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The eflects of nicotine exposure on depression: An integrative
analysis combining network toxicology, molecular docking,

and Mendelian randomization
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ABSTRACT

INTRODUCTION Depression is a globally prevalent affective disorder closely
associated with environmental factors and neurological dysfunction, affecting
over 300 million people worldwide and imposing a heavy burden on families
and healthcare systems. As the core addictive bioactive component in tobacco,
nicotine is intimately linked to an increased risk of depression, but its underlying
molecular mechanisms remain unclear. This study aimed to explore the molecular
mechanisms of nicotine-induced depression and identify the core molecular
targets and pathways involved.

METHODS This study integrated network toxicology, molecular docking, and
Mendelian randomization (MR). Nicotine’s structure and SMILES were retrieved
from PubChem for toxicity analysis via ADMETIlab 3.0 and Protox3.0. Potential
targets of nicotine and depression-related genes were screened from databases
including GeneCards, OMIM, and ChEMBL. Common targets were obtained
via Venny for PPI network construction, core target screening, GO/KEGG
enrichment analysis, and molecular docking of the top 5 targets. MR verified
causal associations with depression.

RESULTS Nicotine exhibited significant neurotoxicity (probability=0.951),
respiratory, hepatotoxic, and nephrotoxic effects. A total of 69 common targets
were identified, including DRD2, CHRNA4, and STAT3. GO enrichment
involved biological processes like excitatory postsynaptic potential and KEGG
pathways such as cAMP signaling. Molecular docking showed favorable binding
affinity (binding energies < -5.0 kcal/mol). MR confirmed that higher CHRNA4
expression in the Nucleus Accumbens increased depression risk (IVW, OR=1.02;
95% CI: 1.01-1.04, p=0.003).

concLusions This study demonstrated that nicotine exacerbates depressive-
like behaviors by binding to core targets, including DRD2 and CHRNA4, and
regulating dopaminergic and cholinergic pathways. These findings provide
mechanistic insights for elucidating the underlying molecular mechanisms of
nicotine-induced depression, while the identified targets and pathways offer
potential directions for subsequent mechanistic validation and targeted studies
of depression associated with nicotine exposure.
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INTRODUCTION
Depression is a prevalent emotional disorder with high rates of disability and mortality
worldwide, whose pathogenesis is closely associated with genetic susceptibility,
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environmental factors, and neurological dysfunction'?.
Epidemiological surveys have indicated that the global
population of patients with depression has exceeded
300 million to date, and the disease exhibits a high
incidence in both adolescent and adult populations,
with the morbidity rate rising year by year among
adolescents®. As a chronic disease, the core pathological
characteristics of depression include persistent
depressed mood, cognitive impairment, and diminished
volitional activity, with clinical manifestations dominated
by anhedonia, sleep disturbance, inattention, and other
symptoms. It not only severely impairs patients’ quality
of life and social functioning but also leads to severe
consequences such as self-harm and suicide, imposing
a heavy burden on patients’ families and the social
medical system®. Notably, with the transformation of
modern lifestyles, the role of environmental exposure
factors in the pathogenesis of depression has gradually
become a research focus in academia, among which
the pathogenic potential of nicotine, a key bioactive
component in tobacco smoke, urgently needs in-depth
elucidation®.

Nicotine is the core addictive and bioactive
substance in tobacco, which is widely present in
environmental media such as tobacco smoke and
electronic cigarette aerosols. It can easily enter the
human body through the respiratory tract, skin,
and mucous membranes and distribute rapidly
throughout the body, with a particularly high affinity
for the central nervous system (CNS)’. Nicotine has
been proven to exert complex neurotoxic effects,
and traditional studies have mostly focused on its
addictive mechanisms. In recent years, however,
studies have revealed that the toxic effects of
nicotine are pleiotropic: in addition to its addictive
property, nicotine can disrupt the balance of central
neurotransmitters and impair neuronal function, which
is closely linked to the occurrence and progression
of emotional disorders®. Existing epidemiological
investigations have demonstrated that the incidence
of depression is significantly higher in long-term
smokers than in non-smokers, and the intensity of
nicotine exposure is positively correlated with the
severity of depressive symptoms’. Animal experiments
have also confirmed that nicotine exposure can induce
depressive-like behavioral changes in experimental
animals, such as reduced spontaneous activity and

Tobacco Induced Diseases

anhedonia'®. Nevertheless, the molecular mechanisms
underlying nicotine-induced and exacerbated
depression have not been fully elucidated, especially
its regulatory effects on depression-related signaling
pathways at the molecular level, which still require
further exploration.

