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TSH Suppression Induces Anxiety- and Depression-like
Behaviors in Rats, With Hippocampal 5-HT Loss, Notch
Activation, and a Neurogenesis-Apoptosis Imbalance
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neurobehavioral consequences are not well understood. Objectives: To evaluate the impact
of TSH suppression on emotion-related behaviors, thyroid axis hormones, hippocampal
serotonin (5-HT) levels, neurogenesis, Notch signaling, and apoptosis in a rat model. Materials
and Methods: Rats were assigned to three groups: blank control, TSH replacement, and TSH
suppression. TSH suppression was induced using total thyroidectomy combined with graded .
L-T4. Behavioral assessments were performed using open field and tail suspension tests. We Received: 16-12-2025;
measured serum levels of FT3, FT4, and TSH via ELISA, while hippocampal 5-HT levels were also Revised: 27-02-2026;
quantified. Neural stem-cell proliferation and differentiation were assessed with BrdU, Nestin, Accepted: 06-04-2026.
NeuN, and GFAP immunohistochemistry. Notch signaling and apoptosis markers were analyzed

using qPCR and Western blot techniques. Results: Compared with control and replacement

groups, TSH suppression led to anxiety- and depression-like behaviors, demonstrated by greater

immobility, longer rest periods, and delayed entry into the center of the open field. Additionally,

we observed elevated FT3 and FT4 levels with reduced TSH, decreased levels of hippocampal 5-HT,

and significant upregulation of Notch signaling pathway markers. Neurogenesis was disrupted,

characterized by enhanced stem-cell proliferation but decreased neuronal differentiation,

coupled with an increase in astrocyte differentiation. Furthermore, the Bax/Bcl-2 ratio increased,

indicating a pro-apoptotic environment. Conclusion: The findings indicate that TSH suppression

is linked to adverse mood-related behaviors, 5-HT depletion, Notch pathway activation, and an

imbalance in neurogenesis and apoptosis. These results suggest that excessive suppression of

the thyroid hormone axis may carry neuropsychiatric risks that need to be carefully balanced

against the oncological benefits during thyroid cancer treatment.
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INTRODUCTION doses of Levothyroxine (L-T4) is routinely prescribed after total
thyroidectomy to reduce the risk of recurrence.’ By chronically
driving serum TSH into a subnormal range, this regimen
achieves oncologic benefit but may simultaneously disturb
central monoaminergic systems. Growing clinical observations
suggest that patients on long-term TSH suppression frequently
report anxiety, depressive symptoms and impaired quality of
life, raising concern that aggressive endocrine therapy may carry
underappreciated neuropsychiatric risks.*

The relationship between thyroid dysfunction and mood disorders
has been recognized for decades; patients with hyperthyroidism
frequently present with anxiety, irritability and insomnia,
whereas hypothyroidism is associated with depressive symptoms
and cognitive impairment."? In current clinical practice,
however, neuropsychiatric complaints are also encountered in
patients whose thyroid axis is pharmacologically manipulated.
In differentiated thyroid cancer, long-term Thyroid-Stimulating

Hormone (TSH)-suppressive therapy with supraphysiologic —The pathogenesis of emotional disorders is multifaceted, with the
hippocampus playing a crucial role in regulating emotions and

cognition.® Thyroid hormones can cross the blood-brain barrier
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in emotional stability and antidepressant mechanisms. This
5-HT deficiency is considered an important pathological basis
for anxiety and depression.® Notably, changes in 5-HT levels
not only directly affect neuronal activities but also participate in
the regulation of hippocampal neurogenesis by modulating the
proliferation and differentiation of Neural Stem Cells (NSCs).”
Therefore, TSH suppression may indirectly contribute to the
development of emotional disorders through the pathway of
"decreased 5-HT - impaired neurogenesis".

