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Abstract: Background: Anal fistula, particularly in its cryptoglandular form, is a common yet challenging condition 
to treat, often resulting in poor healing and recurrent infections. Investigating the metabolic changes associated 
with anal fistula may offer valuable insights into its underlying mechanisms and assist in the development of more 
effective treatments. Methods: This study conducted a comprehensive analysis of serum samples from patients 
with various types of anal fistula and healthy controls. Metabolomic profiling was performed to identify differences 
in metabolic pathways between the groups. Results: The analysis revealed significant metabolic alterations in pa-
tients with anal fistula, particularly in fatty acid metabolism, sphingolipid metabolism, and amino acid metabolism. 
Notably, metabolites such as adrenic acid, LysoPC (22:5n6), and PC (18:0/22:4) were significantly associated with 
the progression of anal fistula. These metabolites could serve as biomarkers for the condition, with particular rel-
evance in differentiating between acute and chronic stages. Conclusion: The study provides new insight into the 
metabolic basis of anal fistula, identifying specific metabolic pathways and metabolites that may play crucial roles 
in its progression. These findings may contribute to the development of targeted therapies for more effective treat-
ment.
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Introduction

Anal fistula is a common surgical condition that 
presents significant challenge for both patients 
and healthcare providers. The complexity of 
anal fistulas often stems from their intricate 
anatomy and the risk of recurrence, which com-
plicates treatment. Various surgical techniques 
have been developed to address these chal-
lenges, each with its own advantages and 
limitations.

Preserving the anal sphincter to prevent incon-
tinence is a crucial consideration in the man-
agement of complex anal fistulas. Sphincter-
sparing techniques, such as the Video-Assisted 
Anal Fistula Treatment (VAAFT), have emerged 
as minimally invasive alternatives aimed at 
addressing fistulas while preserving sphincter 
function. VAAFT employs a fistuloscope to visu-
alize the fistula tract and perform necessary 
surgical procedures under direct vision. This 
technique has demonstrated encouraging out-

comes in terms of healing rates and patient sat-
isfaction [1].

Stem cell therapy has emerged as a novel treat-
ment modality for complex anal fistulas, partic-
ularly those associated with Crohn’s disease. 
Adipose-derived stem cells have demonstrated 
promise in promoting healing and reducing 
recurrence rates, offering a sphincter-preserv-
ing alternative to traditional surgical methods 
[2]. Meta-analyses have supported the efficacy 
and safety of mesenchymal stem cell therapy, 
underscoring its role in the management of 
complex perianal fistulas [3]. The use of fistula 
plugs offers another sphincter-sparing option. 
These bioprosthetic plugs are designed to 
obstruct the fistula tract and facilitate healing. 
Research has demonstrated the effectiveness 
of fistula plugs in managing complex anal fistu-
las, with success rates varying depending on 
the type of plug used and the unique character-
istics of the fistula [4].
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The development of anal fistulas often follows 
the formation of perianal abscesses, which are 
characterized by an inflammatory process that 
can lead to tissue destruction [5]. The immune 
response plays a critical role in this process, 
with various immune cells and cytokines con-
tributing to the pathogenesis of both perianal 
abscesses and anal fistulas. Inflammatory 
bowel diseases, such as Crohn’s disease, are 
known to exacerbate these conditions through 
their influence on the intestinal immune system 
[6]. A key factor in the development of anal fis-
tulas is the role of cytokines, particularly inter-
leukin-17 (IL-17). Studies have shown that IL-17 
levels are significantly elevated in the tissues 
and peripheral blood of patients with perianal 
abscesses and anal fistulas, suggesting its 
involvement in the inflammatory process and 
progression of these conditions [7]. The asso-
ciation between IL-17 levels and abscess sever-
ity, as well as the propensity for fistula forma-
tion, suggests that therapeutically targeting 
this cytokine may be a viable strategy. Fur- 
thermore, the gut microbiota plays a significant 
role in the progression of perianal abscesses 
and fistulas. Alterations in gut microbiota com-
position have been identified in individuals with 
perianal abscesses, with specific bacteria pos-
sibly serving as diagnostic biomarkers [8]. 
These microbial changes can influence the 
immune response, further contributing to the 
pathogenesis of anal fistulas. Additionally, 
tumor necrosis factor (TNF) has been implicat-
ed in the pathogenesis of Crohn’s disease-
associated fistulas. TNF is strongly expressed 
in the transitional cells of Crohn’s disease fistu-
las, supporting an involvement of epithelial-
mesenchymal transition (EMT) in their develop-
ment [9]. This suggests that TNF inhibitors 
might be effective in managing fistulas associ-
ated with Crohn’s disease, although their effi-
cacy may be limited in cases without luminal 
inflammation [10]. The role of the immune sys-
tem in the development of anal fistulas is fur-
ther reinforced by the presence of diverse 
immune cells, including T cells and macro-
phages, within the affected tissues. These 
cells, along with cytokines such as IL-6 and 
TNF-α, contribute to the chronic inflammation 
characteristic of anal fistulas [11]. The patho-
genesis of anal fistula involves a complex inter-
play of cellular signaling pathways, multiple 
cytokines, growth factors, and interleukins dur-
ing the wound healing cascade, in response to 

