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Serotonin enhances neurogenesis =0

biomarkers, hippocampal volumes,
and cognitive functions in Alzheimer’s disease

Ali Azargoonjahromi' ® and For the Alzheimer's Disease Neuroimaging Initiative

Abstract

Research on serotonin reveals a lack of consensus regarding its role in brain volume, especially concerning biomarkers
linked to neurogenesis and neuroplasticity, such as ciliary neurotrophic factor (CNTF), fibroblast growth factor 4 (FGF-
4), bone morphogenetic protein 6 (BMP-6), and matrix metalloproteinase-1 (MMP-1) in Alzheimer’s disease (AD). This
study aimed to investigate the influence of serotonin on brain structure and hippocampal volumes in relation to cog-
nitive functions in AD, as well as its link with biomarkers like CNTF, FGF-4, BMP-6, and MMP-1. Data from 133 ADNI par-
ticipants with AD included cognitive assessments (CDR-SB), serotonin measurements (Biocrates AbsolutelDQ p180 kit,
UPLC-MS/MS), and neurotrophic factors quantified via multiplex proteomics. Gray matter volume changes were ana-
lyzed using Voxel-Based Morphometry (VBM) with MRI. Statistical analyses employed Pearson correlation, bootstrap
methods, and FDR-adjusted p-values (< 0.05 or<0.01) via the Benjamini-Hochberg procedure, alongside nonpara-
metric methods. The analysis found a positive correlation between serotonin levels and total brain (r=0.229, p=0.023)
and hippocampal volumes (right: r=0.186, p=0.032; left: r=0.210, p=0.023), even after FDR adjustment. Higher sero-
tonin levels were linked to better cognitive function (negative correlation with CDR-SB, r=-0.230, p=0.024). Notably,
serotonin levels were positively correlated with BMP-6 (r=0.173, p=0.047), CNTF (r=0.216, p=0.013), FGF-4 (r=0.176,
p=0.043),and MMP-1 (r=0.202, p=0.019), suggesting a link between serotonin and neurogenesis and neuroplasti-
city. However, after adjusting for multiple comparisons and controlling for confounding factors such as age, gender,
education, and APOE genotypes (APOE3 and APOE4), none of the correlations of biomarkers remained statistically
significant. In conclusion, increased serotonin levels are associated with improved cognitive function and increased
brain volume. However, associations with CNTF, FGF-4, BMP-6, and MMP-1 were not statistically significant after adjust-
ments, highlighting the complexity of serotonin’s role in AD and the need for further research.
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Introduction
Serotonin (5-hydroxytryptamine, 5-HT) is a vital neu-
rotransmitter that regulates mood, promotes neurogen-
esis, and supports neuroplasticity, particularly in the
hippocampus [1-4], which is essential for learning and
emotional regulation [5, 6]. Known as the “feel-good”
chemical, serotonin is predominantly found in the brain
and gastrointestinal tract, with about 90% located in the
gut. It is synthesized from the amino acid tryptophan
and influences various physiological functions, includ-
ing mood regulation, bowel movement control, blood
vessel constriction, appetite, sleep, and cognition [7, 8].
Notably, serotonin’s role in regulating neurogenesis and
synaptic plasticity makes it a crucial focus in research on
mood disorders like depression [9], as well as neurocog-
nitive diseases such as Alzheimer’s disease (AD) [10].
Research has shown that serotonin induces neuro-
genesis, the formation of new neurons, primarily in the
dentate gyrus (DG) of the hippocampus and the subven-
tricular zone (SVZ) [11-14]. Indeed, elevated serotonin
levels, often achieved through antidepressants such as
selective serotonin reuptake inhibitors (SSRIs), have been
demonstrated to enhance the generation of new neu-
rons in these areas [15, 16]. Accordingly, serotonin and
its receptors, including 5-HT1A, 5-HT1B, and 5-HT2,
are crucial for promoting the growth of neural progeni-
tor cells, which ultimately leads to the formation of new
neurons [1, 12, 13, 17-19]. For instance, the activation of
the 5-HT1A receptor has been shown to enhance neu-
ron production in both the DG and SVZ; likewise, the

5-HT2A and 5-HT2C receptors influenced neurogenesis
in various brain regions, underscoring serotonin’s diverse
roles in neuronal development [11].

Despite such findings, a study found that lowering cen-
tral serotonin levels in adulthood, achieved by depleting
serotonergic neurons or inactivating serotonin synthesis,
enhances adult hippocampal neurogenesis [20]. Similarly,
a surprising finding in a transgenic rat model (TetO-
shTPH2) suggested that reduced serotonin levels may
actually promote increased neurogenesis, potentially
serving as a compensatory mechanism in response to
stress or injury. This challenges the prevailing view that
higher serotonin levels consistently enhance neurogen-
esis [21]. Thus, such complexities highlight the nuanced
role of serotonin in regulating neurogenesis under vari-
ous conditions, including stress and neurodegeneration.