Network toxicology, an emerging discipline
integrating systems biology, genomics, and
bioinformatics, reveals the molecular network
regulatory mechanisms of pollutant-induced diseases
holistically by constructing pollutant-target-disease
interaction networks, providing a novel perspective for
analyzing pollutant-disease associations''. Molecular
docking, a structure-based computer simulation
technique, accurately predicts the binding mode,
affinity, and action sites of small-molecule pollutants
with disease target proteins, furnishing critical
technical support for verifying their direct interaction
and screening core pathogenic targets'>. Mendelian
randomization (MR) infers the population-level
causal association between exposure and outcome
using genetic variants as instrumental variables,
which circumvents confounding bias and reverse
causality interference'®. Complementary to network
toxicology, where the latter generates mechanistic
hypotheses and screens core targets, and MR performs
independent causal verification, this combination
enhances the reliability of research findings and
supports the exploration of core pathways mediating
nicotine-induced depression.

Based on the above technical strengths and
complementarity, this study investigated the
association between nicotine and depression using
network toxicology, molecular docking, and MR.
Briefly, network toxicology was used to screen
potential targets and candidate regulatory pathways,
and construct a protein-protein interaction network.
Molecular docking verified the binding affinity of
nicotine to these core targets, while MR analyzed their
relationship with depression. This study preliminarily
explores the potential molecular mechanisms
of nicotine in depression from a bioinformatics
perspective, providing theoretical support and
scientific hypotheses for further research.

METHODS

Supplementary file Figure 1 presents the workflow
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for investigating the impact of nicotine exposure on
depression using an integrated strategy of network
toxicology, molecular docking, and Mendelian
randomization.

Preliminary toxicity prediction and target
identification of nicotine

In this study, all the databases and tools employed
were referenced from previously published literature,
which provided a reliable methodological basis for
the conduct of our research. First, the chemical
structure of nicotine was retrieved from the PubChem
database, and its standard SMILES identifier was
obtained. Subsequently, the acquired SMILES string
(CN1CCC[C@H]1C2=CN=CC=(C2) was input
into the ADMETlab 3.0 and Protox3.0 platform for
preliminary toxicity analysis. To identify the potential
molecular targets of nicotine, a screening was then
performed across multiple databases, including
SwissTargetPrediction, SEA Search Server, SuperPred,
and ChEMBL. During the target prediction process, the
species parameter was uniformly set to Homo sapiens
to ensure the specificity and reliability of the results'®.

Acquisition of depression-associated genes

The search term ‘Depression’ was used to conduct
separate retrievals in the GeneCards and OMIM
databases'. In the GeneCards database, targets were
screened according to the median relevance score for
depression to enhance their reliability and correlation.
The screened GeneCards targets were then integrated
with the depression-associated targets obtained
from the OMIM database into an Excel spreadsheet,
where duplicate entries were merged and removed
to finally generate a list of disease-related targets for
depression.

Protein-protein interaction (PPI) network
analysis and screening of core target proteins
Nicotine-related and depression-associated targets
were input into the Venny platform to obtain their
intersecting targets. These intersecting targets were
subsequently imported into the STRING protein-
protein interaction database, with the species set to
‘Homo sapiens’ and the minimum interaction score
threshold set to 0.4, thus generating a PPI network
of the common targets of nicotine and depression.
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To further analyze the topological structure of
the network and identify core regulatory targets,
the Cytoscape 3.10.1 software was used for the
visualization of the PPI network. Nodes were ranked
by their Degree values to construct the PPI network
map of the common targets of nicotine and depression.
In addition, the CytoHubba plugin in Cytoscape,
combined with the MCODE algorithm, was employed
to screen the top core 10 targets, providing a basis for
subsequent mechanistic analysis'®.