The Notch signaling pathway is a critical molecular network
that regulates the fate determination of Neural Stem Cells
(NSCs) during neurogenesis.® Previous studies have suggested
that excessive Notch signaling is associated with decreased
neuronal differentiation, astrocyte production,
and the development of depression-like behaviors.” It can be
hypothesized that the decrease in serotonin (5-HT) caused
by Thyroid-Stimulating Hormone (TSH) suppression may
abnormally activate the Notch pathway, disrupt the balance
between neurogenesis and apoptosis, and ultimately manifest as
anxiety/depression-like behaviors.

increased

The present study employed a rat model to systematically
investigate the neurobiological mechanisms underlying the
association between Thyroid-Stimulating Hormone (TSH)
suppression therapy and the risk of emotional disorders.
Levothyroxine-induced TSH suppression was used to establish
the experimental model, and a comprehensive assessment was
conducted to evaluate the effects on emotion-related behaviors,
hippocampal serotonin (5-HT) levels, Notch signaling 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
suppression may contribute to the development of emotional
disorders, providing experimental evidence to inform the
assessment and management of neuropsychiatric risks in clinical
patients undergoing long-term TSH suppression therapy for
thyroid cancer.

MATERIALS AND METHODS

Experimental Animals

In this experiment, 120 SPF-grade male Wistar rats, sourced
from Beijing Vital River Laboratory 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 University
of Chinese Medicine under controlled conditions: 22+2°C
temperature, 50%-60% humidity, and a 12-hr light/dark cycle.
Standard pellet feed and water were provided ad libitum. The rats
underwent a 7-day acclimation period to mitigate stress from
transport and environmental changes. The study adhered to the
Regulations for the Administration of Laboratory Animals and

Indian Journal of Pharmaceutical Education and Research, Vol 60, Issue 3, Jul-Sep, 2026

received approval from the Laboratory Animal Ethics Committee
of Beijing University of Chinese Medicine (Approval No.
BUCM-2024060102-2228).

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.

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.,’® Under pentobarbital sodium anesthesia (3%, 0.1 mL/100
g, intraperitoneally), bilateral thyroidectomy was performed
microscopically. 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 suppression group.
Both groups received daily morning drug administration for
model establishment. Experiment approach was shown in Figure
1.

1. Blank control group: No thyroidectomy was performed.
The animals were reared conventionally without any
drug intervention.

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

days.

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

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.

Behavioral Testing
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 trajectory analysis. The experiment was conducted in a quiet
environment maintained at approximately 40 lux illuminance.
Each rat was placed in the center of the apparatus and allowed
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to move freely for 6 min. The recorded behavioral measures
included: total displacement, average speed, immobility duration,
latency to first enter the central area, 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.

Tail Suspension Test (TST)

The experiment took place during the dark cycle (illuminance<10
lux) at a room temperature 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 sec before the formal
timing commenced for 360 sec. Immobility time during passive
suspension was recorded, defined as the complete stillness of all
four limbs, with only respiratory movements observed.

Specimen Preparation
Serum Preparation

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

Brain Tissue Collection

Following blood collection, the rats were sacrificed by
decapitation, and the entire brain was extracted within 120
sec. 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 meticulously dissected under a binocular microscope,
divided into aliquots in pre-frozen 2 mL cryotubes, labeled, and
promptly stored at -80°C.

Enzyme-Linked Immunosorbent Assay (ELISA)

Serum thyroid function indices (TSH, FT3, FT4) and
hippocampal 5-hydroxytryptamine (5-HT) levels were quantified
using commercial ELISA Kkits, following the manufacturers'
protocols. 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.

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
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fluorescently labeled secondary antibodies for 1 hr at room
temperature in the dark. Nuclei were stained with DAPI,
visualized under a fluorescence microscope, and the number and
distribution of positive cells were analyzed using Image]J software.

Quantitative Real-Time PCR (qRT-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 transcription,
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 calculated using the 2
AACt method.

Western Blot

Hippocampal tissues were homogenized and lysed using RIPA
buffer with PMSE, followed by centrifugation at 12,000 g for
10 min to collect the supernatant. Protein concentration 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 hr. Primary antibodies were applied and
incubated overnight at 4°C. After TBST washing, HRP-labeled
secondary antibodies were added and incubated for 1 hr at room
temperature. Bands were visualized using ECL and captured
with a ChemiDoc MP imaging system. Quantitative analysis was
conducted with Image], normalizing relative expression levels to
B-actin. All the experimental reagents are listed in Table 1.

Statistical Analysis

The data are presented as meantstandard deviation (Xs).
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 were employed if the data did not conform
to the normal distribution. 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.
Effect sizes (e.g. n* for ANOVA) were calculated to quantify the
magnitude of group differences.

RESULTS

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 suppression 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 between the replacement
and blank groups (p=0.3255) (Figure 2).
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Figure 1: Experiment Approach.

