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Abstract

Introduction

Biomarkers of acute respiratory distress syndrome (ARDS) can provide precise treatment options. It is
a clinical syndrome of diffuse lung inflammation and edema, usually leading to acute respiratory
failure. We use Mendelian randomization (MR) and mediation analysis to infer the potential impact of
inflammatory factors and metabolites on ARDS.

Material and methods

The summary statistics of 1400 plasma metabolite traits and 41 inflammatory cytokine traits were
obtained from publicly available GWAS. Inverse Variance Weighted were adopted for bidirectional MR
analysis to infer causal relationships. Several sensitivity analyses were also used to ensure reliable
MR results. Mediation analysis was used to determine the pathway from inflammatory factors to ARDS
mediated by plasma metabolism and the proportion of mediation effects explained by plasma
metabolites were estimated.

Results

MR analysis revealed the causal effects of 5 inflammatory cytokines and 18 plasma metabolites on
ARDS. Reverse MR analysis shows that ARDS has no effect on these 5 inflammatory cytokines. In
addition, we screened 18 pathogenic metabolites associated with ARDS. Based on known pathogenic
metabolites above, it was observed that through mediation analysis that Ceramide levels and Alpha
tocopherol to sulfate ratio may mediate the causal pathway from inflammatory factors to ARDS, with
mediation ratios of 14.1% and 17.7%, respectively (p(10.05).

Conclusions

The increase of Ceramide levels and Alpha-tocopherol to sulfate ratio respectively will reduce the risk
of ARDS. Our research provide further insights into the complex interactions between inflammatory
cytokines and metabolites in the development of ARDS, promoting the development of innovative
strategies for ARDS prevention and treatment.
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ABSTRACT

Background

Biomarkers of acute respiratory distress syndrome (ARDS) can provide precise
treatment options. It is a clinical syndrome of diffuse lung inflammation and edema,
usually leading to acute respiratory failure. We use Mendelian randomization (MR) and
mediation analysis to infer the potential impact of inflammatory factors and metabolites
on ARDS.

Method

The summary statistics of 1400 plasma metabolite traits and 41 inflammatory cytokine
traits were obtained from publicly available GWAS. Inverse Variance Weighted were
adopted for bidirectional MR analysis to infer causal relationships. Several sensitivity
analyses were also used to ensure reliable MR results. Mediation analysis was used to
determine the pathway from inflammatory factors to ARDS mediated by plasma
metabolism and the proportion of mediation effects explained by plasma metabolites
were estimated.

Result

MR analysis revealed the causal effects of 5 inflammatory cytokines and 18 plasma
metabolites on ARDS. Reverse MR analysis shows that ARDS has no effect on these 5
inflammatory cytokines. In addition, we screened 18 pathogenic metabolites associated
with ARDS. Based on known pathogenic metabolites above, it was observed that
through mediation analysis that Ceramide levels and Alpha tocopherol to sulfate ratio
may mediate the causal pathway from inflammatory factors to ARDS, with mediation
ratios of 14.1% and 17.7%, respectively (p<<0.05).

Conclusions

The increase of Ceramide levels and Alpha-tocopherol to sulfate ratio respectively will
reduce the risk of ARDS. Our research provide further insights into the complex
interactions between inflammatory cytokines and metabolites in the development of
ARDS, promoting the development of innovative strategies for ARDS prevention and

treatment.
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INTRODUCTION

Acute respiratory distress syndrome (ARDS) is a common clinical syndrome of acute
respiratory failure as a result of diffuse lung inflammation and oedema. ARDS can be
precipitated by a variety of causes[1]. The injury of pulmonary vascular endothelial
cells is an important pathological change in the early stage of ARDS [2]. Endotoxin,
inflammatory mediators and physical trauma can all cause endothelial cell damage. It
is a clinical syndrome of diffuse lung inflammation and edema, usually leading to acute
respiratory failure [3, 4]. ARDS is an acute lung injury induced by risk factors such as
pneumonia, non-pulmonary infection, trauma, blood transfusion, burn, aspiration or
shock [5]. At present, there is no single examination to identify or exclude diagnosis,
largely due to the heterogeneity of ARDS, manifested in its causes, manifestations, and
response to treatment [6, 7]. ARDS is a syndrome, not a specific pathological entity,
currently identified only by clinical criteria, and diagnosis requires the presence of new
or worsening respiratory distress and bilateral chest imaging abnormalities for 7 days
or less [8].

Although some ARDS triggers can be self-limiting, while others do not have specific
treatments, timely identification and treatment of reversible damage (such as infection,
type I hypersensitivity) is essential [3]. Inflammatory factors play an important role in
the occurrence and development of ARDS, but there is currently no unified research on
the specific magnitude of their impact and whether they have the potential to serve as
biomarkers. However, research has found that IL-1 B can increase endothelial
permeability by inhibiting the transcription of VE cadherin [9]. The IL-18 levels in
ARDS patients with sepsis are significantly higher than those in patients with sepsis
alone, indicating that IL-18 in sepsis is a key cytokine leading to lung injury [10, 11].
In a randomized controlled trial, it was also found that plasma IL-18 levels were

associated with mortality in sepsis induced ARDS [12]. The research results indicate



that inflammatory cytokines play a crucial role in the development of sepsis induced
lung injury, and they synergistically interact to promote the progression of
inflammation [13].