a chronic, infectious nonhealing wound caused 
by ruptured perianal abscess. Dysregulated 
healing following the development of an anal 
fistula can ultimately lead to its re-formation.

This study presents a novel approach by utiliz-
ing metabolomic profiling to uncover the under-
lying metabolic changes associated with anal 
fistula. Unlike previous studies that have pri-
marily focused on surgical and immunological 
aspects, our research delves into the metabolic 
alterations that occur in patients with anal fis-
tula, providing a new perspective on the dis-
ease’s pathogenesis. By identifying key metab-
olites, such as adrenic acid, LysoPC (22:5n6), 
and PC (18:0/22:4), we propose potential bio-
markers that could revolutionize the diagnosis 
and monitoring of anal fistula. These biomark-
ers could enable earlier detection and more 
personalized treatment strategies, possibly 
improving patient outcome.

Materials and methods

Inclusion and exclusion criteria of subjects

The inclusion criteria for the anal fistula cohort 
were established based on the 2016 Clinical 
Practice Guidelines for Anorectal Abscess, 
Fistula-in-Ano, and Rectovaginal Fistula Ma- 
nagement (American Society of Colon and 
Rectal Surgeons) [12]. Disease classification 
was based on infectious status: acute anal fis-
tula (concurrent perianal abscess or local infec-
tion at fistula onset) versus simple anal fistula 
(absence of concomitant infections). To qualify 
for inclusion, patients were required to: (1) pro-
vide blood samples as protocol-specified: 
Blood samples were collected during routine 
clinical visits. Serum was separated by centrifu-
gation at 3000 rpm for 10 minutes and stored 
at -80°C until further analysis; (2) submit com-
plete medical documentation: Patients were 
required to provide detailed medical histories, 
including previous treatments, comorbidities, 
and any history of inflammatory bowel disease 
(IBD) or other gastrointestinal disorders; (3) The 
study protocol was approved by the Institutio- 
nal Review Board of Shanghai University of 
Traditional Chinese Medicine (Approval No. 
2020LCSY032) in compliance with Helsinki 
Declaration standards.

Inclusion criteria for healthy controls: (1) no 
perianal abscesses, anal fistulas, or systemic 



Metabolic pathways in anal fistula

4025 Am J Transl Res 2025;17(5):4023-4037

discomfort symptoms; (2) no history of chronic 
metabolic disorders, gastrointestinal organic 
lesions, or cardiovascular/cerebrovascular dis-
eases; and (3) unremarkable physical examina-
tion findings.

Exclusion criteria: (1) age <18 years; (2) severe 
cardiopulmonary dysfunction (NYHA class III-IV 
or GOLD stage 3-4); (3) hepatic insufficiency 
(Child-Pugh B/C) or renal impairment (eGFR 
<30 mL/min/1.73 m2); (4) thyroid disorders, 
diabetes mellitus, or gastrointestinal malignan-
cies; (5) active infections (tuberculosis, HIV 
infection, or syphilis); (6) necrotizing fasciitis; 
(7) inflammatory bowel disease; (8) trauma-
induced perianal pathologies; and (9) pregnan-
cy or puerperium status.

Serum samples were collected from 12 pa- 
tients with acute anal fistula, 20 patients with 
simple anal fistula, and 20 healthy controls. 
The samples were processed and stored 
according to standardized protocols to ensure 
consistency and reliability in the metabolomic 
analysis.