Table 1: Main reagents, suppliers and catalog numbers.

Reagent name Supplier Catalog No.

Rat TSH ELISA KIT  Ruixin Biotech RX302808R

Rat FT3 ELISA KIT  Ruixin Biotech RXJ302109R

Rat 5-HT ELISA KIT Ruixin Biotech RXJ303050R

Rat FT4 ELISA KIT  Ruixin Biotech RXJ302110R

Anti-Brdu Mouse Servicebio (Wuhan, GB12051

mAb China)

Anti-GFAP Rabbit Servicebio (Wuhan, GB11096

pAb China)

Anti-Nestin Mouse Servicebio (Wuhan, GB12138

mAb China)

Anti-NeuN Rabbit Servicebio (Wuhan, GB11138

pAb China)

BAX Antibody MCE HY-P80027

Bcl-2 Antibody MCE HY-P80029

GAPDH Antibody Affinity AF7021

Hesl Antibody Beyotime AF2167
Biotechnology

HES5 Antibody Servicebio (Wuhan, A9768
China)

Jaggedl Antibody MCE HY-P80195

Notchl Antibody Zenbio R380355

The Open Field Test (OFT) revealed distinct behavioral patterns
in the inhibition group compared to controls (Figure 3A). 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 animals 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).
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Changes in thyroid axis function

ELISA assay results demonstrated that TSH suppression markedly
influenced thyroid hormone levels. In the suppression 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 suppression group (p<0.0001), with
no significant difference between the replacement and blank
groups (Table 2).

5-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
substitution group exhibited no statistically significant difference
from the blank group (p=0.054) (Figure 4).

Changes in Hippocampal Neurogenesis

Double immunofluorescence staining revealed that, compared
to the blank and substitution groups, the inhibition group
exhibited significantly elevated levels of BrdU/Nestin (neural
stem cells; p=0.0013 and p=.0014, respectively; Figure 5),
significantly reduced levels of BrdU/NeuN (newborn neurons;
p=0.0006; Figure 6), and significantly increased levels of BrdU/
GFAP (newborn astrocytes; p=0.0008 and p=0.0009, respectively;
Figure 7).

Activity of the Notch signaling pathway

Quantitative PCR (qPCR) analysis revealed significant
upregulation of Notchl, Hesl, 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 Notchl, HES1, HES5, and Jagged-1 protein levels
demonstrating a statistically significant increase in the inhibition

1259



Zhao, et al.: TSH Suppression and Hippocampal Dysfunction

Tail suspension test - immobility time

E 3+ + 3
1
150 ns
1

100

50

Inhibition

e
c
5]
£
]
o

L
o
Q

©

Figure 2: Tail suspension test - immobility time. (ns, *p<0.05,
**p<0.01, *** p<0.001, **** p<0.0001).

group relative to the blank and substitution 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).

Changes in Apoptosis-Related Molecules

The Bax/Bcl-2 ratio, a key indicator of apoptotic signaling,
was significantly elevated at the mRNA level in the inhibition
group compared to both the blank and replacement groups
(6.510£0.799 vs. 0.667+0.015 and 0.677£0.015, respectively;
p<0.01 for both comparisons). In contrast, no statistically
significant difference in the Bax/Bcl-2 ratio was observed between
the blank and replacement groups (p=0.072) (Table 3). This trend
was recapitulated at the protein level, where the Bax/Bcl-2 ratio
was markedly increased in the inhibition group relative to the
blank and replacement groups (0.867+0.015 vs. 0.667+0.015 and
0.677+0.015, respectively) (Table 4).

DISCUSSION

This study systematically demonstrated that prolonged TSH

suppression elicits substantial metabolic and endocrine

alterations, as well as anxiety- and depression-like behaviors,

A: Trajectory chart of the open field experiment

Control

B: Number of center visits

©

@

Center Entries

>

> RN A
&° = A
s (Q« <
s
< &
o RS
O &
<=
D: Immobility time
20.0 .
17.5
15.0
&
E 125
z
= 10.0
g
E 7.5
5.0
*
s , i
> Y Y
<& R R
& < <&
< & &
o o2
(& &
S

' .
Replacement Inhibition
C: Latency

5000

4000

Total Distance
w
o
=}
o

2000

1000

Figure 3: The results of the open field test.
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by modulating hippocampal neurotransmitters, neurogenesis,
and apoptosis in a rat model of TSH suppression. These findings
offer an experimental foundation for understanding the mental
health symptoms experienced by clinical thyroid cancer patients
following TSH suppression therapy, and suggest potential
underlying molecular mechanisms.