Metabolomics can reveal the correlation between metabolites or metabolic pathways
and physiological and pathological changes, providing new information for the study
of disease mechanisms [14]. Multiple studies have shown that metabolites and
metabolic pathways are closely related to ARDS, and metabolic disorders often occur
in ARDS patients [15, 16]. In the early stages of ARDS, neutrophils migrate from the
pulmonary vascular system to the air chamber and can release various harmful
metabolic mediators, including reactive oxygen species, proteases, and pro-
inflammatory lipid derived mediators such as prostaglandins and leukotrienes [17].
Plasma metabolites, as small molecules in human blood components, play an important
role in human health. They are direct or indirect products of various metabolic activities
in the body, including all chemical changes that support life, including energy
production, construction of essential substances, and waste disposal [18]. The abnormal
levels of these metabolites can reflect oxidative stress and inflammatory status[19],
Mendelian randomization (MR) analysis is an effective method for evaluating potential
causal relationships between exposure and outcomes using genetic variation as an
instrumental variable (IV); Compared with traditional observational studies, MR
analysis is relatively independent of unmeasured confounding factors and can
significantly reduce confounding effects; Mediation analysis is used to evaluate the
impact of exposure on results through mediation [20]. This study aims to conducted
MR analysis based on publicly available genome-wide association studies (GWAS) to
evaluate the causal relationship between inflammatory cytokines, plasma metabolites,
and ARDS risk, and determined that the pathway from inflammatory cytokines to

ARDS is mediated by plasma metabolites.

MATERIALS and METHODS
Hypothesis Diagram of Causal Relationship between Inflammatory Factors and

ARDS



This study has two main components, as shown in Figure 1. (1) MR analysis of 41
inflammatory cytokines on ARDS and reverse MR analysis of ARDS on 41
inflammatory cytokines (Step 1 of Figure 1); (2) Analyze the mediating role of plasma
metabolites in cytokine mediated ARDS in 1900 (Figure 1, Step 2). Single nucleotide
polymorphisms (SNPs) were defined as IVs. SNP refers to the variation of a single
nucleotide in the genome, which is the most common form of genetic variation in the
genome. SNP exists widely in genome and can be used to study the relationship
between genes and traits and diseases. MR analysis is based on three core assumptions:
IV is closely related to exposure factors; IV is not related to confounding factors; IV
will not directly affect the results, it can only affect the results through exposure.

Data Source

The genetic data of cytokines comes from the latest summary data of GWAS database,
in which Zhao et al. sorted and analyzed the genome-wide genotypes of 14824
participants with European ancestry, including 91 circulating inflammatory cytokines
[21]. The ARDS data was obtained from the FinnGen J10 Acute Respiratory Distress
Syndrome summary dataset. This dataset can be accessed on https://www.finngen.fi/en,
including 387 cases of ARDS and 447467 participants. The data information of 1400
metabolites were obtained from the research of Chen et al. in the GWAS database[22],

which includes 1091 blood metabolites and 309 metabolite ratios.

Tool Variable Selection

SNPs associated with certain risk factors in GWAS can be used as IVs to test their
causal effects on different outcomes. The selection of IV is based on three key
assumptions: IVs must be significantly correlated with exposure; IVs cannot be
associated with any known confounding factors that may alter the association between
exposure and outcomes; [Vs must be independent of the outcome and can only affect
the outcome through their impact on exposure. The relationships study between
exposure to outcome used in this study include the following four types: bidirectional
MR analysis of inflammatory cytokines in ARDS, MR analysis of inflammatory

cytokines to plasma metabolites, and MR analysis of plasma metabolites to ARDS. To



replace exposure factors, we first selected SNPs (P<5 x 1078) significantly correlated
with exposure factors as the threshold; In order to maximize the accuracy of IVs for
each exposure factor, we removed some weak instrumental variables using F-
statistic>10 as the standard [23, 24], and selected SNPs that could accurately simulate
exposure (inflammatory factors, plasma metabolites, and ARDS); Linkage
disequilibrium (LD) means that the allele distribution of two or more SNP loci in a
population does not meet the expected independent distribution, that is, some alleles
tend to be inherited together rather than independently distributed. Finally, we excluded
SNPs with LD in MR analysis, and the LD of SNPs closely related to exposure factors
should meet R?<0.001 and distance>10000kb. To ensure that each IV is aligned with
the same effector allele, exposure and outcome data were cross checked and
palindromic SNPs were removed prior to analysis. The palindromic SNPs are SNPs
with A/T or G/C alleles.

MR Analysis

(1) Phase One

To estimate the causal effect of inflammatory cytokines on ARDS, we conducted
bidirectional MR analyses separately. The inverse variance weighting (IVW) method is
a fundamental analysis method[25]. When the P-value of IVW results is less than 0.05
and the direction of IVW is consistent with that of MR Egger, weighted median, simple
mode, and weighted mode, then the results have statistical significance. MR results are
represented by odds ratios (ORs) and corresponding 95% confidence intervals (CI).
To evaluate the reverse causal relationship between ARDS and inflammatory cytokines,
we used ARDS as the "exposure" and inflammatory cytokines associated with ARDS
as the "outcome" to conduct MR analysis. SNPs significantly associated with ARDS (P
<5 x10®) were selected as IVs for MR analysis. Based on the P-value of IVW greater
than 0.05, the inflammatory factors identified in the forward MR analysis were further
identified as exposure factors for ARDS.

(2) Phase two

Through bidirectional MR analysis, inflammatory cytokines with significant causal

effects on ARDS were included in further mediation analysis. Furthermore, we



investigated whether plasma metabolites have a causal effect on ARDS. Immediately,
we conducted multiple two-step MR analyses to explore whether plasma metabolites
are mediating factors in the pathway from inflammatory cytokines to ARDS. coefficient
product method was used to evaluate indirect effects and the standard error of indirect
effects was determined using delta method[26].

Sensitivity Analysis

Cochran Q test was conducted to evaluate the heterogeneity of each SNP[27] and scatter
plots of SNPs-exposure association and SNPs-outcome association were generated to
visualize the test results. “leave one out” analysis were performed to evaluate whether
each SNP will affect the results (by sequentially excluding each SNP and performing
IVW on the remaining SNPs to assess the potential impact of specific variants on the
estimated values) [28]. Furthermore, we used MR Egger regression to test and correct
for potential horizontal pleiotropy.