Beyond neurogenesis, serotonin can enhance neuro-
plasticity—the brain’s ability to form new neural connec-
tions—by interacting with brain-derived neurotrophic
factor (BDNF), which supports neuron growth and syn-
apse formation [14, 22, 23]. Notably, this interaction
strengthens synaptic connections in the hippocampus,
promotes neurogenesis and stress resilience—as shown
in both human and animal studies—and plays a cru-
cial role in cognitive functions due to increased BDNF
expression [23-26]. Noteworthy, regarding serotonin’s
role in other neurotrophic and nerve growth factors
such as ciliary neurotrophic factor (CNTEF), fibroblast
growth factor 4 (FGF-4), bone morphogenetic protein
6 (BMP-6), and matrix metalloproteinase-1 (MMP-1),
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there has been, to our knowledge, no research conducted
to clarify the specific interactions and regulatory mecha-
nisms between serotonin and these factors concerning
neurogenesis, neuroplasticity, and metabolic regulation.
Therefore, further studies are essential to understand
how serotonin influences these neurotrophic factors and
their potential implications for neurodevelopment and
neurodegenerative disorders. This current study aimed to
address this gap.

In AD, the serotonin system was found to influence
on key pathological processes such as B-amyloid and
tau protein aggregation. Evidence suggested that target-
ing serotonin receptors may not only improve cognitive
function but also address the root causes of AD-related
dementia [10]. However, s evidence from zebrafish mod-
els revealed that serotonin can negatively regulate BDNF
expression [27], which contrasts with other studies show-
ing that serotonin and BDNF work synergistically to
enhance neuroplasticity and neurogenesis [22—-26]. This
discrepancy suggests that serotonin may behave differ-
ently in neurodegenerative diseases like AD compared to
typical neuroplastic or antidepressant mechanisms. This
study aimed to explore the interaction between serotonin
levels and neurotrophic factors and biomarkers related
to neurogenesis and neuroplasticity, which has yet to be
elucidated.

The former studies underscored the critical role of
serotonin in regulating brain structure and function, par-
ticularly gray matter volume (GMV) and hippocampal
volume. A positive correlation existed between serotonin
receptor binding, especially the 5-HT1A receptor, and
GMY, indicating these receptors influence brain integrity
[28]. Likewise, in psychiatric conditions, altered seroto-
nin receptor densities are linked to decreased GMV and
hippocampal volumes, impaired neurogenesis, and struc-
tural brain changes, thereby contributing to mood dis-
turbances and cognitive deficits [29, 30]. Of note, genetic
variants, such as His452Tyr in the 5-HT2A receptor,
were linked to reduced GMYV in the hippocampus and
poorer memory performance, highlighting the genetic
influence on serotonin’s effects [31]. However, the cor-
relation between 5-HT1A receptor binding and GMV
was absent in individuals with autism spectrum disorder
[32]. Overall, these findings emphasize serotonin’s multi-
faceted role in brain structure and function, warranting
further investigations.

This study aimed to investigate, to the best of knowl-
edge for the first time, how serotonin influences brain
structure and hippocampal volumes, along with their
connections to cognitive functions in AD. Besides, it
sought to explore the relationship between serotonin
and neurotrophic factors and biomarkers, such as CNTE,
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FGF-4, BMP-6, and MMP-1, pertained to neurogenesis
and neuroplasticity.

Methods and materials

Data for this article were obtained from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) database (www.
adni.loni.usc.edu), launched in 2003 by Principal Investi-
gator Michael W. Weiner, MD. ADNI aims to determine
if MRI, PET, biological markers, and clinical assessments
can track the progression of MCI and early AD. The study
recruited 133 participants who met the ADNI criteria for
the AD group.

Cognitive assessment

Among the three cognitive assessments—CDR, ADAS-
Cog, and MMSE—this study specifically utilized the
CDR-SB to establish correlations with other factors. In
contrast, both the MMSE and ADAS-Cog were employed
to provide a broader analysis of the participants’ overall
cognitive functions. This distinction allows for a nuanced
understanding of cognitive impairments in the context of
AD, highlighting the unique role of each assessment tool
in the evaluation process.

