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Abstract

Therapeutic suppression of thyroid-stimulating hormone (TSH) is widely used after thyroidec-
tomy, but its neurobehavioral impact remains unclear. We investigated emotion-related behav-
iors and hippocampal mechanisms in rats assigned to blank control, TSH replacement, or TSH
inhibition following total thyroidectomy with graded levothyroxine. Open-field and tail-sus-
pension tests indexed behavior; ELISA quantified serum FT3/FT4/TSH and hippocampal 5-
HT; BrdU with Nestin/NeuN/GFAP assessed neurogenesis; qPCR/Western blot measured
Notchl, HES1/HESD5, Jagged-1, and Bax/Bcl-2. Compared with control/replacement; TSH in-
hibition produced anxiety-/depression-like phenotypes, elevated FT3/FT4 with reduced TSH,
and decreased hippocampal 5-HT. Notably, Notch signaling was upregulated and functionally
linked to behavior by biasing neural stem-cell fate away from neurons-toward astrocytes and
curtailing neurogenesis, a cellular change that maps onto the observed anxiety-/depression-like
outcomes. Concomitantly, an increased Bax/Bcl-2 ratio indicated a pro-apoptotic shift that un-
dermines hippocampal plasticity, providing an additional meehanistic bridge to the behavioral
phenotype. Together, reduced 5-HT (upstream), Notch=driven suppression of neuronal differ-
entiation, and heightened apoptosis converge to impair hippocampal circuit integrity, offering
a coherent molecular-to-behavioral pathway for mood-related effects under TSH suppression.
These findings suggest that long-term TSH.inhibition may carry neuropsychiatric risks and
support routine monitoring of mood and cognition in patients receiving suppressive regimens.
Keywords: TSH inhibition; Open -field; Tail suspension; 5-HT; Notch; Neurogenesis;
Bax/Bcl-2.



1. Introduction

The relationship between thyroid dysfunction and mood disorders has been extensively
studied. Clinical investigations have demonstrated that patients with hyperthyroidism often ex-
hibit symptoms such as anxiety, irritability, and insomnia, while those with hypothyroidism
are more susceptible to depression, cognitive impairment, and mental retardation [1]. This sug-
gests that the dysregulation of thyroid hormone levels not only affects peripheral metabolism
but also has a profound impact on central nervous system function [2]. In recent years, the
increasing incidence of thyroid cancer has led to a significant rise in the number of patients
undergoing total thyroidectomy. To mitigate the risk of tumor recurrence, clinical practice rou-
tinely employs thyroid-stimulating hormone (TSH) inhibition therapy, which involves the ad-
ministration of high-dose exogenous levothyroxine (L-T4) to maintain serum TSH levels at an
extremely low range for an extended period [3]. However, growing clinical observations indi-
cate that long-term TSH inhibition may be associated with mental health symptoms, such as
anxiety and depression, which can impose a burden on patients’ quality of life [4].

The pathogenesis of emotional disorders is multifaceted, with the hippocampus playing a
crucial role in regulating emotions and cognition:[5].Thyroid hormones can cross the blood-
brain barrier and directly influence the activities of-hippocampal neurons, thereby modulating
neurotransmitter metabolism, synaptic plasticity, and neurogenesis [6].

Existing evidence suggests that abnormal thyroid function can lead to a decrease in the
level of 5-hydroxytryptamine (5-HT); a core neurotransmitter involved in emotional stability
and antidepressant mechanisms. This 5-HT deficiency is considered an important pathological
basis for anxiety and-depression [7]. Notably, changes in 5-HT levels not only directly affect
neuronal activities but also participate in the regulation of hippocampal neurogenesis by mod-
ulating the proliferation and differentiation of neural stem cells (NSCs) [8].

Therefore, TSH inhibition may indirectly contribute to the development of emotional dis-
orders through the pathway of “decreased 5-HT — impaired neurogenesis”.

