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Abstract

Substance use disorders (SUD) have long been diagnosed and monitored through subjective self-report,
leaving a critical gap in objective biomarkers for subtyping, treatment response, and relapse prediction.
Cao et al. provided pivotal genetic evidence for bidirectional causal relationships between addiction
phenotypes and systemic inflammation using Mendelian Randomization (MR), a methodological
breakthrough that opens a tangible path toward closing this gap. Building upon these genetic insights,
this commentary evaluates their implications for psychiatric practice and mechanistic research. We assess
cytokines such as HGF, IL-10, and M-CSF as potential biomarkers for addiction subtyping, treatment
response, and relapse monitoring, and emphasize the need to shift from peripheral measures to central
neuroimmune mechanisms. By incorporating the key bibliometric theme of “oxidative stress,” we outline
an integrative pathology framework connecting oxidative stress, inflammation, and neuroplasticity in
addiction. Methodological considerations of the MR design, including population generalizability, are
discussed. We conclude that addiction is not solely a brain disorder but an immunologically embedded
condition, and call for trans-ethnic, longitudinal, and multi-omics studies to translate these causal clues
into precision diagnostics and immunomodulatory therapies for SUD.

Keywords: Substance use disorders, Addiction, Inflammation, Biomarkers, Mendelian randomization,
Oxidative stress
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Introduction

Tobacco and alcohol use disorders (TUD and AUD) represent a significant global public health
and psychiatric challenge, contributing to immense morbidity and mortality [1,2]. Current diagnostic
assessments for these SUD predominantly rely on subjective self-reporting [3], underscoring a
critical need for objective biomarkers to enhance diagnostic precision, phenotyping, and disease
management. Inflammatory cytokines have emerged as promising candidate biomarkers, implicated
in the pathology, withdrawal, and relapse processes of both AUD and TUD [4]. However, establishing
causal links in humans remains challenging, not only due to confounding and reverse causation,
but also because of the predominant reliance on preclinical models and observational studies with
constrained samples [5-7].
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To address this pivotal gap, the study by Cao e# al [8] employs
a bidirectional MR framework to systematically investigate genetic
evidence for causal relationships between 41 inflammatory cytokines
and five key addiction phenotypes. This approach represents a
significant methodological advance, offering a powerful means
to infer causality by leveraging genetic variants as instrumental
variables (IVs), thereby mitigating issues prevalent in observational
research [9]. Consequently, their work provides a novel, population-
level mapping of the genetic causal network linking inflammatory
pathways with addiction severity and behaviors.

Building on this methodological rigor, this commentary takes Cao
et al.’s genetic map as a departure point to advance a translational
framework interrogating the clinical and mechanistic relevance of
their findings. We critically examine three questions: How does
this evidence refine our understanding of addiction as a biologically
heterogeneous condition? Which cytokines are most promising as
biomarkers or therapeutic targets? And what methodological steps are
needed to bridge population-level genetic estimates and individual
treatment decisions?

While their study established population-level causal links between
inflammatory cytokines and addiction phenotypes, we extend
these findings by: (i) evaluating their implications for biomarker-
guided subtyping and treatment monitoring; (ii) integrating the
emerging bibliometric theme of “oxidative stress” to propose a
unified pathological axis linking peripheral inflammation, central
neuroimmune dysfunction, and neuroplasticity; and (iii) critically
assessing the methodological steps required to translate MR findings
into individualized psychiatric care. In doing so, we draw upon very
recent literature, including 2026 studies on TSPO neuroimaging
[10], HGF immunoregulatory mechanisms [11], and multi-omics
MR frameworks [12], to contextualize Cao et al’s findings within
the evolving evidence landscape. This integrative effort is structured
across four domains, methodological implications, biomarker
potential, mechanistic translation, and a forward-looking research
roadmap, with the overarching goal of transforming correlational
legacy into causal, clinically actionable knowledge.

