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Effects of subclinical hypothyroidism during
pregnancy on mtDNA methylation in the
brain of rat offspring
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Abstract

Objective This study aims to investigate the impact of subclinical hypothyroidism (SCH) during pregnancy on
mitochondrial DNA (mtDNA) methylation in the brain tissues of rat offspring.

Materials and methods Sixteen SD rats were randomly divided into two groups: control group (CON) and SCH
group. BS-seq sequencing was used to analyze mtDNA methylation levels in the offspring’s brain tissues; the
2,7-dichlorofluorescin diacetate (DCFH-DA) probe method was employed to detect reactive oxygen species (ROS)
levels in brain tissues; electron microscopy was utilized to observe the mitochondrial structure in the hippocampal
tissues of the offspring.

Results In the analysis of differentially methylated regions (DMRs), the mitochondrial chromosome in the SCH group
exhibited 23 DMRs compared to the control group. ROS levels in the brain tissues of the SCH group were significantly
higher than those in the control group (P < 0.05). The mitochondrial structure in the hippocampus of the SCH group
was less intact compared to the CON group.

Conclusion Subclinical hypothyroidism in pregnant rats may alter the mtDNA methylation pattern in the brains of
their offspring, potentially affecting mitochondrial function and structure.
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Introduction
Subclinical hypothyroidism (SCH) is a common thyroid
disorder during pregnancy, with a prevalence of about

fliangzhuo Xie and Yangling Huang contributed equally to this

work. 3-5% [1, 2]. Epidemiological studies have shown that
*Correspondence: SCH during pregnancy may gdverse}y affect fetal‘ bra}lfl
Tianshu Gao development, increasing the risk of intellectual disabili-
3\7@&”““67@16350”‘“ ties by up to 2.14 times [3]. Experimental studies have
el en . . .

Chenweig027@163.com fou{lq that offspring of rats with ‘SCH durmg pregnancy
'Liaoning University of Traditional Chinese Medicine, Shenyang City, exhibit long-term memory deficits, along with reduced
Lizoning Province, P.R. China levels of hippocampal BDNEF, increased expression of
Department of Endocrine, Affiliated Hospital, Liaoning University of TCM, Rapl in. d d . f hi 1
Shenyang City, Liaoning Province, P. R. China .ap PrOtem' ecrease. expreSS{ono 1ppocampa} pro-
*Experimental Animal Center of Liaoning, University of Traditional Chinese liferation-related proteins, and increased expression of
Medicine, Shenyang City, Liaoning Province, P. R. China apoptosis-related proteins [4-6].

“The Second Affiliated Hospital of Liaoning, University of Traditional
Chinese Medicine, Shenyang City, Liaoning Province, P. R. China

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, 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 you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. 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:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12868-025-00930-2&domain=pdf&date_stamp=2025-1-24

Xie et al. BMC Neuroscience (2025) 26:6

Mitochondria are critically important energy centers
within cells, whose dysfunction not only leads to various
mental disorders but is also closely linked to cognitive
functions [7]. They possess their own DNA—mitochon-
drial DNA (mtDNA), a circular double-stranded DNA
comprising 37 genes and 16,569 base pairs [8]. Mito-
chondria play a central role in several cellular functions,
including oxidative phosphorylation, intracellular cal-
cium balance, the cell cycle, and apoptosis [9]. Addi-
tionally, mitochondrial function is closely related to
epigenetics, which regulates gene expression through
chemical modifications of DNA and histones, indepen-
dently of DNA sequence variations. While most research
has focused on the methylation of genomic DNA, meth-
ylation of mtDNA is also associated with neurologi-
cal disease [10—12], cancer [13], and non-alcoholic fatty
liver disease [14], and affects oocyte maturation and early
embryonic development [15]. However, no studies have
yet explored the effects of SCH during pregnancy on
mtDNA methylation in fetal brain tissues.

Reactive oxygen species (ROS) are primarily produced
by mitochondria during cellular metabolism. Due to their
strong oxidative capacity, ROS can cause cellular damage
when present in high concentrations [16]. Studies have
shown that hypothyroidism leads to elevated ROS levels
[17-19]. Elevated ROS can oxidize intracellular DNA,
resulting in the formation of 8-hydroxydeoxyguanosine
(8-OHdG), which subsequently inhibits methylation at
nearby sites [20]. In addition, ROS can directly replace
the catalytic role of DNA methyltransferases (DNMTs),
further promoting the occurrence of methylation [21].