The Notch signaling pathway is a critical molecular network that regulates the fate deter-
mination of neural stem cells (NSCs) during neurogenesis [9]. Previous studies have suggested
that excessive Notch signaling is associated with decreased neuronal differentiation, increased
astrocyte production, and the development of depression-like behaviors [10]; for instance, in
animal models of depression, Notch hyperactivation prevents the conversion of precursor cells

into neurons and promotes glial lineage commitment [10]. It can be hypothesized that the de-



crease in serotonin (5-HT) caused by thyroid-stimulating hormone (TSH) inhibition may ab-
normally activate the Notch pathway, disrupt the balance between neurogenesis and apoptosis,
and ultimately manifest as anxiety/depression-like behaviors.

The present study employed a rat model to systematically investigate the neurobiological
mechanisms underlying the association between thyroid-stimulating hormone (TSH) inhibition
therapy and the risk of emotional disorders. Levothyroxine-induced TSH inhibition was used
to establish the experimental model, and a comprehensive assessment was conducted.to_eval-
uate the effects on emotion-related behaviors, hippocampal serotonin (5-HT) levels, Notch sig-
naling activity, and the neurogenesis/apoptosis process across behavioral, neurochemical, and
molecular levels. The findings of this study aim to elucidate the potential mechanisms by which
TSH inhibition may contribute to the development of emotional disorders, providing experi-
mental evidence to inform the assessment and management of neuropsychiatric risks in clinical

patients undergoing long-term TSH inhibition therapy for thyroid.cancer.
2. Materials and Methods

1.1Experimental Animals

In this experiment, 120 SPF-grade male Wistar rats, sourced from Beijing Vital River La-
boratory Animal Technology Co., Ltd. (License No. SCXK (Beijing) 2016-0006), were used.
At purchase, the rats were approximately. 6-weeks old, weighing 200 + 10 g, and measuring
12.9 + 1.4 cm in length. They were housed at the Laboratory Animal Center of Beijing Uni-
versity of Chinese Medicine under.controlled conditions: 22 + 2 °C temperature, 50%-60%
humidity, and a 12-hour light/dark cycle. Standard pellet feed and water were provided ad libi-
tum. The rats underwent. a 7-day acclimation period to mitigate stress from transport and envi-
ronmental changes. The study adhered to the Regulations for the Administration of Laboratory
Animals and received approval from the Laboratory Animal Ethics Committee of Beijing Uni-
versity of Chinese Medicine (Approval No. BUCM-2024060102-2228).

1.2 Experimental Drug

Levothyroxine (L-thyroxine, L-T4; Sigma-Aldrich, Merck, product number T2501, 50
pg/tablet) was dissolved in sterile normal saline to achieve the desired concentration and used
immediately to maintain drug efficacy.

1.3 Grouping and Modeling

A cohort of 120 rats was randomly allocated into two groups: 12 rats served as the blank
control group, while the remaining 108 underwent total thyroidectomy to establish a model,

following the methodology outlined by Jin S, Sugitani I, et al. [11]. Under pentobarbital sodium



anesthesia (3%, 0.1 mL/100 g, intraperitoneally), bilateral thyroidectomy was performed mi-
croscopically. One week post-operation, the survival rate of the model rats was approximately
56.5%, resulting in 61 successfully modeled survivors. These 61 rats were further divided into
two groups using a random number table, with 12 rats per group: the hormone replacement
group and the TSH inhibition group. Both groups received daily morning drug administration
for model establishment. These L-T4 doses (1.2 and 1.6 pug/100 g) were chosen based on pre-
vious studies to achieve the intended degree of TSH inhibition [11].

(D Control group: No thyroidectomy was performed. The animals were reared convention-
ally without any drug intervention.

(2)Replacement group: Rats after total thyroidectomy were subcutaneously injected with
L-T4 (1.2 pg/100 g body weight) once a day for 15 consecutive days.

(3)TSH inhibition group: Rats after total thyroidectomy were subcutaneously injected with
L-T4 (1.6 pg/100 g body weight) once a day for 15 consecutiverdays.