Methodological Implications: Refining Causal
Inference in Addiction Heterogeneity

Building on the methodological rigor of Cao ez al., this section
examines how MR approaches refine our understanding of addiction
as a biologically heterogeneous condition. We critically evaluate the
methodological steps required to translate population-level genetic
estimates into insights that could inform individual-level treatment
decisions.

MR offers a valuable epidemiological framework for strengthening
causal inference, which is particularly relevant in psychiatric research
where phenotypes such as addiction are often confounded by
environmental and psychosocial factors [13]. By utilizing genetic
variants such as IVs, MR mimics randomization in controlled trials
to isolate the effect of an exposure on an outcome [14]. In the
study, weak instrument bias was appropriately mitigated through
the selection of IVs with F-statistics >10 [15]. It should be noted,
however, that the adoption of suggestive p-value thresholds (p<5x10-
6/ 1x107) for IV selection rather than the conventional genome-wide
significance threshold of 5x107® represents a deliberate methodological
trade-off [15,16]. While this strategy increases statistical power by
incorporating a broader set of genetic variants, it concurrently raises

the potential risk of including SNPs with horizontal pleiotropic
effects [16].

Understanding addiction as a biologically heterogeneous condition
requires careful consideration of such methodological nuances.
A fundamental assumption of MR is the absence of horizontal
pleiotropy, whereby genetic variants influence the outcome through
pathways independent of the exposure [17]. Although sensitivity
analyses, including MR-PRESSO and MR-Egger, indicated no
significant horizontal pleiotropy (p>0.1) [18], it is important to
acknowledge that biological pleiotropy remains pervasive for complex
traits [19]. Consequently, undetected or “hidden” pleiotropy, where
genetic variants affect addictive behaviors via pathways separate from
inflammatory cytokine levels, may still pose a limitation that could
bias causal estimates [20,21]. Such biases could obscure the true
heterogeneity underlying addiction subtypes, potentially masking
distinct immunological profiles that characterize different patient
populations. Moreover, the systematic impact of such pleiotropy on
MR inferences in psychiatry has yet to be fully quantified [21].

A further limitation is the study’s exclusive reliance on genetic data
from European-ancestry populations [15]. Genetic architectures (e.g.,
allele frequencies, linkage disequilibrium) vary substantially across
populations due to distinct evolutionary histories and environmental
exposures [22]; thus, an IV valid in one population may not hold in
another [23]. This restricts generalizability of causal estimates and
potential biomarkers to non-European groups, underscoring the
need for more diverse genetic studies in psychiatric research [22,24].
Emerging methods such as MR-EILLS offer a potential solution
by integrating heterogeneous GWAS datasets to infer robust causal
relationships [23].

Beyond these study-specific considerations, two fundamental
limitations of the MR framework itself hinder translation to individual
treatment decisions. First, genetic instruments reflect lifelong average
predispositions rather than dynamic, state-dependent changes in
cytokine levels across addiction stages [25]; thus, MR estimates
cannot capture the fluctuating inflammatory milieu relevant to
individual treatment response. Second, MR cannot resolve cellular
source specificity, circulating cytokines originate from diverse tissues,
and identifying their origins is essential for mechanistic insight
and targeted intervention. Without such resolution, translating
population-level estimates into individualized therapeutic strategies
remains challenging.

Biomarker Potential: Cytokines as Tools for Subtyping
and Prognosis

This section addresses the second question posed in our
Introduction, which cytokines are most promising as biomarkers
or therapeutic targets, by evaluating a panel of circulating cytokines
causally linked to smoking and alcohol use phenotypes in the study
by Cao et al. [26]. These molecules appear not merely as consequences
or drivers of addictive behaviors but active participants in their
pathophysiology, holding translational potential for subtyping
addiction, prognostic evaluation, and therapeutic targeting.