All analyses were conducted using R (v4.3.3) statistical software. MR analysis was

performed using the R software package "TwoSampleMR'.

RESULT

The Association between All Inflammatory Cytokines and the Risk of ARDS
Table S1 showed the SNPs considered in the regional target analysis of inflammatory
cytokines. According to the above screening threshold, the F-statistic of all SNPs
obtained is greater than 10, reducing potential weak tool bias. After removing
palindromic SNPs, a total of 1597 SNPs were used as IVs. Next, we will use these SNPs
as IVs replacement inflammatory cytokines for "exposure", ARDS as the "outcome"
for MR analysis, [IVW as our main method, and MR Egger, weighted median, simple
mode, and weighted mode served as auxiliary judgment methods. The IVW results
showed that Fibroblast growth factor 19 levels (OR=0.497, p=0.002), Interleukin-8
levels (OR=0.555, p=0.043), and Neurturin levels (OR=0.506, p=0.008) were
significantly negatively correlated with ARDS; TNF beta levels (OR=1.459, p=0.003)
and Urokinase type plasminogen activator levels (OR=1.544, p=0.027) were

significantly positively correlated with ARDS (Figure 2 and Figure 3). In the MR



analysis of ARDS, the Cochran Q test results for these 5 inflammatory cytokines
showed no heterogeneity in IVs in the MR analysis , No significant intercept was
observed in the MR Egger test results, confirming the absence of pleiotropy bias in IVs
in MR analysis (Figure 4, Table S2. S3). In addition, the "leave one out" method
demonstrated the robustness and reliability of our research results, as no single SNP
had a significant impact on the results (Figure 5). ARDS was assumed as an "exposure",
and 1154 SNPs related to ARDS were obtained as [Vs (Table S4) and 91 inflammatory
cytokines were assumed as "outcomes" according to the above SNP screening criteria.
Reverse MR analysis was performed, and the results showed that there was no reverse
causal relationship between the genetic prediction of ARDS and the inflammatory
cytokines obtained from forward MR analysis. However, there was a significant
positive correlation between ARDS and tumor necrosis factor ligand superfamily
member 12 levels, monocyte chemoattractant protein-4 levels, neurotrophin-3 levels,
C-X-C motif chemokine 9 levels, beta norve growth factor levels, and C-C motif
chemokine 19 levels. Relationship (Table S5).

Two Step Correlation Analysis of Inflammatory Cytokines Mediating ARDS
through Plasma Metabolite Pathway

Firstly, 31638 SNPs were obtained according to the above SNP screening criteria to
replace plasma metabolites as "exposure" (Table S6), and ARDS was used as the
"outcome" for MR analysis of 1400 metabolites to ARDS. The IVW analysis results
showed that a total of 73 metabolites were associated with ARDS (Figure 6). By using
sensitivity analysis, our results showed no horizontal pleiotropy or heterogeneity, and
the I'Vs of each metabolite were relatively robust (Tables S7 and S8).

Secondly, five inflammatory cytokines, screened by MR analysis of inflammatory
cytokines to ARDS, were used as "exposures", and 73 metabolites screened by MR
analysis of metabolites to ARDS, were used as "outcomes". These two positive results
were subjected to MR correlation analysis. [IVW test results showed that there were 18
potential causal associations (5 inflammatory cytokines and 18 metabolites, see Tables
S9). Through sensitivity analysis, we further confirm that our results do not have

horizontal pleiotropy or heterogeneity.



Mediation analyses of potential plasma metabolites

To elucidate the potential mechanisms underlying the occurrence and progression of
ARDS, we employed mediation analysis to identify the potential pathways involved in
metabolic mediated inflammatory cytokines leading to ARDS. We analyzed the 18
metabolites mentioned above to determine their mediating roles in the 5-inflammatory-
cytokine-ARDS pathways mentioned above. Finally, we identified 2 metabolites
involved in 2 mediating relationships between 2 inflammatory cytokines and ARDS.
According to Table 1, the total effect of TNF beta levels on ARDS is 0.377 (95% CI:
0.131-0.623), indicating that the causal effect of TNF beta levels on ARDS is positive,
that is, an increase in TNF beta levels increases the risk of ARDS, and this effect is
statistically significant. The total effect of FGF19 levels on ARDS is -0.699 (95% CI: -
1.143--0.255). The causal effect of FGF19 levels on ARDS is negative, indicating that
elevated FGF19 levels may reduce the risk of ARDS, and this effect is also statistically
significant. The direct effect on ARDS is -0.581 (95% CI: -0.918--0.243), and the level
of Ceramide (d18:1/17:0, d17:1/18:0) has a negative effect on ARDS, indicating that an
increase in Ceramide (d18:1/17:0, d17:1/18:0) levels reduces the risk of ARDS. The
direct effect of Alpha tocopherol to sulfate ratio on ARDS is -0.675 (95% CI: -1.17--
0.175). An increase in Alpha tocopherol to sulfate ratio is associated with a reduced risk
of ARDS, indicating its protective effect on ARDS. Specifically, the mediating role of
Ceramide (d18:1/17:0, d17:1/18:0) levels in TNF beta levels to ARDS is (f=-0.053,
SE=0.032), with a mediation ratio of 14.1%; The effect of Alpha tocopherol to sulfate
ratio on Fibroblast growth factor 19 levels and ARDS mediation is (f=0.124, SE=0.029)

with a mediation ratio of 17.7%.