Throughout the modeling and drug administration phases, we meticulously monitored the
rats' body weight, activity levels, and overall condition to assess the impact of the modeling

and interventions.
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Figure 1: Experiment Approach

1.4 Behavioral Testing

1.4.1 Open Field Test (OFT)

The experimental setup consisted of a transparent polycarbonate cube (100 x 100 x 50
cm?®), with the bottom surface divided into 9 equal-area quadrants. A 4K camera (60 Hz) was
mounted at the top, and XR-SuperMaze 3.0 software was used for video recording and trajec-
tory analysis. The experiment was conducted in a quiet environment maintained at approxi-

mately 40 lux illuminance. Each rat was placed in the center of the apparatus and allowed to



move freely for 6 minutes. The recorded behavioral measures included: total displacement,
average speed, immobility duration (time spent completely inactive), latency to first enter the
central area (an index of anxiety-related avoidance), frequency of visits to the central area, and
proportion of time spent in the central area. Immediately after each trial, the apparatus was
cleaned with 75% ethanol, ventilated, and dried before the next animal was tested.

1.4.2 Tail Suspension Test (TST)

The experiment took place during the dark cycle (illuminance < 10 lux) at a roomtemper-
ature of 22 = 1°C and a relative humidity of 50% =+ 5%. The rat’s tail was clamped 1:0 ¢ 0.2
cm from the tip. Prior to the test, rats acclimated for 60 seconds before the formal timing com-
menced for 360 seconds. Immobility time during passive suspension was recorded, defined as
the complete stillness of all four limbs, with only respiratory movements.observed. In this test,
a longer immobility time is interpreted as a depression-like behavior.

1.5 Specimen Preparation

1.5.1 Serum Preparation

Following a 12-hour fast, rats were weighed and anesthetized via an intraperitoneal injec-
tion of 3% pentobarbital sodium (0.1 mL/100 g). Once anesthesia was confirmed, the ab-
dominal aorta was exposed, and approximately 5 mL of blood was drawn using a vacuum blood
collection tube, completing the procedure within 5 minutes. The blood samples stood for 30
minutes before being centrifuged at 3000-r/min for 10 minutes to separate the serum, which
was then stored at —80 °C for future analysis.

1.5.2 Brain Tissue Collection

Following blood-collection, the rats were sacrificed by decapitation, and the entire brain
was extracted within-120°seconds (to minimize post-mortem tissue changes). The brains were
placed on a dissection table cooled to 4 °C. Under these low-temperature conditions, the surface
was rinsed-with sterile saline to eliminate residual blood. The hippocampal region was metic-
ulously-dissected under a binocular microscope, divided into aliquots in pre-frozen 2 mL cry-
otubes, labeled, and promptly stored at —80 °C.

1.6 Enzyme-Linked Immunosorbent Assay (ELISA)

Serum thyroid function indices (TSH, FT3, FT4) and hippocampal 5-hydroxytryptamine
(5-HT) levels were quantified using commercial ELISA kits, following the manufacturers' pro-
tocols. Optical density values at 450 nm were measured with a Bio-Rad Model 680 microplate

reader, and a standard curve was constructed for quantitative analysis.



1.7 Double-Label Immunofluorescence

Hippocampal tissues were fixed in 4% paraformaldehyde, dehydrated with 30% sucrose,
and sectioned into 10 um paraffin slices. Following antigen retrieval and blocking, primary
antibodies were applied and incubated overnight at 4 °C. The next day, tissues were washed
with PBS, then incubated with fluorescently labeled secondary antibodies for 1 hour at room
temperature in the dark. Nuclei were stained with DAPI, visualized under a fluorescence mi-
croscope, and the number and distribution of positive cells were analyzed using ImageJ soft-
ware.