The clinical dementia rating (CDR) [33] scale was used
to assess the overall severity of dementia symptoms
across multiple domains, including memory, orientation,
judgment, and personal care. The evaluation process
involved a semi-structured interview with the participant
and an interview with an informant, typically a family
member or caregiver. Based on these interviews, scales
ranged from O (no impairment) to 3 (severe impairment).
The ratings from each domain were then combined to
produce a global CDR score, which classifies participants
into categories ranging from normal cognition, to mild
cognitive impairment or dementia [34]. The CDR-sum of
boxes (CDR-SB) score ranges from 0 to 18, with higher
scores indicating greater cognitive and functional impair-
ment. A score of 0 reflects no impairment, while scores
between 0.5 and 18 represent varying levels of mild to
severe dementia [35].

The Alzheimer’s disease assessment scale-cognitive
subscale (ADAS-Cog) [36, 37] was specifically designed
to measure the severity of cognitive symptoms associated
with AD. It includes a series of cognitive tests that assess
various domains such as memory, language, and praxis
(motor coordination). Participants were asked to per-
form tasks like word recall, object naming, and copying
geometric figures. The total score on the ADAS-Cog can
range from 0 to 70, with higher scores indicating more
severe cognitive impairment. This longitudinal tracking
was crucial for understanding how cognitive decline pro-
gresses in individuals with MCI or AD [37].
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The mini-mental state examination (MMSE) [38] is a
widely used screening tool for assessing cognitive func-
tion, primarily in older adults. It comprises 30 questions
that evaluate various cognitive domains, including ori-
entation, attention, memory, language, and visuospatial
skills. The MMSE score ranges from 0 to 30, with higher
scores indicating better cognitive function. A score of 24
or lower typically suggests cognitive impairment, with
lower scores often correlating with greater severity of
dementia. The MMSE is commonly used in clinical set-
tings to help diagnose and monitor cognitive decline [39,
40].

Serotonin measurement

The measurement of serotonin levels in human serum
samples was carried out using the Biocrates AbsoluteIDQ
p180 kit, which quantifies over 180 metabolites, includ-
ing serotonin. The process began with sample prepara-
tion, where 10 pL of serum was added to each well of a
96-well plate containing an internal standard for accurate
quantitation. The plate was then dried under nitrogen,
followed by derivatization with phenyl isothiocyanate to
label biogenic amines, including serotonin. The samples
were eluted with 5 mM ammonium acetate in methanol
for extraction and diluted with 40% methanol in water for
UPLC analysis.

Serotonin was analyzed using UPLC-MS/MS, with
separation achieved through a Waters Acquity UPLC
system using a C18 column. A gradient of 0.1% formic
acid in water and acetonitrile was used, and detection
occurred in Multiple Reaction Monitoring (MRM) mode
with a Xevo TQ-S triple quadrupole mass spectrometer.
The transition from precursor to product ions was moni-
tored, with stable isotope-labeled standards ensuring
accuracy. Data processing was done using TargetLynx
software, with final analysis in Biocrates MetIDQ'" soft-
ware. Calibration standards and quality control (QC)
measures, including Golden West Serum, NIST SRM-
1950 plasma, and a Study Pool QC, were incorporated
to maintain accuracy. The QC pool was injected before
and after every batch to check for potential batch effects,
ensuring reliable results.

Neurotrophic and growth factors measurement in plasma
samples

In the ADNI, the measurement of neurotrophic and
growth factors in plasma involved stringent QC pro-
cedures. QC measures included spiking blank human
plasma with extracts from cell cultures expressing indi-
vidual analytes, with low, medium, and high QC levels
established for nearly all analytes and run in duplicate
on 15 plates. A total of 1,065 500 uL. EDTA plasma sam-
ples were processed, collected from participants after
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overnight fasting, within 120 min to ensure sample
integrity.

The laboratory employed a multiplex targeted prot-
eomics approach for quantifying analytes, which allowed
for simultaneous measurement of multiple proteins in a
single sample. Samples were randomized for analysis at
the RBM facility, which remained blind to the clinical
data. Both baseline and one-year follow-up samples were
included, targeting individuals with MCI and AD. QC
results were carefully monitored, with analytes showing
CV values above 25% flagged for caution. The method-
ology addressed potential discrepancies such as outliers
and samples below the least detectable dose (LDD). Sta-
tistical analyses adhered to a predefined plan, highlight-
ing the importance of consulting trained statisticians for
accurate interpretation.

Neuroimaging technique (Voxel-Based Morphometry
(VBM))

Voxel-based morphometry (VBM) using MRI data
is a technique applied for the quantitative analysis of
brain structural differences. VBM focuses on detecting
regional volume changes in gray matter by analyzing the
voxel-wise comparison of brain anatomy across different
subjects, particularly in the context of neurodegenerative
diseases like AD [41].