The present study demonstrates that rats subjected to
Thyroid-Stimulating Hormone (TSH) suppression exhibit distinct
behavioral phenotypes characteristic of depression and anxiety.
Specifically, 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
observations in thyroid cancer patients undergoing long-term
TSH suppression therapy, who frequently report symptoms such
as anxiety, depression, and emotional instability." > 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 alterations associated with
Thyroid-Stimulating Hormone (TSH) suppression. The findings
indicate that TSH suppression was accompanied by a significant
decrease in serotonin (5-HT) levels within the hippocampus.
This is noteworthy, as extensive evidence has demonstrated that
thyroid hormones can regulate the metabolism and transport of
monoamine neurotransmitters, including 5-HT, in the brain, and
the impact on the 5-HT system is particularly crucial."* Serotonin

is not only the classic neurotransmitter basis for emotional

disorders, but its deficiency has also been linked to inhibited
neurogenesis and reduced neural plasticity.”” In the current
study, the decrease in 5-HT levels coincided with the observed
behavioral abnormalities, suggesting a pivotal upstream role of
5-HT dysregulation in the emotional disturbances caused by TSH
suppression. Importantly, clinical studies have reported similar
findings, with hyperthyroid patients exhibiting 5-HT metabolic
disorders'® and hypothyroid patients showing decreased 5-HT
synthesis and release,”” both of which are strongly correlated

5-HT concentration
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Figure 4: 5-HT concentration. (ns, *p<0.05, **p<0.01, ***
p<0.001, **** p<0.0001).

Table 2: The contents of FT3, FT4 and TSH in the serum of rats in different groups.

Group Sample size Average
concentration of FT3
Control 12 3.635
Replacement 12 3.704
Inhibition 12 5.448
Sample size Average
con-centration of FT4
Control 12 15.122
Replacement 12 15.104
Inhibition 12 22.342
Sample size Average
con-centration of
TSH
Control 12 7.014
Replacement 12 6.858
Inhibition 12 2.702
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+SD Minimum Maximum
+0.140 3.454 3.803
+0.142 3.504 3.862
+0.171 5217 5.673

+SD Minimum Maximum
+0.799 14.000 16.268
+0.828 13.442 16.426
+1.205 20.974 24.850
+SD Minimum Maximum
+0.509 6.167 7.561
+0.640 5.508 7.595
+0.418 2.112 3.268
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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. (ns, ¥p<0.05, **p<0.01, *** p<0.001, **** p<0.0001).

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).

1262 Indian Journal of Pharmaceutical Education and Research, Vol 60, Issue 3, Jul-Sep, 2026



Zhao, et al.: TSH Suppression and Hippocampal Dysfunction

with depressive and anxious symptoms. Collectively, these
results indicate that TSH suppression may lead to a hormonal
imbalance by over-activating the thyroid axis, which in turn
alters the homeostasis of the 5-HT system, ultimately resulting in

emotional abnormalities.

The present study observed that TSH suppression resulted
in a significant imbalance in hippocampal neurogenesis,
characterized by enhanced proliferation, restricted neuronal

differentiation, and increased glial differentiation. Hippocampal

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.'® 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 lead to functional impairment of neural
circuits by triggering a deviation towards the glial lineage."

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).

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

Group Bax RQ
Control 1 1.000
Control 2 2.297
Control 3 3.106
Replacement 1 3.800
Replacement 2 4.120
Replacement 3 3.950
Inhibition 1 5.200
Inhibition 2 5.500
Inhibition 3 5.800
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Bcl-2 RQ Bax/Bcl-2
1.000 1.000
1.548 1.484
2.415 1.286
1.732 2.194
2.041 2.019
1.876 2.106
0.850 6.118
0.920 5.978
0.780 7.436
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Table 4: Relative expression level of Bax/Bcl-2 protein.

Group Sample 1 Sample 2
Control 0.65 0.68
Replacement 0.66 0.69
Inhibition 0.85 0.88
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Figure 8: The mRNA expression levels of key target genes of the Notch signaling pathway in the hippocampus of
each group of rats. (ns, *p<0.05, **p<0.01, *** p<0.001, **** p<0.0001).