Given the significant prevalence of SCH during preg-
nancy and its potential impact on offspring cognitive
health, as well as the critical role of mitochondrial func-
tion and epigenetics in brain development, this study
aims to assess mtDNA methylation and ROS levels in the
brain tissues of offspring from SCH-affected pregnancies
in rats, in order to better understand the potential mech-
anisms leading to impaired neurodevelopment.

Materials and methods

Animals and materials

Sixteen non-pregnant Sprague-Dawley rats (180+10 g)
were purchased from Beijing Huafukang Bioscience Co.,
Ltd.(Beijing, China), and housed at the Specific Pathogen
Free (SPF) animal facility of Liaoning University of Tra-
ditional Chinese Medicine. Laboratory conditions were
maintained at 22-25 °C, with 40-50% relative humid-
ity, and a 12-hour light/dark cycle. All animals were
provided with standard feed and water ad libitum. The
experimental protocol was approved by the Animal Eth-
ics Committee of Liaoning University of Traditional Chi-
nese Medicine (project number: 21000042021093). All
methods were carried out in accordance with relevant
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guidelines and regulations. All rats were anesthetized via
intraperitoneal injection of 3% pentobarbital sodium (0.1
mL/100 g), and deep anesthesia was confirmed by verify-
ing the absence of pain reflexes. Blood collection and sur-
gical procedures were then performed. To ensure animal
welfare, euthanasia was carried out by administering an
overdose of 3% pentobarbital sodium (0.5 mL/100 g) via
intraperitoneal injection.

Before the experiment began, the rats underwent one
week of acclimatization. Subsequently, they were ran-
domly divided into two groups: control group (CON,
n=38) and subclinical hypothyroidism group (SCH, n=38).
The SCH group then underwent thyroidectomy, while
the control group underwent a sham operation. Post-
operatively, 0.1% calcium lactate powder was added to
the drinking water of all rats, making a 1% calcium lactate
solution.

One month post-operatively, blood was collected from
the retro-orbital plexus to measure total thyroxine (TT4)
and thyroid-stimulating hormone (TSH) levels. Success-
ful thyroidectomy in the SCH group was confirmed when
TSH levels exceeded normal values and TT4 levels were
below the minimal normal threshold. Thereafter, the
SCH group received subcutaneous injections of 1-thyrox-
ine (0.95 pg/100 g/day) in the neck region to establish the
SCH model, while the control group received an equiva-
lent volume of saline (50 pL/100 g/day) [6]. After 10 days,
blood was collected again to measure total thyroxine
(TT4) and thyroid-stimulating hormone (TSH) levels.
The SCH model was confirmed to be successfully estab-
lished when TSH levels were above normal values and
TT4 levels showed no significant difference compared to
the control group.

Then all female rats were mated with normal male
rats (male to female ratio=1:2). The day when sperm
was detected on the vaginal smear in the morning
was designated as day O of pregnancy (E0). From EO to
E13, the SCH group continued daily injections of L-T4
(0.95 pg/100 g/day). Starting from E13, the dose of L-T4
was adjusted to 1.0 ug/100 g/day, continuing until partu-
rition. After birth, recorded as postnatal day 0 (PNDO).
On PND7, complete brain tissue was harvested from the
offspring for experiments.

Experimental drugs
L-T4 Injection: L-T4 (Sigma USA) was prepared as an
injection solution at a concentration of 1.0 pug/ml using
0.9% normal saline.

Biochemical measurements

All blood samples collected from the groups were imme-
diately centrifuged at 13,000 g for 13 min and stored at
-80 °C. Serum total thyroxine (TT4) levels were mea-
sured using a rat T4 enzyme-linked immunosorbent
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assay (ELISA) kit (Cloud-Clone Corp., CEA452Ge),
and serum thyroid-stimulating hormone (TSH) levels
were assessed using a rat TSH ELISA kit (Cloud-Clone
Corp., CEA463Mu). Both measurements were conducted
strictly following the procedural steps outlined in the
respective kit manuals.

mtDNA extraction, bisulfite treatment, library preparation
and sequencing

The extraction of mtDNA, bisulfite treatment, library
preparation and data analysis of high through-put
sequencing were all conducted by Seqhealth Technology
Co., Ltd., Wuhan, China (http://www.seqhealth.cn).

