J Current Biomed Report 2025, Volume 6, Number 4
ISSN: 2717-1906 Review Paper a

Impact of genetic variants on outcomes in ICU
patients with acute respiratory failure syndromes

Niloofar Keikhaei', Hamed Hekmatnezhad?, Mohsen Farrokhpour®*'”, Mahnaz Mohammadnezhad*, Nilufar Bavafa®

1. Department of Internal Medicine, Sayad Shirazi Hospital, School of Medicine, Golestan University of Medical Sciences, Gorgan, Iran
2. Department of Basic Sciences, Sari Agricultural Sciences and Natural Resources University, Sari, Iran
3. Firouzgar Hospital, Department of Internal Medicine, School of Medicine, Iran University of Medical Sciences, Tehran, Iran
4. Department of Midwifery, School of Nursing and Midwifery, Ardabil University of Medical Sciences, Ardabil, Iran
5. Department of Food Microbiology, Sanjesh Zagros Mokrian Laboratory, Mahabad, Iran

ABSTRACT

Article info: Acute respiratory failure (ARF) and acute respiratory distress syndrome (ARDS) represent
Necepted: 15 Doe 2028 major causes of morbidity and mortality in the intensive care unit (ICU). Although clinical
triggers such as pneumonia, sepsis, trauma, and viral infections are well characterized,
substantial inter-individual variability in disease susceptibility, severity, and treatment response
suggests an important contribution of genetic factors. Emerging evidence from genome-wide

Keywords: association studies, polygenic analyses, and sequencing of rare variants highlights key pathways
Acute respiratory failure including endothelial barrier regulation, innate immunity, and inflammatory signaling that shape
ggggc susceptibility host responses during critical illness. Pharmacogenomic studies further indicate that genetic
Pharmacogenomics variation influences responses to sedatives, corticosteroids, and other ICU therapies, although
ICU management clinical translation remains limited. Environmental exposures and critical care interventions
interact with inherited variation, emphasizing the multidimensional nature of ARF. This review
synthesizes current knowledge on genetic determinants of ARF and ARDS, examines their
relationship with clinical outcomes in the ICU, and outlines how gene-environment interactions
and pharmacogenomics contribute to treatment heterogeneity. Despite promising discoveries,
major gaps persist, including limited ancestry diversity, modest effect sizes, and scarce
genotype-informed interventional trials. A deeper integration of genomics with multi-omics
profiling and clinical phenotyping is essential to advance precision medicine approaches for
critically ill patients.
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1. Introduction

Acute respiratory failure (ARF) is a clinical condition
characterized by a rapid decline in pulmonary gas
exchange, resulting in life-threatening hypoxemia
and/or hypercapnia, often emerging in previously stable
patients. It arises from a wide spectrum of respiratory,
cardiovascular, and systemic disorders that overwhelm
the lungs’ ability to maintain adequate oxygenation and
carbon dioxide removal [1]. ARF is broadly classified
into hypoxemic (type 1) and hypercapnic (type 2) forms,
with the latter associated with elevated arterial carbon
dioxide levels and respiratory acidosis [2].

Acute respiratory distress syndrome (ARDS)
represents a severe, non-cardiogenic subtype of ARF
marked by diffuse alveolar damage and bilateral
infiltrates, most often triggered by pneumonia, sepsis,
aspiration, or severe viral infections such as coronavirus
disease (COVID-19) [3]. ARF remains one of the
leading reasons for intensive care unit (ICU) admission
worldwide, particularly due to its frequent requirement
for invasive mechanical ventilation or advanced non-
invasive respiratory support.

Multicenter studies indicate that ARDS-related ARF
carries high morbidity and substantial mortality, with
ICU fatality rates commonly in the range of 30—40% in
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moderate-to-severe cases, and even higher in selected
subgroups, particularly during the COVID-19 pandemic
[4]. Evidence-based practices such as high-flow nasal
oxygen, non-invasive ventilation, and lung-protective
ventilation strategies have become central pillars of
ARF management.

