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Abstract
Trimethyltin chloride (TMT) is a neurotoxicant that damages the central nervous system (CNS) and triggers neurodegenera-
tion. This study used multi-omic data, including transcriptomics and proteomics of the rat hippocampus, to identify differ-
entially expressed genes and proteins in TMT-induced neurotoxicity over time, related to neuro-axonal damage marked by 
plasma Neurofilament Light (NfL) levels. Data were collected at 12, 24, 48, 72, and 168 h post-TMT administration. NfL 
levels surged at 72 and 168 h, confirming neuro-axonal damage. Transcripts of genes in the chemokine signaling pathway 
(Cxcl10, Cxcl12, Cxcl14, Cxcl16), apoptosis pathway (Caspase-3, PARP1, CTSD), and TNF signaling pathway (TNFR1, 
MMP9, ICAM-1, TRAF3) showed significant differential expression starting from 48 h, preceding the NfL increase, sug-
gesting their roles in neuro-axonal damage. Additionally, 11 Alzheimer’s disease-related proteins, with significant changes 
from 72 to 168 h, were detected only in the proteomic dataset, indicating post-translational modifications might be crucial 
in neurotoxicity. Pathway analysis revealed that neurodegeneration and Alzheimer’s disease pathways were among the top 
15 affected by TMT-induced gene regulation, aligning with the involvement of TNF signaling, apoptosis, and chemokine 
signaling in neurodegeneration. This research highlighted the value of longitudinal omics studies, combined with pathway 
enrichment, gene-disease association, and neuro-axonal damage biomarker analyses, to elucidate neurotoxicant-induced 
neurodegeneration. Findings from this study could enhance the understanding of TMT-induced neurotoxicity, potentially 
informing future therapeutic strategies and preventive measures.
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Introduction

Trimethyltin chloride (TMT) is a highly effective neuro-
toxic agent frequently employed in the study of neurotox-
icity (Imam et al. 2017; Ogata et al. 2014), neuroinflam-
mation (Hou et al. 2018), and neurodegeneration (Geloso 
et al. 2011). It specifically targets the limbic system, with a 

pronounced effect on the hippocampus, resulting in neuronal 
death and behavioral deficits including hyperactivity, cog-
nitive impairment, and spontaneous seizures. Additionally, 
it induces biochemical alterations that are similar to those 
observed in neurodegenerative diseases, such as Alzhei-
mer’s (Geloso et al. 2011; Lee et al. 2016). Comprehending 
the mechanisms underlying TMT-induced neurotoxicity is 
crucial, given its significance in the modeling of neurode-
generative diseases, its potential risks to environmental and 
occupational health, and its ramifications for the advance-
ment of therapeutic strategies (Geloso et al. 2011; Lee et al. 
2016; Kurkowska-Jastrzebska et al. 2007).

TMT-induced neurotoxicity exhibits distinct patterns 
across species and exposure models, reflecting differences 
in hippocampal vulnerability (Lattanzi et al. 2013). In mice, 
TMT toxicity predominantly affects granule cells in the den-
tate gyrus, leading to rapid neuronal damage at lower doses 
(Chang et al. 1983). In rats, TMT primarily targets pyrami-
dal neurons in the CA3 region, with progressive neuronal 
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death overtime (Geloso et al. 2011). The choice of TMT 
administration protocol further influences the extent and 
severity of neurotoxicity. Chronic exposure models, which 
involve repeated dosing over multiple days or weeks, result 
in longer-lasting neurodegeneration, whereas acute exposure 
models, which use a single-dose administration, allow for 
the study of early molecular and cellular responses (Lat-
tanzi et al. 2013). This study employs an acute TMT admin-
istration model, where a single oral dose (10 mg/kg) was 
administered to rats, followed by analysis at multiple time 
points (12–168 h post-exposure). This approach enables 
the investigation of the initial molecular events leading to 
neuro-axonal damage, including gene and protein expression 
changes linked to synaptic dysfunction, neuroinflammation, 
and neuronal degeneration.

In a number of neurological conditions, including mul-
tiple sclerosis, amyotrophic lateral sclerosis, Huntington's 
disease, and Alzheimer's disease, neurofilament light (NfL) 
is a novel biomarker and clinical marker that indicates the 
severity, course, or responsiveness to therapy (Gaetani et al. 
2019; Kuhle et al. 2016) Recent advancements in single-
molecule array technology (Simoa) have made it possible to 
monitor blood NfL levels with high accuracy and sensitivity 
(Kuhle et al. 2016; Khalil et al. 2018). Sano et al. (2021) 
demonstrated that TMT exposure in rats causes significant 
NfL elevations in serum and cerebrospinal fluid (CSF), 
which correlate with hippocampal neuronal degeneration 
and glial activation (Sano et al. 2021). Histopathological 
findings revealed progressive CA3 neuronal loss, accom-
panied by astrocytosis (marked by increased GFAP expres-
sion) and microglial activation (evidenced by Iba1 staining). 
Astrocytic reactivity appeared within 48 h post-TMT, while 
microglial activation peaked between 72 and 168 h, suggest-
ing a role in secondary neurotoxicity through inflammatory 
responses (Sano et al. 2021).

Several studies have indicated that TMT induces neuro-
degeneration through the activation of specific genes within 
the tumor necrosis factor (TNF) signaling pathway (Little 
et al. 2002), reactive oxygen species pathways (Corvino 
et al. 2005; Edalatmanesh et al. 2015; Kaur et al. 2013; 
Shin et al. 2005), apoptosis (Kurkowska-Jastrzebska et al. 
2007; Ceccariglia et al. 2011), and the chemokine signaling 
pathway (Little et al. 2002). For instance, a study investigat-
ing TMT administration and Cathepsin D (Cat D), a lyso-
somal protease associated with apoptosis and neuronal loss, 
employed enzymatic activity assays and immunohistochemi-
cal localization to find that TMT administration resulted in 
neuronal loss and elevated levels of Cat D activity in astro-
cytes, microglial cells, and CA3 neurons within the rat hip-
pocampus (Ceccariglia et al. 2011). A separate investigation 
employed immunocytochemistry to demonstrate that TMT 
administration led to initial oxidative stress, seizures, and 
a sustained disturbance of glutathione homeostasis in the 

rat brain (Shin et al. 2005). The isolation of RNA and PCR 
targeting monocyte chemoattractant protein (MCP)−1 in a 
separate study indicated that TMT resulted in significant 
elevations of hippocampal-derived MCP-1, which may play 
a signaling role in the compromised central nervous system 
(Little et al. 2002).

Nevertheless, current research on TMT-induced neurode-
generation has predominantly relied on biochemical assays 
and targeted RNA assays to investigate a particular set of 
genes (Kurkowska-Jastrzebska et al. 2007; Little et al. 2002; 
Corvino et al. 2005; Edalatmanesh et al. 2015; Kaur et al. 
2013; Shin et al. 2005; Ceccariglia et al. 2011), or has uti-
lized proteomic data to analyze the general responses across 
various phases of cell maturation (Schvartz et al. 2019), 
without delving into the specific functions of certain path-
ways and their differentially expressed genes in the context 
of neural damage (Schvartz et al. 2019). To put it differently, 
none of the research undertaken to date has examined time-
based TMT-induced neurotoxicity through the lens of multi-
omic data concerning the timing of neural damage, with the 
objective of offering a thorough overview of TMT-induced 
neuro-axonal damage and the genes responsible for it.

