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Background: Although cytokines have been implicated in the development of ulcerative colitis (UC), the potential mediating role of
metabolite levels in this association remains unclear.

Methods: Utilizing data from genome-wide association studies (GWAS) encompassing 91 circulating cytokines, 1400 blood
metabolites, and 178,689 UC cases, we performed a two-sample Mendelian randomization (MR) analysis to investigate the effect
of metabolites mediated cytokines on the development of UC. A two-step MR analysis was conducted to quantitatively evaluate the
mediation effect. Additionally, dextran sodium sulfate (DSS)-induced colitis mice were used to further confirm our results.

Results: Mendelian randomization (MR) analysis indicated that macrophage colony-stimulating factor (M-CSF) had a causal and
positive relationship with aconitate (OR: 1.10, 95% CI: 1.00-1.20, p = 0.043, IVW beta 1 = 0.095). Moreover, MR analysis revealed
that high level of aconitate were associated with reduced risk of UC (OR: 0.44, 95% CI: 0.24-0.80, p = 0.008, IVW beta 2 = —0.818).
In addition, MR analysis showed M-CSF had an inverse correlation with the disease onset of UC (OR: 0.31, 95% CI: 0.15-0.80, p =
0.002, IVW beta all = —1.16). Furthermore, the mediation effect of aconitate mediated M-CSF on the risk of UC was —0.0777 (95%
CI: —0.154 to —0.0018, p = 0.045), accounting for 6.69% of the total effect, and indicating a modest contribution to the protective
effect of M-CSF against UC. Subsequently, as an in vivo validation model, DSS-induced colitis was employed to demonstrate that
M-CSF treatment significantly ameliorated weight loss, disease activity index (DAI) scores, colon shortening, and histological
damage. Additionally, M-CSF treatment also significantly reduced M1 macrophage infiltration, elevated levels of aconitate as well
as itaconate, and decreased the levels of pro-inflammatory cytokines in colitis. These results demonstrated that aconitate inhibited the
expression of pro-inflammatory cytokines through its enzymatic conversion into the immunometabolite itaconate by aconitate
decarboxylase 1 (Acodl), and downregulated the levels of M1 macrophages, thereby ameliorating colitis.

Conclusion: These findings suggest that M-CSF is an important anti-inflammatory cytokine in UC, which may be a promising
therapeutic target in the treatment of UC.

Keywords: ulcerative colitis, Mendelian randomization, macrophage colony-stimulating factor, aconitate

Introduction
Ulcerative colitis (UC) is an immune-mediated chronic inflammation disease, characterized by chronic damage to the
colonic epithelial mucosa resulting in a remitting and relapsing course.! UC is a multifactorial disease involving
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environmental factors, genetic factors, dysregulated immune response, epithelial barrier defects, and inappropriate
production of chemokines and proinflammatory cytokines.>* The treatment options for UC primarily rely on targeted
biologic therapies, such as Janus kinase (JAK) signaling pathway inhibitors (eg, tofacitinib), anti-tumor necrosis factor
(anti-TNF) antibodies, and non-targeted therapies, including 5-aminosalicylates, immunosuppressive agents, and
glucocorticoids.* However, anti-TNF agents, while effective in reducing inflammation, face limitations like immuno-
genicity and variable response rates.”® JAK inhibitors, though rapid-acting and oral, carry safety concerns (eg, pregnancy
contraindications) and heterogeneous efficacy due to pathway redundancy.””® The toxicity, adverse events and intolerance
associated with these treatments prevent the patients with UC from achieving remission.” As a result, there is an urgency
to identify novel therapeutic targets.

Cytokines, as circulating proteins, play a pivotal role in orchestrating inflammatory responses within the colonic
microenvironment. Aberrant inflammatory responses are hallmarks of UC.'® The regulation of the intestinal immune
system is contingent upon cytokines.'""'? Emerging evidence suggests that cytokine-mediated immune activation
dynamically interacts with blood metabolite profiles, particularly through microbial-host co-metabolites.'* Metabolites,
as intermediate or end products of metabolic processes, are modulated by cytokines, gut microbial factors, genetic
factors, and dietary factors. Furthermore, their alterations have been implicated in the pathogenesis of UC. For instance,
reduced levels of short-chain fatty acids (SCFAs), particularly butyrate, impair colonic epithelial barrier function and
exacerbate mucosal inflammation in UC by disrupting energy metabolism and immune homeostasis.'* However, no
studies have systematically explored the causal relationship network between cytokines and metabolites in UC.