Gene ontology (GO) and Kyoto Encyclopedia

of Genes and Genomes (KEGG) pathway
enrichment analyses

The intersecting targets were submitted to the DAVID
database for functional annotation and pathway
enrichment analysis. In the parameter settings,
the identifier was selected as ‘OFFICIAL GENE
SYMBOL’, the species was set to ‘Homo sapiens’,
and all other parameters were kept as default. GO
functional enrichment analysis and KEGG pathway
enrichment analysis were then performed separately
to reveal the enrichment characteristics of the
relevant targets in biological processes, cellular
components, molecular functions, and signaling
pathways. After the completion of the analyses,
the enrichment result data were downloaded and
further visualized on a bioinformatics platform to
generate bar plots and bubble plots, for the intuitive
presentation of key functional categories and
pathway information'’.

Molecular docking

The top 5 core targets by Degree values were selected
for molecular docking with nicotine. Nicotine’s 2D
structure from PubChem was optimized to 3D in
ChemOffice and saved as mol2. High-quality receptor
protein structures from RCSB PDB were processed in
PyMOL 2.6 (devoid of redundant components) and
saved as PDB. AutoDock 1.5.6 completed pre-docking
pretreatment; AutoDock Vina performed molecular
docking. Optimal conformations were screened,
and Discovery Studio 2019/PyMOL 2.6 visualized
nicotine-target binding characteristics'®.

Mendelian randomization analysis
This study adopted a two-sample MR approach, using
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genome-wide association study (GWAS) summary
statistics and quantitative trait loci (QTL) data, to
explore the causal relationship between drug targets
and depression. The validity of MR relies on three
core assumptions: 1) relevance, meaning the genetic
variants are strongly associated with the exposure; 2)
independence, meaning the variants are independent
of confounders; and 3) exclusion restriction, meaning
the variants affect the outcome solely through the
exposure rather than alternative pathways'.

To satisfy the relevance assumption, we selected
cis-expression quantitative trait loci (cis-eQTLs, £500
kb) robustly associated with the targets (p<5x10~).
Instrumental variables (IVs) for STAT3 were derived
from the eQTLGen Consortium (N=31684), while
those for CHRNA4, DRD2, MAOB, and SLC6A3
were obtained from depression-relevant brain
tissues in the GTEx Project Version 8. MAOB and
SLC6A3 were subsequently excluded due to the lack
of valid eQTLs meeting this threshold. Furthermore,
we calculated F-statistics for each variant, retaining
only those with F =10 to further ensure instrument
relevance and minimize weak instrument bias. To
address the independence assumption, linkage
disequilibrium (LD) clumping (r*<0.1, window=500
kb) was performed to ensure that the selected single
nucleotide polymorphisms (SNPs) were statistically
independent™.

The primary MR analysis employed the inverse
variance weighted (IVW) method for targets with
multiple IVs (CHRNA4, STAT3) and the Wald
ratio method for targets with a single IV (DRD2).
Crucially, to evaluate the exclusion restriction
assumption, multiple sensitivity analyses were
conducted for targets with >3 SNPs. Specifically,
Cochran’s () statistic was used to assess heterogeneity
among IVs, while the MR-Egger intercept test and
the MR-PRESSO (Pleiotropy RESidual Sum and
Outlier) global test were employed to rigorously
detect and correct for horizontal pleiotropy. These
steps ensured that the IVs did not affect the risk
of depression through confounding pleiotropic
pathways. All analyses were performed using the
TwoSampleMR and MRPRESSO packages in R
software.

RESULTS
Toxicity prediction of nicotine

Tobacco Induced Diseases

Based on the toxicity prediction results from the
ADMETIab 3.0 and ProTox3.0 databases (Table 1;
and Supplementary file Figure 2), nicotine exhibited

prominent neurotoxicity with a probability of 0.951,
along with respiratory, hepatotoxic, and nephrotoxic
effects. Given the aforementioned toxicological
characteristics, this study further focused on the
potential role of nicotine in inducing chronic
neurological disorders such as depression, aiming
to identify the associated targets and molecular
mechanisms.

Prediction of intersecting targets of nicotine
and depression

A total of 23, 25, 110, and 140 potential targets of
nicotine were predicted using SwissTargetPrediction,
SEA, ChEMBL, and SuperPred databases, respectively.
After standardization and duplicate removal, 217
nicotine-associated targets were obtained. Meanwhile,
1978 highly depression-related targets were screened
from the GeneCards database via median filtering,
and 35 relevant genes were identified from the
OMIM database. Following integration and duplicate
elimination, a total of 1980 targets highly associated
with depression were acquired. Venn diagram analysis
of the compound and disease targets finally identified
69 intersecting targets (Supplementary file Figure 3).