Sample pretreatment by liquid chromatogra-
phy

The serum samples were prepared following a 
meticulous procedure. Initially, the sub-pack-
aged serum was thawed at 4°C and then gently 
mixed using a liquid transfer gun to ensure 
even distribution. Subsequently, 100 μL of 
serum was carefully transferred into 2 mL EP 
tubes, and 400 μL of methanol solution was 
added, followed by thorough mixing on a vortex 
oscillator for 3 minutes. Subsequently, 900 μL 
of methyl tert-butyl ether and 250 μL of ultra-
pure water were added, and the mixture was 
further homogenized on the vortex oscillator for 
an additional 3 minutes. The resulting mixture 
was then placed on a rolling shaker for 10 min-
utes, followed by a 10-minute incubation at 
room temperature to allow for natural stratifica-
tion. Subsequently, the mixture underwent 
high-speed, low-temperature centrifugation at 
4°C and 13,000 g for 10 minutes. The lipids 
extract (700 μL) and polar small molecule 
extract (400 μL) were carefully transferred into 
another set of EP tubes. All remaining samples 
were thoroughly mixed and centrifuged under 
the same conditions as before. From the upper 
and lower layers, 700 μL of lipids extract and 
400 μL of polar small molecule extract were 

collected as quality control (QC) samples for lip-
ids and polar small molecular metabolites, 
respectively. Lastly, all samples, including QC 
samples, underwent vacuum freeze-drying 
before being re-dissolved in sample compound 
solutions prior to analysis. Polar small molecu-
lar metabolites were reconstituted in acetoni-
trile-water (1:3, v/v), while lipids were reconsti-
tuted in acetonitrile-isopropanol (1:1, v/v) for 
subsequent analysis.

Liquid chromatography-mass spectrometry 
analysis

We employed an UltiMate 3000 ultra-high-per-
formance liquid chromatograph coupled with a 
Q-Exactive quadrupole orbitrap high-resolution 
mass spectrometer for comprehensive analysis 
of polar metabolites and lipids. For polar 
metabolite analysis, reversed-phase chroma-
tography was used, and both positive and neg-
ative ions were detected. For positive ion detec-
tion, an Excel2 C18-PFP column (ACE Co., UK, 
3.0 μm, 2.1 × 100 mm) was used with a linear 
gradient elution. The mobile phase consisted of 
0.1% formic acid in water (A) and acetonitrile 
(B). The elution gradient initiated at 2% at 0 
minutes and gradually reached 98% over the 
course of 10 minutes. For negative ion detec-
tion, an Acquity HSS C18 column (Waters Co., 
1.8 μm, 2.1 × 100 mm) was utilized, with the 
mobile phase comprising water (A) and acetoni-
trile/methanol (B), both containing ammonium 
bicarbonate buffer salt. The elution gradient 
initiated at 0 minutes, with the B mobile phase 
at 2%, linearly increasing to 100% over the sub-
sequent 10 minutes, followed by a 5-minute 
flush of the chromatographic column. The flow 
rate, injection volume, and column temperature 
were maintained at 0.4 mL/μL, 5 μL, and 50°C, 
respectively.

For lipids analysis, simultaneous positive and 
negative ion chromatographic separation was 
executed using an Accucore C30 column 
(Thermo Science, 2.6 μm, 2.1 × 100 mm). The 
mobile phase consisted of 60% acetonitrile-
water (A) and 10% acetonitrile-isopropanol (B), 
both supplemented with 10 mmol/L ammoni-
um formate and 0.1% formic acid (FA). The elu-
tion gradient commenced at 10% for phase B 
at 0 minute, gradually increasing to 50% over 5 
minutes, further progressing to 100% within 23 
minutes. The remaining 7 minutes were used 
for elution and column equilibrium. The flow 
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rate was maintained at 0.3 mL/min, and the 
separation temperature was maintained at 
50°C.

Mass spectrometry detection parameters

The Q-Orbitrap mass spectrometer was used 
with identical ionization parameters for both 
polar metabolites and lipids. These parameters 
included a sheath gas flow of 45 arb, auxiliary 
gas at 10 arb, heating temperature set to 
355°C, capillary temperature at 320°C, and  
an S lens radio frequency level of 55%. For 
comprehensive analysis, the metabolic group 
extract underwent full scan mode analysis, with 
a resolution of 700 pm, automatic gain control 
(AGC) set to 1E6, and a maximum injection time 
of 200 ms, covering a scan range from 70 to 
2000 m/z. Furthermore, a resolution setting of 
17,500 was employed for full MS/MS data 
acquisition, accompanied by a maximum injec-
tion time of 80 ms. Collision-induced dissocia-
tion, employing nitrogen as the pyrolysis gas, 
was utilized for metabolite dissociation during 
analysis.