In this study, we first used the Mitochondrial DNA
Extraction Kit (Catalog No: PH1592) to extract mtDNA
from the entire brain tissue according to the instruc-
tions provided. Approximately 2—3 pg of extracted mito-
chondrial DNA was mixed with a certain proportion of
negative control (N6-methyladenine-free Lambda DNA),
and then sonicated on ice using a sonicator (JY92-IIN,
Xinzhi, Ningbo, Zhejiang, China) with a 20% ampli-
tude, 5 s on/5 seconds off cycle for 5 min to fragment
the DNA into 200-500 bp pieces [22]. These fragments
were subsequently subjected to bisulfite treatment via
the EZ DNA Methylation-Gold™ Kit (Zymo Research,
Cat. No. D5005), which converts unmethylated cytosines
to thymine. A DNA library was constructed using the
Accel-NGS® Methyl-Seq DNA Library Kit (Swift Biosci-
ences, Cat. No. 30024), and PCR products were enriched,
quantified, and ultimately sequenced on a NovaSeq 6000
(Illumina).

Raw sequencing data were processed using SOAPnuke
(version 2.0.5) [23] for quality control, which involved
removing sequencing adapters, low-quality reads, reads
with high N rates, and reads that were too short. The
clean reads were then aligned to the reference genome
using Bismark (v0.22.3). By converting reads and the ref-
erence genome to C>T and G > A, respectively, and align-
ing them, the best alignment combination was selected
[24]. Bismark was also used to remove duplicate reads.
After reference genome alignment, Bismark (v0.22.3) was
used for methylation site detection, determining meth-
ylation status based on the base type at cytosine positions
in the reads aligned to the reference genome. Methyla-
tion detection results from Bismark were used to conduct
a binomial distribution test B(n, p) for each cytosine site,
with conditions set for a sequencing depth of at least 5
and a binomial test P-value of <0.05. Differentially meth-
ylated regions (DMRs) between paired samples or groups
were detected using metilene software (version 0.2-8)
[25], employing a binary segmentation algorithm com-
bined with dual statistical tests (MWU-test and 2D KS-
test), with settings for a methylation difference greater
than 0.1 and a P-value<0.05. After DMR detection,
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genomic positions of the DMRs were annotated with
genomic structural information. Conduct KEGG and GO
enrichment analysis on DMR-overlapping genes using
the Metascape website [26].

ROS detection in brain tissue using DCFH-DA method
Entire brain tissues from the offspring of pregnant SCH
rats were placed in precooled PBS to wash away blood
and other contaminants. Using ophthalmic scissors, the
tissues were cut into approximately 1 mm pieces, then
placed back in precooled PBS for rinsing to remove
the cell debris from cutting. An appropriate amount
of enzyme digestion solution was added, and the tis-
sues were digested in a 37 °C water bath for 20-30 min
with intermittent shaking. The digestion was terminated
with PBS, followed by filtering through a nylon mesh to
remove tissue clumps and collecting the filtered cells. The
cells were then centrifuged at 500 g for 10 min, the super-
natant was discarded, and the pellet was washed twice
with PBS to prepare a single-cell suspension. Following
the instructions provided by the kit (Shanghai Biyuntian
Biotechnology Co., Ltd., No. S0033S), cells were added
to fresh medium containing 10 pM DCFH-DA and incu-
bated at 37 °C for 30 min. After incubation, the cells were
washed three times with PBS and lysed using a lysis buf-
fer composed of 50% methanol and 0.1 M NaOH. The
cells were then gently scraped from the culture plate
and centrifuged at 4500 rpm for 5 min. Fluorescence at
488/525 nm was subsequently measured using the anthos
2010 automated microplate reader (Anthos Labtec
Instruments, Austria).

Electron microscopy

To observe the ultrastructural changes of mitochondria
in hippocampal neuronal cells, we transferred the brain
tissue to an ice-cold dish for dissection. The tissue was
then rinsed with pre-chilled 0.9% saline at 4 °C and dried
with filter paper. Subsequently, hippocampal tissue was
excised and fixed in electron microscopy fixative in a
dark environment for 2 h. This was followed by osmium
tetroxide fixation, dehydration, infiltration, and staining
with uranyl acetate and lead citrate. Finally, the treated
samples were embedded and sectioned into 80 nm ultra-
thin slices, which were examined under a transmission
electron microscope to assess changes in the mitochon-
drial ultrastructure.