Identification of core targets via PPl network
analysis

The constructed PPI network consisted of 69 nodes
and 272 interaction edges. The color depth of nodes
was positively correlated with their degree values,
darker colors indicated higher degree values and
greater centrality in the entire network, suggesting
that the corresponding targets exerted more critical
core roles in the network (Supplementary file Figure

Table 1. Toxicity prediction of nicotine

ADMETIlab3.0 Neurotoxicity 0.951
Hepatotoxicity 0.844
Nephrotoxicity 0.815

ProTox3.0 Respiratory Toxicity 0.73 (Active)
Neurotoxicity 0.67 (Active)
Ecotoxicity 0.60 (Active)
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4). Further in-depth analysis of the PPI network
identified the top 10 core targets, which were
DRD2, CHRNA4, STAT3, MAOB, SLC6A3, SLC6A4,
GABRAI1, CHRNB2, DRD1 and MAOA in descending
order (Table 2; and Supplementary file Figure 5).

These results indicated that these core target genes
might play pivotal roles in the molecular regulatory
mechanisms underlying nicotine-induced depression.

GO and KEGG pathway profiles of potential
targets

To explore the potential biological functions of the
intersecting targets involved in nicotine-induced
depression, GO and KEGG pathway enrichment
analyses were performed in this study. GO analysis
included three categories: biological process (BP),
cellular component (CC), and molecular function
(MF). The BP category was mainly involved in
excitatory postsynaptic potential, membrane potential
regulation, and chemical synaptic transmission;
the CC category was enriched in structures such
as monatomic ion channels and acetylcholine-
gated monatomic cation-selective channels; the MF
category was dominated by response to nicotine,
acetylcholine binding, and homophilic protein
binding. The top 10 significant terms of the above
categories were visualized (Supplementary file Figure

6A). KEGG pathway enrichment analysis revealed
that cocaine addiction, serotonergic synapse, and
neurodegeneration-multiple diseases pathways were
highly enriched (Supplementary file Figure 6B).

Table 2. Top ten core targets according to degrees of
freedom

DRD2 23 0.55737705 0.16444998
CHRNA4 21 0.48920863 0.08417899
STAT3 20 0.50746269 0.16926139
MAOB 19 0.53543307 0.11115121

SLC6A3 17 0.47552448 0.03490350
SLC6A4 16 0.45637584 0.02119158
GABRA1 15 0.46896552 0.04324802
CHRNB2 15 0.42767296 0.02279099
DRD1 15 0.45333333 0.01476656
MAOA 15 0.48571429 0.05860032
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Molecular docking

The 2D molecular structure of nicotine was retrieved
from the PubChem database, while the top five
potential core targets (DRD2, CHRNA4, STATS3,
MAOB, and SLC6A3) and their crystal structures
were obtained from the PDB database with the
corresponding PDB IDs: 5AER, 5KXL, 8A27, 6FWO,
and 9EO4, respectively. Molecular docking results
demonstrated that nicotine exhibited favorable
binding affinities to all five core targets. According
to the binding energy evaluation criterion, a value of
<-5.0 kcal/mol indicates a good binding interaction,
and a lower value represents a stronger affinity and
conformational stability. The binding energies of
nicotine to DRD2, CHRNA4, STAT3, MAOB, and
SLC6A3 were -5.4, -5.1, -6.9, -6.5, and -6.8 kcal/
mol, respectively, indicating that nicotine had a high
affinity for these targets (Table 3; and Supplementary

file Figure 7).