Data processing and statistical analysis

Upon obtaining the original peak list, data pro-
cessing was meticulously executed. Redun- 
dancies across various detection methods 
were excluded to ensure the uniqueness of the 
information. Subsequently, a log2 transforma-
tion was applied to prepare the data for final 
statistical analysis [13]. Clinical baseline data 
were expressed as mean ± standard deviation 
(SD) for continuous variables and as frequen-
cies (percentages) for categorical variables. 
Statistical analysis was performed using SPSS 
software (version 25.0, IBM Corp., USA). One-
way ANOVA was applied for continuous vari-
ables, and the Chi-square test was employed 
for categorical variables to compare differenc-
es between groups [14]. For metabolomic data 
analysis, multivariate statistical methods, in- 
cluding Principal Component Analysis (PCA), 
Orthogonal Partial Least Squares Discriminant 
Analysis (OPLS-DA), and response permutation 
tests (RPT), were performed using SIMCA-P 
software (Umetrics, Sweden). The results were 
visualized with score plots and loading plots to 
distinguish metabolic profiles between groups. 
Differential metabolites were identified based 
on Variable Importance in Projection (VIP) 
scores >1 and p-values <0.05. Univariate anal-

ysis of metabolites was conducted using  
the MetaboAnalyst 6.0 platform (http://www.
metaboanalyst.ca) [15, 16]. Results were 
expressed as fold changes (FC) and p-values, 
with significant metabolites highlighted in vol-
cano and heatmap plots. KEGG pathway analy-
sis was performed to identify enriched meta-
bolic pathways, with results expressed as p-val-
ues and pathway impact scores. Graphical rep-
resentations, including pie charts, volcano 
plots, heatmaps, scatter plots, bar charts, and 
violin plots, were generated using GraphPad 
Prism 9.2 (GraphPad Software, USA). Weighted 
Gene Co-expression Network Analysis (WGCNA) 
was conducted in R version 4.3.1 (R Core Team, 
2023) to identify functional modules associat-
ed with anal fistula development [17]. The 
results were expressed as module-trait rela-
tionships and eigengene expression patterns.

Results

Study design

Serum samples were collected from 12 patients 
with acute anal fistula, 20 patients with simple 
anal fistula, and 20 healthy controls. The gen-
der distribution was balanced across groups as 
confirmed by a Chi-square test, with 19 males 
and 1 female in the healthy control group, 11 
males and 1 female in the acute anal fistula 
group, and 18 males and 2 females in the sim-
ple anal fistula group. The participants’ ages 
were closely matched, with mean ages of 
32.55±5.53 years for the healthy control group, 
33.65±11.36 years for the acute anal fistula 
group, and 32.25±8.69 years for the anal fistu-
la group. Statistical analysis using one-way 
ANOVA showed no significant age differences 
between any two groups (p>0.05), ensuring 
comparability .

To explore the metabolic differences associat-
ed with the pathologic changes of anal fistula, 
we analyzed the metabolites between patients 
with anal fistula and healthy controls, as well as 
between patients with acute anal fistula and 
simple anal fistula. Furthermore, common dif-
ferential metabolites were identified, and the 
influence of acute infection on the metabolic 
changes of anal fistula was minimized by 
accounting for the baseline state of the condi-
tion. Following univariate and multivariate anal-
ysis of the identified metabolites, biological 
annotations and Weighted Gene Co-expression 



Metabolic pathways in anal fistula

4027 Am J Transl Res 2025;17(5):4023-4037

Network Analysis (WGCNA) were used to  
compare and cluster the annotated serum 
metabolites.

Metabolite profiles between simple anal fistula 
and healthy control

To obtain the overall understanding of metabo-
lism in anal fistula, we analyzed polar metabo-
lites and lipids using a non-targeted metabo-
nomic platform (raw data are listed in SupTable). 
After excluding repetitive and inaccurate com-
pounds in metabonomic analysis, a total of 
1112 metabolites were identified (Figure 1A). 
To evaluate data quality and measurement 
repeatability, we calculated the coefficient of 
variation (CV or RSD) between QC samples at 
different stages and visualized the results as a 

absence of overfitting (Figure 2C). Differential 
metabolites with VIP (Variable Important in 
Projection) values exceeding 1 and P<0.05,  
as identified by OPLS-DA, were visualized as  
a volcano plot (Figure 2D). The top 25 repre-
sentative metabolites were selected for heat-
map analysis, highlighting significant differenc-
es in acylcarnitine, fatty acid, and ceramide 
between the healthy control and fistula groups 
(Figure 2E). To explore the metabolic implica-
tions of these differential metabolites, over-
representation analysis (ORA) based on the 
KEGG database was conducted to assess  
metabolic pathway enrichment. The results 
indicated substantial alterations in fatty acid 
metabolism, particularly unsaturated fatty acid 
metabolism, and sphingolipid metabolism 
(Figure 2F).