1.8 Quantitative Real-Time PCR (gRT-PCR)

Total RNA from the hippocampus was extracted via the Trizol method, with purity and
concentration assessed by Nanodrop. cDNA synthesis was conducted through reverse tran-
scription, followed by qPCR using SYBR Green Master Mix in a 20 pL reaction system over
40 cycles. The target genes were pivotal to the Notch signaling pathway, with GAPDH serving
as the internal reference. Relative expression levels were caleulated using the 2*-AACt method.

1.9 Western Blot

Hippocampal tissues were homogenized and lysed using RIPA buffer with PMSF, fol-
lowed by centrifugation at 12,000 g for 10 minutes to collect the supernatant. Protein concen-
tration was assessed via the BCA method. Proteins (30 pg) were separated by SDS-PAGE,
transferred to a membrane, and blocked with 5% non-fat milk for 1 hour. Primary antibodies
were applied and incubated overnight at 4 °C. After TBST washing, HRP-labeled secondary
antibodies were added and incubated for 1 hour at room temperature. Bands were visualized
using ECL and captured with'a ChemiDoc MP imaging system. Quantitative analysis was con-
ducted with ImagelJ, normalizing relative expression levels to B-actin.

1.10 Statistical Analysis

The data are presented as mean + standard deviation (x" + s). Normality and homogeneity
of variance were assessed prior to analysis. One-way analysis of variance (ANOVA) was used
for.comparisons among multiple groups, followed by the least significant difference (LSD)
method for pairwise comparisons. Non-parametric tests (e.g., Kruskal-Wallis) were employed
if the data did not conform to the normal distribution, with Dunn’s test for post-hoc multiple
comparisons. Statistical analyses were performed using SPSS 26.0, and figures were generated
with GraphPad Prism 10. The threshold for statistical significance was set at P < 0.05. (Com-
ment: Specified the use of Kruskal-Wallis and Dunn’s test for non-parametric data to clarify

analysis methods.)



3. Results

3.1. Behavioral Performance

In the tail suspension test (TST), immobility time varied significantly among groups
(ANOVA, F =7.42, P =0.000398). Post-hoc analysis revealed that rats in the TSH inhibition
group exhibited significantly longer immobility times compared to the blank group (P =
0.0003) and the replacement group (P = 0.005). No significant difference was observed be-
tween the replacement and blank groups (P = 0.3255) (Figure 2). This prolonged immobility
indicates a heightened depression-like state in the TSH-suppressed rats.

The open field test (OFT) revealed distinct behavioral patterns in the inhibition'group com-
pared to controls (Figure 3). Rats in the inhibition group exhibited a significant reduction in
the number of entries into the central arena (P < 0.0001, Figure 3B). Additionally, these ani-
mals displayed a marked prolongation in the latency to enter the central area (P < 0.0001,
Figure 3C) and the time to first enter the central zone (P = 0.0002, Figure 3D). Furthermore,
the total distance traveled by the inhibition group was significantly decreased (P < 0.0001,
Figure 3E).Together, these OFT changes are indicative of-increased anxiety-like behavior un-
der TSH inhibition.
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Figure 3. The results of the open field test
3.2. Changes in thyroid-axis-function
ELISA assay results-demonstrated that TSH inhibition markedly influenced thyroid hor-
mone levels. In the inhibition group, FT3 and FT4 levels were significantly elevated compared
to the blank group-(P < 0.0001), whereas no significant difference was observed between the
replacement.and blank groups. TSH levels significantly decreased in the inhibition group (P <
0.0001), with no significant difference between the replacement and blank groups (Table 1).