Beyond short-term  survival, ARF and its
interventions significantly shape long-term functional
outcomes, quality of life, and healthcare utilization
among ICU survivors, underscoring the need to examine
both clinical and biological determinants of disease
trajectories [5,6].

Figure 1 provides an overview of ARF and ARDS,
illustrating the causes, physiological pathways, clinical
manifestations, and the rationale for intensive
monitoring and ventilator support in the ICU.

This narrative review aims to synthesize current
evidence on the genetic and pharmacogenomic
determinants of ARF and ARDS in critically ill patients.
It explores how genetic variation shapes susceptibility,
disease severity, host responses, and treatment
outcomes in the ICU; summarizes emerging insights
from genome-wide studies, sequencing approaches, and
multi-omics research; and evaluates the role of gene-
environment interactions in modulating clinical
trajectories.

Overview of ARF and ARDS
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Figure 1. A visual summary of the key aspects of ARF and ARDS in the ICU. It illustrates the causes, physiological processes, clinical manifestations,
and importance of ICU management for these critical conditions. This figure simplifies complex clinical information, enabling healthcare professionals
to quickly grasp the interrelationships between the various factors involved in ARF and ARDS, supporting more informed decision-making in patient

care.




Keikhaei et al.

Furthermore, the review outlines key knowledge gaps
and future research priorities including the need for
large multi-ancestry cohorts, harmonized phenotyping,
and genotype-informed interventional trials to advance
precision medicine strategies in the management of
ARF and ARDS.

2. The Role of Genetic Variability in ARF
and ARDS

Despite sharing similar precipitating insults such as
pneumonia, sepsis, trauma, or viral infection critically
ill patients demonstrate substantial heterogeneity in
susceptibility to ARF, inflammatory profiles, organ
dysfunction severity, and survival. This variability
strongly suggests a key contribution of host genetic
factors to the pathophysiology of ARF and ARDS [7,8].
Over the past decade, genetic studies of sepsis and
ARDS have identified variants in pathways related to
endothelial and epithelial barrier integrity, innate
immune activation, and coagulation, all of which
influence disease susceptibility and outcomes [9].
Additionally, variants in cytokine signaling, pattern-
recognition receptors, and interferon pathways have
been associated with severe viral respiratory failure,
including COVID-19, highlighting that host genetic
architecture can significantly modulate disease
progression independent of pathogen characteristics
[10]. Research in septic ICU cohorts has further
demonstrated that both common and rare genetic
variants shape the balance between hyperinflammatory
and immunosuppressive responses, thereby affecting
organ injury patterns and mortality [11]. Despite this
growing body of evidence from genome-wide
association studies (GWAS), candidate-gene analyses,
and multi-omics profiling, integration of genetic
insights into clinical practice remains limited. Current
findings are fragmented due to heterogeneity in
population structure, inconsistent ARDS definitions,
variable clinical management, and inadequate sample
sizes across studies [7,12]. These challenges highlight
the need for more robust, harmonized, and multi-
ancestry genetic investigations to better elucidate the
contribution of host genomics to ARF susceptibility and
clinical outcomes.

