novelty preference. Video recordings from the
5-minute habituation sessions (Days 1-2) were analyzed to assess locomotor
function and anxiety-like behavior. Total distance traveled (m) was quantified
to rule out motor deficits. Anxiety-like behavior was evaluated by measuring
time spent in the center zone and the number of center entries, defined as all
four paws crossing into the zone. Analysis was performed using ANY-maze
software (Stoelting Co., Wood Dale, IL).

Three-chamber sociability and social novelty test

The 3-chamber sociability and social novelty recognition test was
conducted in a rectangular gray arena (80X 40.5x40cm) divided into
three equally sized chambers with transparent partitions (Maze Engineers,
Skokie, IL). Two identical wire cylinder cages (15cm diameter x 30 cm
height), positioned centrally in each end chamber to minimize wall-
hugging behavior, allowed auditory, visual, and olfactory interaction. The
arena and cylinders were cleaned with 70% ethanol and odor-neutral
detergent between trials. Rats underwent habituation (Day 1: 10 min free
exploration of the empty arena), followed 24 hours later by the sociability
test, where an unfamiliar, age/sex-matched rat (Stranger 1) was confined to
one cylinder while the opposite chamber contained an empty cylinder. The
test rat was released into the center chamber, and doorways were opened
to allow 7 minutes of free exploration. Interactions (sniffing, proximity
<2cm, or directed attention) were analyzed from video recordings by a
blinded observer using ANY-maze software (Stoelting Co., Wood Dale, IL).
Sociability was calculated as Social Preference Index= [(Time with Stranger
1 — Empty)/(Total time) x 100]. Imnmediately following the sociability test, a
social novelty phase was conducted: the empty cage was replaced with a
second novel stranger rat (unfamiliar), while the original stimulus rat (now
familiar) remained in its cage. The test rat explored the apparatus for 7 min,
and social novelty preference was calculated as the interaction time spent
with the novel stranger versus the familiar rat.

Statistical analysis

All statistical analyses were performed using GraphPad Prism. Data are
presented as mean + SD. To account for litter effects, measurements from
multiple offspring of the same dam were averaged, and the dam (n) was
treated as the experimental unit. Normality (Shapiro-Wilk test) and
homogeneity of variance (Brown-Forsythe test) were confirmed prior to
parametric testing. Group comparisons were analyzed using two-way
ANOVA (factors: treatment and sex) followed by Tukey’s post hoc test for
multiple comparisons. For single comparisons between control and T
groups, unpaired Student’s t-tests were used. Statistical significance was
set at p <0.05.
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Fig. 1 Prenatal T exposure reduces birth weight in male and
female offspring. Birth weights of male and female offspring from
control and T-exposed dams. Data represent mean+SD (n=6
litters/group; measurements averaged per litter). *p < 0.05 vs. sex-
matched controls (two-way ANOVA with Tukey’s post hoc test).
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Fig. 2 Prenatal T exposure impairs neonatal communication in
male and female offspring. Total ultrasonic vocalizations (USVs)
emitted by postnatal day 9 (P9) male and female offspring during a
90-second maternal separation test. Data represent mean +SD
(n=6 litters/group). *p < 0.05, **p <0.01 vs. sex-matched controls
(two-way ANOVA with Tukey’s post hoc test).

RESULTS

Maternal and offspring outcomes

Maternal body weight on GD 20 did not differ between control and
T dams (control: 319+ 32.5¢g; T: 305+ 29.6g). However, T dams
exhibited elevated plasma T levels (2.49+0.26 ng/mL vs.
1.12£0.15ng/mL in controls; p<0.001). Consistent with this
hormonal difference, offspring born to T dams showed reduced
birth weights (main effect of treatment: F(1,20) = 16.89, p = 0.0005),
with T males and females exhibiting 12.7% (p = 0.0399) and 13.6%
(p =0.0404) reductions, respectively, compared to sex-matched
controls (Fig. 1). In contrast, litter sizes (control: 12.1+£1.9; T:
11.7£26) and sex ratios (percent males per litter — control:
48 +4.1%; T: 50 + 3.9%) were unaffected by treatment.

Juvenile communication deficits

Because traditional cognitive, social, and affective behavioral
assessments are unreliable in pre-weaning rats, we quantified
distress calls (ultrasonic vocalizations) elicited during maternal
separation as a proxy for early juvenile communication.”®>™> Using
this approach, we found that T offspring emitted fewer ultrasonic
vocalizations than controls (main effect of treatment:
F(1,20) = 24.06, p < 0.0001). Post hoc analyses confirmed reduc-
tions in T males (p = 0.0096) and T females (p = 0.0149) compared
to sex-matched controls. Notably, no treatment X sex interaction
was observed (F(1,20) = 0.02, p = 0.8899; Fig. 2).

Neurostructural changes

We examined neuronal numbers and myelination using NeuN and
MBP immunostaining, respectively. Analysis of NeuN immunostain-
ing revealed reduced cortical neuron counts in male T offspring
compared to male controls (p =0.0113), but no difference in
females (p=0.8771; Fig. 3A). In contrast, MBP immunostaining
demonstrated a significant treatment X sex interaction (F(1,
20) =4.210, p = 0.0535), with diminished myelination in the corpus
callosum of female T offspring compared to female controls
(p =0.0162), but no effect in males (p = 0.9732; Fig. 3B).