Table 1. The contents of FT3, FT4 and TSH in the serum of rats in different groups

Average con-

Group Samplesize  centration of +SD Minimum Maximum
FT3
Control 12 3.635 +0.140 3.454 3.803
Replacement 12 3.704 +0.142 3.504 3.862
Inhibition 12 5.448 +0.171 5.217 5:673

Average con-

Samplesize  centration of +SD Minimum Maximum
FT4
Control 12 15.122 +0.799 14.000 16.268
Replacement 12 15.104 +0.828 13.442 16.426
Inhibition 12 22.342 +1.205 20.974 24.850

Average con-

Sample size  centration-of +SD Minimum Maximum
TSH
Control 12 7.014 +0.509 6.167 7.561
Replacement 12 6.858 +0.640 5.508 7.595
Inhibition 12 2.702 +0.418 2.112 3.268

3.3. HT level in the hippocampus

The ELISA assay revealed a significant reduction in hippocampal 5-HT content in the
inhibition group compared to the blank group (1.916 + 0.37 vs. 3.415 + 0.42, P < 0.0001).
Conversely, the replacement group exhibited no statistically significant difference from the
blank group (P = 0.054) (Figure 4).This pronounced decrease in hippocampal 5-HT in TSH-
suppressed rats is consistent with a serotonin-mediated mechanism for the observed mood dis-

turbances.
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Figure 4. 5-HT concentration
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3.4. Changes in Hippocampal Neurogenesis

Double immunofluorescence staining revealed that, compared to the blank and replace-
ment groups, the inhibition group exhibited significantly elevated levels of BrdU/Nestin (neu-
ral stem cells; P = 0.0013 and P = 0.0014, respectively; Figure 5), significantly reduced lev-
els of BrdU/NeuN (newborn neurons; P = 0.0006; Figure 6), and significantly increased lev-
els of BrdU/GFAP (newborn astrocytes; P =:0.0008 and P = 0.0009, respectively; Figure
7).Overall, these findings indicate that TSH.inhibition increases neural progenitor prolifera-

tion but impairs neuronal differentiation while promoting astrocytic differentiation.



Statistical graph of the number of new neural stem cells in the hippocampus
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Figure 5. Statistical graph of the number'of new neural stem cells in the hippocampus
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Statistical graph of the number of new neurons in the hippocampal region
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Figure 6. Statistical graph of the number of new neurons in the hippocampal region



(ns , *P<0.05, **P<0.01, ***P<0.001, ****P <0.0001)

The number of newly generated star-shaped glial cells in the hippocampal region
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Figure 7. The number of newly generated star-shaped glial cells in the hippocampal region
(ns , *P<0.05, *P <0.01, ***P <0.001, ****P <0.0001)

3.5. Activity of the Notch signaling pathway
Quantitative PCR (qPCR)-analysis revealed significant upregulation of Notchl, Hes1,

Hes5, and Jagged-1 mRNA expression in the inhibition group compared to controls (all P <
0.05, Figure 8). Western blotting further corroborated this trend, with Notch1, HES1, HESS5,
and Jagged-1 protein levels demonstrating a statistically significant increase in the inhibition
group relative.to the blank and replacement groups (Notchl: F = 14.69, P = 0.0012; HES5: F
=23.04,P =0.0002; HES1: F = 14.59, P = 0.0013; Jagged-1: F = 26.60, P = 0.0002, Figure
9).The activation of the Notch pathway in TSH-suppressed rats provides a molecular link to

the observed alterations in neurogenesis.
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3.6. Changes in Apoptosis-Related Molecules
At the mRNA level, the'Bax/Bcl-2 ratio was highest in the inhibition group (6.511 +

***% P <0.0001)

0.804) and was significantly greater than both the control (1.257 + 0.243) and replacement

groups (2.106 +.0.088) (p<0.01 for both comparisons). The replacement group was also sig-

nificantly higher than the control group (p<0.01).

At the protein level, the inhibition group likewise exceeded both the control and replace-
ment.groups (0.867 £ 0.015 vs. 0.667 £ 0.015 and 0.677 + 0.015, respectively; P < 0.01 for

both). No significant difference was observed between the control and replacement groups (P

> 0.05). Relative to control, the protein Bax/Bcl-2 ratio increased by ~30% in the inhibition

group , indicating enhanced apoptotic signaling in the hippocampus under TSH inhibition.