The Notch signaling pathway appears to be a critical mediator of
this neurogenic imbalance. We observed significant upregulation
of Notch1, Hes1, Hes5 and Jagged-1 at both the mRNA and protein
levels in the TSH suppression group, indicating robust activation
of the Notch cascade. Notch signaling maintains neural stem
cells in an undifferentiated state and inhibits neuronal lineage
commitment, thereby promoting astroglial differentiation when
overactivated.”® Previous work has reported hyperactivation
of Notch signaling in depression models and stress-exposed
animals, accompanied by reduced hippocampal neurogenesis.”
Our findings extend these observations by showing that
pharmacological TSH suppression, likely via upstream 5-HT
disturbance, is associated with aberrant Notch activation and
subsequent disruption of the neurogenesis-apoptosis balance.

From a pharmacological perspective, the Notch pathway may
represent a potential target to mitigate TSH-suppression-induced
neurobehavioral effects.”? Experimental studies have shown
that pharmacological modulators of Notch signaling-including
y-secretase inhibitors and ligand-blocking strategies-can
dampen Notch activity, restore a more favorable neuronal/glial
differentiation balance and ameliorate depression-like behaviors
in certain rodent models.” While the systemic inhibition of Notch
raises safety concerns, especially in oncology, these preclinical data
suggest that selective, brain-targeted or temporally constrained
modulation of Notch signaling could, in principle, help preserve
hippocampal plasticity and mood in contexts where endocrine
therapy perturbs this pathway.** Future work combining TSH
suppression with pharmacological manipulation of Notch could
clarify whether this signaling axis is a viable therapeutic entry

point.”
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This study identifies increased apoptosis as a significant finding
alongside impaired neurogenesis. Rats subjected to TSH
suppression displayed a higher Bax/Bcl-2 ratio, indicating a
pro-apoptotic state. Previous research links abnormal thyroid
function to oxidative stress and mitochondrial damage,
accelerating neuronal apoptosis.® The combined impact of
heightened neuronal apoptosis and impaired neurogenesis
hippocampal plasticity and functionality,
contributing to emotional disorders.” Mechanistically, reduced
5-HT levels not only diminish neuronal survival but may also
disrupt Notch signaling and increase apoptosis by impairing
BDNF signaling.”® Consequently, 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
in behavioral assessments.

compromises

This study elucidates a comprehensive mechanism: TSH
suppression disrupts thyroid hormone 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
anxiety-like behaviors. Aligning with previous clinical findings,
this mechanism offers a robust experimental foundation for
understanding mood disorders associated with TSH suppression
therapy, highlighting potential neuropsychiatric risks of excessive
suppression.

Beyond elucidating mechanisms, our findings also have
implications for pharmacological intervention and for
pharmaceutical education and research. First, given the
central involvement of hippocampal 5-HT depletion, impaired
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Figure 9: The expression levels of key target proteins of the Notch signaling pathway in the hippocampus of
each group of rats. (ns, *p<0.05, **p<0.01, *** p<0.001, **** p<0.0001).

neurogenesis and aberrant Notch activation, clinically available
serotonergic antidepressants and other neuroplasticity-enhancing
agents may be considered as adjunctive options in thyroid cancer
patients who develop mood symptoms during TSH-suppressive
therapy, provided that drug-drug interactions and endocrine
status are carefully monitored. Second, the present work
underscores the importance of integrating neuroendocrine
and neuropsychiatric concepts into pharmacy curricula.
Training future pharmacists and clinical pharmacologists to
recognize the potential neuropsychiatric sequelae of long-term
endocrine manipulations, to counsel patients about mood and
cognitive changes and to participate in the rational selection
of psychotropic co-medications may help to improve the
comprehensive management of patients requiring chronic TSH
suppression. Third, our rat model offers a preclinical platform
for pharmaceutical research to screen novel compounds that
modulate 5-HT signaling, Notch activity or apoptosis-related
pathways in the context of endocrine-induced neuropsychiatric
dysfunction.