Brain DHA deficiency

Brain DHA concentrations were significantly reduced in T offspring
(main effect of treatment: F(1, 20) = 26.68, p < 0.0001). Planned
sex-stratified post hoc analyses confirmed deficits in both T males
(p =0.0201) and females (p =0.0031) compared to sex-matched
controls. Despite these sex-specific differences, no treatment x sex
interaction was observed (F(1,20) = 0.3544, p = 0.558; Fig. 4).
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Cognitive deficits

Spatial working memory. Spatial working memory was assessed
via spontaneous alternation behavior in the Y-maze (Fig. 5A), a
task based on rodents’ innate preference for novel environ-
ments.>®>” We measured the percentage of successive non-
repeating arm entry triplets—a metric requiring transient reten-
tion and updating of spatial information.>® T offspring exhibited
impaired spatial working memory (main effect of treatment: F (1,
20) = 25.93, p<0.001), with planned post hoc tests confirming
deficits in both T males (p =0.0168) and T females (p = 0.0047)
compared to sex-matched controls (Fig. 5B). No treatment X sex
interaction was detected (F(1, 20) = 0.1660, p = 0.688).

Long-term recognition memory. Long-term recognition memory
was evaluated using a novel object recognition task,>*®° based on
rodents’ natural tendency to explore novel versus familiar objects
(Fig. 6A). T offspring exhibited impaired long-term recognition memory
(main effect of treatment: F (1, 20) = 21.16, p = 0.0002), spending less
time exploring novel objects compared to controls. Planned post hoc
tests confirmed deficits in both T males (p =0.0077) and T females
(p = 0.0458) relative to sex-matched controls (Fig. 6B). No treatment x
sex interaction was detected (F(1,20) = 0.337, p = 0.568).

Analysis of habituation sessions revealed no significant difference in
locomotor function between T offspring and controls (main effect of
treatment: F(1,20) =4.14, p =0.055). There was also no significant
interaction between treatment and sex (F(1,20) = 0.05, p = 0.82). Post
hoc comparisons indicated no significant differences in distance
traveled for either T males (p = 0.724) or T females (p = 0.530) relative
to their sex-matched controls (Supplemental Table S1).

Similarly, analysis of center time showed no significant differences
between T offspring and controls (main effect of treatment:
F(1,20)=240, p=0.14), and no significant main effect of sex
(F(1,20) =0.51, p=0.48). There was also no significant interaction
between treatment and sex (F(1,20)=0.51, p=0.48). Post hoc
comparisons revealed no significant differences in time spent in the
center for either T males (p = 0.401) or T females (p = 0.934) compared
to their respective control groups (Supplemental Table S1).

Analysis of center entries also showed no significant differences
between T offspring and controls (main effect of treatment:
F(1,20) = 1.94, p = 0.18). There was no significant main effect of sex
(F(1,200=0.84, p=0.37) and no significant interaction between
treatment and sex (F(1,20) =0.15, p =0.71). Post hoc comparisons
indicated no significant differences in center entries for either T males
(p=0601) or T females (p=0.889) relative to their sex-matched
controls (Supplemental Table S1).

Social behavioral deficits
Social behavior was assessed in two phases using a three-chamber
test.

Social approach. In the Social Approach phase, a sex- and age-
matched unfamiliar rat was placed in one chamber while the other
remained empty (Fig. 7A). T offspring exhibited reduced social
preference (main effect of treatment: F (1, 20) = 23.93, p < 0.001),
with deficits in both T males (p=0.0040) and T females
(p =0.0354) compared to sex-matched controls (Fig. 7B). A sex
effect (F(1,20) = 13.89, p = 0.001) indicated higher overall interac-
tion in males, aligning with prior studies [82-84]. No treatment X
sex interaction was detected (F(1,20) = 0.489, p = 0.493).

Social novelty. In the Social Novelty phase, a novel rat was
introduced to the previously empty chamber (Fig. 8A) to assess
preference for unfamiliar social partners. T offspring displayed
diminished preference for novel rats (main effect of treatment: F(1,
20) =17.14, p = 0.0005), with planned post hoc tests confirming
reductions in both T males (p = 0.0322) and T females (p = 0.0456)
compared to sex-matched controls (Fig. 8B). No treatment X sex
interaction was detected (F(1,20) = 0.014, p = 0.907).
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Fig. 3 Prenatal T exposure induces sex-specific neurostructural deficits in offspring. a Representative immunofluorescent images (scale
bar: 50 um) and quantification of NeuN-+ neuronal density in the prefrontal cortex of P9 male and female offspring. Male T-exposed offspring
showed reduced NeuN+ cells compared to male controls (*p < 0.05). b Representative images (scale bar: 100 pm) and quantification of MBP+
myelinated area in the corpus callosum. Female T-exposed offspring exhibited reduced myelination vs. female controls (*p < 0.05). Insets show
a magnified area of the dotted box in the image. Data represent mean + SD (n = 6 litters/group; two-way ANOVA with Tukey’s post hoc test).
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Fig. 4 Prenatal T exposure reduces brain DHA concentrations in
offspring. Brain DHA levels in P9 male and female offspring. Data
represent mean+SD (n=6 litters/group). *p <0.05, **p <0.01 vs.
sex-matched controls (two-way ANOVA with Tukey’s post hoc test).

DISCUSSION

Several correlative human studies suggest that elevated maternal
T may contribute to psychiatric disorders in offspring, though
establishing causal links remains challenging due to the lack of
routine prenatal T testing in clinical practice. Nevertheless,
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emerging evidence—including associations between amniotic
fluid T levels and autistic traits”® and a 66% increased odds of
autism in children of mothers with PCOS'®'" highlights elevated
maternal T as a plausible risk factor. Elevated Maternal T is further
implicated in pregnancy complications (e.g., preeclampsia, dia-
betes) that independently correlate with neurodevelopmental
disorders such as ASD.**™*? This study provides the first direct
evidence in a rodent model that elevated maternal T, mimicking
levels associated with these complications, induces neurodeve-
lopmental deficits in offspring. These deficits include sex-specific
structural abnormalities (reduced cortical neurons in males,
diminished corpus callosum myelination in females) and shared
behavioral and biochemical impairments (reduced brain DHA,
social deficits, and cognitive dysfunction)—phenotypes that align
with core ASD features. These findings extend prior reports of
elevated maternal T effects on offspring metabolism and
cardiovascular health,°’~® providing the first direct evidence of
its neural consequences and expanding the recognized spectrum
of risks of maternal environmental insults.