Table 2. Relative expression level of Bax/Bcl-2 mRNA

Group Sample 1 Sample 2 Sample 3 Mean + SD
Control 1.000 1.484 1.286 1.257 £0.243
Replacement 2.194 2.019 2.106 2.106 +0.088
Inhibition 6.118 5.978 7.436 6.511 + 0.804

Table 3: Relative expression level of Bax/Bcl-2 protein

Group Sample 1 Sample 2 Sample 3 Mean-+ SD
Control 0.65 0.68 0.67 0:667 + 0.015
Replacement 0.66 0.69 0.68 0.677 £ 0.015
Inhibition 0.85 0.88 0.87 0.867 £ 0.015
4. Discussion

This study systematically demonstrated that prolonged TSH, inhibition elicits substantial
metabolic and endocrine alterations, as well as anxiety- and depression-like behaviors, by mod-
ulating hippocampal neurotransmitters, neurogenesis, and apoptosis in a rat model of TSH in-
hibition. These findings offer an experimental foundation for understanding the mental health
symptoms experienced by clinical thyroid cancer patients following TSH inhibition therapy,
and suggest potential underlying molecularmechanisms.

The present study shows that rats-subjected to thyroid-stimulating hormone (TSH) inhibi-
tion exhibit distinct behavioral-phenotypes characteristic of depression and anxiety. Specifi-
cally, these animals displayed-prolonged immobility in the tail suspension test and reduced
exploration with increased latency in the open field test. This finding aligns with clinical ob-
servations in thyroid.cancer patients undergoing long-term TSH inhibition therapy (often main-
tained over months or years), who frequently report symptoms such as anxiety, depression, and
emotional ‘instability [12—-14]. Importantly, the control group receiving hormone replacement
therapy. maintained euthyroid status and did not exhibit significant emotional disturbances.
These results suggest that the emotional abnormalities observed are not simply a consequence
of thyroid hormone deficiency, but are directly linked to the persistent low levels of TSH and
the artificial disruption of the thyroid axis regulation.

The present study provides further mechanistic insights into the observed behavioral alter-
ations associated with thyroid-stimulating hormone (TSH) inhibition. The findings indicate

that TSH inhibition was accompanied by a significant decrease in serotonin (5-HT) levels



within the hippocampus. This is noteworthy, as extensive evidence has demonstrated that thy-
roid hormones can regulate the metabolism and transport of monoamine neurotransmitters, in-
cluding 5-HT, in the brain, and the impact on the 5-HT system is particularly crucial [15].
Serotonin is not only the classic neurotransmitter basis for emotional disorders, but its defi-
ciency has also been linked to inhibited neurogenesis and reduced neural plasticity [16]. In the
current study, the decrease in 5-HT levels coincided with the observed behavioral abnormali-
ties, suggesting a pivotal upstream role of 5-HT dysregulation in the emotional disturbances
caused by TSH inhibition. Importantly, clinical studies have reported similar findings; with
hyperthyroid patients exhibiting 5-HT metabolic disorders [17] and hypothyroid patients show-
ing decreased 5-HT synthesis and release [18], both of which are strongly correlated with de-
pressive and anxious symptoms.Collectively, these results indicate that TSH inhibition may
lead to a hormonal imbalance by over-activating the thyroid axis, which-in turn alters the ho-
meostasis of the 5-HT system, ultimately resulting in emotional-abnormalities..