VBM involves several critical preprocessing steps to
ensure accurate and reliable comparison of brain struc-
tures across subjects. First, high-resolution T1-weighted
MRI images undergo denoising and bias correction to
reduce noise and correct intensity variations. The brain
images are then segmented into gray matter, white mat-
ter, and cerebrospinal fluid (CSF) compartments using a
Bayesian framework. After segmentation, spatial normal-
ization aligns the images to a standardized space (typi-
cally MNI), allowing for comparability across subjects.
Finally, the segmented gray matter images are smoothed
with a Gaussian kernel, improving statistical power and
accommodating anatomical variability. VBM analysis is
then performed using voxel-wise comparisons across dif-
ferent groups (e.g., AD patients versus controls), often
using statistical parametric mapping (SPM) software.
Statistical analysis follows, adjusting for multiple com-
parisons to ensure the reliability of results. This standard-
ized pipeline ensures consistent, large-scale analysis of
brain structure in neurodegenerative diseases.

Statistical analysis

All statistical analyses were performed using Python
(version 3.9.20) and IBM SPSS Statistics (version 27).
Descriptive statistics, including means, standard devia-
tions, and percentages, were calculated for the demo-
graphic characteristics and cognitive scores of the
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participants. The analysis utilized Pearson correla-
tion and bootstrap methods to assess the relationships
between variables, ensuring robust estimates of cor-
relation coefficients with minimal bias and variability.
To account for multiple comparisons and reduce the
risk of false positives, p-values were adjusted using the
Benjamini-Hochberg procedure for controlling the
false discovery rate (FDR), with thresholds set at<0.05
or<0.01 for statistical significance. Additionally, non-
parametric methods were employed to provide further
validation of the results, enhancing the reliability of the
findings in the presence of non-normal data distribu-
tions or small sample sizes.

Results

A total of 133 participants diagnosed with AD were
included in the study, comprising 79 males and 54
females. Participants’ ages ranged from 56 to 90 years,
with a mean age of 76.20 years (SD =7.39). Cognitive
function was measured using multiple tools: the CDR-
SB (mean=4.88, SD=4.14), the MMSE (mean=22.11,
SD=4.28), and the ADAS-Cog (mean=17.02,
SD =7.22). (Table 1).

Table 1 Demographic characteristics of the participants

Variable N Mean (SD) Min Max
Age (Y/O) N/A 7620(739) 56 90
Handedness N/A 1.08(0.28) 1 3

- Right-handed 123 N/A N/A N/A

- Left-handed 10 N/A N/A  N/A
Gender N/A 1.41(0.49) 1 2

- Males 79 N/A N/A  N/A

- Females 54 N/A N/A  N/A
Education N/A 1520(3.04) 8 20
CDR-SB N/A 4.88 (4.14) 0 18
MMSE N/A 22.11(428) 5 30
ADAS-Cog N/A 1702(722) 3 43
APOE 4 carrier (positive/negative) ~ 71/62  N/A N/A  N/A
APOE 3 carrier (positive/negative)  87/46  N/A N/A  N/A
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Serotonin level correlated with total brain volume

and bilateral hippocampal volumes

The findings revealed correlations between serotonin lev-
els and various brain volume measurements, including
total brain volume and left and right hippocampal VBM.
There was a significant positive correlation between ser-
otonin and total brain volume (r=0.179, p=0.039), as
well as between serotonin and right hippocampal VBM
(r=0.181, p=0.037). A moderate positive correlation
was observed between serotonin and left hippocampal
VBM (r=0.217, p=0.012), also statistically significant.
Besides, total brain volume showed positive correlations
with both left hippocampal VBM (r=0.172, p=0.048)
and right hippocampal VBM (r=0.203, p=0.019). Nota-
bly, left and right hippocampal VBM are strongly cor-
related (r=0.870, p<0.001). The results, supported by
bootstrap confidence intervals and standard errors, sug-
gested positive relationships between serotonin and brain
volume metrics, particularly in the hippocampal regions.
(Table 2).

After adjustment for age, gender, education, and APOE
genotypes (APOE3 and APOE4), the results showed sig-
nificant positive correlations between serotonin levels
and total brain volume (r=0.229, p=0.023), left hip-
pocampal volume (r=0.210, p=0.023), and right hip-
pocampal volume (r=0.186, p=0.032) (Table 3).