3. Genetic susceptibility to acute respiratory
failure

Genetic variation is increasingly recognized as a
significant factor contributing to the development of
AREF and its progression to acute ARDS. Recent studies
have demonstrated that susceptibility to ARF reflects
the combined influence of common and rare inherited
variants that act across multiple biological pathways.
GWAS have identified several key loci, particularly
within the vascular endothelial growth factor (VEGF)
signaling pathway, including the Fms-Like Tyrosine
Kinase 1 (FLT1) gene, which modulates endothelial
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permeability and influences the severity of acute lung
injury. These genetic variants are strongly associated
with the risk of ARDS and sepsis-related AREF,
highlighting the importance of endothelial integrity in
determining ARF susceptibility [8,9]. Additionally,
polygenic risk scores (PRS) have provided further
insight into how multiple small-effect genetic variants
collectively contribute to ARF susceptibility. These
scores have revealed overlapping genetic risk factors
between ARF, sepsis, and severe pneumonia, indicating
that a genetic predisposition to one condition may
predispose patients to others, further complicating the
clinical presentation of ARF [13]. Sequencing-based
studies have also uncovered rare, high-impact variants,
particularly in genes related to interferon signaling and
innate immunity. These variants, which may represent
inborn errors of immunity, contribute to severe viral
respiratory failure, especially in critical illness settings
like COVID-19 [10]. These findings suggest that
genetic predispositions to immune dysregulation may
become clinically apparent during critical illness,
highlighting a new avenue for exploring genetic
contributions to ARF and ARDS. The Ilarge-scale
COVID-19 GWAS consortia have further reinforced the
role of genetics in ARF by identifying significant
associations in loci involved in antiviral defense,
inflammation, and epithelial barrier response. These
associations are biologically plausible across both viral
and non-viral forms of ARF, underscoring the relevance
of genetic factors beyond the pathogen alone in shaping
disease outcomes [14]. Despite these advances, much of
the genetic evidence remains fragmented, and current
findings are limited by small sample sizes,
heterogeneous patient populations, and variable ARDS
definitions. Nevertheless, these genetic studies provide
a coherent framework for understanding the role of
inherited variation in determining susceptibility to ARF.
Moving forward, comprehensive, multi-ancestry studies
with larger sample sizes and more consistent
phenotyping will be essential to validate these findings
and better translate genetic insights into clinical
practice.

4. Genetic variants and clinical outcomes in
the ICU

Genetic variants play a crucial role in shaping the
clinical course and outcomes of critically ill patients
with ARF and ARDS. While susceptibility to ARF and
ARDS is influenced by a variety of factors, including
environmental and clinical exposures, emerging
evidence suggests that genetic variations contribute
significantly to both the development of these
conditions and their progression in the ICU. Recent
studies have linked specific genetic polymorphisms to
important clinical outcomes, including ICU mortality,
the severity of organ failure, and the need for
mechanical ventilation or vasopressor support. For
example, polymorphisms in genes involved in
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endothelial function, such as those in the VEGF
pathway, have been associated with more severe ARDS
and poorer short-term survival rates in ICU patients.
Similarly, variations in stress-response genes like Silent
Information Regulator 2-Related Enzyme 1 (SIRTI1: a
gene involved in cellular stress tolerance) are linked to
differences in patient outcomes, including organ failure
progression [15]. Furthermore, recent research has
emphasized the role of inherited immune-related
variants in determining the clinical trajectory of ARDS.
In particular, polymorphisms in genes related to
immune regulation, such as cytokine receptors and
pattern-recognition receptors, appear to influence how
patients respond to infections, contributing to variations
in ARF severity and survival rates. For instance, specific
genetic ~ markers  are  associated ~ with a
hyperinflammatory endotype of ARDS, which typically
leads to worse outcomes, including higher ICU
mortality, prolonged ventilation, and extended organ
dysfunction [8]. In addition to single genetic variants,
the concept of host-response subphenotypes is gaining
traction in ARF research. These subphenotypes, such as
hyperinflammatory versus hypoinflammatory profiles,
are shaped by genetic predispositions and are crucial in
determining patient prognosis. Studies show that
patients with a hyperinflammatory response to ARDS
tend to experience worse outcomes, including higher
mortality rates and fewer ventilator-free days, compared
to those with a hypoinflammatory response [16].
Pharmacogenomic data have also added a layer of
complexity to understanding ICU outcomes. Variants in
drug-metabolizing enzymes, such as cytochrome P450
(CYP450) and catechol-O-methyltransferase (COMT),
influence how patients process sedatives, analgesics,
and other critical medications. For example, genetic
differences in CYP3A4/5 can alter how patients respond
to sedatives like midazolam and dexmedetomidine,
leading to differences in the effectiveness of sedation
and the risk of oversedation or undersedation. However,
current pharmacogenomic panels only account for a
small portion of the variability in achieving optimal
sedation and do not yet result in significant
improvements in clinical outcomes such as ICU length
of stay or survival [17].