Statistical analysis

The data in this study were analyzed using R software
(version 4.2.1). For comparisons between two indepen-
dent samples, if the data follow a normal distribution,
an independent samples t-test will be used to assess the
differences between them. For data that do not follow a
normal distribution, the non-parametric Mann-Whitney
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Table 1 TT4 and TSH levels in different groups of rats

Group TT4 levels one month post-surgery TSH levels one month post-  TT4 levels after 10 days of TSH levels

(ng/mL) surgery (pg/mL) L-T4 injection (ng/mL) after 10 days

of L-T4 injec-
tion (pg/mL)

CON 73.56+3.12 99.48+4.03 70.55+4.53 104.79+3.26

SCH 19.25+2.25 165.86+16.80" 79.70+5.88 159.19+18.94"

Data shown as group mean+se
#P<0.05 indicates statistically significant differences

Table 2 Quality Control results for mtDNA samples

Sample Cleanreads Clean Clean Clean  Effec-
Q20(%) Q30(%) GC(%) tive
rate(%)
CON-1 143,479,112 96.51 91.09 24.09 97.29
CON-2 133910886 9633 90.65 24.15 97.18
CON-3 167,125,274 96.53 91.16 2443 97.1
SCH-1 136,356,292 9644 90.97 24 9748
SCH-2 162,882,264 965 91.1 24.25 97.48
SCH-3 283,279,166 9643 90.98 24.02 97.19

Sample, Sample name. Clean Reads, Number of reads after quality control.
DMR-Related Results. Clean Q20(%), Proportion of bases with quality greater
than Q20 in clean reads. Clean Q30(%),Proportion of bases with quality greater
than Q30 in clean reads. Clean GC(%),Average content of GC bases in clean
reads. Effective Rate (%),Proportion of clean reads in the total raw output reads

U test will be employed. A p-value of <0.05 is considered
statistically significant. Numerical variables are shown as
meanztse.

Results

TT4 and TSH levels in rats

One month post-surgery, we measured the levels of TT4
and TSH in all groups of rats to confirm the establish-
ment of the SCH model. Compared to the CON group,
the SCH group exhibited significantly lower TT4 levels
(P<0.05) and significantly higher TSH levels (P<0.05),
indicating successful thyroidectomy. Ten days after L-T4
injections, compared to the CON group, the SCH group
showed no difference in TT4 levels (P>0.05) but signifi-
cantly higher TSH levels (P<0.05), confirming the suc-
cessful establishment of the SCH model. (Table 1)

Quality control of mtDNA sample and distribution of
methylated C bases

After extracting mtDNA from six brain tissues, qual-
ity checks were performed. All samples had Clean Q20
and Clean Q30 values exceeding 90%, with most effec-
tive rates around 97%, indicating high quality of most
sequencing reads and good reliability of sequencing data
(Table 2).

Methylation analysis revealed that methylated C bases
in each sample were primarily distributed in the CHH
sequence context, followed by CHG and CG sequence
contexts, with the CHH sequence context having the
highest methylation occurrence rate. (Figures 1 and 2).

Figure 1 illustrates the proportion of methylated C bases
in different sequence contexts for each sample, while
Fig. 2 shows the specific methylation occurrence rates of
C bases in different sequence contexts for each sample.

DMR-related results

In the DMR results, compared to the CON group, the
SCH group identified 23 DMRs located on the mitochon-
drial chromosome. Genes overlapping with these DMRs
include MT-ND2, MT-ND5, MT-ND6, MT-CYB, MT-
ATP6, MT-CO1, MT-CO2, and MT-CO3. These results
indicate that there are significant differences in mito-
chondrial gene methylation patterns between the SCH
group and the CON group. (Table 3)

Go and KEGG

GO and KEGG enrichment analyses were performed on
DMR-overlapping genes using the Metascape website.
The KEGG results showed that these genes are primar-
ily involved in pathways such as oxidative phosphoryla-
tion and cardiac muscle contraction. The GO results
indicated that these genes are related to mitochondrial
function and energy metabolism. The results are shown
in Figs. 3 and 4.

ROS levels
As shown in Fig. 5, compared to the CON group, the
ROS levels in the SCH group were significantly increased
(P<0.05).