This research employed multi-omic data, encompassing 
transcriptomic and proteomic analyses of the hippocampus 
in TMT-treated rats, to identify temporal patterns of TMT-
induced gene/protein expression associated with neuro-
axonal damage, as indicated by NfL levels. By integrating 
these data, we identified several differentially expressed 
genes and proteins associated with neurotoxicity, both prior 
to and following neuro-axonal damage, emphasizing the 
pathways and genes implicated in TMT-induced neuro-
axonal damage. This study underscored the significance of 
integrating multi-omic data with the evaluation of neuro-
axonal damage biomarkers and pathway enrichment analy-
sis to elucidate the mechanisms by which environmental 
toxicants, such as TMT, may induce neuro-axonal damage, 
particularly in the context of neurodegenerative diseases like 
Alzheimer’s. This approach could inform future therapeutic 
strategies and preventive interventions.

Materials and Methods

Materials

TMT Chloride was purchased from Tokyo Chemical Indus-
try Co., Ltd. (Tokyo, Japan). All other reagents and solvents 
were of analytical grade or better and were commercially 
available.
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Animal Study

The study involved animals and administrations that were 
approved by the Institutional Animal Care and Use Com-
mittee at BoZo Research Center, Inc. (Shizuoka, Japan). 
The test facility, Gotemba laboratory of BoZo Research 
Center, Inc. is fully accredited by the AAALAC Inter-
national. Forty male F344/DuCrlCrlj rats (Jackson Lab-
oratories Japan Inc.) weighing between 193 and 223 g 
were used (8 weeks). These animals were divided into 10 
groups, each consisting of 4 males. The rats were housed 
in metal cages with stainless-steel wire mesh bottoms, 
equipped with a stainless-steel resting board and chew toys 
for animal enrichment. The room conditions included a 
temperature range of 20–26 °C, a relative humidity range 
of 30–70%, air exchange of 10–15 times per hour, and a 
12-h light/dark cycle. The animals had ad libitum access 
to a pelleted laboratory animal diet (CRF-1, ORIENTAL 
YEAST CO. LTD., Tokyo, Japan) and tap water. TMT 
Chloride was diluted with distilled water and was orally 
administered at a dose of 10 mg/5 mL/kg to five groups so 
that the total number of TMT-treated rats is 20 rats. The 
five other groups were given distilled water alone in the 
same manner, so that the total number of control rats is 
20. At various time points (12, 24, 48, 72 and 168 h after 
administration), one TMT-treated group and one control 
group were sacrificed. The samples at each time point con-
sisted of four replicates, except for the 72-h group, which 
included only three rats due to an animal fatality. Although 
the number of replicates is small, this is mitigated by the 
consideration that the rats were housed under the same 
conditions and that the study is a time-course experiment. 
The abdomen was opened under isoflurane inhalation 
anesthesia. Blood samples (1 mL) were collected from the 
abdominal aorta using a syringe with anticoagulant (3% 
[v/v] 0.1 M EDTA-2Na) and then centrifuged at 18,000 × g 
for 1 min to obtain plasma for NfL assay. After draining 
the blood sufficiently, a whole-body cardiovascular per-
fusion was conducted using heparinized PBS (Phosphate 
Buffered Saline) injected through the heart. The brain was 
excised, and the right hippocampus was dissected. The 
right hippocampus was further divided into halves, with 
each half used for transcriptomic and proteomic assays, 
respectively. All samples were stored at −80℃ until analy-
sis. The dosage levels for TMT were determined based on 
doses reported in the literature (Sano et al. 2021). Clinical 
signs were monitored daily, and body weight was meas-
ured on days 1, 2, 3, and 7. In the TMT-treated group, 
irritability was observed in a small number of animals 
48 h post-administration and in all animals 72 h post-
administration. Muscle spasms were observed in a small 
number of animals 72 h post-administration and in many 
animals from 96 h post-administration. Additionally, a 

decrease in spontaneous movement activity was observed 
in a small number of animals in the TMT-treated group 
168 h post-administration.

Quantitation of NfL

NfL levels in rat plasma were assessed by employing a 
Simoa HD-X analyzer (Quanterix Corporation, Massachu-
setts) along with a Simoa NF-light Advantage (HD-X) Kit 
(Quanterix, cat. no. 104073), following the instructions pro-
vided by the manufacturer. Plasma samples were diluted at 
a 1:3 ratio for all assays. A seven-point calibration curve 
and sample concentrations were determined on the Simoa 
HD-X analyzer software using a weighting factor of 1/y2. 
All samples were tested in duplicate and analyzed using the 
same batch of kits.

Transcriptomic Analysis

The experiment was conducted by Takara Bio Inc. Half of 
hippocampus was homogenized by TissueLyser II (Qiagen 
Inc.) with Lysis Buffer RA1 based on the instruction of 
NucleoSpin RNA (Takara Bio Inc., cat. no.740955). The 
SMART (Switching Mechanism At 5' End of RNA Tem-
plate) method was used to attach adapter sequences to both 
ends of the 1st strand cDNA according to the manufacturer’s 
instructions of a SMART-Seq v4 Ultra Low Input RNA Kit 
(Clontech). The PCR amplification was performed using a 
primer that recognizes the attached adapter sequences, and 
the resulting PCR products were purified using AMPureXP 
(Beckman Coulter). These purified products were then used 
as double-stranded cDNA amplification products. Subse-
quently, tagmentation reaction using transposons was per-
formed to fragment the double-stranded complementary 
DNA (cDNA) and add adapter sequences to both ends. PCR 
amplification was carried out using primers with indexes 
that recognize the adapter sequences and have different 
tag sequences for each sample, resulting in the creation of 
sequence libraries with added indexes. The quality of the 
constructed sequence libraries was assessed using an electro-
phoresis apparatus. The constructed library was sequenced 
using NovaSeq 6000 (Illumina) and the sequencing data was 
mapped to the reference genome sequence for transcript-
level expression analysis.