Serotonin level improved cognitive functions measured

by CDR-SB

The findings showed the correlation between serotonin
levels and CDR-SB scores in 133 participants. The Pear-
son correlation coefficient of -0.198 indicated a negative

Table 3 Correlations between serotonin levels and brain
volumes after adjustment for confounding factors

Variables Correlation FDR
adjusted
P-value
Total brain volume 0.229 0.023
Left hippocampal VBM 0.210 0.023
Right hippocampal VBM 0.186 0.032

Table 2 Correlations between serotonin level and various brain volume measurements

Variables Serotonin Total Brain Volume Left Hippo VBM Right Hippo VBM
Serotonin 1 0.179* (p=0.039) 0.217* (p=0.012) 0.181* (p=0.037)
Total Brain Volume 0.179* 1 0.172* (p=0.048) 0.203* (p=0.019)
Left Hippocampal VBM 0.217* 0.172* 1 0.870** (p<0.001)
Right Hippocampal VBM 0.181* 0.203* 0.870%* 1

" Correlation is significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level (2-tailed). Values in bold are statistically significant
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relationship, meaning higher serotonin levels are asso-
ciated with lower CDR-SB scores, which reflect greater
cognitive functions. This correlation was statistically sig-
nificant (p=0.023), suggesting a less than 5% probability
that the result was due to chance. The sum of squares for
serotonin was 21.593, and for CDR-SB, it was —25.287,
indicating their interrelatedness.

Covariance values indicated the degree to which two
variables change together. A covariance of 0.164 for sero-
tonin meant that as serotonin levels increase, there was
a tendency for the values of the other variable (CDR-SB)
to change positively. Conversely, a covariance of —0.192
for CDR-SB suggested that as CDR-SB scores increase
(indicating more cognitive impairment), serotonin levels
tended to decrease.

Bootstrap analysis provided insights into the stabil-
ity of these estimates. A bias of O for serotonin indicated
that the estimate of its relationship with CDR-SB was
unbiased, while a bias of —0.004 for CDR-SB suggested
a slight negative adjustment. Standard errors reflected
the variability of these estimates: a standard error of 0
for serotonin indicated no variability in the estimate,
while a standard error of 0.067 for CDR-SB indicated
some level of variability in the estimate for that vari-
able. Overall, these results highlighted a positive signifi-
cant relationship between serotonin levels and cognitive
function, suggesting serotonin’s potential role in cogni-
tive functions (Table 4). After adjustment for age, gender,

Table 4 Correlations between serotonin level and cognitive
functions measured by CDR-SB

Variable Serotonin CDR-SB
Pearson Correlation 1 —0.198*
Significance (2-tailed) 0.023
Sum of Squares and Cross- 21.593 —25.287
products

Covariance 0.164 -0.192
Bootstrap Bias 0 —-0.004
Standard Error 0 0.067

* Correlation is significant at the 0.05 level (2-tailed). Values in bold are
statistically significant
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education, and APOE genotypes (APOE3 and APOE4),
the results also showed the same: A significant nega-
tive correlation between serotonin levels and cognitive
impairment, as indicated by the CDR-SB (r=-0.230,
FDR-adjusted p=0.024).

Total brain volume and bilateral hippocampal volumes
correlated with cognitive functions measured by CDR-SB
The findings revealed correlations between the CDR-SB
score, total brain volume, and VBM measures of the left
and right hippocampus in participants. Higher CDR-SB
scores, indicating greater cognitive impairment, were
significantly correlated with reductions in total brain
volume (r=-0.223, p=0.010), left hippocampal vol-
ume (r=-0.246, p=0.004), and right hippocampal vol-
ume (r=-0.308, p<0.001), with a stronger relationship
observed in the right hippocampus. Bootstrap analysis,
used for verification, showed minimal bias and confirmed
the significance of these correlations. The results showed
that after FDR adjustment, the correlations between
CDR-SB and brain volumes were weakened, but still sig-
nificant; the correlations decreased in strength, with total
brain volume (r=-0.162, p=0.062), left hippocampal
volume (r=-0.190, p=0.043), and right hippocampal
volume (r=-0.257, p=0.009) (Table 5).

Serotonin level correlated with various neurotrophic

and nerve growth factors involved in neurogenesis

and neuroplasticity

The findings showed that serotonin has significant posi-
tive correlations with BMP-6 (r=0.173, p=0.047), CNTF
(r=0.216, p=0.013), FGF-4 (r=0.176, p=0.043), and
MMP-1 (r=0.202, p=0.019), suggesting that higher sero-
tonin levels were associated with increased levels of these
factors. BMP-6 strongly correlated with CNTF (r=0.750,
p<0.001), FGE-4 (r=0.734, p<0.001), and MMP-1
(r=0.446, p<0.001), indicating significant co-regulation.
Besides, CNTF and FGF-4 were strongly linked (r=0.714,
p<0.001), and both showed positive correlations with
MMP-1. However, after adjusting for multiple compari-
sons, the correlations between serotonin levels and these
biomarkers (BMP-6, CNTF, FGF-4, and MMP-1) were no
longer statistically significant. (Table 6) (Fig. 1).

