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Background: Scar formation following significant tissue injury remains a major clinical challenge, with metabolic
processes and inflammation critically influencing tissue remodeling and fibrotic outcomes.

Objective: This study aims to elucidate the causal relationships between plasma metabolites and scar pathogenesis
using Mendelian randomization (MR).

Methods: By employing a two-sample MR approach, we analyzed genetic variants from GWAS as instrumental
variables (IVs) to assess the impact of plasma metabolites on scar formation. Data on metabolite levels were
sourced from a GWAS database of 8299 individuals, and scar outcome data involved 463,010 European skin
tissue samples. Five MR methods were utilized to ensure robust causal inference, including inverse variance
weighting, MR-Egger regression, and weighted median, complemented by sensitivity analyses to address po-
tential confounding factors and pleiotropy.

Results: The analysis of MR identified a total of four metabolites significantly associated with scar risk. Among
them, (S)-a-amino-w-caprolactam, N-acetylalanine and glycochenodeoxycholate 3-sulfate were linked to
increased scar formation, while alliin demonstrated protective effects. Consistency across different MR methods
underscored the robustness of these findings. Sensitivity analyses confirmed the absence of pleiotropy and the
stability of causal estimates.

Conclusion: The identified causal relationships between specific plasma metabolites and scar formation suggest
that metabolic modulation may offer new therapeutic avenues for managing scar development.

1. Introduction

Generally, minor skin wounds usually heal quickly, but larger
wounds from trauma, illness, or surgery can take weeks and often lead to
fibrotic scars that impair tissue function [1]. Scar formation is a complex
biological response to tissue injury, characterized by the dynamic
interaction of inflammatory cells, fibroblasts, and extracellular matrix
components [2]. In modern society, where aesthetics and quality of life
are paramount, scars serve as a double-edged sword because they are
crucial for quick wound closure and protection against infection yet
often become sources of cosmetic and psychological concern. Although
recent research has shed light on the pathways influencing fibroblast
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activity and matrix composition, existing treatment options are still
insufficient [3]. Therefore, there is a pressing need for continued
research aimed at developing effective treatments that can reduce
abnormal scar pathogenesis and improve healing outcomes.

Metabolic processes and inflammation play pivotal roles in tissue
remodeling and scarring, influencing the regenerative outcomes and
potential fibrotic complications in tissue repair [4]. Metabolic reprog-
ramming in skin wound healing involves crucial alterations in glucose,
lipid, and amino acid pathways, where enhanced glucose transporter
activity and key enzymatic reactions elevate metabolic product levels,
driving pro-inflammatory responses that facilitate healing [5]. Concur-
rently, reprogrammed lipid metabolism increases fibroblast numbers
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and decreases macrophages, while shifts in amino acid metabolism
support re-epithelialization, collagen deposition, and angiogenesis,
collectively expediting wound closure and reducing scar formation [6].
For example, gluconic acid effectively reduces hypertrophic scar for-
mation by binding to PLOD1, inhibiting phosphorylation of AKT, and
activating autophagy pathways, thereby decreasing collagen accumu-
lation and fibroblast proliferation [7]. Plasma metabolites, the
small-molecule intermediates, and products of metabolism, reflect the
dynamic response of biological systems to genetic and environmental
changes. Plasma metabolites are potentially modifiable factors that can
influence the wound healing process and, consequently, scar formation
[8]. The study of these metabolites through a genomic lens could illu-
minate novel pathways involved in scar pathogenesis and identify tar-
gets for therapeutic intervention.

Recent advances in genomic tools have facilitated the exploration of
genetic influences on various physiological traits and diseases, including
scar pathogenesis. Among these, Mendelian Randomization (MR) offers
a powerful approach to infer causal relationships between genetically
influenced traits (such as metabolite levels) and clinical outcomes by
utilizing genetic variants as instrumental variables (IVs) [9]. The anal-
ysis of MR employs observational data to infer potential causal links
between risk factors and outcomes, particularly valuable when ran-
domized clinical trials are infeasible or ethically inappropriate [10]. The
MR approach, underpinned by genetic variants associated with specific
metabolites, allows for the disentanglement of the effects of these me-
tabolites from confounding factors [11]. This method relies on several
critical assumptions: the relevance of the genetic variants to the me-
tabolites (relevance assumption), the independence of these variants
from confounders (independence assumption), and the exclusive influ-
ence of these variants on the outcome through the metabolites (exclu-
sion restriction) [12] [13]. By satisfying these conditions, MR can
provide insights into the causal effects of plasma metabolites on scar
formation.