Proteomic Analysis

10% homogenate of hippocampus was prepared by 4% SDS 
with protease inhibitors (Complete, Roche, cat. no. 04 693 
132 001; PhosStop, Roche, cat. no. 04 906 837 001) and 
sonicated for 5 min. After incubation at 95℃ for 10 min, 
protein concentrations were determined using BCA assay kit 
(Thermo Fisher Scientific, cat. no. 23225). 100 μg protein 
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(20 μL) was mixed with 1 M phosphoric acid buffer (5 to 
1 mixture of 1 M NaH2PO4 and 1 M Na2HPO4, 10 μL), 
5 M NaCl (5 μL) and cold acetone (0.5 mL) at −30℃ for 
overnight. After centrifugation (15,000 rpm, 4℃, 20 min), 
the supernatant was completely removed, and the precip-
itant was kept at room temperature for 15 min. The pre-
cipitant was solved by 8 M Urea (FUJIFILM Wako, cat. 
no. 219–00175), 0.5 M TCEP (Thermo Fisher Scientific, 
cat. no. 77720), and 0.5 M Iodoacetamide (Thermo Fisher 
Scientific, cat. no. A39271) with sonication (10 min) and 
then incubated for 10 min at 37℃. Proteolytic digestion was 
conducted using 1 μg of LysC (FUJIFILM Wako, cat. no. 
283–95481) for 2 h at 37℃ and then using 1 μg of Trypsin 
(Promega, cat. no. XV528) for overnight at 37℃. After 
adding 4% phosphoric acid, the sample was centrifuged at 
3,000 rpm for 15 min. Supernatant was applied to Oasis 
MCX (Waters) and the final eluted solution was dried up. 
After reconstituted with 4% acetonitrile/0.1% formic acid 
solution (50 μL) was added with vortex 10 min. After soni-
cation for 5 min, an aliquot of 20 μL was transferred to vial 
and an aliquot of 1μL was injected into EASY-nLC 1200/
QExactive HF-X (Thermo Fisher Scientific) and analyzed in 
data-independent acquisition (DIA) mode. LC buffers were 
prepared as follows: buffer A (0.1% formic acid in water 
(v/v)) and buffer B (80% acetonitrile and 0.1% formic acid 
in water (v/v)). An NTCC-360/75–3–15 analytical capillary 
column (3 μm, 0.075 mm i.d. × 150 mm, Nikkyo Technos) 
along with an Acclaim PepMap 100 C18 trap column (3 μm, 
0.075 mm i.d. × 20 mm, Thermo Fisher Scientific) was used 
at room temperature. The peptides were eluted from the col-
umn at a constant flow rate of 300 nL/min using a linear 
gradient. The gradient started at 5% buffer B and increased 
to 30% buffer B over 30 min. It then progressed from 30% 
buffer B to 50% buffer B over 8 min, followed by a transition 
from 50% buffer B to 100% buffer B over 7 min, and finally 
washing with 100% buffer B within 10 min. The mass spec-
tra were obtained in positive ion mode under the following 
conditions: a resolving power of 30,000 and 15,000 (full 
width at half maximum) for MS1 full scan and DIA, respec-
tively, an automatic gain control (AGC) target of 3,000,000 
and 1,000,000 for MS1 full scan and DIA, respectively, a 
spray voltage of 2.00 kV, a capillary temperature of 275 °C, 
and a funnel RF level of 45.0.

Statistical Analysis and Data Processing

For the transcriptomic dataset, first a t-test was performed on 
each measurement to compare the log2 ratios of the 4 treated 
replicates and 4 control replicates. Following this, the dif-
ference between the average log2 ratios of the 4 treated rep-
licates and the average log2 ratios of the 4 control replicates 
was calculated for each measurement. Then, for multiple test 
correction, the Benjamini & Hochberg method (BH method) 

was used. Finally, genes that have a Q-value of t-test (false 
discovery rate threshold) less than 0.05 and an absolute aver-
age log2 ratio (representing fold change) greater than 0.58 
were classified as differentially expressed genes.

For the proteomic dataset, a spectral library was gener-
ated in DIA-NN using FASTA file (UniProt Reference Pro-
teome, Taxonomy 10,116, unreviewed sequences, 54,767 
entries, downloaded on 2023.02.17). The trypsin enzyme 
parameter was set to allow one potential missed cleavage. 
Carbamidomethylation of cysteines was set as a fixed modi-
fication, and the toggle for N-terminal methionine removal 
was turned on. Peptide and protein identifications were 
filtered at a 1% False Discovery Rate (FDR). Spectronaut 
v17.6 (Biognosys AG) was used with the spectral library 
generated by DIAN-NN for DIA analysis using the default 
search parameters. Carbamidomethylation of cysteines was 
set as a fixed modification. Peptide and protein identifica-
tions were filtered at 1% FDR. Similar to the transcriptomic 
analysis, proteins showing a Q-value of less than 0.05 and an 
absolute average log2 ratio greater than 0.58 were classified 
as differentially expressed proteins.

In order to match transcriptomic and proteomic datasets, 
the UniProt IDs of the proteomic dataset were converted 
to their corresponding gene Kyoto Encyclopedia of Genes 
and Genomes (KEGG) IDs using bioservices and the Uni-
prot API (Cokelaer et al. 2013). Meanwhile, the Ensembl 
transcript IDs of the transcriptomic dataset were converted 
first to Entrez gene IDs, then to gene KEGG IDs using 
Mygene API (Lelong et al. 2022; Wu et al. 2012; Xin et al. 
2016). Then KEGG IDs from both datasets were merged 
and used for the correlation analysis and KEGG multi-omics 
visualization.

KEGG‑Related Visualization

A dataset containing all KEGG pathways of Rattus norvegi-
cus, along with the genes present in each pathway, was pre-
pared using bioservices and the KEGG API (Cokelaer et al. 
2013). The differentially expressed genes/proteins from both 
transcriptomic and proteomic datasets were searched against 
the Rattus norvegicus KEGG pathway dataset to determine 
the number and percentage of differentially expressed genes/
proteins in each pathway at each time point. Subsequently, 
the number and percentage of differentially expressed genes/
proteins across all time points were calculated for each path-
way. Finally, the dataset was sorted based on the percentage 
of differentially expressed genes/proteins across all time 
points to identify the top 20 KEGG pathways.

The KEGG API (Cokelaer et al. 2013) was utilized to 
display the average log2 ratio values on KEGG pathway dia-
grams, with upregulated genes/proteins shown in blue and 
downregulated genes/proteins shown in red. It is important 
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to mention that the intensity of the color varies based on the 
average log2 ratio value.

Finally, transomics2cytoscape (Nishida et al. 2024) was 
used to visualize the consistency of results between tran-
scriptomic and proteomic data.

Gene‑Disease Association (GDA) Score

The gene-disease association (GDA) was investigated by 
Open Targets Platform (Ochoa et al. 2022) and DISGENET 
plus (Piñero et al. 2019). Open Targets Platform gener-
ates various types of scores to represent GDAs based on 
evidence, including genetic associations, somatic muta-
tions, drugs, pathways and systems biology, text mining, 
RNA expression, and animal models (Ochoa et al. 2022). 
DISGENET plus also generates Gene-Disease Associa-
tion (GDA) score based on associations reported by sev-
eral databases, including Genome Wide Association Stud-
ies (GWAS), ClinGen, Genomics England panel app, etc. 
(Piñero et al. 2019). Default parameters were used in the 
database search.

Similarity Search of Transcriptomic Data Using 
Analysis Match

Analysis Match, which is a function of QIAGEN Ingenuity 
Pathway Analysis (IPA), automatically searches for other 
transcriptomics expression profiles that have similar or 
opposite biological outcomes to one’s own transcriptom-
ics expression profile. This search is based on expression 
analysis results derived from public databases and per-
forms comparative analysis based on matching results with 
canonical pathways, upstream regulators, causal networks, 
diseases, and function analysis results, as well as common 
patterns in datasets. The analysis used for Analysis Match 
included expression analysis results related to human and 
mouse diseases/cancers available in the Sequence Read 
Archive (SRA), Gene Expression Omnibus (GEO), Array 
Express, The Cancer Genome Atlas (TCGA), Library of 
Integrated Network-Based Cellular Signatures (LINCS), 
and other databases. Default parameters were used in the 
database search.