Mitochondrial structure in the hippocampus of offspring of
SCH rats during pregnancy

Through the analysis of mitochondrial ultrastructure
images, we observed that the mitochondrial structure in
the hippocampus of offspring from the CON group was
intact, with clearly visible cristae. However, in the SCH
group, the mitochondrial structure appeared blurred,
with unclear cristae, indicating potential damage to the
mitochondrial structure. These findings suggest that
mitochondrial function in the hippocampus of offspring
in the SCH group may be impaired. (Fig. 6)
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Classification of mC bases (CON-1)

Classification of mC bases (CON-2)
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Classification of mC bases (CON-3)

= mCG(0.00%) ™= mCHG(5.80%)  ®mm mCHH(94.20%)

Classification of mC bases (SCH-1)

= mCG(2.22%) ™8 mCHG(6.67%)  ®mm mCHH(91.11%)

Classification of mC bases (SCH-2)

mmm mCG(0.96%) ™= mCHG(5.77%)

= mCHH(93.27%)

Classification of mC bases (SCH-3)

m mCG(0.00%) ™= mCHG(3.92%) ™= mCHH(96.08%)

= mCG(3.92%) ™= mCHG(5.88%)  ®=m mCHH(90.20%)

Fig. 1 Proportional distribution of methylated C bases in CG, CHG, and CHH sequence contexts
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Fig. 2 Proportion of methylation occurring in CG, CHG, and CHH sequence contexts

Discussion

In this study, we identified 23 DMRs in the mtDNA of
brain tissues from the offspring of rats with gestational
SCH. These DMRs mapped to genes including MT-ND2,
MT-ND5, MT-ND6, MT-CYB, MT-ATP6, MT-COl,
MT-CO2, and MT-CO3, and the methylation context

= mCG(0.96%) == mCHG(7.69%)

= mCHH(91.35%)

Methylation Percenatages in CG, CHG and CHH Contexts (CON-3)
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in all rat brain tissues was mainly CHH. KEGG and GO

analysis results showed that these abnormally methylated
genes are primarily involved in oxidative phosphorylation
(OXPHOS) and mitochondrial function. Additionally, we
found that the levels of ROS were significantly elevated,
and the mitochondrial structures in the hippocampus
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Table 3 DMRs in Brain tissue of SCH Group offspring compared to CON Group

Chrom Start End Width Diff value P-value TranscriptiD GenelD Context
MT 316 471 155 -0.11095 7.2787E-03 ENSRNOT00000069133; AY172581.24; CG
ENSRNOT00000045072 AY172581.3
MT 5433 5557 124 -0.11067 3.5851E-03 ENSRNOT00000050156 Mt-co1 CG
MT 14,772 14,946 174 -0.21233 4.7579E-02 ENSRNOT00000042098 Mt-cyb CHG
MT 15,797 15,961 164 -0.11333 8.1351E-03 ENSRNOT00000044639; AY172581.2; CHG
ENSRNOT00000049806; AY172581.20;
ENSRNOT00000051268 Mt-nd6
MT 510 541 31 -0.18067 2.5611E-03 ENSRNOT00000069133; AY172581.24; CHH
ENSRNOT00000045072 AY172581.3
MT 4025 4050 25 0.18333 2.9724E-02 ENSRNOT00000040993 Mt-nd2 CHH
MT 4481 4515 34 0.32867 2.3715E-04 ENSRNOT00000040993 Mt-nd2 CHH
MT 4550 4587 37 040361 4.0568E-04 ENSRNOT00000040993 Mt-nd2 CHH
MT 4590 4629 39 0.35476 8.9100E-05 ENSRNOT00000040993 Mt-nd2 CHH
MT 6815 6828 13 0.12500 1.6617E-02 ENSRNOT00000050156 Mt-col CHH
MT 7234 7255 21 -0.33767 8.8747E-03 ENSRNOT00000043693 Mt-co2 CHH
MT 7449 7495 46 0.11500 4.4996E-02 ENSRNOT00000043693 Mt-co2 CHH
MT 8167 8185 18 0.13467 9.2727E-04 ENSRNOT00000046108 Mt-atp6 CHH
MT 8418 8453 35 -0.20611 1.7426E-03 ENSRNOT00000046108 Mt-atp6 CHH
MT 8691 8722 31 -0.34733 1.0993E-02 ENSRNOT00000049683 Mt-co3 CHH
MT 11,850 11,877 27 -0.37000 2.1930E-02 ENSRNOT00000048767 Mt-nd5 CHH
MT 11,908 11,971 63 0.27200 1.7227E-03 ENSRNOT00000048767 Mt-nd5 CHH
MT 12,643 12,675 32 -0.13083 4.1503E-02 ENSRNOT00000048767 Mt-nd5 CHH
MT 12,729 12,766 37 -0.16467 1.8737E-02 ENSRNOT00000048767 Mt-nd5 CHH
MT 13,898 13,928 30 0.19167 2.6578E-02 ENSRNOT00000051268 Mt-nd6 CHH
MT 14,143 14,181 38 -0.27974 7.2916E-03 ENSRNOT00000042098 Mt-cyb CHH
MT 14,550 14,594 44 -0.15200 1.9494E-02 ENSRNOT00000042098 Mt-cyb CHH
MT 15,564 15619 55 -0.16528 2.1590E-02 ENSRNOT00000044639; AY172581.2; CHH
ENSRNOT00000049806; AY172581.20;
ENSRNOT00000051268 Mt-nd6