DISCUSSION

ARDS is closely related to the immune system and inflammatory response, like whether
local or systemic inflammation has a direct promoting effect on lung injury[4]. The
inflammatory cytokines in bronchoalveolar lavage fluid of ARDS disease model are
closely related to the severity of inflammation [29]. There are increasing reports on the

relationship between inflammatory cytokines and ARDS. Previous studies have shown



that the recruitment of circulating immune cells into the alveolus triggered by
chemokines can lead to endothelial and epithelial damage. For example, during the
migration of monocytes to the lungs, IFN B-dependent release of TNF-related apoptosis
inducing ligand induces epithelial cell apoptosis[30].

Metabolomics can reveal the correlation between metabolites or metabolic pathways
and physiological and pathological changes, providing new information for the study
of disease mechanisms[14]. Metabolites are downstream products of various
intracellular biomolecules, including genes and protein transporters, which enable
metabolomics to provide us with information on the metabolic status of the body's
health and disease, as well as to identify biomarkers of drug response [16, 31]. Multiple
studies have shown that metabolites and metabolic pathways are closely related to
ARDS. The metabolic changes such as oxidative stress metabolism and energy level
disorders described in the pathology of ARDS patients are consistent with the metabolic
information changes generated by ARDS experiments and clinical studies[16, 32].
The study also showed that cytokines-induced lung inflammation leads to changes in
metabolic patterns such as decreased energy status, ATP depletion, and significantly
increased glycolytic activity, which are closely associated with disease phenotypes[33-
35]. Therefore, we investigated the causal effects of inflammatory cytokines on ARDS.
Assuming plasma metabolites as potential mediators for fractionation. The results
support the mediating role of metabolites in the pathogenesis of ARDS driven by
inflammatory cytokines.

With the wide availability of GWAS data, MR mediation analysis can use a large
number of public data resources for analysis. These rich data resources enable
researchers to analyze a wide range of exposure, mediation and outcome variables. MR
mediation analysis provides a powerful and reliable method for causal inference and
mediation effect analysis by combining the advantages of genetics and statistics. MR
analysis uses genetic variations as I'Vs to assess potential causal relationships between
exposure and outcomes, which can minimize the influence of confounding factors on
causal estimation[36]. The combination of mediation analysis and MR analysis is used

to evaluate the impact of exposure on outcomes through mediation, which can prevent



bias in estimated values due to unmeasured confounding between exposure, mediation,
or outcomes[37]. Therefore, we conducted mediation analysis through two-step MR to
evaluate the causal relationship between inflammatory cytokines, plasma metabolites,
and ARDS, and determined that the pathway from inflammatory cytokines to ARDS is
mediated by plasma metabolites. In a two-step MR study supported by large-scale
GWAS and FinnGen data resources, we identified 24 important associations indicating
the potential causal effects of 24 unique inflammatory cytokines and plasma
metabolites on the risk of ARDS. Among the 5 inflammatory cytokines, three may have
a direct effect on the risk of ARDS, while two may have a mediating effect through the
plasma metabolite pathway.

In bidirectional MR analysis studies, Fibroblast growth factor 19 levels, Interleukin-8
levels, Neurturin levels, TNF beta levels, and Urokinase type plasminogen activator
levels are influencing factors for ARDS risk; And tumor necrosis factor alignment and
superfamily member 12 levels, Monocyte chemoattractant protein-4 levels,
Neurotrophin-3 levels, C-X-C motif chemokine 9 levels, beta serve growth factor levels,
and C-C motif chemokine 19 levels, in turn, may be the result of ARDS progression. In
addition, there were 19 associations between plasma metabolites and ARDS risk in two-
step MR analysis, of which 2 were shown to have mediating effects in the cytokine to
ARDS pathway through mediation analysis (TNF beta levels — Ceramide (d18:1/17:0,
d17:1/18:0) levels — ARDS; Fibroblast growth factor 19 levels — Alpha tocopherol
to sulfate ratio — ARDS. These results may suggest that changes in the levels of the
first 5 inflammatory cytokines may play a central role in inducing ARDS mechanisms,
among which TNF beta levels and Fibroblast growth factor 19 levels may indirectly
affect ARDS through metabolite mediated pathways. Huijuan Ouyang et al suggest that
Acute lung injury (ALI)/acute respiratory distress syndrome (ARDS) are characterized
by pulmonary microvascular endothelial cells (PMVECs) barrier dysfunction and
proinflammatory cytokine influx into lung tissue, resulting in pulmonary oedema.
Ceramide overproduction is an important mediator of pulmonary hyperinflammation

and pulmonary oedema in ALI [38]. Mu Hu et al indicated that a -Tocopherol ( @ -TOH)



reduces the inflammation and oxidative stress of lung tissue by inhibiting the NF- x B
signaling pathway, thereby alleviating the lipopolysaccharide (LPS) -induced ALI [39].
These findings provide further insights into the complex interactions between
inflammatory cytokines and metabolites in the development of ARDS, promoting the
development of innovative strategies for ARDS prevention and treatment. If future
case-control studies nested in large population cohorts are validated, our results may
make new contributions to the development of risk stratification of ARDS based on
metabolites and the determination of new therapeutic targets, thus significantly
improving the management and treatment strategies of ARDS.

However, the study has some limitations. The potential for confounding or bias in MR
analyses, especially due to unmeasured pleiotropy. Due to the predominantly European
dataset used, demographic stratification bias may have been introduced, limiting the
generalizability of the conclusions to other racial groups. Therefore, further research
involving diverse racial groups is warranted. Additionally, while several metabolites
with a causal relationship with ARDS were identified, there remain unproven
metabolites whose role in the disease is not fully understood, hampering a
comprehensive analysis and interpretation of the findings. Although we have explored
the mediating role of plasma metabolites between different cytokines and the risk of
ARDS, considering the direct effects of various cytokines and plasma metabolites, as
well as the differences in the effects of certain metabolites not acting as mediators, the

mechanisms by which different cytokines affect ARDS still require further refinement.
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GWAS Genome-wide association studies
LD Linkage disequilibrium
Acknowledgments

Not applicable.