Weighted Gene Co‑Expression Network Analysis 
(WGCNA)

Weighted Gene Co-expression Network Analysis (WGCNA) 
was performed using the WGCNA R package (Langfelder 
and Horvath 2008) on 6013 transcripts that corresponded 
to DEGs (Q-value < 0.05, absolute average Log2 of fold 
change > 0.58). Using the goodSamplesGenes function with 
the default settings, no outlier genes were found. To ensure 
that there were no outlier samples, hierarchical clustering 

was employed. The optimum soft-threshold power was then 
found by using the pickSoftThreshold function, fitting a 
scale-free topology model, and creating mean connectivity 
charts. Since 9 is the lowest power at which the scale-free 
topology fit is greater than 0.8, it was selected as the soft 
threshold power. Next, a dissimilarity matrix of the Topo-
logical Overlap Matrix (TOM) was produced. Linkage hier-
archical clustering was then used to group the dissimilarity 
measures. After identifying the Module Eigengene (ME), the 
clusters (branches) were further reduced to more meaningful 
modules by clustering the modules according to pairwise 
eigengene correlations. Modules with expression profiles 
that were more than 70% identical were then merged. A 
gene dendrogram was created that displays the colors of the 
original and combined modules. After that, a heatmap illus-
trating the module-trait link was made utilizing the Pearson 
correlation for time, dose, and NfL characteristics. Lastly, 
because black and green-yellow modules showed a positive 
connection with time, dosage, and NfL, the module member-
ship (MM) of their genes as well as their gene significance 
(GS) with NfL was computed. Genes that had MM > 0.8 and 
GS > 0.5 were classified as driving genes.

Results

Plasma NfL Levels Over Time

The time profile of plasma NfL levels in rats with and with-
out TMT was investigated in Fig. 1. Plasma NfL levels 
were increased over time and showed a 31- and 145-fold 
increase at 72 and 168 h after oral administration of TMT, 
respectively.

Fig. 1   Time profile of plasma NfL concentrations in rats after oral 
administration of TMT. White bars represent the vehicle group, and 
solid gray bars represent the TMT-administrated group
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Differentially Expressed Genes/Proteins Over Time

In transcriptomic analysis, the number of differentially 
expressed genes increased over time, with a relatively even 
distribution of upregulated and downregulated genes at 
each time point (Fig. 2a). When examining the transitions 
between time points, it was clear that most genes either 
maintained their regulation status or became nonsignifi-
cant (Fig. 2). Observing the regulation patterns over time, 
we found that 188 genes remained upregulated and 174 
genes remained downregulated from 48 to 168 h post TMT 
administration (Fig. 3a). Additionally, the highest number 
of upregulated and downregulated genes was observed at 
72 and 168 h post TMT administration (Fig. 2a). Notably, 
there were over 669 genes uniquely down regulated at 72 h 
after TMT administration and 675 genes uniquely up regu-
lated at 168 h after TMT administration (Fig. 3a).

At the proteomic level, we observed comparable propor-
tions of upregulated and downregulated proteins at each time 
point, with the highest number of upregulated and downreg-
ulated proteins seen at 72 and 168 h post TMT administra-
tion (Fig. 2b). Additionally, there was a significant number 
of uniquely down regulated proteins at 72 h (147 proteins) 
and uniquely upregulated proteins at 168 h (146 proteins), 
like the transcriptomic data (Fig. 3b). However, in contrast 
to transcriptomic data, there was a noticeable presence of 
upregulated and downregulated proteins even at 12 and 48 h 
post TMT administration (Fig. 2).

Upon examining the correlation between transcriptomic 
and proteomic data, it became evident that the proteomic 
findings at 168 h after TMT administration exhibit a strong 
positive correlation with the transcriptomic data at 48, 72, 
and 168 h post TMT administration (Fig. 4a). This could be 
attributed to the cellular stress response, wherein the cell 
focused on the production of proteins that are crucial for 

Fig. 2   Sankey diagram illustrating the temporal dynamics of differ-
entially expressed genes (DEGs) in transcriptomic (A) and differen-
tially expressed proteins (DEPs) in proteomic (B) datasets at all time 
points following TMT administration. Unlike bar graphs that only 
show the number of DEGs per time point, the Sankey diagram allows 
for the visualization of gene and protein expression changes over time 
by mapping transitions between states. Each bar is labeled with the 

number of genes or proteins at that time point. Upregulated genes/
proteins are represented by blue bars and an upward-pointing trian-
gle (▲), downregulated genes/proteins are represented by red bars 
and a downward-pointing triangle (▼), and those with no significant 
change are shown in white. The width of each flow corresponds to the 
number of genes or proteins transitioning between states across time 
points
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managing damage, rather than regulating or suppressing 
other proteins (Vogel and Marcotte 2012).

Looking at the intersections between transcriptomic and 
proteomic data, we can see 31 DEGs/DEPs corresponding to 
the same genes at 168 h after TMT administration. In addi-
tion, there are 26 genes that were DEGs from 48 to 168 h 
after TMT administration and DEPs at 168 h after TMT 
administration (Fig. 4b).

Differentially Expressed Genes/Proteins in KEGG 
Pathways

Upon analysis of the differentially expressed genes/proteins 
at various time points, it was noted that neurodegeneration 
and Alzheimer's disease pathways were among the top 15 
KEGG pathways in both the transcriptomic and proteomic 
datasets (Online Resource 1, 2). At the transcriptomic level, 

Fig. 3   Supervenn diagram of differentially expressed genes/proteins 
in transcriptomic (a) and proteomic (b) data over time. Sets are repre-
sented horizontally, and intersections are represented vertically. Each 
number on bottom represents the number of DEGs/DEPs in an inter-
section, and the annotation for these numbers is limited to intersec-
tions that have 100 DEGs in (a) and 20 DEPs in (b) for clearer repre-
sentation. Each number on the right represents the number of genes/

proteins in a set. Sets are ordered chronologically according to the 
time point after TMT administration. Blue intersections represent up 
regulated genes/proteins, and red intersections represent down regu-
lated genes/proteins. Blue and red blocks in a row indicate that this 
row is part of the intersection, while gray and white blocks indicate 
that the row is out of intersection
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starting from 48 h post-TMT administration, a substantial 
number of genes, ranging from 20 to over 40, exhibited sig-
nificant differential expression in pathways like TNF signal-
ing, reactive oxygen species, apoptosis, and chemokine sign-
aling pathways (Fig. 5a). Moreover, around 30 to 50 genes 
showed differential expression in pathways linked to Alz-
heimer's disease, Huntington's disease, Prion disease, and 
Parkinson's disease (Fig. 5). Conversely, in the proteomic 
dataset, the number of differentially expressed proteins was 
notably lower. However, there was a marked increase in the 

number of differentially expressed proteins at 72 h post-TMT 
administration (Fig. 5b).