However, despite the existence of MR studies on metabolites and skin
diseases, as well as MR studies related to scarring, the causal relation-
ship between plasma metabolites and scar formation has been scarcely
reported. For this reason, in this study, we utilized a two-sample MR
approach by using single nucleotide polymorphisms (SNPs) as IVs to
examine the causal effects of plasma metabolites on scar formation.
These SNPs were identified from their associations with metabolite
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concentrations in extensive genome-wide association studies (GWAS).
To ensure the robustness of our causal inferences, we conducted
comprehensive sensitivity analyses to address potential confounding
factors and pleiotropy. We hope this study could advance the under-
standing of scar pathogenesis, and propose novel interventions that
could modulate metabolite levels to inhibit adverse scarring.

2. Materials and methods
2.1. Study strategy

This study employed a two-sample MR analysis to investigate the
causal relationship between plasma metabolites as exposure factors and
scar formation (Fig. 1). The analysis was conducted based on three key
assumptions: (1) the IVs are strongly associated with the exposure fac-
tors; (2) the IVs are independent of any confounding factors that could
bias the estimation of causal effects, known as the independence
assumption; (3) the IVs influence the outcome exclusively through their
effect on the exposure factors, without any direct or indirect pathways,
referred to as the exclusion restriction assumption.

2.2. Data sources

Exposure data were collected from the GWAS Catalog database
(accession numbers: GCST90199621-GCST90201020), derived from a
genome-wide association study of 1400 plasma metabolites in 8299
individuals of European descent [14]. Metabolites were quantified using
an ultra-high-performance liquid chromatography-tandem mass spec-
trometry platform (UPLC-MS/MS), and SNP genotyping was based on
Affymetrix Axiom array results. Scar outcome data were obtained from
the OpenGWAS database (accession number: ukb-b-11403), involving
463,010 European skin tissue samples, of which 1464 were scar tissues
and 461,546 were control tissues.

2.3. Instrument variable selection

First, SNPs significantly associated with the exposure factors were
identified using a threshold of p <1 x 107> Subsequently, SNPs
exhibiting linkage disequilibrium were excluded based on a threshold of
r? < 0.001 (window size: 10,000 kb) to avoid bias in causal inference.
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Fig. 1. Schematic diagram of our two-sample Mendelian MR study design. Genetic variants (SNPs) associated with 1400 plasma metabolites were identified
from GWAS and filtered based on p < 1 x 107> and linkage disequilibrium (LD) thresholds. These SNPs were used as IVs to investigate the causal relationship
between plasma metabolites (exposure) and scar formation (outcome). The numbered arrows represent the three key assumptions of MR: (1) IVs are strongly
associated with the exposure; (2) IVs are independent of confounders; (3) IVs affect the outcome exclusively through the exposure, without direct or indi-

rect pathways.
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These steps ensured that only independent genetic variants were
included as instrument variables in MR analysis.

2.4. Statistical methods

To investigate the causal effects of plasma metabolites on scar for-
mation, 5 complementary methods were employed to estimate causal
relationships: inverse variance weighting (IVW), Mendelian
randomization-Egger regression (MR-Egger), weighted median, simple
mode, and weighted mode. Consistency in the slope direction across all 5
methods was observed, and exposure factors with p < 0.05 in the IVW
method were considered to have significant causal effects, then the p
values of 1400 metabolites were adjusted using Benjamini-Hochberg
method to decrease false positive rate. Cochran’s Q test was then used
to assess heterogeneity among instrument variables. Horizontal pleiot-
ropy was evaluated to determine whether instrument variables influ-
enced multiple exposures, with p > 0.05 indicating the absence of
pleiotropic effects. Finally, the leave-one-out analysis was conducted to
assess the influence of individual SNPs on the overall causal estimates
for each exposure factor.