MR reveals the impact of core targets on
depression

After strict quality control, MAOB was excluded due to
insufficient qualified cis-eQTLs, leaving CHRNA4 (5
SNPs), DRD2 (1 SNP), and STAT3 (15 SNPs) for MR
analysis. All retained SNPs possessed F-statistics >10,
satisfying the relevance assumption by minimizing
weak instrument bias. Genetically predicted higher
CHRNA4 expression in the Nucleus Accumbens was
associated with a modest but statistically significant
increase in depression risk (IVW, OR=1.02; 95%
CI: 1.01-1.04, p=0.003), with consistent directions
across sensitivity analyses. Conversely, higher
DRD2 expression in the Anterior Cingulate Cortex
significantly reduced depression risk (Wald ratio,
OR=0.95; 95% CI: 0.91-0.99, p=0.007). No causal

relationship was found between STAT3 expression

Table 3. Molecular docking binding free energies of
nicotine to depression target proteins

DRD2 P14416 5AER -5.4
CHRNA4  P43681 5KXL -5.1
STAT3 P00533 8A27 -6.9
MAOB P27388 6FWO -6.5
SLC6A3 P01959 9EO4 -6.8
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and depression (IVW, OR=1.00; p=0.95). Crucially,
evaluating the exclusion restriction assumption,
sensitivity analyses showed no significant directional
pleiotropy (MR-Egger intercept p>0.05). While
some heterogeneity was observed for STATS3, this
was accounted for by the random-effects model,
confirming the overall robustness of the causal
estimates (Supplementary file Figure 8).

DISCUSSION

This study integrated network toxicology, molecular
docking, and Mendelian randomization techniques
to systematically elucidate the core molecular
mechanisms underlying nicotine-induced depression.
As the key addictive component of tobacco, nicotine
features high liposolubility and ready blood-brain
barrier penetration; upon inhalation, it rapidly
accumulates in emotion-regulating brain regions such
as the hippocampus. Long-term nicotine exposure is
closely associated with an elevated risk of depression,
exacerbated depressive symptoms, and treatment
resistance, rendering the mechanistic elucidation
of this association of great clinical significance®'.
Existing studies have confirmed that nicotine disrupts
the homeostasis of the central nervous system
through two distinct pathways: first, it interferes
with the balance of synthesis and reuptake of key
neurotransmitters including dopamine and serotonin,
thus impairing the neurochemical foundation of
emotional regulation; second, it triggers microglia-
mediated neuroinflammation, promotes the release
of proinflammatory cytokines such as IL-6 and TNF-a,
induces neuronal damage and reduced synaptic
plasticity, and ultimately leads to the dysregulation
of emotional regulation®?*.

This study confirmed that nicotine exhibits a
high binding affinity for core targets, including
DRD2, CHRNA4, and STATS3. It can form a multi-
target and multi-pathway regulatory network by
modulating neurotransmitter transmission as well as
the dopaminergic and cholinergic pathways, thereby
exacerbating depressive-like behaviors.

DRD2 is a target of the dopamine reward and
emotional regulation pathway, and its genetic
polymorphism can affect an individual’s susceptibility
to nicotine dependence by regulating receptor
function and the sensitivity of the dopamine system.

Tobacco Induced Diseases

Nicotine exposure can upregulate DRD2 expression
or enhance its signal transduction, alter dopamine
levels and neuroplasticity in emotion-related
brain regions such as the prefrontal cortex and
hippocampus, and thereby participate in mediating
the onset of depression®. A study by Yang et al.*
demonstrated that nicotine exposure can also enhance
the neuroinflammatory response by modulating DRD2
expression and the downstream B-arrestin2/STAT3
signaling axis, further aggravating the pathological
process of depression; conversely, biased agonists
targeting DRD2 exert antidepressant effects by
restoring pathway homeostasis*®. The molecular
docking results of this study showed that the binding
energy of nicotine to DRD2 was -5.4 kcal/mol,
indicating a high-affinity interaction. This suggests
that nicotine may regulate the pathological process
of depression by acting on DRD2.

CHRNA4 is mainly localized in key brain
regions for emotional regulation, including the
hippocampus and prefrontal cortex. It modulates
neuronal excitability, maintains synaptic plasticity,
and regulates neurotransmitter release; its functional
imbalance disrupts the synergistic effect of multiple
neurotransmitter systems, which is an important
pathological link in the onset of depression®. The
validation results of this study showed that the binding
energy of nicotine to CHRNA4 reached -5.1 kcal/mol,
indicating favorable binding activity between the two.
Based on this, we speculate that nicotine may disrupt
the homeostasis of the cholinergic system by acting on
CHRNAA4, thereby mediating the onset of depression.