As the neurodegeneration pathway was among the top 15 
pathways affected by TMT-neurotoxicity, the concurrence 
of transcriptomic and proteomic data in neurodegeneration 
pathways was observed at the 72-h mark. It became evi-
dent that there were only a handful of conflicting results in 
terms of regulation type (Fig. 6). However, there were a few 
genes/proteins that exhibited differential expression at both 
the transcriptomic and proteomic levels simultaneously. This 

Fig. 4   The interplay between transcriptomic and proteomic data at 
all time points after TMT administration. (a) Heatmap of correlation 
analysis between transcriptomic and proteomic data at all time points 
after TMT administration. R2 values are calculated with the number 
of data points written in parenthesis. (b) Supervenn diagram of dif-
ferentially expressed genes/proteins in transcriptomic and proteomic 
data over time. Sets are represented horizontally, and intersections are 
represented vertically. Each number on bottom represents the number 

of DEGs/DEPs in an intersection, and the annotation for these num-
bers is limited to intersections that have 20 DEGs/DEPs for clearer 
representation. Each number on the right represents the number of 
genes/proteins in a set. Sets are ordered chronologically according 
to the time point after TMT administration. Purple intersections rep-
resent DEGs, and orange-yellow intersections represent DEPs. Gray 
and white blocks in a row indicate that the row is out of intersection
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observation was evident when analyzing the dark blue and 
dark red lines, which represented upregulated and downreg-
ulated genes/proteins in both transcriptomic and proteomic 
datasets, respectively (Fig. 6). Additionally, looking at the 
proportion of red to blue lines in Fig. 6, we could see that 
the proportions of upregulated and downregulated genes/
proteins were relatively similar.

To date, several pathways such as TNF signaling, reac-
tive oxygen species pathways, apoptosis, and chemokine 
signaling pathways have been documented in TMT-induced 

neurodegeneration (Lee et al. 2016). By examining these 
diverse KEGG pathways, we could gain insights into the 
potential roles of TMT in neurodegenerative diseases.

Upon examination of the transcriptomic data 168 h post-
TMT administration, it is observed that 37 genes exhibited 
differential expression in the chemokine signaling pathway, 
accounting for 20% of the total genes in the pathway (Fig. 7). 
Notably, 2 genes (CXCL2, Rac1) were upregulated from 
24 to 168 h, while 3 genes (STAT1, Hck, Nfkbia) showed 
upregulation from 48 to 168 h (Online Resource 1).

Fig. 5   Bar plots of differentially expressed genes/proteins in neurodegeneration related KEGG pathways from transcriptomic (a) and proteomic 
(b) data at all time points after TMT administration. The bar’s color intensity is based on the time point after TMT administration
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In the apoptosis pathway, 42 genes, representing more 
than 30% of the total genes in the pathway, displayed differ-
ential expression (Fig. 8). Among these, 6 genes (Tnfrsf1a, 
Casp3, Ctsd, Mcl1, Tubal3, Gadd45a) were upregulated 
from 48 to 168 h (Online Resource 1).

In the TNF signaling pathway, 24 genes, comprising over 
21% of the total genes in the pathway, exhibited differential 
expression (Fig. 9). Similarly, 6 genes (Tnfrsf1a, Mmp9, 
Icam1, Casp3, Bcl3, Nfkbia, Socs3) were upregulated from 
48 to 168 h, and 1 gene (Traf3) showed upregulation from 
12 to 168 h (Online Resource 1).

IPA Analysis Match for Transcriptomics

Transcriptomic data from all time points was used in IPA 
Analysis Match. Following the filtration of the IPA Analy-
sis Match results using hippocampus as the case tissue, a 
total of 16 datasets were discovered to align with our tran-
scriptomic dataset with an overall similarity score exceed-
ing 50%. Out of these, 11 datasets used in 5 studies were 
specifically focused on neurodegeneration in Alzheimer's 
disease (Online Resource 3). These studies address the 
Amyloid pathology (Benito et al. 2015; Cummings et al. 
2015; Matarin et al. 2015) and Tau pathology (Matarin 

et al. 2015; Polito et al. 2014; Wes et al. 2014) in mouse 
models of Alzheimer’s disease. Benito et al. (2015), Cum-
mings et al. (2015), and Matarin et al. (2015) identified dif-
ferentially expressed genes in models of cognitive decline 
and amyloid pathology, which align with our findings of 
synaptic dysfunction and neuro-axonal injury following 
TMT exposure (Benito et al. 2015; Cummings et al. 2015; 
Matarin et al. 2015). Similarly, Wes et al. (2014) reported 
neuroinflammation-driven transcriptional changes in tauopa-
thy, mirroring the upregulation of inflammatory mediators 
and microglial activation markers in our dataset (Wes et al. 
2014). Additionally, the overlap with Polito et al. (2014) 
suggests that autophagy and lysosomal dysfunction contrib-
ute to TMT-induced neuronal damage, consistent with our 
observed dysregulation of lysosomal and protein degradation 
pathways (Polito et al. 2014).

Gene‑Disease Associations (GDAs) with Alzheimer’s 
Disease

After detecting Alzheimer’s disease pathway among the top 
15 affected KEGG pathways in both transcriptomics and 
proteomics, Open Targets and DISGENET plus services 
were utilized to acquire information on GDAs between 

Fig. 6   Alignment between transcriptomic (top layer) and proteomic 
(bottom layer) results in neurodegeneration pathways (rno05022) 
at 72  h after TMT administration. Light blue lines represent genes/
proteins that are up regulated only in transcriptomics, blue lines rep-
resent genes/proteins that are up regulated only in proteomics, navy 
blue lines represent genes/proteins that are up regulated in both tran-

scriptomics and proteomics, pink lines represent genes/proteins that 
are down regulated only in transcriptomics, red lines represent genes/
proteins that are down regulated only in proteomics, dark red lines 
represent genes/proteins that are up regulated in both transcriptomics 
and proteomics, and grey lines represent contradicted regulation type 
(i.e. up regulated in one dataset and down regulated in the other)
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Alzheimer's disease (MONDO_0004975, C0002395) and 
differentially expressed genes/proteins after 168 h of TMT 
administration, which has the highest number of differen-
tially expressed genes in transcriptomic data in Alzheimer's 
pathways (Fig. 5a). A total of 1163 GDAs were identified in 
transcriptomic data (Fig. 10), while 253 GDAs were discov-
ered in proteomic data (Online Resource 4).

Weighted Gene Co‑expression Network Analysis 
(WGCNA) between DEGs and NfL Levels

To investigate the relationship between TMT-induced gene 
expression and NfL levels, differentially expressed genes from 
transcriptomic data were utilized in WGCNA analysis consid-
ering time, dose, and NfL levels. DEGs were categorized into 
nine modules (Fig. 11a), with the module eigengenes (MEs) 
of the black module, comprising 1,377 genes (approximately 
23% of DEGs), demonstrating a strong positive correlation 
with dose, time, and NfL levels. The MEs of the green-yellow 

module, comprising 349 genes and approximately 6% of dif-
ferentially expressed genes (DEGs), also exhibited a strong 
positive correlation with both dose and NfL levels (Fig. 11b).

In the black and green-yellow modules, gene significance 
for NfL exhibits a positive correlation with module mem-
bership, quantified at 0.8 and 0.62, respectively, both with 
significant P-values (Fig. 11c, Fig. 11d). This suggests that 
genes with high significance related to the trait are also the 
most connected within their respective module. Looking at 
driving genes (MM > 0.8 and GS > 0.5), we found 397 driv-
ing genes in the black module and 57 driving genes in the 
green-yellow module (Online Resources 8).