Despite its strengths, this study has several limitations. First,
the dosing regimen, route and duration of levothyroxine
administration in rats do not perfectly recapitulate the chronic,
oral TSH-suppressive therapy used in differentiated thyroid
cancer patients. The temporal dynamics and reversibility of
mood-related changes may therefore differ between species,
and caution is required when extrapolating these results to the
clinic. Second, we focused primarily on hippocampal 5-HT,
Notch signaling and Bax/Bcl-2-mediated apoptosis, whereas
other mechanisms highly relevant to mood regulation-such as
neuroinflammation, oxidative stress, the BDNF/TrkB pathway
and alterations in the hypothalamic-pituitary-adrenal axis-were
not systematically explored. Third, our data are correlational; we
did not directly manipulate 5-HT or Notch signaling in vivo to
establish causality. Future studies that combine pharmacological
or genetic modulation of these pathways with longitudinal
behavioral testing, as well as clinical cohorts in which the
intensity of TSH suppression is quantified alongside standardized
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neuropsychiatric assessments and neuroimaging, will be essential
to bridge the gap between animal models and human practice.

In summary, this study elucidates the mechanisms by which
TSH suppression may lead to emotional disorders, examining
behavioral science, neurotransmitters, neurogenesis, and
molecular signaling pathways. The findings indicate that
prolonged TSH suppression 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 comprehensive management

strategies for thyroid cancer patients.

CONCLUSION

TSH suppression is associated with pronounced anxiety- and
depression-like behaviors in rats, accompanied by decreased
hippocampal 5-HT content, activation of the Notch signaling
pathway and an imbalance between neurogenesis and apoptosis.
These findings suggest that excessive suppression of the thyroid
axis may pose neuropsychiatric risks by impairing hippocampal
plasticity and monoaminergic homeostasis. Clinically, in
differentiated thyroid cancer patients receiving long-term
TSH-suppressive levothyroxine therapy, our data support
careful titration to the lowest effective level of TSH suppression,
systematic monitoring of mood and cognitive symptoms and
consideration of adjunctive pharmacological strategies when
emotional disturbances emerge. Balancing tumor recurrence
prevention with preservation of mental health should therefore
be a key principle in the comprehensive management of patients
requiring chronic TSH suppression.
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5-HT: 5-Hydroxytryptamine (Serotonin); ANOVA: Analysis
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Medicine; cDNA: Complementary DNA; CRediT: Contributor

1265



Zhao, et al.: TSH Suppression and Hippocampal Dysfunction

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; mRNA: Messenger Ribonucleic Acid; NeuN:
Neuronal Nuclei (RBFOX3); ns: Not Significant; NSC(s): Neural
Stem Cell(s); OFT: Open Field Test; PBS: Phosphate-Buffered
PMSE: qPCR:
Quantitative Polymerase Chain Reaction; qRT-PCR: Quantitative

Saline; Phenylmethylsulfonyl  Fluoride;
Reverse Transcription PCR; RIPA: Radioimmunoprecipitation
Assay Buffer; SCXK: Laboratory Animal Production License
(PRC); SD: Standard Deviation; SDS-PAGE: Sodium Dodecyl
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Pathogen-Free; SPSS: IBM SPSS Statistics; TBST: Tris-Buffered
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SUMMARY

This study investigated how thyroid-stimulating hormone
(TSH) thyroid
management-affects emotional behavior and hippocampal

suppression-commonly used in cancer

function in rats. Using a total thyroidectomy model followed
by graded levothyroxine administration, rats were assigned
to blank control, hormone-replacement, or TSH-suppression
groups. Behavioral tests showed that TSH-suppressed rats
displayed prominent anxiety- and depression-like behaviors,
including increased immobility and reduced exploration.
Biochemically, these rats exhibited elevated FT3/FT4, markedly
reduced TSH, and significantly decreased hippocampal serotonin
(5-HT). TSH suppression also induced abnormal neurogenesis,
characterized by increased neural stem-cell proliferation,
reduced neuronal differentiation, and enhanced astrocyte
formation. Concurrently, Notch signaling components (Notchl,
Hes1, Hes5, Jagged-1) were upregulated, and the Bax/Bcl-2 ratio
increased, indicating a pro-apoptotic environment. Together,
these findings reveal that excessive TSH suppression disrupts
hippocampal neurotransmission, neurogenesis, and apoptosis,
ultimately producing mood-related behavioral disturbances. The
results highlight potential neuropsychiatric risks of aggressive
TSH-suppressive therapy.
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