STAT3 is a multifunctional transcription factor
abundantly expressed in neurons and glia. Its
aberrantly activated neuroinflammation constitutes a
core pathological mechanism of depression, triggering
emotional dysregulation via proinflammatory cytokine
release and neuronal injury. Zhao et al.*” confirmed
that the STAT3 pathway in the prefrontal cortex
mediates the comorbidity of neuropathic pain and
depression, and its abnormal activation exacerbates
neuroinflammation and impairs the function of
emotion-regulating brain regions. Nicotine exposure
can induce neuroinflammation and activate the
STAT3 pathway, disrupting brain homeostasis, which
suggests that STAT3 is a target linking inflammation
and emotional disturbance in nicotine-mediated
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depression®’. Clinical studies by Morvarid et al.*®
also verified that the abnormal activation of STAT3
has important clinical significance in the onset of
depression and serves as a crucial regulatory target
for its occurrence and development®. The molecular
docking results of this study showed that nicotine had
the highest binding energy to STAT3 (-6.9 kcal/mol)
with strong binding activity, suggesting that nicotine
may mediate the onset of depression by regulating the
transcriptional activity of STAT3.

The monoamine oxidase B encoded by MAOB
is a key enzyme in the metabolism of monoamine
neurotransmitters, and its functional abnormality
disrupts the homeostasis of the brain monoaminergic
system and impairs emotional regulation®’. Nicotine
exposure can alter MAOB expression and enzymatic
activity, exacerbate the metabolic imbalance of
monoamine transmitters, and damage the function
of emotion-related brain regions. It can also
regulate MAOB gene expression through epigenetic
modification, alter the activity of its encoded enzyme,
interfere with the metabolic balance of transmitters
such as dopamine, disrupt the neurochemical
homeostasis of emotional regulation in the brain,
and mediate the depressive pathological process™®.
Molecular docking in this study showed that the
binding energy of nicotine to MAOB reached -6.5
kcal/mol, indicating a high-affinity combination.

Clinical studies have shown that the C>T single
nucleotide polymorphism (SNP) at the rs40184 locus
of the SLC6A3 gene is significantly associated with
depression. Genetic variation at this locus can serve
as a potential genetic risk marker for the onset of
depression, and its polymorphic characteristics are
involved in regulating the genetic susceptibility to
depression, making it one of the important genetically
related targets for depression pathogenesis®'. Animal
experiments have also confirmed that abnormal
SLC6A3 expression causes dysregulated dopamine
reuptake and an imbalance in the brain dopaminergic
system, which not only participates in the pathological
onset of depression but also mediates the development
of depression-related erectile dysfunction, serving
as a target for regulating dopaminergic signaling in
depressive states®. The molecular docking results of
this study showed that the binding energy of nicotine
to SLC6A3 reached -6.8 kcal/mol with strong binding

Tobacco Induced Diseases

activity, indicating that SLC6A3 may be a target for
nicotine to regulate dopamine homeostasis and induce
depression.

KEGG pathway enrichment analysis revealed that
the intersecting targets of nicotine exposure and
depression were significantly enriched in core pathways
including the cAMP signaling pathway, dopaminergic
synapse, serotonergic synapse, and cholinergic
synapse. These pathways may jointly mediate the
pathological process of nicotine-induced depression
through specific binding and regulation with core
targets such as STAT3, MAOB, DRD2, SLC6A3, and
CHRNA4. The cAMP pathway is a key secondary
messenger pathway regulating depression; STAT3 can
modulate its signal transduction efficiency, thereby
affecting neuronal proliferation and neurotransmitter
release. Abnormal activation of this pathway leads to
functional disorders in emotion-related brain regions,
and STAT3-mediated dysregulated regulation of the
cAMP pathway is an important molecular mechanism
of depression®. The dopaminergic synapse pathway
is directly involved in the reward mechanism and
emotional regulation. Binding of nicotine to DRD2,
a dopamine receptor subtype, can inhibit the activity
of dopaminergic neurons, while SLC6A3-mediated
abnormal enhancement of dopamine reuptake jointly
leads to decreased brain dopamine levels, inducing
core depressive symptoms such as anhedonia and
depressed mood, which is consistent with the
clinical characteristics of abnormal dopaminergic
system function in patients with depression®'. In
the serotonergic synapse pathway, MAOB, a subtype
of monoamine oxidase, can accelerate serotonin
degradation upon abnormal activation; nicotine may
further reduce serotonin levels by upregulating
MAOB expression, exacerbating emotional regulation
dysfunction®. The enrichment of the cholinergic
synapse pathway is closely related to the regulation
of CHRNA4; nicotine may further exacerbate
neural circuit imbalance by activating CHRNA4-
mediated cholinergic neurotransmission, promoting
the formation of depressive-like phenotypes?®.
Consequently, by binding to core targets with
high affinity, nicotine synchronously activates the
synergistic effect of multiple pathways, disrupts CNS
homeostasis, and ultimately induces depression. This
provides a critical target-pathway level theoretical
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basis for elucidating the molecular mechanism of
nicotine-induced depression and developing targeted
interventions.