Notably, maternal T exposure did not alter gestation length,
litter size, or pup survival, indicating specific effects on neurode-
velopment rather than general pregnancy outcomes. Birth
weights of T-exposed offspring were reduced in both sexes,
falling below the 10th percentile of controls—consistent with
IUGR in humans.®® These results align with clinical reports of
maternal T-associated growth restriction® and with previous
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Fig. 5 Prenatal T exposure impairs spatial working memory in adolescent offspring. a Schematic of the Y-maze apparatus. b Spontaneous
alternation percentage (10-minute session) in adolescent male and female offspring. Data represent mean + SD (n = 6 litters/group). *p < 0.05,
**p <0.01 vs. sex-matched controls (two-way ANOVA with Tukey’s post hoc test).

animal models of prenatal T exposure.5>®® In addition to growth
deficits, T-exposed pups emitted fewer ultrasonic vocalizations, a
measure of early communicative behavior. This deficit mirrors
those seen in rodent models of ASD,%”~%° and parallels diminished
social attachment in children with ASD,”® highlighting conserved
translational relevance.

In addition to communicative impairments, adolescent T-exposed
offspring displayed cognitive and social dysfunction, including
deficits in spatial working memory (Y-maze alternation) and novelty
recognition (novel object test), as well as reduced sociability and
social novelty-seeking. These phenotypes recapitulate core ASD-
associated traits, such as working memory impairments’' 3 and
aberrant social behavior.”* Crucially, unlike models using aromatase
inhibitors (e.g., letrozole), which report female-specific deficits,®® our
study identified neurodevelopmental disruptions in both sexes. This
divergence likely stems from distinct hormonal mechanisms:
maternal T elevation alters the T-to-estradiol ratio, whereas letrozole
suppresses estradiol synthesis. Together, these results align with
clinical and preclinical studies demonstrating that prenatal T
exposure confers neurodevelopmental risks across sexes®’>”’
supporting a significant role for maternal T in altering offspring
social behavior independent of sex.

To address the possibility that motor or anxiety-related confounds
influenced our behavioral results, we analyzed the 5-minute habitua-
tion sessions from the novel object recognition open field. There were
no group differences in total distance traveled, time spent in the center,
or number of center entries, indicating that locomotor function was
intact and that anxiety-like behavior was not significantly altered in a
way that could confound interpretation of our main behavioral
outcomes. These findings strengthen the validity of our cognitive and
social behavioral assessments. Nevertheless, we acknowledge that
more nuanced aspects of anxiety could still influence certain behaviors,
and future studies should further explore the potential contribution of
anxiety to social and cognitive deficits using dedicated assays.

A central unresolved question is how maternal T disrupts
neurodevelopment. While our previous work indicates that this
specific maternal T concentration does not directly elevate fetal T
levels or alter anogenital distances—suggesting the effects are
unlikely due to direct fetal T action®> —brain DHA deficiency emerges
as a plausible mechanistic pathway. DHA, essential for neurite
outgrowth, synaptogenesis,”””® and myelination”?®° was significantly
reduced in T-exposed offspring. This aligns with studies in rats** and
primates®' showing placental DHA retention and fetal DHA deficiency
under conditions of elevated maternal T. The DHA deficiency in T
offspring may drive the observed sex-specific structural deficits:
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cortical neuron loss in males (where DHA supports neuronal survival)
and reduced myelination in females (where DHA is critical for
oligodendrocyte function). While this study quantified DHA levels in
whole-brain homogenates of P9 offspring, region-specific analysis
(e.g., prefrontal cortex, hippocampus) was not feasible due to
technical constraints in dissecting neonatal rodent brains. This is an
important limitation, as both clinical and preclinical studies indicate
that DHA deficiency can exert regionally distinct effects on cortical
and hippocampal development, with evidence linking low DHA to
neuronal atrophy and impaired synaptic plasticity in these
regions.22®* Future studies employing microdissection or advanced
imaging approaches will be necessary to clarify whether the observed
whole-brain DHA reduction preferentially affects specific neuroana-
tomical substrates underlying the cognitive and social deficits
reported in this study. Although maternal and placental DHA levels
were not directly measured in the present cohort, our prior work and
recent studies demonstrate that elevated maternal T increases DHA
retention within the placenta and reduces fetal serum DHA, without
altering maternal DHA levels,**®> indicating impaired placental
transfer as a key mechanism. This aligns with findings in pregnancies
complicated by preeclampsia or gestational diabetes, where
increased placental DHA storage and reduced fetal DHA are observed
despite normal maternal status.®> Collectively, these data support the
model that maternal hyperandrogenism disrupts placental lipid
handling, leading to fetal brain DHA deficiency and neurodevelop-
mental risk. Direct assessment of region-specific brain and placental
DHA in future studies will be critical for delineating the mechanistic
pathways linking maternal endocrine disruption to offspring brain
development. However, the basis for these sex-specific responses
remains unclear, and alternative mechanisms, such as oxidative stress
or epigenetic modulation of neurodevelopmental pathways, cannot
be ruled out and warrant further exploration. Although DHA
deficiency is known to impair synaptic plasticity and myelination,
the causal relationship between maternal T exposure, DHA deficiency,
and neurobehavioral deficits remains unproven. Future studies
should directly test whether prenatal or early postnatal DHA
supplementation rescues these phenotypes, particularly during
critical developmental windows, to clarify mechanistic pathways
and therapeutic potential.