Overall, the influence of genetic variants on clinical
outcomes in the ICU is multifaceted. While certain
genetic markers have shown clear associations with
ARDS severity, organ failure progression, and patient
survival, the effect sizes are often modest, and findings
remain context-dependent. The complexity of linking
genetic data to clinical outcomes highlights the need for
large, well-phenotyped cohorts that integrate genetic
information with biomarkers, clinical interventions, and
environmental factors.

5. Pharmacogenomics and response to
treatment

Pharmacogenomics plays a critical role in
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understanding the variability in treatment responses
among critically ill patients with ARF. In the ICU,
pharmacological interventions such as sedatives,
analgesics, neuromuscular blockers, corticosteroids,
and vasopressors are commonly used to manage ARF
and its underlying causes. However, the response to
these therapies can vary significantly between patients
due to genetic differences in drug metabolism, receptor
sensitivity, —and  other  pharmacokinetic  and
pharmacodynamic factors [18]. Figure 2 provides a
visual representation of the treatment flow for patients
with ARF and ARDS in the ICU. The process is
organized into four stages: Initial assessment, initiating
treatment, monitoring and assessment, and discharge or
continued care. The initial assessment involves
evaluating clinical symptoms, vital signs, and
determining the need for mechanical ventilation.
Treatment initiation includes administering
antimicrobial medications, sedatives, and ventilatory
support. Continuous monitoring of respiratory and
hemodynamic  status follows, with necessary
adjustments in medication and ventilator settings. The
final stage prepares the patient for discharge or
continued ICU care, focusing on long-term monitoring
and complications. This structured approach ensures a
comprehensive management of ARF and ARDS,
optimizing  patient outcomes through timely
interventions and ongoing assessment [6,19-21].

Genetic  polymorphisms in  drug-metabolizing
enzymes, transporters, and receptors are key
determinants of drug efficacy and toxicity in the ICU.
For example, variations in CYP450 enzymes (such as
CYP2B6 and CYP3A4/5) can affect the metabolism of
commonly used sedatives like midazolam and
dexmedetomidine. These genetic differences may lead
to altered drug clearance, which can influence the
appropriate dosing required for achieving the desired
level of sedation and analgesia. Additionally,
polymorphisms in the COMT gene and opioid receptor
genes have been linked to differences in pain
management and sedation, affecting both the efficiency
and safety of treatment protocols [17].

Pharmacogenomic studies have also highlighted the
role of genetic variation in modulating responses to
corticosteroids and other immunomodulatory therapies
used in ARF management. Variants in the
glucocorticoid receptor gene and genes involved in
inflammatory signaling pathways influence how
patients respond to corticosteroids in conditions like
ARDS and severe pneumonia.

This genetic variation may explain why corticosteroid
treatments do not always produce consistent outcomes
across different patient populations and contribute to the
variability in treatment response observed in clinical
trials [22]. Moreover, genetic differences in vasopressor
receptors and other targets involved in hemodynamic
regulation can also alter the effectiveness of
vasopressors, which are crucial for managing shock in
AREF patients.
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Figure 2. This flowchart illustrates the step-by-step process of managing ARF and ARDS in the ICU. It highlights the key stages of care, including
initial assessment, initiating treatment, monitoring and assessment, and discharge or continued care. Each stage is color-coded for clarity, guiding
healthcare professionals through the critical decision-making process for optimal patient management.

Variants in these pathways may impact the patient’s
hemodynamic stability, influencing both the required
dose and the overall therapeutic outcome. Despite these
advances, the clinical utility of pharmacogenomics in
ARF remains limited. Most findings are based on small,
single-center studies, and the effect sizes for many
genetic variants are modest, making it challenging to
translate pharmacogenomic data into routine clinical
practice.