MR analysis provided crucial genetic evidence to
validate the molecular pathways identified by network
pharmacology and molecular docking. Notably, cis-
eQTLs were used to proxy the lifelong expression of
target genes (e.g. CHRNA4 and DRD2) instead of
directly measuring environmental nicotine exposure.
The significant causal associations - CHRNA4
overexpression increasing depression risk and DRD2
expression exerting a protective effect - confirmed
these targets’ pathogenic relevance, bridging network
toxicology and genetics and suggesting nicotine-
induced depression may be partially mediated
by these genetically validated receptor pathways.
Although the effects were statistically robust, effect
sizes were modest (e.g. OR=1.02 for CHRNA4), a
recognized feature of cis-eQTL-based drug-target MR
studies. These effect sizes reflect causal direction and
target validity, not direct quantification of smoking-
related clinical risk, with our integrated analysis
highlighting pathway relevance and adopting a
cautious interpretation of macroscopic environmental
impacts.

Analyzing the effects of nicotine on depression by
integrating network toxicology, molecular docking,
and Mendelian randomization offers distinct and
complementary advantages, providing solid support
for relevant research: first, it constructs pollutant-
disease molecular associations, mines core targets and
pathways by integrating multiple databases, and avoids
the limitations of single-target studies. Meanwhile,
Mendelian randomization relies on genetic data
to effectively exclude confounding bias, clarify
associations, and avoid reverse causality interference;
second, molecular docking quantifies target binding
capacity and visualizes experimental results,
facilitating intuitive understanding of mechanisms,
while Mendelian randomization verifies the genetic
correlation between targets and diseases, enhancing
the reliability of the proposed mechanisms; third, it
clarifies precise research directions for subsequent
experiments, reduces research blindness, locates key
pathological links, and provides a theoretical basis
for depression prevention, control, and intervention
research.

Tobacco Induced Diseases

Limitations

This study has several limitations, and the conclusions
are only mechanism hypotheses based on dry
experiments, which have not been verified by in vitro,
in vivo, and clinical studies; their scientific robustness
and applicability need further confirmation by
subsequent research. First, the research methods
have inherent limitations: all results were obtained
through network toxicology database analysis and
in vitro molecular docking simulation, lacking direct
verification by in vitro cell experiments and in vivo
animal experiments. The associations between
some targets and pathways in public databases are
insufficiently supported by experimental evidence,
which renders the in vivo reliability and applicability
of the research conclusions to be further confirmed.
Second, the study design did not clarify the dose-
effect and time-effect relationships of nicotine
exposure, nor did it explore the associations
between different nicotine exposure doses, exposure
durations, depression risk, and core target/pathway
activation levels, making it difficult to truly reflect the
toxicological effects of nicotine exposure in complex
real environments. Third, the technical methods have
inherent defects; the completeness of the databases
used and the accuracy of the analysis algorithms may
affect the accuracy of the results, which may lead to
the omission of some key pathogenic mechanisms.

CONCLUSIONS

This study integrated network toxicology, molecular
docking, and Mendelian randomization approaches
to identify potential core targets (e.g. DRD2,
CHRNA4) and related regulatory pathways involved
in nicotine-induced depression, which fully leverages
the advantages of multi-technical integration
and effectively compensates for the limitations of
single research methods. These core targets and
pathways provide verifiable potential biomarkers and
intervention targets for depression associated with
nicotine exposure, and offer exploratory directions
for subsequent in vivo experimental validation and
clinical translational research.
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