We prioritized the frontal cortex (ACC and sensorimotor
subregions) and corpus callosum due to their established roles
in ASD-relevant behaviors: the ACC regulates social-emotional
processing,®2® while the sensorimotor cortex supports working
memory.2” These regions exhibit peak developmental sensitivity
at P9, when their axonal projections undergo active myelination.>
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Fig. 6 Prenatal T exposure disrupts recognition memory in adolescent offspring. a Schematic of the novel object recognition task (10-
minute familiarization, 24 h retention). b Percentage of time spent exploring the novel object. Data represent mean + SD (n = 6 litters/group).
*p < 0.05, **p <0.01 vs. sex-matched controls (two-way ANOVA with Tukey’s post hoc test).
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Fig. 7 Prenatal T exposure reduces sociability in adolescent offspring. a Schematic of the three-chamber social approach task. b Social
preference index [(time with novel rat — time with empty chamber)/total time x 100]. Data represent mean + SD (n = 6 litters/group). *p < 0.05,
**p < 0.01 vs. sex-matched controls (two-way ANOVA with Tukey’s post hoc test).

Clinical ASD studies consistently report abnormalities in these
circuits, including hypomyelination® and altered connectivity.®®
Crucially, both regions are highly dependent on DHA for structural
integrity—explaining the sex-specific pathologies observed (neu-
ronal loss in males, hypomyelination in females) under conditions
of DHA deficiency.’®®" While the hippocampus contributes to
spatial/recognition memory, its later myelination timeline (>P14)*°
reduced relevance to our P9 assessment of developmental
disruption. Future studies will address hippocampal contributions
to long-term memory deficits.

Clinical and preclinical evidence confirms that maternal T
elevations (1.5 to 2.4-fold) in preeclampsia and IUGR alter
placental structure and androgen receptor signaling.**%?* While
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placenta buffers fetal T exposure,®®* T-induced vascular insuffi-
ciency and FABP4-mediated lipid sequestration directly impair
nutrient transport.*> This explains reduced fetal DHA bioavail-
ability despite maternal sufficiency.

These findings advance a critical implication for prenatal care:
elevated maternal T represents an underappreciated, modifiable
risk factor for offspring neurodevelopmental disorders. Incorpor-
ating maternal T screening into prenatal protocols—especially for
high-risk pregnancies such as preeclampsia and PCOS—could
enable early identification of at-risk dyads. However, implement-
ing routine T measurements will require standardized assays, clear
biomarker thresholds (e.g., defining actionable T levels), and
careful consideration of ethical and logistical challenges in
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Fig. 8 Prenatal T exposure impairs social novelty preference in
adolescent offspring. a Schematic of the three-chamber social
novelty task. b Interaction time with an unfamiliar rat. Data
represent mean+SD (n=6 litters/group). *p <0.05 vs. sex-
matched controls (two-way ANOVA with Tukey’s post hoc test).

obstetric practice. A second key implication concerns therapeutic
strategies to mitigate neurodevelopmental risk. Our demonstra-
tion of shared DHA deficiency in both sexes highlights the
promise of nutritional interventions: prenatal or early postnatal
DHA supplementation may restore placental-fetal lipid transfer
and support neuronal and myelin development. Future clinical
trials should test DHA dosing regimens during defined gestational
windows and evaluate their efficacy in preventing or ameliorating
cognitive and social impairments associated with maternal
hyperandrogenism.

Limitations of this work include the inherent challenges of
translating rodent social and communicative behaviors to com-
plex human ASD phenotypes. We did not perform formal olfactory
testing; however, multiple indirect lines of evidence support intact
olfaction during our three-chamber assays. First, all rats displayed
robust sniffing (=2's bouts directed at stimuli) with no signs of
anosmia. Second, deficits in T offspring were consistent across
olfaction-independent tasks (ultrasonic vocalizations, Y-maze,
novel object recognition). Third, the severity of social impairments
paralleled sex-specific neural changes and brain DHA reductions,
implicating neurodevelopmental disruption rather than sensory
loss. To definitively exclude subtle olfactory deficits, future studies
will incorporate formal assays—buried food tests, social odor
preference, and habituation-dishabituation. Fourth, although USV
and three-chamber tests are validated ASD proxies, they cannot
fully capture the disorder’s heterogeneity or its communication-
specific deficits in humans, such as nuanced language impair-
ments. Additionally, replicating this finding across experimental
models and species is critical to confirm the proposed link. Finally,
gestational timing and dose-dependent effects of maternal T on
sex-specific outcomes remain unexplored. These variables may
clarify why ASD susceptibility differs between sexes and refine
predictive biomarkers for high-risk pregnancies.

To dissociate sensory/motor influences from core social-cognitive
deficits, future studies should implement a comprehensive neonatal
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test battery in follow-up studies,”® including surface righting reflex,
negative geotaxis, cliff aversion, nest-seeking, wire suspension,
auditory startle, and eye-opening assessments (P5-P17), comple-
mented by late-infancy elevated plus-maze and novel object
recognition tests (P20-P21). These standardized measures will (1)
differentiate primary social-cognitive impairments from sensory or
motor confounds, (2) map sex-specific developmental trajectories,
and (3) identify critical windows during which DHA supplementa-
tion or anxiolytic interventions might rescue behavioral and
neurostructural deficits.

In conclusion, this study provides experimental evidence that
elevated maternal T contributes to neurodevelopmental deficits
in offspring, with shared DHA deficiency emerging as a potential
mediator. By bridging clinical correlations (e.g., ASD risk in
maternal PCOS/preeclampsia) with mechanistic insights from a
translational rodent model, these findings underscore two
urgent priorities: expanding prenatal screening protocols to
identify high-risk pregnancies and prioritiziing DHA supplemen-
tation trials to mitigate neurodevelopmental risks. Future work
should resolve causal relationships (e.g., maternal T — placental
DHA retention — neural deficits), explore broader mechanisms
(e.g., oxidative stress, epigenetic dysregulation), and define
critical windows for intervention to maximize therapeutic
efficacy.