The present study observed that TSH inhibition resulted-in.a significant imbalance in hip-
pocampal neurogenesis, characterized by enhanced proliferation, restricted neuronal differen-
tiation, and increased glial differentiation. Hippacampal neurogenesis is a core pathological
mechanism implicated in emotional disorders. Previous animal studies have demonstrated that
both chronic stress and depression models are accompanied by reduced hippocampal neuron
generation and enhanced glial reactivity (19). The abnormal neurogenesis pattern reported here
is highly consistent with the decline in 5-HT signaling, as 5-HT can directly regulate the fate
determination of neural stem cells: Diminished 5-HT not only weakens neuronal differentiation
signals but may also leadto. functional impairment of neural circuits by triggering a deviation
towards the glial lineage (20).The present findings demonstrate that the Notch signaling path-
way was significantly upregulated in the TSH inhibition group, as evidenced by the increased
expression of Notchl, Hesl, Hesb, and Jagged-1. The Notch signaling cascade is a crucial
regulator of neural stem cell maintenance and neuronal differentiation inhibition. Its overacti-
vation.prevents the conversion of precursor cells into the neuronal lineage and promotes their
glial differentiation [21]. Previous research has established the abnormal hyperactivation of
Notch signaling in individuals with depression and animal models of chronic stress, which is
accompanied by restricted hippocampal neurogenesis [22]. The current results not only corrob-
orate this phenomenon but also suggest that TSH inhibition, through the decrease of upstream
5-HT, may interact with the imbalance of Notch signaling, ultimately leading to impaired neu-

rogenesis.



This study identifies increased apoptosis as a significant finding alongside impaired neu-
rogenesis. Rats subjected to TSH inhibition displayed a higher Bax/Bcl-2 ratio, indicating a
pro-apoptotic state. In our results, the Bax/Bcl-2 ratio was approximately 30% higher in TSH-
suppressed rats than in controls, confirming this heightened apoptosis. Previous research links
abnormal thyroid function to oxidative stress and mitochondrial damage, accelerating neuronal
apoptosis [23]. The combined impact of heightened neuronal apoptosis and impaired neuro-
genesis compromises hippocampal plasticity and functionality, contributing to emotional dis-
orders [24]. Mechanistically, reduced 5-HT levels not only diminish neuronal survival-but may
also disrupt Notch signaling and increase apoptosis by impairing BDNF signaling [25]. Con-
sequently, emotional disorders may arise from intertwined pathological. processes: hormonal
imbalance reduces 5-HT, impairing neurogenesis via Notch signaling and apoptotic pathways,
ultimately leading to anxiety- and depression-like outcomes in behavior. It'should be noted that
other mechanisms not extensively examined here, such as neuroinflammation and impaired
neurotrophic support (e.g., reduced BDNF/TrkB signaling), might also contribute to these neu-
ropsychiatric effects of TSH inhibition, and deserve exploration in future studies.

This study elucidates a comprehensive mechanism: TSH inhibition disrupts thyroid hor-
mone levels, leading to reduced hippocampal 5-HT, aberrant Notch pathway activation, and
restricted neuronal differentiation. This results in increased glial differentiation, heightened
apoptosis signals, and reduced neural/network plasticity, culminating in depressive and anxi-
ety-like behaviors. Aligning with*previous clinical findings, this mechanism offers a robust
experimental foundation for understanding mood disorders associated with TSH inhibition
therapy, highlighting potential neuropsychiatric risks of excessive inhibition.

This study has several limitations that warrant consideration. First, the extent and temporal
dynamics of thyroid-stimulating hormone (TSH) inhibition may not fully recapitulate clinical
scenarios, underscoring the need for cautious extrapolation of the results from animal models
to human patients. Second, the investigation primarily focused on the Notch signaling pathway,
while.other potentially relevant mechanisms, such as neuroinflammation, oxidative stress, the
BDNF/TrkB pathway, and alterations in the hypothalamic-pituitary-adrenal axis, were not
comprehensively examined. Finally, the current findings are correlative in nature, and future
pharmacological or genetic manipulations will be necessary to establish the causal relationship
between reduced serotonin levels and dysregulation of the Notch pathway. Conducting a lon-
gitudinal study in clinical populations that integrates serological, neuroimaging, and cognitive
assessments could help clarify the predictive value of TSH inhibition therapy for the risk of

emotional disorders, thereby informing personalized treatment approaches.