Among these, certain cytokines may function protectively by
mitigating tissue damage, promoting repair, and suppressing
detrimental inflammation, features that could define a “low-risk” or
“resilient” immunological subtype. For instance, hepatocyte growth
factor (HGF) exhibits immunoregulatory and cytoprotective effects
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by promoting epithelial regeneration and shifting macrophages
from a pro-inflammatory M1 toward an anti-inflammatory M2-
like phenotype, thereby facilitating tissue repair [11]. The observed
reduction in circulating HGF with increased alcohol consumption
[27] and its suppression by smoking [28] suggest a diminished tissue
repair capacity in individuals with substance use. Consequently,
monitoring HGF could serve as a dynamic indicator of somatic
health risk in addiction [29] and as a potential biomarker of
recovery during abstinence. Similarly, interleukin-10 (IL-10), an
anti-inflammatory cytokine, was positively associated with smoking
cessation in the present study [26] and elevated during nicotine
withdrawal in animal models [30]. This suggests that IL-10 may
alleviate neuroinflammation mediated negative affect and craving,
positioning it as a candidate biomarker for assessing withdrawal
severity and response to anti-inflammatory interventions.

Conversely, elevated levels of other cytokines may contribute
to addiction related complications or mark a “high-risk” clinical
subtype characterized by heightened systemic inflaimmation and
susceptibility to comorbid conditions. Stromal cell-derived factor-1a
(SDF-1a) was positively influenced by daily cigarette consumption
[26]. Although in vitro findings remain inconsistent, higher SDF-1at
levels are linked to increased heart failure risk, implying its role as a
mediator of smoking associated cardiovascular pathology [31,32].
Likewise, granulocyte colony stimulating factor (G-CSF) elevation
upon smoke exposure reflects neutrophil activation and depletion,
potentially serving as an indicator of systemic inflammation and
respiratory complication risk [33-35]. Notably, macrophage colony
stimulating factor (M-CSF) was inversely associated with the age of
smoking initiation and positively with weekly alcohol consumption
[26], implying a novel role in predisposing individuals to addictive
behaviors, a finding that could inform early-risk stratification.

Importantly, the functions of these cytokines are context-
dependent, underscoring the complexity of biomarker interpretation
for prognostic purposes. While most evidence supports a positive
correlation between smoking severity and interferon-y (IFN-y),
indicating aggravated lung inflammation [36], tobacco exposure has
also been reported to suppress IFN-y secretion in certain clinical
settings, such as during tuberculosis diagnosis [37]. This discrepancy
highlights that IFN-y dynamics may vary with disease state or tissue
microenvironment, suggesting that its utility as a prognostic marker
may require careful contextualization.

Collectively, these findings advocate integrating protective (HGF,
IL-10) and risk-indicating (SDF-1a, G-CSE, M-CSF) cytokines
into a multi-parameter panel for clinical translation. Such a panel
could enable subtyping into distinct pathophysiological profiles,
inform personalized risk stratification for complications and relapse,
and identify novel therapeutic targets. Given the context-dependent
roles of factors like IFN-y, biomarker interpretation must account
for specific clinical scenarios. Future research should validate these
markers in longitudinal studies and integrate multi-omics data to
build dynamic models for precision addiction management.

Mechanistic Translation: From Peripheral
Inflammation to Central Neuroimmune Pathways

This section deepens our understanding of addiction as a
biologically heterogeneous condition by exploring the mechanistic
pathways that link peripheral inflammatory markers to central
neuroimmune processes. Understanding these mechanisms is

essential for explaining why individuals with similar substance use
patterns may exhibit different clinical trajectories and treatment
responses.

The investigation by Cao ez al. utilizes MR to establish genetic
evidence for causal links between addiction phenotypes and
peripheral inflammatory states [38]. However, while circulating
cytokines serve as important indicators of systemic immune activation
[39], the core pathology of SUD is fundamentally rooted in the
central nervous system (CNS) [40,41]. Addictive substances may
drive neuroinflammatory processes, either directly or via peripheral
inflammation [42-44], leading to functional disturbances in key
brain regions such as the prefrontal cortex and striatum, circuits
critically involved in impaired cognitive control, habit formation,
and relapse [40,41,45]. This peripheral-central connection may
represent one source of biological heterogeneity: individuals may
differ in the extent to which their peripheral inflammation translates
into central neuroimmune dysfunction.