Chrom, Chromosome number. Start, DMR start position. End, DMR end position. Diff Value, The difference in average methylation levels between Group 1 and Group
2 in this DMR region (For detected methylation sites, the corresponding methylation level is calculated by mC / (mC+umC), i.e., the number of reads supporting
methylation divided by the total number of reads covering the site). Pvalue, p-value. TranscriptID, Annotated transcript ID(s); if annotated to multiple transcripts,
they are separated by semicolons. GenelD, Annotated gene ID(s).Context, Type of sequence environment of the methylation site, including CG, CHG, and CHH, where
H represents the bases A, T, or C

I | <00190: Oxdative phosphoylatin

| dre04260: Cardiac muscle contraction

0 2 4 6 8 10 12 14 16
-log10(P)

Fig. 3 KEGG pathway enrichment analysis of DMR-overlapping genes

G0:0015453: oxidoreduction-driven active transmembrane transporter activity
G0:0005743: mitochondrial inner membrane

G0:0008137: NADH dehydrogenase (ubiquinone) activity

] G0:0015078: proton transmembrane transporter activity

| G0:0098800: inner mitochondrial membrane protein complex

0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
-log10(P)

Fig.4 GO term enrichment analysis of DMR-overlapping genes
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Fig.5 ROS levels in brain tissue were measured using the fluorescent probe DCFH-DA method. Compared to the CON group, P<0.05

were damaged in the brain tissues of offspring in the
model group.

Mitochondria are organelles present in all eukaryotic
cells and primarily generate ATP through OXPHOS. In
mitochondrial structure, folds of the inner membrane
form cristae, which house protein complexes used for
energy production—the electron transport chain (ETC)
complexes [27]. Through OXPHOS, mitochondria gen-
erate most of the cell’s required energy in the form of
ATP, a process involving ETC complexes I to V [28]. The
MT-ND gene family encodes protein subunits of ETC
complex I, which is the first and largest enzyme in the
mitochondrial respiratory chain. It plays a critical role
in transferring electrons from reduced NADH to coen-
zyme Q10 (CoQ10) and maintaining the electrochemi-
cal gradient across the mitochondrial inner membrane
[29]. MT-CYB encodes the cytochrome b subunit in ETC
complex III [30]; cytochrome b receives two electrons
from reduced coenzyme Q (CoQH2) and transfers them
to cytochrome c [31, 32]. Complex IV is the terminal oxi-
dase in the ETC, composed of 14 subunits, catalyzing the
oxidation of cytochrome c and the reduction of molecu-
lar oxygen to water. Three of these subunits are encoded
by MT-CO1 and MT-CO2, while MT-CO3 plays a role
in maintaining the activity of complex IV [33]. Analysis
of RNA levels of mitochondrial-encoded genes indicates

that the methylation level of most mtDNA is negatively
correlated with their expression levels [34]. Therefore, the
overall increase in methylation levels in regions such as
MT-ND2, MT-ND5, and MT-ND6 found in this study
may potentially contribute to a decrease in complex I
levels. Previous studies have reported an association
between complex I deficiencies and neurodevelopmental
abnormalities, particularly in conditions observed from
late infancy to early childhood [35, 36], which may be
one of the mechanisms underlying the cognitive decline
in offspring of gestational SCH. Additionally, we found
that the methylation level in the MT-CYB gene region
decreased, which may be related to mitochondrial dys-
function in astrocytes [37].