Furthermore, pharmacogenomic panels currently used
in the ICU provide only a partial explanation for the
variability in drug response, and their application in
everyday clinical decision-making remains
underdeveloped.

Nonetheless, accumulating evidence supports the
integration of pharmacogenomic information with other
clinical and physiological data to improve the precision
of treatment. When combined with biomarkers,
physiologic monitoring, and individualized treatment
plans, pharmacogenomics has the potential to optimize
drug dosing, reduce adverse drug reactions, and improve
patient outcomes in the ICU [23].

To fully realize the clinical benefits of
pharmacogenomics in ARF, larger, multicenter studies
and interventional trials are needed to validate genetic
markers, refine drug treatment protocols, and
demonstrate their impact on long-term patient recovery
and survival.

6. Gene-environment interaction

The development of ARF and its outcomes in
critically ill patients is influenced not only by genetic
predisposition but also by a complex interplay between
genetic factors and environmental exposures. Gene-
environment (GXE) interactions refer to the ways in
which the effect of genetic variants on disease risk is
modified by environmental factors such as infections,
trauma, medical interventions, or lifestyle factors like
smoking and air pollution. This concept is crucial in
understanding the heterogeneous response to ARF, as it
helps explain why some patients with similar
environmental exposures may experience more severe
disease or better recovery outcomes than others [24,25].

In the context of ARF, GXE interactions align with the
"multi-hit" hypothesis, which suggests that multiple
insults or stressors such as chronic comorbidities
combined with pneumonia, sepsis, or mechanical
ventilation can push a genetically predisposed
individual past a critical threshold, resulting in overt
lung injury and ARF. Genetic variants affecting
endothelial ~ function, immune responses, and
inflammation may amplify or mitigate the effects of
these environmental exposures, contributing to
variations in disease severity, organ failure progression,
and overall survival [26].

Recent studies have highlighted how genetic variants
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in key pathways, such as inflammation and immune
modulation, influence the host's response to
environmental factors like infection and mechanical
ventilation. For instance, patients with specific genetic
variants in inflammatory signaling pathways may
develop hyperinflammatory or hypoinflammatory
responses to infections, which can affect both the
severity of ARF and the response to interventions like
corticosteroids or other immunomodulatory treatments
[27,28].

This variability in response underscores the
importance of considering not just the genetic
background of a patient, but also the environmental
context in which these genetic predispositions manifest.
Moreover, multi-omics studies have provided additional
insights into how gene-environment interactions shape
ARF outcomes. These studies have identified distinct
subphenotypes of sepsis and ARDS, such as
hyperinflammatory versus hypoinflammatory
endotypes, that not only differ in their biomarker
profiles but also in their response to specific
environmental triggers, including infection load,
ventilator settings, and adjunctive therapies. These
subphenotypes are thought to emerge from the
interaction of genetic factors with environmental
exposures, highlighting the systems-level complexity of
AREF pathogenesis.

The growing recognition of GXE interactions in ARF
emphasizes the need for future research to adopt a more
integrated approach. Large-scale, multi-ancestry
cohorts that capture both genetic data and detailed
environmental exposures, along with repeated
biomarker sampling and multi-omics profiling, will be
crucial for identifying how specific genetic variants
influence treatment outcomes in different clinical
settings. This comprehensive approach will be
necessary to move beyond simplistic genetic models and
to develop more personalized, precision-medicine
strategies for managing ARF in the ICU [29].

7. Challenges and research priorities

Despite significant advances in understanding the
genetic architecture of ARF and ARDS, several
limitations still hinder the translation of these findings
into routine clinical practice. Most GWAS and
sequencing efforts have been conducted in relatively
small cohorts with limited statistical power, which often
focus on populations of European ancestry. This
restriction limits the discovery of genetic variants with
modest effects and impedes the generalizability of
findings to diverse, multi-ethnic populations [7,30].
Furthermore, the heterogeneity of ARF and ARDS
resulting from varying underlying causes such as
pneumonia, sepsis, and trauma poses challenges in
identifying consistent genetic markers across different
clinical subgroups. Differences in ARDS definitions,
patient enrollment criteria, and variations in clinical
management also complicate the interpretation of
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genetic data [8,31,32].