3. Results
3.1. Identification of causal metabolites associated with scar formation

Using stringent thresholds (p < 1 x10~>) and linkage disequilibrium
filtering, 29,382 SNPs significantly associated with 1399 plasma me-
tabolites were retained as candidate IVs. In the causal effect estimation
analysis, metabolites with an odds ratio (OR) > 1 and p < 0.05 were
classified as risk factors, while those with OR < 1 and p < 0.05 were
identified as protective factors. Three risk factors were discovered,
including  (S)-a-amino-w-caprolactam (OR 1.0022, 95% CI
1.00084-1.00356, raw p = 0.0015, ajusted p = 0.0118), Glyco-
chenodeoxycholate 3-sulfate (OR 1.0013, 95 % CI 1.0007-1.0019, raw
p = 0.00001, adjusted p = 0.0001), and N-acetylcitrulline (OR 1.0003,
95 % CI 1.0001-1.0007, raw p = 0.012, adjusted p = 0.0682). Addi-
tionally, one protective factor was identified: Alliin (OR 0.9992, 95 % CI
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0.9985-0.9999,
Table S1).

raw p=0.0179, adjusted p=0.0941) (Fig. 2,

3.2. Comparative analysis of causal effect estimates across metabolites
and methods

The heatmap illustrates the causal effect estimates of four metabo-
lites on scar formation across 5 MR methods, including IVW, MR Egger,
simple mode, weighted median, and weighted mode (Fig. 3). (S)-
a-amino-w-caprolactam consistently showed positive causal effects
across all methods, reinforcing its role as a potential risk factor. Simi-
larly, Glycochenodeoxycholate 3-sulfate and N-acetylcitrulline exhibi-
ted positive causal effects, albeit with slight variability among methods.
In contrast, Alliin demonstrated consistent negative causal effects across
all methods, confirming its protective role against scar formation. The
consistency of estimates across multiple MR approaches emphasized the
robustness of these findings. This indicated a high level of robustness in
the influence of the exposures on the outcome, highlighting the potential
biological significance of these metabolites in scar tissue development.

3.3. Robustness and reliability in metabolite-scar causal inference

In the subsequent phase of our analysis, we tested the robustness and
reliability of our findings regarding the causal effects of four plasma
metabolites on scar formation. The heterogeneity test results confirmed
the absence of heterogeneity among the IVs, suggesting a consistent
effect across different genetic instruments. Furthermore, the horizontal
pleiotropy test results (p > 0.05) confirmed that the IVs did not exhibit
pleiotropic effects that could bias the causal estimates, thereby sup-
porting the validity of the independence and exclusion assumptions
essential for MR analysis (Table S2, S3).

To ensure the stability of our causal estimates and to exclude the
influence of potential outlier SNPs, we conducted individual SNP causal
effect analyses. The scatter plots (Fig. 4) and funnel plots (Fig. 5A)
demonstrated that the effects of each SNP on both the exposure and
outcome were symmetrically distributed around the regression fit lines,
with no evident outliers. This pattern underscores the stability and
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Fig. 2. Forest Plot of Causal Factors Associated with Scarring. Five MR methods, including inverse variance weighted, MR Egger, weighted median, simple mode,
weighted mode, applied to 4 plasma metabolites. For each metabolite-method combination, the number of instrumental SNPs (nsnp), OR with 95 % confidence
interval (CI), and corresponding p-value (pval) are listed. Statistically significant associations (p < 0.05) are highlighted for clarity. Risk-increasing effects (OR >1)
and protective effects (OR < 1) are distinguished by positive and negative estimates, respectively. The inverse variance weighted method serves as the primary

analysis, with supplementary methods providing sensitivity analyses.
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Fig. 3. Heatmap of causal effects of plasma metabolites on scar formation across five MR methods. Each column represents an MR method (IVW, MR Egger,
Weighted Median, Simple Mode, Weighted Mode), and each row corresponds to a plasma metabolite with significant causal effects identified in the analysis. Cells
display the beta values, which indicate the direction and magnitude of causal effects; positive beta values represent risk factors, while negative beta values indicate
protective factors. The consistent effect directions across methods highlight the robustness of the causal relationships. The IVW method serves as the primary
analysis, with supplementary methods providing sensitivity validation. Hierarchical clustering reveals distinct effect patterns among metabolites, suggesting po-

tential biological mechanisms underlying scar formation.

reliability of our results. Lastly, the leave-one-out analysis further
reinforced the robustness of our findings. By sequentially removing each
SNP and recalculating the causal estimates, we observed that the
omission of any single SNP did not cause significant fluctuations in the
effect sizes (Fig. 5B). This analysis ruled out the possibility that any
individual SNP could disproportionately influence the overall causal
inference, confirming the robustness of our findings. Together, these
results provide strong evidence for the causal relationships between
specific metabolites and scar formation, highlighting the methodolog-
ical rigor and reliability of our analytical approach in uncovering these
biological connections.