This context raises a pivotal question: can peripheral biomarkers
accurately reflect these central pathological processes? Findings based
on genetic variants associated with circulating cytokines [38] may
not fully capture cytokine dynamics in the cerebrospinal fluid or
neuroinflammation confined to brain circuits underlying addiction
[40,46]. The blood-brain barrier (BBB) plays a crucial regulatory
role in peripheral-central immune communication [42], and it
remains to be determined whether substance-induced peripheral
inflammation affects the CNS milieu by disrupting BBB integrity
[42]. Interindividual variability in BBB integrity or function could
therefore contribute to differential vulnerability to substance-induced
neuroinflammation, further underpinning the heterogeneous nature
of addiction.

Notably, recent neuroimaging advances provide direct evidence
of central neuroimmune activation in humans. Beyond classical
cytokines, alcohol induces neuroinflammatory effectors such as
inducible nitric oxide synthase and cyclooxygenase-2 within the
CNS [47]. TSPO PET studies demonstrate that acute alcohol
challenge rapidly increases global brain TSPO signal (9-16%)
alongside peripheral cytokine alterations, confirming rapid
bidirectional immune crosstalk [48]. Chronic adaptation is also
evident: women with mild-to-moderate alcohol use disorder show a
pronounced reduction (-21%) in brain TSPO availability, associated
with executive function impairments, indicating clinically relevant
neuroimmune dysregulation [10]. These sex-specific differences
further illustrate the biological heterogeneity underlying addiction

phenotypes.

The identification of oxidative stress as a central research
hotspot in substance abuse [38] supports the notion that oxidative
stress pathways may mediate the link between peripheral and
central inflammation. Both alcohol and tobacco exposure induce
oxidative stress, which activates transcription factors such as NF-
kB and upregulates pro-inflammatory signaling molecules like
TNF-a, leading to inflammatory responses, cellular damage, and
mitochondrial dysfunction [49,50]. This cascade contributes to
related diseases and neuropsychiatric disorders [51]. An integrative
pathological framework thus emerges: substance use promotes
oxidative stress, driving inflammatory activation and neuronal
damage that reinforce addictive behaviors. Conversely, genetically
influenced baseline levels of oxidative stress and inflammation may

Curr Res Psychiatry. 2026;6(1):36-41.

38



Citation: Chen X, Yang L, Tang Y, Wu B, Liu J. Inflammation as a driver and consequence of addiction: translating Mendelian randomization findings into

psychiatric practice and research. Curr Res Psychiatry. 2026;6(1):36-41.

increase individual susceptibility to substance-induced neurotoxicity,
offering a potential explanation for differential vulnerability across
individuals.

This oxidative stress-inflammation axis may be critically
modulated by the anti-aging gene Sirtuin 1 (Sirtl), which regulates
appetite, nuclear-mitochondria interaction, synaptic plasticity, and
neuronal proliferation [52]. Its repression, driven by overnutrition,
environmental factors, or bacterial lipopolysaccharides, has been
linked to immune alterations, mitochondrial apoptosis, and chronic
disease [53]. Given Sirtl’s regulation of FOXO and other anti-
aging genes [54], investigating its dysregulation in SUD could
reveal an early biomarker for addiction vulnerability and multi-
organ complications. Interindividual variation in Sirtl expression
or activity may therefore represent another layer of biological
heterogeneity influencing addiction susceptibility and progression.

Future studies could employ a multi-omics MR framework to
examine causal pathways linking oxidative stress and inflammation
in addiction. Genetic variants associated with oxidative stress
biomarkers (e.g., lipid peroxidation products, DNA damage [55])
and inflammatory cytokines could be integrated using bidirectional
or mediation analyses to clarify their interplay. A recent multdi-
omics MR study in Crohn’s disease successfully dissected such
mechanisms by combining oxidative stress-related gene expression,
DNA methylation, and gut microbiota data [12]. Adopting a
similar strategy could systematically elucidate dynamic interactions
between oxidative stress and inflammation in addiction, clarifying
the mechanistic basis of its biological heterogeneity.