DATA AVAILABILITY
The authors confirm that the data supporting the findings of this study are available
within the article.

REFERENCES

1. Kim, D. R, Bale, T. L. & Epperson, C. N. Prenatal programming of mental illness: current
understanding of relationship and mechanisms. Curr. Psychiatry Rep. 17, 5 (2015).

2. Ruta, L., Ingudomnukul, E., Taylor, K., Chakrabarti, B. & Baron-Cohen, S. Increased
serum androstenedione in adults with autism spectrum conditions. Psychoneur-
oendocrinology 36, 1154-1163 (2011).

3. Sarachana, T, Xu, M., Wu, R. C. & Hu, V. W. Sex hormones in autism: androgens
and estrogens differentially and reciprocally regulate RORA, a novel candidate
gene for autism. PloS one 6, €17116 (2011).

4. Chakrabarti, B. et al. Genes related to sex steroids, neural growth, and social-
emotional behavior are associated with autistic traits, empathy, and Asperger
syndrome. Autism Res. 2, 157-177 (2009).

5. Carlsen, S. M., Jacobsen, G. & Romundstad, P. Maternal testosterone levels during
pregnancy are associated with offspring size at birth. Eur. J. Endocrinol. 155,
365-370 (2006).

6. McCarthy, M. M,, Herold, K. & Stockman, S. L. Fast, furious and enduring: Sensitive versus
critical periods in sexual differentiation of the brain. Physiol. Behav. 187, 13-19 (2018).

7. Palm, C. V. B. et al. Prenatal Androgen Exposure and Traits of Autism Spectrum
Disorder in the Offspring: Odense Child Cohort. J. Autism Dev. Disord. 53,
1053-1065 (2023).

8. Dooley, N. et al. Is there an association between prenatal testosterone and
autistic traits in adolescents. Psychoneuroendocrinology 136, 105623 (2022).

9. Auyeung, B. et al. Prenatal versus postnatal sex steroid hormone effects on
autistic traits in children at 18 to 24 months of age. Mol. Autism 3, 17 (2012).

10. Katsigianni, M., Karageorgiou, V., Lambrinoudaki, I. & Siristatidis, C. Maternal
polycystic ovarian syndrome in autism spectrum disorder: a systematic review
and meta-analysis. Mol. Psychiatry 24, 1787-1797 (2019).

11. Cesta, C. E. et al. Maternal polycystic ovary syndrome and risk of neuropsychiatric
disorders in offspring: prenatal androgen exposure or genetic confounding.
Psychol. Med. 50, 616-624 (2020).

12. Hatanaka, Y., Wada, K. & Kabuta, T. Abnormal instability, excess density, and
aberrant morphology of dendritic spines in prenatally testosterone-exposed
mice. Neurochem Int 85-86, 53-58 (2015).

13. Hutsler, J. J. & Zhang, H. Increased dendritic spine densities on cortical projection
neurons in autism spectrum disorders. Brain Res. 1309, 83-94 (2010).

14, McNamara, R. K. & Carlson, S. E. Role of omega-3 fatty acids in brain devel-
opment and function: potential implications for the pathogenesis and pre-
vention of psychopathology. Prostaglandins Leukot. Ess. Fat. Acids 75, 329-349
(2006).

15. Sastry, P. S. Lipids of nervous tissue: composition and metabolism. Prog. Lipid Res
24, 69-176 (1985).

Pediatric Research



20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

. Joffre, C. et al. Impact of Lactobacillus fermentum and dairy lipids in the maternal

diet on the fatty acid composition of pups’ brain and peripheral tissues. Pros-
taglandins Leukot. Ess. Fat. Acids 115, 24-34 (2016).

. Dubois, J. et al. The early development of brain white matter: a review of imaging

studies in fetuses, newborns and infants. Neuroscience 276, 48-71 (2014).

. Gerber, A. J. et al. Anatomical brain magnetic resonance imaging of typically

developing children and adolescents. J. Am. Acad. Child Adolesc. Psychiatry 48,
465-470 (2009).

. Hanebutt, F. L, Demmelmair, H., Schiessl, B, Larque, E. & Koletzko, B. Long-chain

polyunsaturated fatty acid (LC-PUFA) transfer across the placenta. Clin. Nutr. 27,
685-693 (2008).

Lauritzen, L., Hansen, H. S., Jorgensen, M. H. & Michaelsen, K. F. The essentiality of
long chain n-3 fatty acids in relation to development and function of the brain
and retina. Prog. Lipid Res 40, 1-94 (2001).

Clandinin, M. T. et al. Intrauterine fatty acid accretion rates in human brain:
implications for fatty acid requirements. Early Hum. Dev. 4, 121-129 (1980).
Wietrak, E., Kaminski, K., Leszczynska-Gorzelak, B. & Oleszczuk, J. Effect of Doc-
osahexaenoic Acid on Apoptosis and Proliferation in the Placenta: Preliminary
Report. Biomed. Res Int 2015, 482875 (2015).

Bergmann, R. L. et al. Supplementation with 200 mg/day docosahexaenoic acid
from mid-pregnancy through lactation improves the docosahexaenoic acid sta-
tus of mothers with a habitually low fish intake and of their infants. Ann. Nutr.
Metab. 52, 157-166 (2008).

Willatts, P., Forsyth, J. S., DiModugno, M. K., Varma, S. & Colvin, M. Effect of long-
chain polyunsaturated fatty acids in infant formula on problem solving at
10 months of age. Lancet 352, 688-691 (1998).