Figure 1. Data quality control. A: Chemical species distribution of the total 
1112 metabolites; B: Pareto diagram illustrating the coefficient of variation 
for metabolites in the QC sample. QC: quality control.

Pareto diagram (Figure 1B). A 
significant proportion (93.6%) 
of the metabolites exhibit a 
CV of less than 10%, indicat-
ing high detection reliability.

Principal component analysis 
(PCA) was performed to char-
acterize differential metabo-
lites. The points in the sam- 
ple plot represent the tested 
samples, and the distance 
between them represents the 
similarities or differences be- 
tween the samples. The sam-
ples were divided into a con-
trol (Con) group, Fistula group, 
and an acute anal fistula 
group, then a PCA score plot 
was drawn (Figure 2A). The 
data showed distinct separa-
tion among the three groups.

To distinguish between the 
healthy control group and the 
simple fistula group, we used 
Orthogonal Partial Least Squ- 
ares Discriminant Analysis 
(OPLS-DA), which revealed a 
notable separation between 
these two groups on the sco- 
re plot (Figure 2B). Subse- 
quently, response permuta-
tion tests (RPT) were per-
formed to ensure the model’s 
reliability and to confirm an 
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Metabolite profiles between acute anal fistula 
and healthy controls

Given the dynamic changes between anal fis-
tula and acute anal fistula, our subsequent 
analysis aimed to differentiate the healthy con-
trol group from the acute anal fistula group. 

Using OPLS-DA, we observed a distinct separa-
tion between these two groups, as depicted in 
the score plot (Figure 3A). To validate the reli-
ability of our model and rule out overfitting, we 
conducted RPT, and the results are presented 
in Figure 3B. The differential metabolites iden-
tified by OPLS-DA with VIP values exceeding 1 

Figure 2. Metabolomic analysis between control group and simple anal fistula group. A: PCA score plot including QC 
samples and all study samples; B: OPLS-DA score plot distinguishing the healthy control group from the simple fis-
tula group; C: Results of response permutation tests (RPT) of the OPLS-DA model; D: Volcano plot highlighting differ-
ential metabolites between the healthy control and fistula groups based on VIP values >1 and P<0.05; E: Heatmap 
presenting the top 25 differential metabolites; F: KEGG enrichment analysis results depicting altered metabolic 
pathways in the healthy control and fistula groups. PCA: Principal Component Analysis; OPLS-DA: Orthogonal Partial 
Least Squares Discriminant Analysis; RPT: Response Permutation Tests; VIP: Variable Importance in Projection; 
KEGG: Kyoto Encyclopedia of Genes and Genomes.
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and P<0.05 were visualized using a volcano 
plot (Figure 3C). For a more detailed overview, 
we selected the top 25 representative metabo-

lites and analyzed them using a heatmap, 
which revealed significant variations. In addi-
tion to notable differences in acylcarnitine 

Figure 3. Metabolomic analysis between control group and acute anal fistula group. A: OPLS-DA score plot distin-
guishing the healthy control group from the acute anal fistula group; B: Results of response permutation tests (RPT) 
of the OPLS-DA model; C: Volcano plot highlighting differential metabolites between the healthy control and acute 
anal fistula groups based on VIP values >1 and P<0.05; D: Heatmap representing the top 25 differential metabo-
lites; E: KEGG enrichment analysis results depicting altered metabolic pathways in the healthy control and acute 
anal fistula groups. OPLS-DA: Orthogonal Partial Least Squares Discriminant Analysis; RPT: Response Permutation 
Tests; VIP: Variable Importance in Projection; KEGG: Kyoto Encyclopedia of Genes and Genomes.
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between the acute fistula group and the healthy 
control group, alterations in various amino 
acids were also evident (Figure 3D). To better 
understand the metabolic implications of these 
differential metabolites, we conducted KEGG 
metabolic pathway enrichment analysis. The 
outcomes highlighted substantial modifica-
tions in arginine biosynthesis, sphingolipid 
metabolism, and phenylalanine metabolism 
(Figure 3E).