In summary, this study elucidates the mechanisms by which TSH inhibition may lead to
emotional disorders, examining behavioral science, neurotransmitters, neurogenesis, and mo-
lecular signaling pathways. The findings indicate that prolonged TSH inhibition poses risks,
necessitating a balance between tumor control and mental health. Further clarification of the 5-
HT-Notch—neurogenesis pathway and exploration of drug interventions could inform compre-
hensive management strategies for thyroid cancer patients.

5. Conclusions

TSH inhibition is associated with anxiety/depression-like behaviors, accompanied;by a
decrease in hippocampal 5-HT, an upregulation of the Notch pathway, and.an‘imbalance in
neurogenesis—apoptosis. It suggests that excessive inhibition of the thyroid axis may pose neu-
ropsychiatric risks, and a balance needs to be struck between tumor recurrence inhibition and
mental health. These results highlight the importance of routine psychological monitoring and

support for patients undergoing long-term TSH inhibition therapy-

Supplementary Materials:

Author Contributions: Yikun Zhao: Writing - original draft, Project administration, Investigation, Conceptualization.
Honglin Jiang: Writing - original draft, Project administration, Investigation, Conceptualization. Qiuyue Sun: Investigation.
Huiyuan Shang: Validation, Investigation. All authors haveiread and agreed to the published version of the manuscript.
Funding: This work was supported by the National Natural*Science Foundation of China [Grant N0.81973855]; the Clinical
Research Business Expenses of Central High-level Hospitals at the provincial-ministerial level (Research No.: 2022-NHL-
HCRF-LX-02-0115)

Institutional Review Board Statement: The study adhered to the Regulations for the Administration of Laboratory Animals
and received approval from the Laboratory Animal Ethics Committee of Beijing University of Chinese Medicine (Approval
No. BUCM-2024060102-2228).

Data Availability Statement: The original contributions presented in this study are included in the article/supplementary
material. Further inquiries can be-directed to the corresponding author(s).

Conflicts of Interest: The-authors'declare that they have no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

5-HT 5-Hydroxytryptamine (Serotonin)
ANOVA  Analysis of Variance

Bax Bcl-2 - Associated X Protein
Bax/Bcl-2 Bax to Bcl-2 Ratio

BCA Bicinchoninic Acid (Assay)
Bcl-2 B-Cell Lymphoma 2

BDNF Brain-Derived Neurotrophic Factor
BrdU 5-Bromo-2'-Deoxyuridine

BUCM Beijing University of Chinese Medicine
cDNA Complementary DNA

CRediT Contributor Roles Taxonomy

DAPI 4’ 6-Diamidino-2-Phenylindole



ECL Enhanced Chemiluminescence

ELISA Enzyme-Linked Immunosorbent Assay

FT3 Free Triiodothyronine

FT4 Free Thyroxine

GFAP Glial Fibrillary Acidic Protein

HES1 Hairy and Enhancer of Split-1 (HES family bHLH TF 1)
HES5 Hairy and Enhancer of Split-5 (HES family bHLH TF 5)
HRP Horseradish Peroxidase

L-T4 Levothyroxine

LSD Least Significant Difference

mMRNA Messenger Ribonucleic Acid

NeuN Neuronal Nuclei (RBFOX3)

ns Not Significant

NSC(s) Neural Stem Cell(s)

OFT Open Field Test

PBS Phosphate-Buffered Saline

PMSF Phenylmethylsulfonyl Fluoride
gPCR Quantitative Polymerase Chain Reaction
gRT-PCR Quantitative Reverse Transcription PCR

RIPA Radioimmunoprecipitation Assay Buffer
SCXK Laboratory Animal Production License (PRC)
SD Standard-Deviation

SDS-PAGE Sodium,Dodecyl Sulfate - Polyacrylamide Gel Electrophoresis

SPF Specific Pathogen-Free

SPSS IBM SPSS Statistics

TBST Tris-Buffered Saline with Tween-20

TrkB Tropomyosin Receptor Kinase B (NTRK2)
TSH Thyroid-Stimulating Hormone

TST Tail Suspension Test
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