Authors’ Contributions

Conception and design of the work: ZYL and FF. Acquisition, analysis and
interpretation of data: ZYL. Drafting of the manuscript: ZYL and FF. Critical revision
for important intellectual content: ZYL. All authors approved the final version of this

manuscript.

Funding
Not applicable.



Availability of data and materials
The datasets generated for this study can be found at https://risteys.finregistry.fi/, and

https://gwas.mrcieu.ac.uk/.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Conflict of Interest

The authors declare that they have no competing interests.



10.

11.

12.

13.

References

Lieuwe D J B, Lorraine B W: Acute respiratory distress syndrome: causes,
pathophysiology, and phenotypes. Lancet, 400(10358)

Sara 0-V, Bisheng Z: Roles of Macrophages and Endothelial Cells and Their
Crosstalk in Acute Lung Injury. Biomedicines 2024, 12(3)

Meyer NJ, Gattinoni L, Calfee CS: Acute respiratory distress syndrome. Lancet
2021, 398(10300) :622-637.

Bos LDJ, Ware LB: Acute respiratory distress syndrome: causes,

pathophysiology, and phenotypes. Lancet 2022, 400(10358):1145-1156.

Ashbaugh D, Boyd Bigelow D, Petty T, Levine B: Acute respiratory distress in
adults. Lancet 1967, 290(7511) :319-323

Calfee CS, Delucchi K, Parsons PE, Thompson BT, Ware LB, Matthay MA:
Subphenotypes in acute respiratory distress syndrome: latent class analysis
of data from two randomised controlled trials. The Lancet Respiratory Medicine
2014, 2(8):611-620

Calfee CS, Delucchi KL, Sinha P, Matthay MA, Hackett J, Shankar-Hari M

McDowell C, Laffey JG, O Kane CM, McAuley DF et al: Acute respiratory distress
syndrome subphenotypes and differential response to simvastatin: secondary
analysis of a randomised controlled trial. T7The Lancet Respiratory Medicine
2018, 6(9) :691-698.

Vm ADTFR: Acute respiratory distress syndrome: the Berlin Definition. Jama

307.

Xiong S, Hong Z, Huang LS, Tsukasaki Y, Nepal S, Di A, Zhong M, Wu W, Ye Z

Gao X et al: IL-1B suppression of VE-cadherin transcription underlies
sepsis—induced inflammatory lung injury. J Clin Invest 2020, 130(7):3684-
3698.

Dolinay T, Kim YS, Howrylak J, Hunninghake GM, An CH, Fredenburgh L, Massaro
AF, Rogers A, Gazourian L, Nakahira K et a/: Inflammasome-regulated cytokines
are critical mediators of acute lung injury. Am J Respir Crit Care Med 2012,
185(11) :1225-1234.

Mehta P, Samanta R, Wick K, Coll R, Mawhinney T, McAleavey P, Boyle A, Conlon
J, Shankar-Hari M, Rogers A et al: Elevated ferritin, mediated by IL-18 is
associated with systemic inflammation and mortality in acute respiratory
distress syndrome (ARDS). Thorax 2024, 79(3):227-235

Rogers AJ, Guan J, Trtchounian A, Hunninghake GM, Kaimal R, Desai M,
Kozikowski L-A, DeSouza L, Mogan S, Liu KD et a/: Association of Elevated
Plasma Interleukin-18 Level With Increased Mortality in a Clinical Trial of
Statin Treatment for Acute Respiratory Distress Syndrome. Crit Care Med 2019,
47 (8) :1089-1096.

Xu H, Sheng S, Luo W, Xu X, Zhang Z: Acute respiratory distress syndrome
heterogeneity and the septic ARDS subgroup. Front Immunol 2023, 14:1277161.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

Johnson CH, Ivanisevic J, Siuzdak G: Metabolomics: beyond biomarkers and
towards mechanisms. Nat Rev Mol Cell Biol 2016, 17(7):451-459

Serkova NJ, Van Rheen Z, Tobias M, Pitzer JE, Wilkinson JE, Stringer KA:
Utility of magnetic resonance imaging and nuclear magnetic resonance-based
metabolomics for quantification of inflammatory lung injury. Am J Physiol
Lung Cell Mol Physiol 2008, 295(1):L152-L161.

Stringer KA, McKay RT, Karnovsky A, Quémerais B, Lacy P: Metabolomics and Its
Application to Acute Lung Diseases. Front Immunol 2016, 7:44.

Lin W-C, Fessler MB: Regulatory mechanisms of neutrophil migration from the
circulation to the airspace. Cellular and Molecular Life Sciences 2021,
78(9) :4095-4124.

Pietzner M, Stewart ID, Raffler J, Khaw K-T, Michelotti GA, Kastenmiiller G,
Wareham NJ, Langenberg C: Plasma metabolites to profile pathways in
noncommunicable disease multimorbidity. Nat Med 2021, 27(3) :471-479.

Tan T, Yang F, Wang Z, Gao F, Sun L: Mediated Mendelian randomization analysis
to determine the role of immune cells in regulating the effects of plasma
metabolites on childhood asthma. Medicine (Baltimore) 2024, 103 (30):e38957
Li Y, Wang X, Zhang Z, Shi L, Cheng L, Zhang X: Effect of the gut microbiome,
plasma metabolome, peripheral cells, and inflammatory cytokines on obesity:
a bidirectional two—sample Mendelian randomization study and mediation
analysis. Front Immunol 2024, 15:1348347

Zhao JH, Stacey D, Eriksson N, Macdonald-Dunlop E, Hedman AK, Kalnapenkis A,
Enroth S, Cozzetto D, Digby-Bell J, Marten J et a/: Genetics of circulating
inflammatory proteins identifies drivers of immune-mediated disease risk and
therapeutic targets. Nat Immunol 2023, 24(9):1540-1551.