Judge, M. P., Harel, O. & Lammi-Keefe, C. J. Maternal consumption of a doc-
osahexaenoic acid-containing functional food during pregnancy: benefit for
infant performance on problem-solving but not on recognition memory tasks at
age 9 mo. Am. J. Clin. Nutr. 85, 1572-1577 (2007).

Dunstan, J. A, Simmer, K., Dixon, G. & Prescott, S. L. Cognitive assessment of children
at age 2(1/2) years after maternal fish oil supplementation in pregnancy: a ran-
domised controlled trial. Arch. Dis. Child Fetal Neonatal Ed. 93, F45-F50 (2008).
Coti Bertrand, P., O'Kusky, J. R. & Innis, S. M. Maternal dietary (n-3) fatty acid deficiency
alters neurogenesis in the embryonic rat brain. J. Nutr. 136, 1570-1575 (2006).
Ahmad, A., Moriguchi, T. & Salem, N. Decrease in neuron size in docosahexaenoic
acid-deficient brain. Pediatr. Neurol. 26, 210-218 (2002).

Delion, S. et al. Chronic dietary alpha-linolenic acid deficiency alters dopaminergic
and serotoninergic neurotransmission in rats. J. Nutr. 124, 2466-2476 (1994).

Bell, J. G, Sargent, J. R, Tocher, D.R. & Dick, J. R. Red blood cell fatty acid compositions
in a patient with autistic spectrum disorder: a characteristic abnormality in neuro-
developmental disorders. Prostaglandins Leukot. Ess. Fat. Acids 63, 21-25 (2000).
Mazahery, H. et al. Relationship between Long Chain n-3 Polyunsaturated Fatty
Acids and Autism Spectrum Disorder: Systematic Review and Meta-Analysis of
Case-Control and Randomised Controlled Trials. Nutrients 9, https://doi.org/
10.3390/nu9020155 (2017).

Vancassel, S. et al. Plasma fatty acid levels in autistic children. Prostaglandins
Leukot. Ess. Fat. Acids 65, 1-7 (2001).

Weiser, M. J,, Butt, C. M. & Mohajeri, M. H. Docosahexaenoic Acid and Cognition
throughout the Lifespan. Nutrients 8, 99 (2016).

Yurko-Mauro, K, Alexander, D. D. & Van Elswyk, M. E. Docosahexaenoic acid and adult
memory: a systematic review and meta-analysis. PloS one 10, 0120391 (2015).
Stonehouse, W. et al. DHA supplementation improved both memory and reaction
time in healthy young adults: a randomized controlled trial. Am. J. Clin. Nutr. 97,
1134-1143 (2013).

Jiang, Y. et al. DHA supplementation and pregnancy complications. J. Transl. Med
21, 394 (2023).

Liu, D,, Gao, Q.,, Wang, Y. & Xiong, T. Placental dysfunction: The core mechanism
for poor neurodevelopmental outcomes in the offspring of preeclampsia preg-
nancies. Placenta 126, 224-232 (2022).

Devarshi, P. P, Grant, R. W,, lkonte, C. J. & Hazels Mitmesser, S. Maternal Omega-3
Nutrition, Placental Transfer and Fetal Brain Development in Gestational Diabetes
and Preeclampsia. Nutrients 11, https://doi.org/10.3390/nu11051107 (2019).
Judge, M. P,, Casavant, S. G,, Dias, J. A. & McGrath, J. M. Reduced DHA transfer in
diabetic pregnancies: mechanistic basis and long-term neurodevelopmental
implications. Nutr. Rev. 74, 411-420 (2016).

Zhang, H., Lin, J. & Zhao, H. Impacts of Maternal Preeclampsia Exposure on
Offspring Neuronal Development: Recent Insights and Interventional Approa-
ches. Int. J. Mol. Sci. 25, https://doi.org/10.3390/ijms252011062 (2024).

Rowland, J. & Wilson, C. A. The association between gestational diabetes and ASD
and ADHD: a systematic review and meta-analysis. Sci. Rep. 11, 5136 (2021).
Gumusoglu, S. B., Chilukuri, A. S. S, Santillan, D. A, Santillan, M. K. & Stevens, H. E.
Neurodevelopmental Outcomes of Prenatal Preeclampsia Exposure. Trends Neu-
rosci. 43, 253-268 (2020).

Pediatric Research

J.

(%]

. Mishra et al.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64,

65.

66.

67.

68.

69.

Gopalakrishnan, K., Mishra, J. S., Ross, J. R, Abbott, D. H. & Kumar, S. Hyperan-
drogenism diminishes maternal-fetal fatty acid transport by increasing FABP4-
mediated placental lipid accumulationdagger. Biol. Reprod. 107, 514-528 (2022).
Kumar, S., Gordon, G. H., Abbott, D. H. & Mishra, J. S. Androgens in maternal
vascular and placental function: implications for preeclampsia pathogenesis.
Reproduction 156, R155-R167 (2018).

Kumar, S., Song, R. & Mishra, J. S. Elevated gestational testosterone impacts
vascular and uteroplacental function. Placenta, https://doi.org/10.1016/
j.placenta.2023.11.004 (2023).

Gopalakrishnan, K. et al. Elevated Testosterone Reduces Uterine Blood Flow,
Spiral Artery Elongation, and Placental Oxygenation in Pregnant Rats. Hyperten-
sion 67, 630-639 (2016).

Chinnathambi, V., Balakrishnan, M., Ramadoss, J., Yallampalli, C. & Sathishkumar,
K. Testosterone alters maternal vascular adaptations: role of the endothelial NO
system. Hypertension 61, 647-654 (2013).

Vogel, A. P, Tsanas, A. & Scattoni, M. L. Quantifying ultrasonic mouse vocaliza-
tions using acoustic analysis in a supervised statistical machine learning frame-
work. Sci. Rep. 9, 8100 (2019).