Discussion

This research demonstrates how the usage of longitudinal 
omics data along with neuro-axonal damage marker can pin-
point the pathways and genes through which TMT induces 

Fig. 7   Differentially expressed genes in Chemokine Signaling Path-
way (rno04062) using transcriptomic data at 168 h after TMT admin-
istration. Upregulated genes (Q-value < 0.05, Log₂ fold change > 0.58) 
are marked with blue and an upward-pointing triangle (▲) next to the 
gene name, while downregulated genes (Q-value < 0.05, Log₂ fold 
change < −0.58) are marked with red and a downward-pointing trian-

gle (▼) next to the gene name. Genes with no significant change are 
shown with an unfilled (white) box. Shading intensity represents the 
magnitude of log₂ fold change, with darker shading indicating larger 
expression changes. Chemokine signaling plays a key role in neuroin-
flammation, which is a hallmark of TMT-induced neurotoxicity
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neurotoxicity and neuro-axonal damage and links that to 
various neurodegenerative conditions, including Alzheimer's 
disease.

The regulation of genes/proteins induced by TMT appears 
to happen gradually, with the peak occurring at 72 h and 
168 h following administration (Fig. 2), which marks the 
time of neuro-axonal damage indicated by elevated NfL 
levels (Fig. 1). This gradual increase in response may be 
attributed to a dose-time dependent relationship, where 
the maximum response is observed during the later stages 
(Subashika et al. 2022) Consequently, it is crucial to meas-
ure gene/protein expression both in the early and late stages 
of neurotoxicant administration. Additionally, it is possible 
that certain transcription factors were activated during the 
early stages and required time to exert their influence on the 
expression of other genes. Alternatively, the neuro-axonal 
damage in some cells indicated by elevated NfL levels 
might have triggered differential gene/protein expression in 
other cells as well, increasing the number of differentially 
expressed genes and proteins at 72 h and 168 h after TMT 
administration.

In the TNF signaling pathway, several genes that contrib-
ute to neurodegeneration, such as TNFR1, MMP9, ICAM-
1, and TRAF3 showed an increase in expression from 48 
to 168 h after TMT administration in transcriptomic data 
(Fig. 9, Online Resource 1, Online Resource 2). One of 
these genes is Tnfrsf1a, which codes for TNFR1, the pri-
mary receptor for TNF. Neuronal TNF receptors perform 
fundamentally different roles in CNS pathology in vivo, with 
neuronal TNFR1 and IKKβ promoting microglial inflamma-
tion and neurotoxicity in demyelination (Orti-Casan et al. 
2019; Papazian et al. 2021). Another upregulated gene is 
MMP9, which has dual effects. It promotes neurogenesis, 
angiogenesis, myelogenesis, and axonal growth, while also 
causing destructive effects such as apoptosis, disruption 
of the blood–brain barrier, and demyelination (Kaminari 
et al. 2018). Interestingly, MMP9 has been linked to Alz-
heimer's disease in the gene-disease association results of 
Open Targets and DISGENET plus (Online Resource 3). 
Furthermore, ICAM-1, whose transcript levels increased 
from 48 to 168 h after TMT administration, showed a cor-
responding rise in protein levels from 72 to 168 h after TMT 

Fig. 8   Differentially expressed genes in Apoptosis Pathway 
(rno04210) using transcriptomic data at 168  h after TMT adminis-
tration. Upregulated genes (Q-value < 0.05, Log₂ fold change > 0.58) 
are marked with blue and an upward-pointing triangle (▲) next to 
the gene name, while downregulated genes (Q-value < 0.05, Log₂ fold 
change < −0.58) are marked with red and a downward-pointing trian-

gle (▼) next to the gene name. Genes with no significant change are 
shown with an unfilled (white) box. Shading intensity represents the 
magnitude of log₂ fold change, with darker shading indicating larger 
expression changes. Apoptotic processes are critical in TMT-induced 
neurodegeneration, mediating programmed cell death in affected hip-
pocampal neurons
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administration (Online Resource 1, 2). ICAM-1 contributes 
to neuroinflammation by inducing the expression of pro-
inflammatory cytokines and chemokines (Walker et  al. 
2017). This gene was also associated with Alzheimer's dis-
ease in the gene-disease association results of DISGENET 
plus (Online Resource 4). In contrast, TRAF3 encoding for 
TNF Receptor-Associated Factor 3 exhibited a decrease in 
transcript levels from 12 to 168 h after TMT administra-
tion. TRAF3 is involved in regulating the calcineurin-NFAT 
pathway and NF-κB pathway, thereby preventing excessive 
inflammation (Wang et al. 2012). Therefore, the downregu-
lation of TRAF3 may contribute to neurodegeneration. 
These results indicate that TMT-induced gene expression 
affects inflammation and apoptosis in different ways, leading 
to neurodegeneration like Alzheimer’s disease.

Looking at the chemokine signaling pathway in transcrip-
tomic data, various chemokines such as Cxcl10, Cxcl12, 
Cxcl14, and Cxcl16 exhibited upregulation from 24 to 168 h 

after TMT administration, indicating their involvement in 
the chemokine signaling pathway (Fig. 7, Online Resource 
1). These chemokines are known to play a crucial role in 
neuroinflammation and have been found to be elevated in 
individuals with Alzheimer's disease (Li et al. 2023; Zuena 
et al. 2019). This correlation is further supported by the 
gene-disease association observed between Cxcl19 and 
Alzheimer's disease in the results from DISGENET plus 
(Online Resource 3). These results indicate the importance 
of neuroinflammation and chemokines in TMT-induced 
neurotoxicity.

In the apoptosis pathway, the Caspase-3 transcript shows 
an increase from 48 to 168 h post TMT administration 
(Fig. 8, Online Resource 1). Caspase-3 plays a crucial role 
in the apoptosis pathway that leads to neural cell death and is 
also involved in the TNF signaling pathway (Fig. 8, Fig. 9). 
Studies have shown its enrichment in the brains of Alz-
heimer’s disease patients, particularly in the hippocampus 

Fig. 9   Differentially expressed genes in TNF Signaling Pathway 
(rno04668) using transcriptomic data at 168  h after TMT adminis-
tration. Upregulated genes (Q-value < 0.05, Log₂ fold change > 0.58) 
are marked with blue and an upward-pointing triangle (▲) next to 
the gene name, while downregulated genes (Q-value < 0.05, Log₂ fold 
change < −0.58) are marked with red and a downward-pointing trian-

gle (▼) next to the gene name. Genes with no significant change are 
shown with an unfilled (white) box. Shading intensity represents the 
magnitude of log₂ fold change, with darker shading indicating larger 
expression changes. TNF signaling is a key driver of neuroinflamma-
tion and cell death in response to TMT toxicity, contributing to neu-
rodegenerative processes
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during the early stages of the disease (Louneva et al. 2008; 
Plociennik et al. 2015). Similarly, the PARP1 transcript is 
also upregulated within the same time frame. PARP1 acts as 
a primary sensor protein for DNA damage, and its upregula-
tion after DNA damage results in mitochondrial dysfunction, 
increased oxidative stress, and NAD + depletion, which have 
been observed in various neurodegenerative diseases such as 
Parkinson's disease, Alzheimer's disease, Huntington's dis-
ease, and ALS (Thapa et al. 2021). The CTSD gene, respon-
sible for encoding lysosomal cathepsin D, is also upregulated 

not only in transcriptomic data (from 24 to 168 h after TMT 
administration) but also in proteomic data (168 h after TMT 
administration) (Fig. 7, Online Resource 1, 2). Studies have 
reported its upregulation in the neocortex of Alzheimer's 
disease, leading to neurofibrillary degeneration (Chai et al. 
2018). This finding is further supported by the GDA results 
linking Alzheimer’s disease with CTSD (Online Resource 
3). MCL1, which plays a role in the apoptotic/antiapoptotic 
balance of neurons (Mezache et al. 2015), is also upregu-
lated from 48 to 168 h after TMT administration (Fig. 8, 