Chen Y, Lu T, Pettersson—Kymmer U, Stewart ID, Butler-Laporte G, Nakanishi T,
Cerani A, Liang KYH, Yoshiji S, Willett JDS et a/: Genomic atlas of the plasma
metabolome prioritizes metabolites implicated in human diseases. Nat Genet
2023, 55(1) :44-53

Burgess S, Small DS, Thompson SG: A review of instrumental variable estimators
for Mendelian randomization. Stat Methods Med Res 2017, 26(5):2333-2355.
Mark J P, Apostolos G, Venexia M W, Andrew J G, Robyn E W, Luke S P M, Segun
F, Amy M M, Verena Z, Cristen W et a/: Cardiometabolic Traits, Sepsis, and
Severe COVID-19: A Mendelian Randomization Investigation. Circulation 2020,
142(18).

Burgess S, Butterworth A, Thompson SG: Mendelian randomization analysis with
multiple genetic variants using summarized data. Genet FEpidemiol 2013,
37(7) :658-665.

Sanderson E: Multivariable Mendelian Randomization and Mediation. Cold Spring
Harb Perspect Med 2021, 11(2).

Cohen JF, Chalumeau M, Cohen R, Korevaar DA, Khoshnood B, Bossuyt PMM:
Cochran’ s Q test was useful to assess heterogeneity in likelihood ratios in
studies of diagnostic accuracy. J Clin Epidemiol 2015, 68(3):299-306

Burgess S, Thompson SG: Interpreting findings from Mendelian randomization



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

using the MR-Egger method. Fur J Epidemiol 2017, 32(5):377-389.

Pandolfi L, Fossali T, Frangipane V, Bozzini S, Morosini M, D’ Amato M,
Lettieri S, Urtis M, Di Toro A, Saracino L et al: Broncho—alveolar
inflammation in COVID-19 patients: a correlation with clinical outcome. BMC
Pulm Med 2020, 20(1):301.

Matthay MA, Zemans RL, Zimmerman GA, Arabi YM, Beitler JR, Mercat A, Herridge
M, Randolph AG, Calfee CS: Acute respiratory distress syndrome. Nat Rev Dis
Primers 2019, 5(1):18.

Wishart DS: Metabolomics for Investigating Physiological and
Pathophysiological Processes. Physiol Rev 2019, 99(4) :1819-1875
Grassin—Delyle S, Roquencourt C, Moine P, Saffroy G, Carn S, Heming N,
Fleuriet J, Salvator H, Naline E, Couderc L-J et al: Metabolomics of exhaled
breath in critically i1l COVID-19 patients: A pilot study. EBioMedicine 2021
63:103154.

Salazar—Puerta AI, Rincon—Benavides MA, Cuellar-Gaviria TZ, Aldana J, Vasquez
Martinez G, Ortega—Pineda L, Das D, Dodd D, Spencer CA, Deng B et al:
Engineered Extracellular Vesicles Derived from Dermal Fibroblasts Attenuate
Inflammation in a Murine Model of Acute Lung Injury. Adv Mater 2023,
35(28) : 22210579

Lu Y, Wu Y, Huang M, Chen J, Zhang Z, Li J, Yang R, Liu Y, Cai S: Fuzhengjiedu
formula exerts protective effect against LPS—-induced acute lung injury via
gut—lung axis. Phytomedicine 2024, 123:155190.

Hepokoski M, Wang J, Li K, Li Y, Gupta P, Mai T, Moshensky A, Alotaibi M,
Crotty Alexander LE, Malhotra A et a/: Altered lung metabolism and
mitochondrial DAMPs in lung injury due to acute kidney injury. Am J Physiol
Lung Cell Mol Physiol 2021, 320(5):1.821-L831.

Emdin CA, Khera AV, Kathiresan S: Mendelian Randomization. JAMA 2017
318(19) :1925-1926.

Carter AR, Sanderson E, Hammerton G, Richmond RC, Davey Smith G, Heron J,
Taylor AE, Davies NM, Howe LD: Mendelian randomisation for mediation analysis:
current methods and challenges for implementation. Fur J Epidemiol 2021,
36 (5) :465-478.

Huijuan O, Yi W, Jie W, Yanli J: Mechanisms of pulmonary microvascular
endothelial cells barrier dysfunction induced by LPS: The roles of ceramides
and the Txnip/NLRP3 inflammasome. Microvasc Res 2023, 147(0)

Mu H, Jielai Y, Yang X: Effect of a-tocopherol in alleviating the
lipopolysaccharide—induced acute lung injury via inhibiting nuclear factor

kappa-B signaling pathways. Bioengineered 2022, 13(2)



Figure 1. Experimental Flowchart.
Figure 2. MR analysis of inflammatory cytokines and ARDS.
Figure 3 Scatter plot of MR analysis of inflammatory cytokines and ARDS.

Figure 4 Forest plot: Visualization of Cochran's Q test results and MR Egger intercept

method results.

Figure 5 Forest chart: Stability test results using the "leave one method" Two Step
Correlation Analysis of Inflammatory Cytokines Mediating ARDS through Plasma
Metabolite Pathway.

Figure 6 Causal relationship between plasma metabolites and ARDS.

Supplementary TABLE 1 Mediation Analysis.
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Figure 1. Experimental Flowchart.