In addition, while numerous genetic loci have been
identified as potential contributors to ARF susceptibility
and ARDS outcomes, the effect sizes for these variants
are often small, and functional validation of these loci
remains limited. Despite the statistical significance of
many identified variants, the causal genes and the
cellular and molecular mechanisms by which they
influence ARF pathogenesis are still poorly understood.
There is a critical need for functional studies that go
beyond statistical discovery to explore the biological
relevance of these genetic variants and to identify the
key cell types and signaling pathways involved [7].
Another limitation is the fragmented nature of current
research, with many studies focusing on individual
omics layers (e.g., genomics, transcriptomics) in
isolation. To overcome this, future research should
adopt a multi-omics approach that integrates genomics
with other layers of biological information such as
transcriptomics,  proteomics, metabolomics, and
epigenomics.

This integrated approach will provide a more
comprehensive understanding of the complex molecular
mechanisms underlying ARF and ARDS, enabling the
identification of treatable molecular traits and
biomarkers that can predict clinical outcomes [33].
Looking ahead, large, multi-ancestry consortia are
essential to increase the statistical power of genetic
studies and to ensure that genetic findings are applicable
to diverse patient populations. These consortia should
focus on harmonizing ARDS/ARF definitions,
standardizing biospecimen collection, and sharing data
and analytic pipelines to minimize bias and improve the
robustness of findings. Collaboration across multiple
research institutions and integration of global datasets
will be key in identifying novel genetic loci and refining
the understanding of genetic susceptibility to ARF
[30,32].

Finally, prospective, genotype-informed
interventional trials are urgently needed to assess the
clinical utility of genetic and multi-omics data in
guiding patient management in the ICU. For instance,
studies could explore whether personalized ventilatory
strategies or immunomodulatory treatments based on
genetic profiles can improve patient outcomes. Such
trials would bridge the gap between genetic discovery
and clinical application, ultimately enabling more
individualized prevention and treatment strategies for
ARF in the ICU [33,34].

8. Conclusion

Over the past decade, genomic and multi-omics
research has transformed our understanding of why only
a fraction of patients exposed to similar clinical insults
progress to ARF or ARDS. Evidence from GWAS, rare-
variant sequencing, and pharmacogenomic analyses
consistently demonstrates that inherited genetic
variation contributes to susceptibility, inflammatory and
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immune trajectories, treatment responsiveness, and
clinical outcomes. Yet genetics alone cannot account for
the marked heterogeneity observed in ARF. Instead,
disease expression emerges from the interplay between
genetic predisposition, environmental exposures, host
immune state, and ICU-level therapeutic interventions.
Key biological pathways including endothelial barrier
regulation, innate immune activation, and cytokine
signaling have been repeatedly implicated, supporting
the idea that specific genetic profiles shape both
vulnerability and clinical course. Pharmacogenomic
findings further highlight how genetic variation may
influence responses to sedatives, corticosteroids, and
immunomodulatory  therapies, underscoring the
potential for individualized treatment strategies even
though their current predictive value remains modest.
The evolving landscape of respiratory failures research
reinforces the need for integrative models that combine
genetic, molecular, environmental, and clinical data.
Such approaches will be essential for identifying
meaningful endotypes, refining risk stratification, and
improving prognostication. As the field moves forward,
genotype-informed interventions and precision-based
treatment strategies represent the next major step toward
translating biological insights into improved patient
outcomes. Although genetic research has not yet
reshaped routine respiratory failure management, it
provides a critical foundation for a more personalized
and biologically informed approach to critical care.
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