Fig. 10   Top 30 Gene-Disease Association (GDA) scores between dif-
ferentially expressed genes 168  h post TMT administration in tran-
scriptomic data and Alzheimer’s disease. (a) Expression heatmap of 
differentially expressed genes, where upregulated genes are marked 
with an upward-pointing triangle (▲) and downregulated genes with 
a downward-pointing triangle (▼). (b) Total GDA score from Open 

Targets and DISGENET combined. (c) Open Targets scores for indi-
vidual genes. (d) DISGENET scores for individual genes. Shading 
intensity in (b), (c), and (d) represents the magnitude of the corre-
sponding GDA scores, with darker shades indicating stronger associa-
tions
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Online Resource 1) and has been associated with Alzhei-
mer’s disease in GDA results (Online Resource 4). These 
results highlight the role of various genes in the apoptosis 
pathway in the neural cell death caused by TMT administra-
tion and their associations with a couple of neurodegenera-
tive diseases.

Beyond the chemokine signaling, TNF, and apoptosis 
pathways, several other mechanisms contribute to neuro-
axonal damage, including synapse loss, autophagy, dys-
regulated calcium homeostasis, and impaired axonal guid-
ance. The observed increase in plasma NfL levels suggests 
progressive neuronal injury, which can be linked to these 
molecular disruptions.

One of these genes is SNAP25, which encodes synapto-
some-associated protein 25. This protein plays a role in regu-
lating synaptic vesicle fusion and neurotransmitter release 
(Hoerder-Suabedissen et al. 2018). The transcriptomic data 
indicates that SNAP25 is downregulated from 48 to 168 h 
after TMT administration (Online Resource 4). This down-
regulation can potentially contribute to the loss of synapses, 
ultimately leading to neuro-axonal damage as indicated 
by NfL levels. Another gene, Lamp1, encodes for lysoso-
mal membrane protein 1 and is involved in the autophagic 

pathway (Lattanzi et al. 2013). Both transcriptomic and pro-
teomic data show an upregulation of Lamp1 at 168 h after 
TMT administration (Online Resource 4). Additionally, the 
upregulated CTSD gene in the chemokine signaling pathway 
(Online Resource 1) is also implicated in calcium signaling 
(Lattanzi et al. 2013). In fact, calcium homeostasis is another 
affected pathway, closely linked to axon integrity. Calcium 
signaling (rno04020) ranked among the top 15 disrupted 
pathways, with over 18% of its genes identified as DEGs. 
Notably, five key calcium-related genes (ATP2B2, Adrb2, 
Ryr1, Ppp3cc, Prkca) were downregulated from 48 to 168 h 
post-TMT administration (Online Resource 1). Disruptions 
in calcium homeostasis impair neuronal function, synaptic 
transmission, and cytoskeletal integrity, ultimately contrib-
uting to axonal degeneration and NfL elevation (Nagendran 
and Taylor 2019).

These findings suggest that synaptic dysfunction, 
autophagy dysregulation, and calcium disturbances are 
major pathways contributing to neuro-axonal damage, 
reflected by increased plasma NfL levels.

Another critical pathway in TMT-induced neurotoxic-
ity is axon guidance (rno04360), essential for maintain-
ing neuronal connectivity and regeneration. Within 48 h 

Fig. 11   Weighted Gene Co-expression Network Analysis (WGCNA) 
between DEGs and NfL levels. (a) Gene dendrogram and module 
colors for original and merged modules. (b) Correlation heatmap 
between merged modules and dose, time, and NfL levels. Correla-
tion coefficients (R2 values) are written with P-values between paren-
theses. Positive correlation is represented in blue and negative cor-

relation in red. The gene count for each module is indicated on the 
colored box of the module located to the left of the heatmap. (c-d) 
Scatterplot of the correlation between module membership and gene 
significance for NfL for genes in (c) black and (d) green-yellow mod-
ules. Correlation coefficients (R2-values) and P-values are written on 
the top of plots
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post-TMT exposure, over 25% of its genes were differen-
tially expressed, with eight key genes (Ntng2, Ntn3, Ppp3cc, 
Epha7, Ephb1, Pixna2, Sema6c, Wnt4, Camk2g) showing 
sustained downregulation from 48 to 168 h (Online Resource 
1). Axon guidance disruption impairs neuronal repair and 
increases susceptibility to degeneration, likely contributing 
to elevated NfL levels as a marker of neuro-axonal damage.

Additionally, the neuroactive ligand-receptor interac-
tion pathway (rno04080) is significantly affected by TMT 
exposure. At 48 h post-TMT administration, 12% of its 
genes were differentially expressed, with six genes (Chrm3, 
Kiss1r, Gabrg1, Pate10, Grin3b, Thrb) downregulated and 
seven genes (C3, C3ar1, Vgf, F2rl3, Calcb, Tspo) upregu-
lated between 48 and 168 h (Online Resource 1). Among 
these, Gabrg1, which encodes the GABA-A receptor subunit 
gamma-1, plays a key role in GABAergic neurotransmission. 
Its downregulation could lead to altered inhibitory signal-
ing, potentially contributing to excitotoxicity and neuronal 
damage, which in turn promotes axonal injury and increased 
NfL release (Cheng et al. 2017). Similarly, the downregula-
tion of Grin3b, which encodes NMDA receptor subunit 3B, 
may impair glutamatergic signaling and synaptic plasticity, 
further weakening neuronal resilience to toxic insults (Kirtay 
et al. 2021).

Notably, Prkca and Gabrg1 are also part of the GABAe-
rgic synapse pathway (rno04727), reinforcing the role of 
inhibitory neurotransmission in TMT-induced neurotoxicity.

Collectively, these findings suggest that disruptions in 
GABAergic and glutamatergic signaling, combined with cal-
cium homeostasis imbalance, autophagy dysregulation, and 
impaired axonal guidance, contribute to neuro-axonal dam-
age following TMT exposure. The resulting synaptic dys-
function, neuronal stress, and impaired repair mechanisms 
likely drive the elevation of plasma NfL levels, reinforcing 
its role as a biomarker of axonal injury.