Metabolite profiles between simple anal fistula 
and acute anal fistula

The variations observed in species between 
simple anal fistula and acute anal fistula groups 
were integrated into subsequent analyses to 
reduce interference. To differentiate between 
these subgroups, we employed OPLS-DA, which 
resulted in a clear distinction between the two 
groups, as shown in the score plot (Figure 4A). 
To enhance the robustness of our model and 
mitigate overfitting risks, we performed RPT, 
with the results illustrated in Figure 4B. 
Subsequently, we visualized the differential 
metabolites identified by OPLS-DA, focusing on 
those with VIP values surpassing 1 and p-val-
ues below 0.05, employing a volcano plot 
(Figure 4C). For a more detailed view, we select-
ed the top 25 representative metabolites and 
subjected them to heatmap analysis, revealing 
substantial variances. Particularly notable were 
the differential metabolites such as LysoPC 
(lysophosphatidylcholine) and various fatty 
acids, with a particular emphasis on adrenic 
acid and the phospholipids containing this free 
fatty acid (Figure 4D). To gain deeper insight 
into the metabolic implications of these differ-
ential metabolites, we conducted KEGG me- 
tabolic pathway enrichment analysis. The find-
ings emphasized significant alterations in 
D-glutamine and D-glutamate metabolism, 
nitrogen metabolism, and the metabolism of 
various amino acids (Figure 4E).

Continual evaluation of the progression from 
health to anal fistula development

Previous analyses have revealed significant 
metabolic differences between the healthy 
control group and the fistula group, especially 
during the acute infection phase. In this study, 
we aim to elucidate the dynamic process from 
a healthy state to acute anal fistula formation 
during acute infection, followed by fistula devel-

opment. By integrating the findings from earlier 
analyses, we identified specific metabolites 
that represent the progression of fistula forma-
tion, after excluding the influence of acute 
infection. WGCNA was employed to explore 
metabolites exhibiting similar trends, and the 
results demonstrated a lack of significant out-
lier samples following clustering (Figure 5A). 
We selected a soft threshold of 8 (Figure 5B) 
and obtained the cluster tree for the WGCNA 
model (Figure 5C, 5D). Among the co-clustered 
modules, excluding invalid grey modules, we 
identified 11 modules. Subsequently, Pearson 
correlation analysis and inter-group trend anal-
ysis were performed between modules (Figure 
5E). Modules with an absolute correlation coef-
ficient exceeding 0.3 were designated as candi-
date modules. Three candidate modules were 
identified: pink, turquoise, and yellow, all exhib-
iting a positive correlation with anal fistula for-
mation and development, with p-values < 0.05 
(Figure 5F). The pink module primarily featured 
LysoPC as high-weight metabolism, while the 
turquoise module predominantly comprised tri-
glyceride (TG) and diglyceride (DG). The yellow 
module was primarily composed of long-chain 
free fatty acids. Notably, there was significant 
overlap between the dynamic modules identi-
fied by WGCNA and the significant metabolite 
differences observed in earlier analyses, pro-
viding further validation of our findings.

Next, we conducted a comprehensive analysis 
by overlaying the differential metabolites iden-
tified in the fistula and healthy control gr- 
oups, with those in the simple acute anal fistula 
and fistula combined acute anal fistula sub-
group. These metabolites were further cross-
referenced with the three principal modules 
from the WGCNA analysis. As a result, seven 
representative differential metabolites were 
identified: Adrenic acid, LysoPC (22:5n6), PC 
(18:0/22:4), Proline betaine, LysoPC (14:0), 
LysoPC (16:0), and Pyrogallol-1-O-sulphate. 
Remarkably, adrenic acid displayed a positive 
association with the development of anal fistu-
la and demonstrated a parallel trend with PC 
(18:0/22:4), of which it is a constituent.

To provide a clearer illustration of the inter-
group variations, violin plots were generated  
for both adrenic acid and PC (18:0/22:4). 
Interestingly, adrenic acid levels remained rela-
tively unaffected by acute anal fistula but exhib-
ited a substantial increase in the simple anal 
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Figure 4. Metabolomic analysis between simple and acute anal fistula group. A: OPLS-DA score plot distinguishing 
simple anal fistula from acute anal fistula; B: Results of response permutation tests (RPT) of the OPLS-DA model; 
C: Volcano plot highlighting differential metabolites between simple acute anal fistula and fistula combined with 
acute anal fistula based on VIP values >1 and P<0.05; D: Heatmap representing the top 25 differential metabo-
lites; E: KEGG enrichment analysis results depicting altered metabolic pathways. OPLS-DA: Orthogonal Partial Least 
Squares Discriminant Analysis; RPT: Response Permutation Tests; VIP: Variable Importance in Projection; KEGG: 
Kyoto Encyclopedia of Genes and Genomes.
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fistula group. These observations were con- 
sistent with the trends observed for PC 
(18:0/22:4), which contains adrenic acid, 
across the three groups (Figure 6A, 6B).