Trait Method nSNP  P-—Value OR (95% CI)

Fibroblast growth factor 19 levels vw 21 0.002 ————— ; 0.497 (0.319 — 0.774)

Interleukin—8 levels vw 17 0.043 é.—i 0.555 (0.313 — 0.983)

Neurturin levels ww 14 0.008 — : 0.506 (0.306 — 0.837)

TNF-beta levels vw 23 0.003 : — > 1.459 (1.140 — 1.866)

Urokinase—type plasminogen activator levels Vw 21 0.027 E —> 1.544 (1.050 — 2.270)
05 075 1 125 15

Figure 2. MR analysis of inflammatory cytokines and ARDS.
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Figure 3 Scatter plot of MR analysis of inflammatory cytokines and ARDS.
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Figure 4 Forest plot: Visualization of Cochran's Q test results and MR Egger intercept
method results.



9110800, 143131035 64691 :
17326790 i &
1653
1513103023 10412482 EeN
12188297
145274424 192427410 i
1512407505 2SI
18033310 .
4971 158069322
112126444 15113580784 156709159 i
191522330 1
= 1576777800 15141979722 A
512520287 1
3064825 i
£s11244038 1562120726 105 T
0 75 1572886502 3
157005978 1577216559 $
576708593 906401
- 7202385 i
142067135 ——
1077251 - .
4360502 144815207 :
36706 ¥
7712604 145125
Pl Las125644
516246 29630 534519991
12110436 972492
274799
Hisne 1512075
12306969 1908372
1516478
5117398067
Au i Al au 3
=13 -0.8 —04 0.0 = 0. 0.0 -1.0 -0.5
leave—one—out sensitivity analysis for Vﬂ{ltl\TwnHut sensitivity analysis for MR leave-one—out sensitivity analysis for
Eiotobiant srowth actor 19 e on ottcome’ *Neurturin levels' on ‘ouicome’ “Interleukin-8 levels’ on 'outcome’
12644500 153933086 .
23648 S B P—" E—— 57406661 i
15537860389 SIS S S — —— i
1217147 S IS JSS— — i :
13TIS26 s s 1
576913603 S I N m—1 .
4760 :
174363507 EE —T— — 1
SUT0316 :
12883833 S NS (N —
S 51074669
15147423408 — 1510992204 :
577897196 — 159772299 $
15192303297 —,—eee 1562286554 .
5139511528 S I ST— — 1374607099 1
152523882 704 2.
114250919 S SN (S s .
16852556 | I IS— — - i
1528700215 o ——— ————) 1511220462 i
s 136805474
72841573 | S I S—
154800787 -
15143019966 i S ES— [—— — 3
10840366
12743015 RIS IS— I— — i
g rision2
7583622 ] [ |— (——
2074475 [ ) — azsTEoS *
All e e e Al B

Figure 5 Forest chart: Stability test results using the

MR [eave-one—out sensi analysis for
"TNF—beta levels' on 'outcome"

35
eave—one—out scusiivty analysis

MR
rokinase: e plasminogen aciator Tevls on ‘oncome!

leave one method" Two Step

Correlation Analysis of Inflammatory Cytokines Mediating ARDS through Plasma Metabolite
Pathway.




Trait Method nSNP  P—Value OR (95% CI)