4. Discussion

Scar formation represents a significant clinical challenge due to its
complex biological and aesthetic implications. In this study, we utilized
a two-sample MR approach to identify specific plasma metabolites that
causally influence scar pathogenesis. Notably, metabolites such as (S)-
a-amino-o-caprolactam, Glycochenodeoxycholate 3-sulfate, and N-ace-
tylcitrulline, were associated with an increased risk of scar formation,
while Alliin demonstrated a protective effect. These findings underscore
the potential of targeting metabolic pathways to modulate scar forma-
tion, setting the stage for a discussion on the implications of these results
for clinical practice and future research.

The identified metabolites originate from distinct sources. (S)-
a-amino-w-caprolactam may involve microbial metabolism. Glyco-
chenodeoxycholate 3-sulfate is a hepatic-derived bile acid conjugate. N-
acetylcitrulline is an endogenous urea cycle metabolite, and Alliin is a
dietary phytochemical from garlic. These findings confirms the impor-
tance of considering host, microbial, and dietary contributions when
interpreting metabolomic data in the context of scar pathogenesis.

Previous MR investigations explore causal mechanisms of scar for-
mation at distinct molecular levels. Cheng et al. examined 4 circulating
metabolites and 3 gut-microbial taxa, demonstrating that uridine and
isovaleryl-carnitine increased hypertrophic scar risk, whereas N-acety-
lalanine and glycochenodeoxycholate exerted protective effects; their
analysis, however, is restricted to metabolites achieving genome-wide
significance [15]. Qi et al. shifted focus to 91 inflammatory cytokines,
identifying osteoprotegerin and leukaemia-inhibitory factor as protec-
tive and CUB domain-containing protein 1 (CDCP1), glial cell

line-derived neurotrophic factor (GDNF), and programmed cell death 1
ligand 1 (PD-L1) as risk factors, but small-molecule metabolites are not
evaluated [16]. Xu et al. expand the exposure spectrum to 4907 plasma
proteins, revealing that RSPO3 drives keloid pathogenesis via Wnt sig-
nalling, yet metabolic evidence remains absent [17]. Our study extends
the results in 3 aspects. First, we interrogate 1400 quantified metabo-
lites, overcome the limitation of  considering  only
genome-wide-significant loci, and uncover a broader biochemical
landscape associated with scarring. Second, we identify, for the first
time in an MR framework, the amino-acid lactam
(S)-a-amino-w-caprolactam as a strong risk metabolite. Third, we pro-
vide the initial report of a protective effect of the garlic-derived sulfur
compound alliin, and offer a potential dietary intervention target.
Collectively, our findings add decisive metabolite-level evidence to the
evolving causal network of scar pathogenesis.

Firstly, we reported that (S)-a-amino-o-caprolactam was identified
as a risk factor for scar formation with a notable increase in OR.
Caprolactam, a key monomer utilized in the synthesis of nylon-6, ex-
hibits complex phase behavior under high-pressure conditions and
serves as a substrate for biodegradation pathways mediated by specific
microbial enzymes [18,19]. (S)-a-amino-w-caprolactam, an amino acid
derivative, is hypothesized to play a role in upregulating fibrogenic
pathways. The observed association between
(S)-a-amino-w-caprolactam and increased scar formation suggests a
potential influence on collagen synthesis or the inflammatory response,
both of which are pivotal elements in the fibrotic process. We hypoth-
esize that this amino acid derivative may promote a profibrotic pheno-
type in dermal fibroblasts either by directly disrupting collagen
metabolism or by serving as a precursor for aberrant extracellular matrix
components, thereby activating mechanotransduction signaling. This
preliminary finding encourages further investigation into the role of
amino acid metabolism during wound healing and its viability as a
therapeutic target. Modulating the levels of such amino acids may offer a
strategy to mitigate excessive fibrosis while ensuring effective wound
closure.

Additionally, Glycochenodeoxycholate 3-sulfate, a bile acid metab-
olite, also emerged as a risk factor for increased scar formation. Bile
acids have been implicated in various cellular processes including
modulation of inflammation and cellular  proliferation.
Glycochenodeoxycholate-3-sulfate is a sulfated bile acid involved in
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Fig. 4. Scatter Plots of Individual SNP Effects on Causal Inference. Scatter plots illustrate the causal effects of individual SNPs on scar formation for each of the
four significant plasma metabolites identified. The x-axis shows the SNP's effect size on the exposure (beta + standard error [se]), while the y-axis depicts its effect
size on the outcome (beta + se). Each black dot represents a single SNP, with horizontal and vertical error bars indicating the confidence intervals for the exposure
and outcome effects, respectively. Colored regression lines display the fitted causal estimates derived from various MR methods.