Table 5 Correlations between various brain volume measurements and cognitive functions measured by CDR-SB

Variables CDR-SB (Before FDR-adjusted) Bias Std. Error CDR-SB (After FDR-adjusted)
CDR-SB 1 0 0 1

Total brain volume —-0.223 (p=0.010) 0.001 0.080 -0.162 (P=0.062)

Left hippocampus —0.246 (p=0.004) 0.004 0.081 —0.190 (P =0.043)

Right hippocampus —0.308 (p<0.001) 0.003 0.085 —-0.257 (P =0.009)

Values in bold are statistically significant
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Table 6 Correlations between serotonin level and various
neurotrophic and nerve growth factors

Variables Correlation p-value Correlation (After FDR-
FDR-Adjusted) adjusted
p-value
BMP-6 0.173* 0.047 0.055 0.530
CNTF 0.216* 0.013 0.132 0210
FGF-4 0.176* 0.043 0.085 0.444
MMP-1 0.202* 0.019 0.071 0478

BMP-6 Bone Morphogenetic Protein 6, CNTF Ciliary Neurotrophic Factor, FGF-4
Fibroblast Growth Factor 4, MMP-1 Matrix Metalloproteinase-1. Values in bold
are statistically significant

" Correlation is significant at the 0.05 level (2-tailed)

Discussion

The study on AD patients uncovered several significant
relationships that emphasize the role of serotonin in
brain health and cognitive function. A key finding, for
the first time, was the positive correlation between sero-
tonin levels and various biomarkers and neurotrophic
factors, including CNTE, FGF-4, BMP-6, and MMP-1;
however, after adjusting for multiple comparisons, these
correlations were no longer statistically significant. Our
confounders included age, gender, education level, and
APOE genotypes (APOE3 and APOE4). These factors are
involved in neurogenesis and neuroplasticity, suggesting
that higher serotonin levels may stimulate their produc-
tion, thereby promoting brain resilience and supporting
cognitive health.
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In addition, the research revealed a significant nega-
tive correlation between serotonin levels and cognitive
impairment, as measured by the CDR-SB. Higher seroto-
nin levels were associated with better cognitive function,
suggesting a protective role against cognitive decline in
AD and emphasizing its importance in cognitive health.

The study also found a positive association between
serotonin levels and brain volume. This means that par-
ticipants with higher serotonin levels exhibited increased
total brain volume and larger hippocampal volumes,
suggesting that elevated serotonin may help preserve
or enhance brain structure. Moreover, the study dem-
onstrated that reductions in brain volume, particularly
in the hippocampus, were linked to greater cognitive
impairment, further reinforcing the idea that maintaining
brain and hippocampal size is crucial for cognitive pres-
ervation in AD patients.

Overall, the findings emphasized the interconnected
roles of serotonin, brain structure, cognitive function,
biomarkers, and neurotrophic factors in AD. They also
suggested potential therapeutic strategies that focus on
boosting serotonin levels to support brain health and
enhance cognitive performance.

The findings of this study are consistent with earlier
research emphasizing serotonin’s vital role in maintaining
brain health and cognitive function. Both this research
and prior studies demonstrated a clear link between
higher serotonin levels and better cognitive performance,
suggesting that serotonin plays a crucial role in enhanc-
ing cognitive outcomes. This connection highlights

Serotonin Levels and Biomarkers Related to
Neurogenesis and Neuroplasticity

0.20

Correlation Coefficient (r)

BMP-6 CNTF

FGF-4 MMP-1

Variables

Fig. 1 The bar chart presents the correlation coefficients of key biomarkers—BMP-6 (0.173), CNTF (0.216), FGF-4 (0.176), and MMP-1 (0.202)—
associated with serotonin levels. These biomarkers play significant roles in neurogenesis and neuroplasticity, indicating their potential impact

on brain health and development
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serotonin’s significance beyond its traditional function as
a neurotransmitter, positioning it as a central component
in the neurobiological mechanisms that support cogni-
tive health [42-47].

Serotonin plays a crucial role in both physiological
and cognitive functions by modulating neural activity
through its widespread receptor subtypes. It influences
key brain regions like the hippocampus and prefrontal
cortex, which are essential for learning, memory, and
decision-making [47-51]. The serotonergic system inter-
acts with other neurotransmitters, such as dopamine,
acetylcholine, and glutamate, contributing to cognitive
processes [47]. In disorders like schizophrenia [52-56]
and AD [10, 57-61], disrupted serotonergic pathways
were linked to cognitive deficits, including impaired
memory and reasoning. Thus, therapeutic strategies tar-
geting serotonin receptors, such as 5-HTR3 and 5-HTR4,
showed potential in improving cognition by regulat-
ing neurotransmitter release and reducing pathological
markers like amyloid-p in AD [10, 43, 62, 63].