At 72 h after TMT administration, two genes in neuro-
degenerative disease pathways showed identical regulation 
patterns in both transcriptome and proteomic data (Fig. 6, 
Online Resource 4, Online Resource 7). Psmb3, which is 
elevated in both transcriptome and proteomic data, is an 
essential component of the ubiquitin–proteasome system 
(UPS), which aids in protein quality control and degradation 
pathways that are frequently disturbed in many neurodegen-
erative illnesses. Its overexpression may increase proteasome 
activity, resulting in faster destruction of damaged or mis-
folded proteins. Nonetheless, excessive degradation or dys-
regulated proteasome function caused by increased Psmb3 
levels may also result in a cellular proteostasis imbalance, 
thereby aggravating cellular dysfunction or contributing to 
disease progression (Ding and Zhu 2018). Tubb4a, on the 
other hand, is downregulated across both transcriptome and 
proteomic datasets. Tubb4a is an important component of 
microtubules, which are responsible for cellular structure, 

intracellular transport, and division. Tubb4a mutations have 
been associated with hypomyelination and other neurologi-
cal diseases, showing that it plays an important role in neu-
ronal development (Duncan et al. 2017). It can also affect 
microtubule dynamics during stressful situations, making 
neurons more vulnerable (Liang et al. 2024).

In addition to the genes previously mentioned, over 1700 
proteins exhibited significant changes exclusively in the pro-
teomic data with no change in transcriptomic data. Among 
them, 11 proteins showed significant alterations between 
72 to 168 h following TMT administration and displayed 
associations with Alzheimer's disease. These findings could 
be attributed to post-translational modifications impact-
ing protein levels without affecting transcription. Among 
these 11 genes, 9 (APP, APLP1, APLP2, Hsd17b12, PLD3, 
PCOLCE, FABP5, ATP6AP2) were upregulated and 3 
(RELN, PCP4, Ppp1r14c) were downregulated from 72 
to 168 h post TMT administration. Upregulation of APP 
(Amyloid Precursor Protein) was reported to cause increased 
production of amyloid beta (Aβ) peptides, especially Aβ42, 
which are prone to aggregation and form amyloid plaques 
characteristic of Alzheimer’s disease. It has been associated 
with increased production of reactive oxygen species (ROS), 
which can cause oxidative stress and contribute to neurode-
generation. (Nithianandam et al. 2023; Zhou et al. 2011). 
APLP1 (Amyloid Precursor-Like Protein 1) and APLP2 
(Amyloid Precursor-Like Protein 2) have been reported to 
be related to APP (Arvidsson et al. 2008). PLD3 upregula-
tion has also been associated with lysosomal dysfunction 
and β-amyloid plaque formation (Nackenoff et al. 2021). 
ATP6AP2 encodes an accessory protein of the vacuolar 
H⁺-ATPase (V-ATPase) complex, which is crucial for lyso-
somal acidification and protein degradation. These results 
show that TMT-induced neurotoxicity can affect the pro-
teins related to β-amyloid plaques formation in a post-trans-
lational manner, which then leads to neurodegeneration in a 
manner similar to Alzheimer’s disease. Furthermore, RELN, 
which is downregulated between 72 and 168 h after TMT 
administration, encodes a glycoprotein for the extracellu-
lar matrix that is essential for appropriate cortical layering 
in the brain and cerebellum during neurodevelopment. It 
contributes to the pathophysiology of Alzheimer's dementia 
(AD) by being a component of the apolipoprotein E (apoE) 
biochemical pathway (Seripa et al. 2008).

The examination of the relationship between TMT-
induced gene expression and NfL levels, employing 
WGCNA on DEGs derived from transcriptomic data, 
revealed 1,377 genes in the black module that demonstrated 
a strong correlation with NfL, dose, and time, as well as 
349 genes in the green-yellow module that correlated sig-
nificantly with NfL levels. This represents about 29% of the 
differentially expressed genes in TMT-treated rats (Fig. 11a, 
Fig. 11b). The positive correlation values between module 
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membership and gene significance for NfL in the black 
(Fig. 11c) and green-yellow (Fig. 11d) modules highlight 
the potential of these genes in targeting NfL. In these mod-
ules, the driving genes were identified as 397 in the black 
module and 57 in the green-yellow module, with thresholds 
set at MM > 0.8 and GS > 0.5. This represents roughly 6% 
of the total differentially expressed genes (DEGs). Among 
the 454 genes analyzed, 450 were found to have associations 
with Alzheimer’s disease.

Furthermore, we identified Hck from the chemokine sign-
aling pathway (Fig. 7), Mcl and Ctsd from the apoptosis 
pathways (Fig. 8), and Tnfrsfla from both apoptosis and TNF 
signaling pathways, all of which exhibited upregulation from 
48 to 168 h post-TMT administration. The findings demon-
strate a correlation between TMT-induced gene expression 
and neuro-axonal damage, as evidenced by NfL levels, and 
further substantiate the link between TMT-induced neuro-
toxicity and Alzheimer’s disease.

The results also point to several areas for further study in 
the fields of neurotoxicity and neurodegeneration. A list of 
possible targets for therapeutic approaches is suggested by 
the 450 driving genes in the black and green-yellow modules 
that exhibit GDAs with Alzheimer's disease. Specifically, 
the identified driving genes in the TNF signaling pathways 
(Tnfrsfla), chemokine signaling (Hck), and apoptosis (Ctsd, 
Mcl) provide therapeutic targets for neuroprotective meas-
ures. Additional functional studies are necessary to confirm 
the significance of identified molecular targets and pathways 
in human tissue samples or cell models, as well as to vali-
date potential therapeutic targets. Furthermore, examining 
cell type-specific responses to TMT administration using 
techniques such as single-cell sequencing may provide com-
prehensive insights into the mechanisms of neurotoxicity.

Conclusions

This study presents a comprehensive investigation into the 
harmful effects of TMT on the central nervous system by 
analyzing transcriptomic and proteomic data, to understand 
the time-dependent TMT-induced neurotoxicity with rela-
tion to neuro-axonal damage marked by elevated NfL levels.

Neuro-axonal damage that seems to occur at 72 h and 
168 h after TMT administration is induced by a number of 
differentially expressed genes/proteins starting from 48 h 
after TMT administration. More than ten genes were found 
to be differentially expressed from 48 h after TMT admin-
istration in different neurodegenerative diseases related 
pathways, including chemokine signaling, apoptosis, TNF 
pathway, and calcium homeostasis. Alzheimer’s disease 
and neurodegenerative disease pathways were among the 
top 15 affected pathways in both transcriptomics and pro-
teomics. In addition, 11 Alzheimer’s disease-related genes 

were found to have significant changes only in proteomics, 
indicating the possibility of post-translational modification. 
The association between TMT-induced gene regulation and 
Alzheimer's disease is further confirmed through 9 studies 
confirmed to be an Analysis Match by IPA and more than 
a thousand gene-disease associations between Alzheimer’s 
and transcriptomic data and more than 200 associations with 
proteomic data. WGCNA between DEGs and NfL levels fur-
ther emphasizes the relationship between TMT-induced gene 
expression and neuro-axonal damage marked by elevated 
NfL levels. 454 driving genes were identified, and 450 of 
them were found to have GDAs with Alzheimer’s disease.

This research emphasizes the importance of employing 
a longitudinal omics approach, along with pathway enrich-
ment analysis, analysis match, gene-disease association 
analysis, and neuro-axonal damage biomarker analysis, to 
unravel the pathways and molecules involved in the time-
based neurotoxicant-induced neurodegeneration.
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