Takahashi, N., Kashino, M. & Hironaka, N. Structure of rat ultrasonic vocalizations
and its relevance to behavior. PloS one. 5, 14115 (2010).

Hamano, K, Iwasaki, N., Takeya, T. & Takita, H. A quantitative analysis of rat central
nervous system myelination using the immunohistochemical method for MBP.
Brain Res Dev. Brain Res. 93, 18-22 (1996).

Wang, R. et al. Assessment of myelination development in neonatal rats using
chemical exchange saturation transfer (CEST) 7-T MRI. Exp. Brain Res 243, 11
(2024).

Vincze, A, Mazlo, M., Seress, L., Komoly, S. & Abraham, H. A correlative light and
electron microscopic study of postnatal myelination in the murine corpus cal-
losum. Int J. Dev. Neurosci. 26, 575-584 (2008).

Caruso, A., Ricceri, L. & Scattoni, M. L. Ultrasonic vocalizations as a fundamental
tool for early and adult behavioral phenotyping of Autism Spectrum Disorder
rodent models. Neurosci. Biobehav Rev. 116, 31-43 (2020).

Kaidbey, J. H. et al. Early Life Maternal Separation and Maternal Behaviour
Modulate Acoustic Characteristics of Rat Pup Ultrasonic Vocalizations. Sci. Rep. 9,
19012 (2019).

lijima, M. & Chaki, S. Separation-induced ultrasonic vocalization in rat pups: further
pharmacological characterization. Pharm. Biochem Behav. 82, 652-657 (2005).
Vanderplow, A. M. et al. Akt-mTOR hypoactivity in bipolar disorder gives rise to
cognitive impairments associated with altered neuronal structure and function.
Neuron 109, 1479-1496 e1476 (2021).

Cahill, M. E. et al. Kalirin regulates cortical spine morphogenesis and disease-related
behavioral phenotypes. Proc. Natl Acad. Sci. USA 106, 13058-13063 (2009).
Kraeuter, A. K., Guest, P. C. & Sarnyai, Z. The Y-Maze for Assessment of Spatial
Working and Reference Memory in Mice. Methods Mol. Biol. 1916, 105-111 (2019).
Hall, J. H. et al. Tc1 mouse model of trisomy-21 dissociates properties of short-
and long-term recognition memory. Neurobiol. Learn Mem. 130, 118-128 (2016).
Barker, G. R, Bird, F., Alexander, V. & Warburton, E. C. Recognition memory for
objects, place, and temporal order: a disconnection analysis of the role of the
medial prefrontal cortex and perirhinal cortex. J. Neurosci. 27, 2948-2957 (2007).
Alkhatib, B. et al. Early- to mid-gestational testosterone excess leads to adverse
cardiac outcomes in postpartum sheep. Am. J. Physiol. Heart Circ. Physiol. 327,
H315-H330 (2024).

More, A. S. et al. Prenatal Testosterone Exposure Leads to Gonadal Hormone-
Dependent Hyperinsulinemia and Gonadal Hormone-Independent Glucose
Intolerance in Adult Male Rat Offspring. Biol. Reprod. 94, 5 (2016).
Chinnathambi, V., Yallampalli, C. & Sathishkumar, K. Prenatal testosterone induces
sex-specific dysfunction in endothelium-dependent relaxation pathways in adult
male and female rats. Biol. Reprod. 89, 97 (2013).

Peleg, D., Kennedy, C. M. & Hunter, S. K. Intrauterine growth restriction: identi-
fication and management. Am. Fam. Physician 58, 466-457 (1998).
Sathishkumar, K. et al. Prenatal testosterone-induced fetal growth restriction is
associated with down-regulation of rat placental amino acid transport. Reprod.
Biol. Endocrinol. 9, 110 (2011).

Manikkam, M. et al. Fetal programming: prenatal testosterone excess leads to
fetal growth retardation and postnatal catch-up growth in sheep. Endocrinology
145, 790-798 (2004).

Vanderplow, A. M. et al. A feature of maternal sleep apnea during gestation
causes autism-relevant neuronal and behavioral phenotypes in offspring. PLoS
Biol. 20, e3001502 (2022).

Weiser, M. J. et al. Dietary docosahexaenoic acid alleviates autistic-like behaviors
resulting from maternal immune activation in mice. Prostaglandins Leukot. Ess.
Fat. Acids 106, 27-37 (2016).

Xu, X. J. et al. Prenatal hyperandrogenic environment induced autistic-like
behavior in rat offspring. Physiol. Behav. 138, 13-20 (2015).

SPRINGER NATURE


https://doi.org/10.3390/nu9020155
https://doi.org/10.3390/nu9020155
https://doi.org/10.3390/nu11051107
https://doi.org/10.3390/ijms252011062
https://doi.org/10.1016/j.placenta.2023.11.004
https://doi.org/10.1016/j.placenta.2023.11.004

J.S. Mishra et al.

10

70.

71.

72.

73.
74.
75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Rutgers, A. H., Bakermans-Kranenburg, M. J,, van ljzendoorn, M. H. & van Berck-
elaer-Onnes, I. A. Autism and attachment: a meta-analytic review. J. Child Psychol.
Psychiatry 45, 1123-1134 (2004).

Wang, Y. et al. A Meta-Analysis of Working Memory Impairments in Autism
Spectrum Disorders. Neuropsychol. Rev. 27, 46-61 (2017).

Jiang, Y. V., Capistrano, C. G. & Palm, B. E. Spatial working memory in children
with high-functioning autism: intact configural processing but impaired capacity.
J. Abnorm Psychol. 123, 248-257 (2014).

Kaufmann, L. et al. Brief report: CANTAB performance and brain structure in pediatric
patients with Asperger syndrome. J. Autism Dev. Disord. 43, 1483-1490 (2013).