Discussion

Long-chain saturated fatty acids (LCSFAs) are 
known to influence the composition and func-
tion of cell membranes, which can affect the 
body’s immune response and susceptibility to 
infection [18]. One potential mechanism by 
which LCSFAs contributes to perianal infectious 
diseases is through their effect on inflamma-
tion. LCSFAs are known to promote inflamma-
tory processes, potentially exacerbating condi-
tions that lead to infection. For instance, the 
consumption of LCSFAs has been linked to 
increased levels of pro-inflammatory cytokines, 
which are involved in the development of vari-
ous inflammatory diseases [19]. Additionally, 
LCSFAs can influence gut microbiota, which is 
vital for maintaining intestinal health and pre-
venting infection. High LCSFA intake could lead 
to dysbiosis, a condition characterized by an 
imbalance in the microbial community, which 
has been associated with an increased suscep-
tibility to infection [20]. Additionally, LCSFAs 
affect the integrity of the intestinal barrier. A 
compromised intestinal barrier can allow patho-
gens to penetrate the gut lining, leading to 

infection. Studies have shown that maintaining 
adequate levels of saturated fatty acids in the 
intestine can help stabilize the gut barrier and 
reduce the risk of infection [21]. Furthermore, 
the antibacterial properties of LCSFAs have 
been explored, with some studies suggesting 
that they can inhibit the growth of certain bac-
teria. However, the effectiveness of LCSFAs as 
antibacterial agents is influenced by their solu-
bility and the conditions of the medium in which 
they are used. Enhancing the solubility of 
LCSFAs may improve their antibacterial effica-
cy, possibly offering a natural alternative for 
preventing infection [22].

Amino acids play a crucial role in the manage-
ment and treatment of perianal infectious dis-
eases, primarily through their support for tis-
sue repair and immune function [23]. These 
essential compounds are involved in various 
metabolic pathways that are critical for main-
taining tissue integrity and enhancing the 
body’s immune response. For instance, amino 
acids such as glutamine and arginine influence 
immune cell function and have been studied for 
their roles in infection and tissue repair pro-
cesses [24, 25]. In addition to their immune-
supportive roles, amino acids are vital for tis-
sue repair. They provide the necessary building 
blocks for protein synthesis, essential for the 
regeneration of damaged tissues. This is par-

Figure 5. Weighted gene co-expression network analysis (WGCNA) workflow. A: WGCNA depicting critical modules 
linked to anal fistula development. Outlier detection through sample clustering; B: Soft-threshold power determina-
tion using the scale-free topology model (left) and mean connectivity (right); C: Cluster dendrogram and module 
assignment for metabolites; D: Clustering of all identified modules; E: Heat map illustrating inter-module relation-
ships; F: Heat map displaying module-group relationships. WGCNA: Weighted Gene Co-expression Network Analysis.

Figure 6. Concentration differences of two metabolites. (A) Adrenic acid (22:4n-6) and (B) PC (18:0/22:4) levels in 
healthy controls, acute anal fistula, and simple anal fistula groups. *P<0.05, **P<0.01.
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ticularly important for perianal diseases, where 
maintaining the integrity of the mucosal barrier 
is crucial for preventing further infection and 
promoting healing [26].

The relationship between fatty acid β-oxidation 
and anal fistula, particularly in the context of 
obesity, is an intriguing area of study. Obesity is 
known to influence various metabolic path-
ways, including fatty acid metabolism, which 
may have implications for the development and 
progression of anal fistulas [27]. One study 
highlights the role of amino acid and lipid 
metabolism in distinguishing Crohn’s disease 
from idiopathic/cryptoglandular perianal fistu-
las [28]. Furthermore, a retrospective cross-
sectional survey explored the epidemiologic 
profile of anal fistulas and anorectal abscess, 
identifying BMI as a significant factor. The study 
found that individuals with overweight or obe-
sity were more prone to develop anal fistula 
and anorectal abscess [29].