liver metabolism and bile excretion processes. For instance,
Glycochenodeoxycholate-3-sulfate serves as an endogenous biomarker
for evaluating Oatps-mediated hepatic uptake in pharmacokinetic
studies of drug metabolism [20]. Glycochenodeoxycholate-3-sulfate is
identified as a critical serum metabolite in distinguishing between
different stages of hepatitis E virus infection, reflecting its potential role
in the pathophysiological mechanisms underlying acute liver failure
[21]. Moreover, Glycochenodeoxycholate-3-sulfate emerges as a prom-
ising biomarker for assessing the inhibition of OATP1B transport ac-
tivity, demonstrating significant sensitivity to rifampicin-induced
changes in pharmacokinetic profiles [22]. To date, there have been no
research reports linking Glycochenodeoxycholate-3-sulfate to skin con-
ditions. A plausible mechanism is that this bile acid metabolite might
directly activate fibroblast receptors or indirectly foster a profibrotic
microenvironment by modulating immune cell polarization. However,
its role in immune modulation is underscored by its differential
expression in the urinary metabolomic profiles of tuberculosis patients
[23]. Understanding how Glycochenodeoxycholate 3-sulfate contributes
to scar pathogenesis could lead to novel approaches in managing wound
healing, potentially through modulation of bile acid pathways.
N-acetylcitrulline was another metabolite associated with a slight
increase in the risk of scar formation. N-acetylcitrulline, an acetylated
derivative of the amino acid citrulline, plays a pivotal role in nitrogen
metabolism and urea cycle regulation, potentially influencing amino

acid homeostasis and metabolic health [24]. N-acetylcitrulline emerges
as a significant biomarker in serum metabolomic studies, indicating its
potential role in the biochemical pathways influencing prostate cancer
risk and progression [25]. Citrulline is instrumental in modulating nitric
oxide synthesis through its role as a precursor in the nitric oxide cycle,
thereby influencing vasodilation and cardiovascular health [26]. This
derivative of citrulline might affect nitric oxide (NO) synthesis, a critical
regulator of wound healing and inflammation [27]. It is possible that the
elevated levels of N-acetylcitrulline could reflect dysregulated NO pro-
duction, which has been linked to abnormal fibrosis. Research into how
N-acetylcitrulline modulates NO pathways could provide insights into
its role in scar formation and suggest ways to balance NO levels to
improve healing outcomes.

Conversely, Alliin showed a protective effect against scar formation
in our study. Alliin is a naturally occurring sulfur-containing amino acid
compound in garlic and acts as a biochemical precursor to allicin [28].
Alliin serves as a precursor to various bioactive compounds, and is
crucial in therapeutic applications ranging from neuroprotection to
cardiovascular health [29]. And, Alliin is known for its
anti-inflammatory and antioxidant properties, demonstrating potential
in modulating cancer-related pathways and contributing to the chemo-
preventive properties of garlic [30]. There are currently no reports on
Alliin in relation to scars. We presume that enhancing the bioavailability
of such sulfur-containing compounds in the wound environment could
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Fig. 5. Funnel Plots and Leave-one-out Sensitivity Analysis. (A) Funnel plots illustrating the distribution of causal effect estimates for individual SNPs across the
four metabolites. The x-axis indicates the estimated effect size (), while the y-axis represents the inverse standard error of each SNP. Black dots denote individual
SNPs, with light blue and dark blue lines representing fitted curves from IVW and MR Egger methods, respectively. Symmetrical distributions around the fitted lines
suggest the absence of outlier SNPs or directional pleiotropy. (B) Leave-one-out sensitivity analysis for the four metabolites. The forest plots show the causal effect
estimates recalculated after excluding each SNP individually (x-axis), with the red line representing the overall causal estimate derived from all SNPs combined. The
results demonstrate that the exclusion of any single SNP does not substantially alter the causal effect, indicating the robustness of the findings.

reduce oxidative stress and inflammatory responses, key drivers of
fibrotic scarring. Its protection likely stems from its antioxidant capacity
to scavenge ROS, thereby inhibiting the NF-xB pathway, and its ability
to balance extracellular matrix remodeling. The protective role of Alliin
highlights the potential of dietary interventions or topical applications
that increase the concentration of such metabolites at the site of injury,
offering a non-invasive approach to managing scar formation.