Ap, A. (2000).

Jiang, L. et al. Associations Between Sex Hormone Levels and Autistic Traits in
Infertile Patients With Polycystic Ovary Syndrome and Their Offspring. Front
Endocrinol. (Lausanne) 12, 789395 (2021).

Auyeung, B. et al. Fetal testosterone and autistic traits. Br. J. Psychol. 100, 1-22 (2009).
Erdogan, M. A, Bozkurt, M. F. & Erbas, O. Effects of prenatal testosterone exposure
on the development of autism-like behaviours in offspring of Wistar rats. Int J.
Dev. Neurosci. 83, 201-215 (2023).

Cao, D. et al. Docosahexaenoic acid promotes hippocampal neuronal develop-
ment and synaptic function. J. Neurochem 111, 510-521 (2009).

Harel, T. et al. Homozygous mutation in MFSD2A, encoding a lysolipid transporter
for docosahexanoic acid, is associated with microcephaly and hypomyelination.
Neurogenetics 19, 227-235 (2018).

Haubner, L. et al. The effects of maternal dietary docosahexaenoic acid intake on rat
pup myelin and the auditory startle response. Dev. Neurosci. 29, 460-467 (2007).
Abbott, D. H. et al. Experimentally induced gestational androgen excess disrupts
glucoregulation in rhesus monkey dams and their female offspring. Am. J. Physiol.
Endocrinol. Metab. 299, E741-E751 (2010).

Bhatia, H. S. et al. Omega-3 fatty acid deficiency during brain maturation reduces
neuronal and behavioral plasticity in adulthood. PloS one 6, €28451 (2011).
McNamara, R. K. DHA deficiency and prefrontal cortex neuropathology in
recurrent affective disorders. J. Nutr. 140, 864-868 (2010).

de la Presa Owens, S. & Innis, S. M. Diverse, region-specific effects of addition of
arachidonic and docosahexanoic acids to formula with low or adequate linoleic
and alpha-linolenic acids on piglet brain monoaminergic neurotransmitters.
Pediatr. Res 48, 125-130 (2000).

Watkins, O. C. et al. Placental (13)C-DHA metabolism and relationship with
maternal BMI, glycemia and birthweight. Mol. Med 27, 84 (2021).

Apps, M. A., Rushworth, M. F. & Chang, S. W. The Anterior Cingulate Gyrus and
Social Cognition: Tracking the Motivation of Others. Neuron 90, 692-707 (2016).
Courchesne, E. & Pierce, K. Why the frontal cortex in autism might be talking only
to itself: local over-connectivity but long-distance disconnection. Curr. Opin.
Neurobiol. 15, 225-230 (2005).

Barnea-Goraly, N. et al. White matter structure in autism: preliminary evidence
from diffusion tensor imaging. Biol. Psychiatry 55, 323-326 (2004).

Uccelli, N. A. et al. Neurobiological substrates underlying corpus callosum
hypoconnectivity and brain metabolic patterns in the valproic acid rat model of
autism spectrum disorder. J. Neurochem 159, 128-144 (2021).

Bernardo, A. et al. Docosahexaenoic acid promotes oligodendrocyte differentia-
tion via PPAR-gamma signalling and prevents tumor necrosis factor-alpha-
dependent maturational arrest. Biochim Biophys. Acta Mol. Cell Biol. Lipids 1862,
1013-1023 (2017).

McNamara, R. K, Vannest, J. J. & Valentine, C. J. Role of perinatal long-chain
omega-3 fatty acids in cortical circuit maturation: Mechanisms and implications
for psychopathology. World J. Psychiatry 5, 15-34 (2015).

Kumar, S., Song, R. & Mishra, J. S. Elevated gestational testosterone impacts
vascular and uteroplacental function. Placenta 157, 14-20 (2024).
Sathishkumar, K. et al. Fetal sex-related dysregulation in testosterone production
and their receptor expression in the human placenta with preeclampsia. J. Peri-
natol. 32, 328-335 (2012).

SPRINGER NATURE

94. Sousa, F. J. et al. Sex differences in offspring neurodevelopment, cognitive per-
formance and microglia morphology associated with maternal diabetes: Putative
targets for insulin therapy. Brain Behav. Immun. Health 5, 100075 (2020).

ACKNOWLEDGEMENTS
We thank Michael Cahill, his lab members, and the behavioral core for their expertise
and support in conducting the behavioral experiments.

AUTHOR CONTRIBUTIONS

JSM performed research, data analysis, contributed to the study design and drafting
the manuscript. SKB performed research, and data analysis. JRR performed research,
and data analysis. SVD performed experiments and data analysis. JS designed
research, performed data analysis, and revised the manuscript. SK designed research,
performed data analysis, and revised the manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by the National Institutes of Health (NIH) under grants
HL119869 and ES033345 (to K.S.. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the NIH.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541390-025-04425-y.

Correspondence and requests for materials should be addressed to Sathish Kumar.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Pediatric Research


https://doi.org/10.1038/s41390-025-04425-y
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Elevated maternal testosterone induces sex-specific neurodevelopmental changes and ASD-related behavioral phenotypes in rat offspring
	Introduction
	Methods
	Experimental animals and treatment
	Plasma T quantification
	Ultrasonic vocalization
	Immunofluorescence
	DHA quantification using LC-MS/MS
	Y-Maze spontaneous alternation
	Novel object recognition
	Three-chamber sociability and social novelty test
	Statistical analysis

	Results
	Maternal and offspring outcomes
	Juvenile communication deficits
	Neurostructural changes
	Brain DHA deficiency
	Cognitive deficits
	Spatial working memory
	Long-term recognition memory

	Social behavioral deficits
	Social approach
	Social novelty


	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