Maliotriose levels Vw23 0.028 1473 (1.042-2082)
Oxalate (cthanedioate) levels Vw24 0.027 ————— > 1456 (1.043-2.032)
DHEAS levels vw 44 0033 — 0.714 (0.524 — 0.974)
3-methyl-2-oxobutyrate levels Vw22 0.001 -— H 0530 (0.364 —0.771)
Indoleacetate levels ww 29 0.036 «—— 2 0.682 (0.477 — 0.974)
Docosatrienoate (22:3n3) levels Vw23 0.038 |——————— > 1.419 (1020 - 1.976)
Myristoylearnitine (C14) levels Vw22 0.042 <—-— 0640 (0.417 — 0.984)
5-acetylamino—6-amino—3-methyluracil levels VW 34 0.004 —_— 0.680 (0.522 — 0.887)
N1-methyl-2-pyridone—S—carboxamide levels VW 16 0.039 I—————m——> 1315 (1.014 - 1.704)
3-methyladipate levels vw 16 0.004 ————> 1.960 (1.238 - 3.102)
Glycosyl-N-stearoyl-sphingosine (d18:1/18:0) levels Vw33 0.032 ) 0.673 (0.468 — 0.967)
Salpha-androstan-3alpha,1 7beta-diol disulfate levels Vw28 0.032 > 1392(1.029 - 1885)
Alpha-ketoglutaramate levels VW 20 0.021 —— 0.670 (0.478 — 0.940)
Sulfate levels Vw29 0.022 | > 1.533(1.064 - 2210)
1-(1-enyl-palmitoyl)-GPC (p-16:0) levels VW 26 0.046 <—-—< 0.680 (0.466 — 0.993)
Glycohyocholate levels vw 17 0.025 - | 0.580 (0.360 — 0.934)
Myristoleoylcaritine (C14:1) levels VW 34 0.026 —a— 0.683 (0.488 — 0.956)
Propyl 4-hydroxybenzoate sulfate levels ww 25 0.020 ; —> 1.614(1.080 - 2.412)
Hexadecadienoate (16:2n6) levels vw 17 0.014 | ———> 1.981 (1151 - 3.410)
4-hydroxyphenylacetylglutamine levels VW 25 0.030 — 0.674 (0.473 - 0.962)
Ceramide (d18:1/17:0, d17:1/18:0) levels Vw23 0.001 D 0559 (0.399 —0.784)
Sphingomyelin (d17:2/16:0, d18:2/15:0) levels ww 28 0.028 s 0.624 (0.410 — 0.950)
Sphingomyelin (d18:1/25:0, d19:0/24:1, d20:1/23:0, d19:1/24:0) levels VW 30 0.005 — 0739 (0.597 — 0.914)
3-hydroxyoleoylcarnitine levels w28 0.034 — 0.678 (0.473 ~ 0.971)
Octadecadienedioate (C18:2-DC) levels ww 33 0.026 : —&—> 1.275(1.029 - 1.580)
Perfluorooctanoate (PFOA) levels Vw22 0.038 —————> 1.571 (1025 - 2.410)
N.N-dimethylalanine levels vw 25 0.003 —— ] 0.614 (0.446 — 0.843)
6-bromotryptophan levels Vw22 0.047 — 0.737 (0.546 — 0.996)
Sulfate of piperine metabolite CI6HIINO3 (2) levels w27 0.024 ————————> 1.568(1.060 —2.321)
5—hydroxy—2-methylpyridine sulfate levels vw 18 0.029 —a— | 0.631 (0.418 —0.954)
Palmitoyl (d18:1/16:0) levels Vw28 0.010 ——————> 1611 (1.122-2313)
Cis 3.4-methyleneheptanoate levels Vw2 0016 | > 1.519(1.081 - 2.134)
2-methoxyhydroquinone sulfate (1) levels W 17 0.009 -— | 0544 (0.343 — 0.861)
N-stearoyl-sphingosine (d18:1/18:0) levels Vw2 0.032 — 0.669 (0.463 — 0.966)
4-acetaminophen sulfte levels VW 25 0015 | > 1.424 (1070 1.894)
Hypotaurine levels Vw29 0.014 | 1494 (1.085 - 2.056)
Cystathionine levels VW 35 0033 —————————> 1.532(1.036 - 2.266)
Stearate (18:0) levels w21 0.031 s 0.608 (0.387 — 0.956)
Lactate levels W 19 0.022 —a— 0616 (0.407 — 0.934)
Caffeine levels vw 26 0.035 —— : 0.676 (0.469 — 0.974)
X-10458 levels Vw24 0.009 - 0616 (0.429 — 0.884)
X—12283 levels ww 26 0.017 —— ; 0.682 (0.497 - 0.934)
X-12847 levels W 17 0.040 | 1,542 (1020 2.331)
X~13728 levels vw 19 0.041 (—.—: 0.566 (0.329 - 0.977)
X-12844 levels W 33 0.003 —— 0.646 (0.485 — 0.861)
X-17325 levels W 24 0.041 —a— 0.707 (0.508 — 0.986)
X-21829 levels wvw 30 0.036 —.—5 0.714 (0.520 - 0.979)
X-24544 levels Vw33 0012 —e 0.733 (0.575 - 0.935)
X—24801 levels ww 34 0.006 : —> 1.510(1.128 - 2.021)
Bilirubin degradation product, C17HI8N204 (3) levels Vw24 0.007 ———— 8> 1.418 (1101 - 1.826)
Spermidine to ornithine ratio W 17 0.006 s 0597 (0.412 — 0.865)
Adenosine 5'-diphosphate (ADP) to pantothenate ratio vw 17 0.049 > 1438 (1.001 - 2.066)
Cholate to taurocholate ratio Vw23 0.040 4—-— 0.632 (0.408 — 0.980)
Adenosine 5-monophosphate (AMP) to inosine 5-monophosphate (IMP) ratio w23 0013 | ——————> 1.454(1.082- 1.955)
Methionine to methionine sulfoxide ratio w27 0.013 - 0.607 (0.409 —0.901)
Phosphate to mannose ratio VW 26 0.026 | > 1.537(1.054 - 2241)
Alanine to pyruvate ratio VW 17 0.008 : ——> 2.113 (1220 3.657)
Glutamine to asparagine ratio Vw25 0.048 —l— 0.790 (0.626 — 0.998)
Alpha-tocopherol to sulfate ratio W 18 0008 WB— | 0509 (0.308 — 0.839)
Alpha-ketoglutarate to ornithine ratio Vw21 0.038 — 0.647 (0.429 — 0.976)
Adenosine 5'-monophosphate (AMP) to flavin adenine dinucleotide (FAD) ratio W 16 0.020 ———————> 1666 (1.085 - 2.558)
Phosphate to glutamine ratio VW 28 0.038 | > 1451 (1.021 - 2.063)
Adenosine 5'-monophosphate (AMP) to methionine ratio Vw2 0.005 - 0545 (0.358 — 0.831)
Adenosine 5'-monophosphate (AMP) to glutamate ratio wvw 22 0.034 — : 0.610 (0.387 — 0.963)
N-stearoyl-sphingosine (d18:1 to 18:0) to N-palmitoyl-sphinganine (d18:0 to 16:0) ratio ~ IVW 31 0011 — 0.681 (0.506 — 0.916)
Carnitine to acetylcarnitine (C2) ratio wvw 19 0.014 - 5 0.545 (0.336 — 0.885)
Succinate to trans—4-hydroxyproline ratio W 16 0.001 ' ———> 1786 (1.260 — 2.533)
Adenosine 5 diphosphate (ADP) to mannitol to sorbitol ratio VW 20 0.022 — s 0.670 (0.476 — 0.944)
Adenosine 5'-diphosphate (ADP) to cytidine ratio W 19 0.024 ————————® 1470 (1.053 — 2.054)
Phosphate to proline ratio Vw22 0.041 | 0629 (0.403 — 0.981)
Arachidonate (20:4n6) to paraxanthine ratio ww 22 0.020 ; —— 8 1.490 (1.065 — 2.086)
Histidine to alanine ratio w33 0.035 | B> 1.404 (1024 - 1.926)
Glucose to N-palmitoyl-sphingosine (d18:1 to 16:0) ratio Vw25 0.048 : 0.674 (0.455 —0.997)
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Figure 6 Causal relationship between plasma metabolites and ARDS.
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