During embryonic development in mammals, early
fetal brain development relies entirely on thyroid hor-
mones provided by the mother. In cases of gestational
SCH, the mother may be unable to synthesize and secrete
sufficient thyroid hormones to meet the needs of both
herself and the fetus, especially during periods when fetal
neural development is highly dependent on these hor-
mones. Therefore, even if the mother’s hormone levels
are sufficient to maintain her own normal physiological
functions, the fetus’s normal development may still be
affected [38]. As previously mentioned, hypothyroid-
ism can lead to elevated levels of reactive ROS. Thus, the
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Fig. 6 lllustrates electron microscopy images of mitochondria. In Figure A, the CON group images are displayed, with the left panel at a magnification of
20,000x and the right panel highlighting a selected region from the left at 40,000x magnification. Similarly, Figure B presents the SCH group images, with
the left panel at 20,000x magnification and the right panel showing a detailed region from the left at 40,000x magnification

increased ROS levels observed in the brain tissues of oft-
spring from gestational SCH may be related to a relative
deficiency of thyroid hormones in the early fetal brain
tissue. ROS, as byproducts of OXPHOS, are mainly pro-
duced in mitochondria. Because mtDNA lacks introns,
histones, and other protective proteins, has weak repair
capabilities, and is located at the primary site of ROS
generation, it is highly susceptible to oxidative damage
and mutations [39, 40]. Additionally, ROS can regulate
DNA methylation levels [20, 21]; therefore, the abnor-
mal mtDNA methylation levels in the brain tissues of
offspring from gestational SCH rats may be caused by
elevated ROS levels.

On the other hand, mtDNA methylation may affect
the electron transfer process of OXPHOS. When elec-
trons are not fully transferred to oxygen, electron leakage
may occur, interacting with oxygen to produce ROS [41].
Components such as iron-sulfur clusters and heme in the
mitochondrial respiratory chain may be targets of ROS
attack, leading to further impairment of mitochondrial
function [41, 42]. In summary, the elevated ROS levels in
the brain tissues of offspring from gestational SCH may
be both initiators of mtDNA methylation and potential
products of OXPHOS abnormalities, suggesting the pos-
sibility of forming a vicious cycle that further exacerbates
oxidative stress in brain tissue. This significant increase
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in ROS levels may be associated with a decline in fetal
cognitive function, as ROS accumulation could nega-
tively impact synaptic plasticity, thereby indirectly affect-
ing cognitive abilities [43, 44].

Moreover, mitochondria are highly dynamic organelles
whose morphology changes during different stages of the
cell lifecycle; these morphological changes are impor-
tant factors in determining mitochondrial function [45,
46]. Studies have shown that elevated intracellular ROS
levels can alter mitochondrial morphology, potentially
further affecting mitochondrial function [46]. This may
partially explain the mitochondrial structural abnormali-
ties observed in the hippocampal tissue of offspring from
gestational SCH in this study.

In conclusion, this study provides new insights into the
effects of gestational SCH on the brain tissue of offspring.
Our research suggests that maternal SCH may affect
mtDNA methylation levels in brain tissue, increase ROS
levels, and cause mitochondrial structural abnormalities
in the hippocampus of offspring. However, this study has
several limitations. First, the relatively small sample size
may limit the generalizability of the findings. Second,
this study was conducted using a rodent model, which
may not fully reflect the complexity of human pregnancy
and fetal brain development. Additionally, although the
study highlights potential mechanisms involving ROS
and mtDNA methylation, direct causal relationships have
not yet been established and require further experimen-
tal validation.

Future research should not only expand the sample size
but also incorporate multi-omics methods such as tran-
scriptomics and metabolomics to further explore how
gestational SCH affects fetal brain development through
mitochondrial pathways. Additionally, more detailed
dynamic studies should be conducted on the impact of
SCH at different gestational periods on offspring brain
development to determine the optimal window for preg-
nancy management and intervention. These studies will
help formulate more effective strategies for monitoring
and intervening in thyroid function during pregnancy,
reducing the potential negative impact of SCH on the
neurodevelopment of offspring.
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