The issue of metabolite enrichment or active transport in skin tissue
is crucial for clarifying their potential site of action and direct biological
relevance. We note that Sadaf et al. constructed a nanogel containing
alliin-rich black garlic extract and confirmed the efficacy of the nanogel
in accelerating wound healing without scarring [31]. This suggested
that allicin penetrated injured skin and exerted a positive influence on
scarring outcomes. In contrast, there are currently no peer-reviewed
data confirming the presence of the three risk-associated metabolites,
(S)-a-amino-w-caprolactam, Glycochenodeoxycholate 3-sulfate, and
N-acetylcitrulline, in human skin or wound fluid, and their cutaneous
metabolic and absorption mechanisms await identification. These sub-
stances may either act directly on the skin via active uptake or passive
diffusion, or influence scar pathogenesis through important systemic
pathways. We believe that utilizing skin tissue-specific metabolomics
methods to verify the local concentrations of these metabolites would be
an excellent strategy to address the question of skin-specific absorption.

The ORs for key metabolites identified in this study approach 1.00,
which is characteristic of MR studies using genetic instruments that
explain limited exposure variance. These ORs reflect minimal risk

changes from lifelong genetically predicted exposure and should not be
conflated with clinical intervention effects. Nevertheless, our study
provides value by revealing previously unrecognized metabolic path-
ways in scar progression through causal inference, such as involving bile
acid metabolism. The widespread population distribution, combined
with even minimal individual risk increase, may still contribute to
substantial population attributable risk. Identifying such factors offers
potential targets for population-level prevention. Subsequent experi-
mental modulation of these metabolites should clarify their clinical
translational value. Thus, our findings primarily provide etiological
targets rather than intervention effect estimates, establishing a theo-
retical basis for developing precise strategies against scar pathogenesis.

The GWAS data on scars used in this study were sourced from the
OpenGWAS database. As this database does not contain individual-level
clinical information, we are unable to provide a detailed breakdown of
the etiology within the case group, such as the proportion of cases
resulting from surgery, trauma, or acne, as one would in a clinical cohort
study. Although the pathological mechanisms may differ among various
scar types, they are all essentially driven by the excessive activation of
fibroblasts. Therefore, to some extent, our findings regarding metabo-
lites may apply to all scar types, though this remains uncertain. There-
fore, based on our current analysis, we cannot determine whether the
causal effects of the identified metabolites are uniform across all types of
scars, or are particularly significant for specific pathological types, such
as hypertrophic scars caused by burns. This important question needs to
be explored through more detailed and disease-specific scar data.
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Lastly, our study acknowledges several limitations that should be
addressed in future research to enhance the robustness of our findings.
The use of genetic variants as Ivs assumes that these variants are not
influenced by confounding factors, an assumption that may not always
hold true [32]. Additionally, the potential for pleiotropy, where genetic
variants affect multiple traits, could confound our results. However,
sensitivity analyses conducted did not indicate significant pleiotropic
effects. The use of genetic data predominantly from European pop-
ulations restricts the applicability of our conclusions across diverse
ethnicities [33]. The relatively limited number of scar cases, despite the
overall large sample size, may have reduced our analysis power,
potentially allowing only the detection of stronger associations while
leaving weaker causal effects undetected. It will be of significance to
utilize scar cohorts with substantially larger case numbers to further
elucidate and confirm the roles of these metabolites. To overcome these
challenges and ensure the global applicability of our results, future
studies should include multi-ethnic cohorts and conduct detailed plei-
otropy assessments. It is also crucial to explore the role of additional
metabolites in scar formation and their mechanisms of action using
cross-ethnic and multicentric studies. Employing tissue-specific expres-
sion data and metabolomic approaches can further our understanding of
how genetic variations influence metabolic pathways involved in scar
formation, potentially revealing novel biomarkers and therapeutic
targets.

5. Conclusion

This study provides robust evidence for causal relationships between
specific plasma metabolites and scar formation using a two-sample MR
approach. Among 1400 metabolites, four were identified as having
significant causal effects, with (S)-a-amino-w-caprolactam, glyco-
chenodeoxycholate 3-sulfate, and N-acetylcitrulline increasing the risk
of scar formation, while alliin demonstrated a protective effect. These
results suggest that metabolic pathways involving amino acid de-
rivatives, bile acid metabolites, and sulfur-containing compounds may
play critical roles in scar development. These findings deepen our un-
derstanding of the metabolic mechanisms underlying scar formation,
and also open new avenues for developing targeted therapeutic strate-
gies aimed at modulating metabolite levels to prevent or suppress scar
tissue formation.
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