In addition to serotonin, other neurotransmitters like
acetylcholine and dopamine can play a significant role in
cognition and neuroprotection, particularly in the con-
text of AD. Acetylcholine, through muscarinic receptors,
is crucial for memory and attention, and its deficits con-
tribute to cognitive decline in AD [64, 65]. Dopamine,
acting on D1 and D2 receptors, supports motivation,
attention, and executive function, with dysfunction in AD
impairing working memory, attention, and goal-directed
behavior [66]. These neurotransmitter systems do not
operate in isolation; there is significant crosstalk between
them. For example, dopamine and acetylcholine interact
to modulate cognitive processes like attention and learn-
ing, with acetylcholine enhancing dopaminergic signaling
in the prefrontal cortex. Disruption in this interplay can
lead to the cognitive disturbances seen in AD, where the
balance between excitation and inhibition in the brain is
compromised. Together, these neurotransmitter systems
are crucial for maintaining cognitive function, and their
disruption in AD contributes to the disease’s hallmark
cognitive impairments [67, 68].

The current findings expand previous knowledge by
highlighting serotonin-linked biomarkers—CNTEFE, FGEF-
4, BMP-6, and MMP-1—that have been largely underex-
plored in earlier studies. These biomarkers are crucial for
neurogenesis and synaptic plasticity [69-75], shedding
light on potential mechanisms through which serotonin
may influence cognitive health and brain resilience. How-
ever, the precise pathways by which serotonin increases
these biomarkers remain unclear. While there is evidence
that serotonin affects the expression of neurotrophic fac-
tors like BDNF [23, 76], its interactions with CNTF, FGF-
4, BMP-6, and MMP-1 are not yet fully understood.

(2024) 17:93 Page 8 of 12

CNTF is a neurotrophic factor crucial for neuron sur-
vival and differentiation, primarily activating the JAK/
STAT pathway [77-79] to maintain neuronal health and
induce neurogenesis, particularly in conditions like AD
[80—-82]. FGF-4 similarly promotes the proliferation and
differentiation of neural progenitor cells through FGF
receptors and the MAPK pathway, supporting neuro-
genesis and cognitive resilience [71, 83—85]. BMP-6 may
contribute to neuronal development and synaptic remod-
eling via Smad signaling, enhancing cognitive adaptabil-
ity [86—89]. MMP-1 plays also a key role in extracellular
matrix remodeling, enabling structural changes in syn-
apses critical for synaptic plasticity [75, 90]. In short, ser-
otonin’s influence on CNTF, FGF-4, BMP-6, and MMP-1
supports neurogenesis, neuronal survival, and synaptic
plasticity, fostering cognitive resilience. However, the
precise mechanisms by which serotonin mediates these
effects remain unclear, requiring further research to fully
understand its role in neurodegenerative diseases.

It is of note that some former findings highlighted
the increased expression of BMP6 in the hippocampus
of both human AD patients and APP transgenic mice,
indicating its potential role in disrupting neurogenesis.
For instance, qRT-PCR analysis revealed elevated BMP6
mRNA levels, which were corroborated by immunoblot-
ting and immunohistochemical methods. The accumula-
tion of BMP6 protein around amyloid plaques links its
overexpression to amyloid-f pathology. In vitro studies
further demonstrated that AP elevates BMP6 expression,
subsequently inhibiting neural progenitor cell prolifera-
tion without inducing toxicity. These results suggest that
AB-driven BMP6 upregulation may impair hippocampal
neurogenesis, contributing to AD progression [91, 92].
Normalizing BMP6 levels could present a therapeutic
strategy to mitigate neurogenic deficits in AD [92]. Simi-
larly, another study found that increased BMP signaling
in aged mice inhibits neural progenitor cell prolifera-
tion, but reducing BMP signaling restores neurogenesis,
highlighting potential targets for treating age-related
cognitive decline [93]. However, the significance of neu-
rogenesis in cognitive function, particularly in the aging
brain, remains unclear, as many AD-affected regions, like
the neocortex, are non-neurogenic; thus, further inves-
tigation is needed to determine how such biomarkers
can promote neurogenesis and potentially benefit AD
patients.