The role of adipose tissue in anal fistula treat-
ment has been explored, particularly through 
the use of adipose-derived stem cells [30]. 
These cells, which are influenced by fatty acid 
metabolism, have shown promise in treating 
complex perianal fistulas, suggesting a poten-
tial therapeutic avenue that leverages the met-
abolic characteristics of adipose tissue [31]. 
Moreover, a study on the long-term outcomes 
of fistula treatment using the LIFT-plug tech-
nique, which involves bioprosthetic materials, 
suggests that metabolic factors, including 
those related to obesity, may influence healing 
rates and outcomes. This highlights the im- 
portance of considering metabolic health in 
managing anal fistulas [32]. The relationship 
between obesity and anal fistula is further sup-
ported by research indicating that overweight 
and obesity are risk factors for anal fistula and 
anorectal abscesses. This suggests that meta-
bolic dysregulation associated with obesity, 
such as impaired fatty acid β-oxidation, could 
contribute to the pathophysiology of anal fistu-
las [33].

Acetylcarnitine, a derivative of the amino acid 
L-carnitine, is known for its role in cellular ener-
gy production and its potential therapeutic 
effects in various medical conditions [34]. Its 
relevance to perianal infectious diseases, such 
as anal fistula, can be explored through the 
lens of metabolic and inflammatory pathways 

[35]. Anal fistulas are abnormal connections 
between the epithelialized surface of the anal 
canal and the perianal skin, often resulting 
from infection or inflammation [36]. The patho-
genesis of anal fistulas involves complex inter-
actions between microbiological, immunologi-
cal, and genetic factors, which can be influ-
enced by metabolic processes.

Recent studies have highlighted the metabolic 
distinctions between Crohn’s disease-associat-
ed perianal fistulas and idiopathic or crypto-
glandular perianal fistulas. These distinctions 
are evident in the differences in amino acid and 
lipid metabolism, which may offer insights into 
the underlying pathogenesis of these condi-
tions [27]. Acetylcarnitine, a compound in lipid 
metabolism, may play a role in modulating 
these metabolic pathways, influencing the 
course of perianal diseases. Moreover, the 
management of perianal fistulas, particularly 
those associated with Crohn’s disease, often 
involves addressing the inflammatory and 
infectious components. The use of biologic 
therapies, such as anti-TNF-α agents, has been 
explored for their effects on the bacteriological 
profile of perianal lesions, although these ther-
apies do not significantly alter the types of 
microorganisms isolated from such lesions 
[33]. The integration of metabolic modulators 
like acetylcarnitine could enhance recovery 
and reduce postoperative complications by 
supporting cellular energy metabolism and 
reducing oxidative stress [31]. Furthermore, 
mesenchymal stem cells (MSCs) have been 
investigated for the treatment of complex peri-
anal fistulas, with MSCs showing promising effi-
cacy in promoting fistula closure and reducing 
recurrence rates. Acetylcarnitine may support 
MSC therapy by enhancing cellular energy  
production and reducing inflammation, thus 
improving the overall therapeutic outcome [8].

While this study provides valuable insight into 
the metabolic alterations associated with anal 
fistula, several limitations should be acknowl-
edged. First, the sample size was relatively 
small, which may limit the generalizability of the 
findings. Future studies with larger cohorts are 
needed to validate these results. Second, the 
study focused on serum metabolomics, but 
additional analyses of tissue samples or gut 
microbiota could provide a more comprehen-
sive understanding of the disease mecha-
nisms. Third, the cross-sectional design of the 
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study limited our ability to establish causal rela-
tionships between metabolic changes and dis-
ease progression. Longitudinal studies are nec-
essary to explore these relationships further. 
Finally, while we identified potential biomarkers 
and metabolic pathways, their clinical utility 
needs to be validated by prospective studies.

Future research should focus on integrating 
metabolomic data with other omics approach-
es (e.g., genomics, proteomics) to gain a more 
holistic understanding of anal fistula pathogen-
esis. Additionally, the development of targeted 
therapies based on the identified metabolic 
pathways, such as fatty acid and sphingolipid 
metabolism, could be exploredby preclinical 
and clinical trials. Finally, the use of metabolo-
mic profiling for personalized treatment strate-
gies in anal fistula patients warrants further 
investigation.

Conclusion

Patients with anal fistula undergo significant 
metabolic alterations, particularly in fatty acid 
metabolism, sphingolipid metabolism, and 
amino acid metabolism. Key metabolites such 
as adrenic acid, LysoPC (22:5n6), and PC 
(18:0/22:4) are associated with the progres-
sion of anal fistula, suggesting their use as bio-
markers for the condition. These findings pro-
vide new insight into the metabolic underpin-
nings of anal fistula and suggest targets for 
therapeutic intervention. By integrating metab-
olomic profiling with traditional diagnostic 
approaches, this study paves the way for more 
personalized and effective treatment strate-
gies for anal fistula.
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