A Forward-Looking Research Roadmap: From
Population Estimates to Personalized Intervention

Building on the bidirectional causal relationships identified by Cao
et al., this section outlines a roadmap for translating population-level
genetic estimates into clinically actionable strategies for personalized
intervention.

The bidirectional MR analyses reveal that addictive behaviors
and inflammatory states exert mutual causal influences: forward-
direction analysis establishes substance use as a direct contributor to
immune dysregulation, while reverse-direction analysis indicates that
an individual’s immune profile may predispose them to addiction
vulnerability, greater severity, and differential treatment responses
[38]. These findings position specific cytokines as active modulators
of addiction-related outcomes and inform two strategic clinical
approaches. In preventive settings, baseline inflammatory profiling
(e.g., M-CSF) may identify high-risk individuals for targeted early
intervention. During active treatment, efforts can focus on reducing
pro-inflammatory cytokines linked to consumption severity or
supporting protective factors like HGF as dynamic biomarkers of
recovery. Together, these findings offer a targeted framework for
pharmacotherapy, guiding the design of inhibitors (e.g., against
M-CSF) and enhancers (e.g., of IP-10 signaling) [38].

To bridge population-level estimates and individual treatment
decisions, several methodological steps are required. First, cross-
ethnic replication in non-European populations is needed to
assess generalizability. Second, longitudinal designs with dynamic
biomarker sampling should clarify cytokine trajectories in predicting
addiction stages, treatment response, and relapse. Third, genetic
findings should guide interventional trials targeting specific

pathways (e.g., elevating HGEF, inhibiting M-CSF). Fourth, multi-
omics integration (immunomics, epigenomics, metabolomics, gut
microbiome) will enable construction of a comprehensive biological
network of addiction. Finally, linking inflammation-related genetic
variants to neuroimaging phenotypes and cognitive-behavioral traits
(e.g., impulsivity, reward sensitivity) is essential to bridge molecular
mechanisms with clinically relevant outcomes.

Returning to the three questions posed at the outset of this
commentary, we now assess the extent to which they have
been addressed. First, the evidence synthesized here refines our
understanding of addiction as a biologically heterogeneous condition
by revealing that its heterogeneity arises from multiple sources:
methodological limitations such as undetected horizontal pleiotropy
may mask distinct immunological subtypes, while mechanistically,
individuals vary in the translation of peripheral inflammation to
central neuroimmune dysfunction, a process modulated by blood-
brain barrier integrity, sex differences, and oxidative stress pathways,
all of which converge to shape differential vulnerability and disease
trajectories. Second, we have identified a prioritized panel of
cytokines with translational potential, not only as static biomarkers
but as dynamic indicators of withdrawal, relapse risk, and treatment
response. Third, we have outlined a multi-step methodological
roadmap, encompassing trans-ethnic replication, longitudinal
sampling, multi-omics integration, and neuroimaging-immunology
linkages, that is essential to bridge population-level genetic estimates
with individualized clinical decision-making. Collectively, these
contributions transform the causal clues from Cao ez al. into an
actionable framework for advancing precision psychiatry in SUD.

Conclusion

In summary, the study by Cao et al represents a significant
step toward elucidating the immunobiology of addiction, and
this commentary has sought to extend their genetic insights into
a translational framework with clinical and mechanistic relevance.
By addressing the three guiding questions, we have demonstrated
how their findings refine our understanding of addiction as a
biologically heterogeneous condition, identified a prioritized panel
of cytokines with biomarker and therapeutic potential, and outlined
a methodological roadmap to bridge population-level estimates
with individualized care. Collectively, these contributions reposition
addiction not merely as a brain disorder but as an immunologically
embedded condition, wherein systemic and central immune
pathways interact to shape vulnerability, disease trajectory, and
treatment response. Realizing the clinical promise of this addiction-
immune axis will require trans-ethnic replication, longitudinal
biomarker validation, multi-omics integration, and ultimately,
immunomodulatory trials guided by causal genetic evidence.
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