The study found that higher serotonin levels in AD
patients were positively associated with increased total
brain and hippocampal volumes, indicating serotonin’s
role in preserving brain structure. This aligns with ear-
lier studies, though conducted on healthy individuals
or other diseases, that emphasized serotonin’s influence
on GMV and hippocampal size. Specifically, serotonin
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receptor binding, particularly 5-HT1A, was positively
correlated with GMYV, indicating its role in maintaining
brain integrity [28]. In psychiatric conditions, altered
serotonin receptor densities were linked to reduced
GMYV, impaired neurogenesis, and cognitive deficits
[29, 30]. Genetic factors, like the His452Tyr variant in
the 5-HT2A receptor, were also linked to reduced hip-
pocampal volume and poorer memory performance [31].
However, no such correlation was found in individuals
with autism spectrum disorder, highlighting variability in
serotonin’s effects across conditions [32]. These findings
underscore serotonin’s complex role in brain structure
and cognitive function, calling for further research.

Of note, SSRIs are widely used to treat mood disorders
such as depression and anxiety, but recent research high-
lights their role in promoting neurogenesis and synaptic
plasticity, particularly in the hippocampus, a brain region
critical for memory and emotional regulation. SSRIs
function by inhibiting the serotonin transporter (SERT),
thereby increasing serotonin availability in the synaptic
cleft [94, 95]. This elevated serotonin activates several
intracellular signaling pathways, including the MAPK/
ERK pathway, which promote neuronal growth and sur-
vival [96, 97]. A key mediator in this process is BDNF, a
protein that fosters neurogenesis by stimulating the pro-
liferation of neural progenitor cells and their differentia-
tion into mature neurons [14, 98, 99].

In addition, SSRIs have been shown to enhance
long-term potentiation (LTP), a key process of synap-
tic strengthening where repeated neuronal activation
improves the efficiency of synaptic transmission [100].
This effect is partly mediated by increased glutamater-
gic activity, which supports synaptic strengthening,
and modulation of GABAergic function, which helps
maintain the balance between excitation and inhibition
in neural circuits. Over time, chronic SSRI treatment
induces structural brain changes, such as increased hip-
pocampal volume, linked to enhanced neurogenesis and
improved cognitive function [101-103]. These neuro-
plasticity-promoting effects likely underlie the therapeu-
tic benefits of SSRIs in mood disorders and hold promise
for treating conditions with impaired neuroplasticity,
such as neurodegenerative diseases.

The study had several strengths that enhanced our
understanding of serotonin’s role in AD. One key
strength was its focus on specific brain regions, particu-
larly the hippocampus, which is crucial in AD pathol-
ogy. This targeted approach added significant relevance
to the findings. Besides, the study explored the connec-
tions between serotonin levels and neurotrophic factors
like BMP-6, CNTE, and FGF-4. This study added a valu-
able layer of molecular insight, suggesting that serotonin
might have influenced neurogenesis and neuroplasticity
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in the context of neurodegeneration. The use of bootstrap
analysis also increased the reliability of the results, pro-
viding more robust estimates of the relationships among
the variables studied.

However, there were notable limitations in this research
that needed to be considered. The cross-sectional design
made it difficult to establish causal relationships between
serotonin levels and brain structure or cognitive function,
limiting the ability to determine the direction of these
associations. Further, the study had a relatively small
sample size, which raised concerns about the statistical
power of the findings. The sample’s demographic compo-
sition did not fully represent the broader AD population,
particularly regarding gender balance and age distribu-
tion, which could have limited the applicability of the
results. Moreover, the presence of non-normal distribu-
tions in variables like CDR-SB, ADAS-Cog, and MMSE
could have impacted the accuracy of parametric statisti-
cal tests, potentially leading to biased conclusions. Lastly,
the study did not include genetic analyses, leaving out
the possibility of genetic factors, apart from APOE geno-
types, influencing serotonin’s effects on brain structure
and function. Future studies should address these limita-
tions by adopting longitudinal designs, increasing sample
size, ensuring demographic diversity, applying appropri-
ate statistical methods, and incorporating genetic analy-
ses to achieve more convergent findings.

Conclusion

The findings revealed that serotonin plays a crucial role
in influencing brain structure and cognitive functions in
individuals with AD. Specifically, higher serotonin levels
were associated with larger brain and hippocampal vol-
umes, which in turn correlated with better cognitive per-
formance; even after adjustments for some confounding
factors like age, gender, education, and APOE genotypes
(APOE3 and APOE4). Furthermore, although the initial
positive associations between serotonin and biomark-
ers related to neurogenesis and neuroplasticity, such as
CNTE, FGF-4, BMP-6, and MMP-1, were observed, these
correlations were no longer statistically significant after
adjustments for multiple comparisons. This suggests
that the role of serotonin in enhancing neurogenesis
and neuroplasticity, particularly in AD, may require fur-
ther investigation with larger, more controlled studies to
confirm its therapeutic potential. In short, these insights
underscore the importance of serotonin in the context
of neurodegeneration and highlight areas for further
research into its therapeutic potential.
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