MR is an emerging technique in medical research, which has been used to assess causal relationships between specific
exposures and outcomes by using genetic variations as instrumental variables (IVs).'> The principle underlying MR bears
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resemblance to a randomized clinical trial, whereby genetic variation is randomly allocated during meiosis and conception.
This approach is frequently regarded as the gold standard for establishing causality, particularly due to its capacity to
circumvent the confounding effects and reverse causation issues that are commonly observed in traditional observational
studies.'® This study aimed to ascertain the causal relationship between cytokines, metabolites, and UC by employing
bidirectional two-sample, two-step MR analysis. We found that M-CSF had a causal and positive relationship with aconitate,
and the level of aconitate were negatively associated with UC development. Research indicates that M-CSF maintains
mucosal homeostasis by supporting the survival and functional plasticity of resident macrophages, which coordinate immune
surveillance and tolerance to commensal microbiota.'”"'® Aconitate, an intermediate of the tricarboxylic acid (TCA) cycle and
precursor of the anti-inflammatory metabolite itaconate, may play a regulatory role in immune responses relevant to UC.
Given the limitations of MR in fully elucidating biological mechanisms, coupled with the fact that although M-CSF has been
implicated in modulating inflammation, its precise role in UC remains unclear and potentially context-dependent, we further
validated the findings in a murine model of colitis. We demonstrated that M-CSF significantly reduced M1 macrophage
infiltration and effectively elevated levels of aconitate as well as itaconate, thereby improving DSS-induced colitis.

Materials and Methods
Methods

The three fundamental assumptions for MR analysis are relevance, independence, and exclusion restriction. These assump-
tions ensure that the genetic variants, as instrumental variables (IVs), are robust and unbiased.!® The first assumption,
relevance, indicates that the genetic variants chosen must be linked to the risk factors being studied. The second assumption,
independence, requires that these genetic variants are not influenced by any confounding factors. The third assumption,
exclusion restriction, states that the genetic variants should affect the outcome only through the specific risk factors.

Mediation analysis typically estimates three parameters, which can also be referred to effects. The first is the total effect,
which represents the effect of the exposure on the outcomes. The second is the direct effect, which represents the remaining
impact of the exposure on the outcome and operates through pathways other than the specified mediator or set of mediators. The
third is the indirect effect, also known as the mediating effect, which represents the path from the exposure to the outcome that
operates through the mediators.??! Following standard causal mediation frameworks,”* mediation analysis requires two
prerequisites: (1) a significant causal effect of the exposure on the mediator (p < 0.05), and (2) a significant causal effect of
the mediator on the outcome (p< 0.05); Metabolites violating either assumption were excluded from mediation models.

The procedures were as follows. Firstly, a two-sample bidirectional MR analysis was employed to ascertain the causal
relationship between cytokines and UC. This analysis identified cytokines highly associated with UC risk (referred to as
single nucleotide polymorphism 1, SNP1) and yielded a total effect estimate. Next, we screened metabolites that
demonstrated a correlation with UC, referred to as SNP2 (Figure 1A). Subsequently, a two-step MR approach was
employed for mediation analysis. In the initial stage of the analysis, a two-sample MR was conducted to examine the
relationship between the selected cytokine-associated SNP1 and SNP2, resulting in the extraction of beta 1. In the second
stage of the analysis, a two-sample MR was conducted between the chosen metabolites SNP2 and UC, resulting in beta 2.
The study design is illustrated in Figure 1B.

Data Source

This dataset was derived from a GWAS investigation conducted by Zhao et al, which encompassed the analysis of 91
circulating cytokines.10 In their research publication, the authors conducted protein quantitative trait locus (p-QTL)
mapping in a cohort comprising 14,824 individuals of European ancestry. The primary aim was to identify genetic
variants associated with circulating cytokines. This was done by collating p-QTL information within +1 megabase (Mb)
of 91 candidate genes associated with these proteins. The GWAS data for metabolites are sourced from a study published
in 2023 by Chen et al.>* They performed a GWAS on 8299 individuals from the Canadian Longitudinal Study on Aging
(CLSA) cohort, using 1400 blood metabolites. The GWAS summary statistics for UC are accessible for download from
https://gwas.mrcieu.ac.uk/. We selected data for ebi-a-GCST90018713. This dataset includes 178,689 cases (N case =
314; N control = 178,375) of European ancestry with UC and 12,454,670 SNPs.
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Figure | Schematic representation of a two-step MR analysis between cytokines and UC mediated by plasma metabolites. (A) Screening of UC-associated cytokines (SNPI)
and metabolites (SNP2). (B) The first-stage MR analysis estimates the causal effect of cytokines on metabolites. (C) The second-stage MR analysis estimates the causal effect

of metabolites on UC risk.
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This analysis used de-identified, publicly available summary-level GWAS data. According to Article 32 of China’s
Measures for Ethical Review (2023), this research qualifies for exemption from institutional ethics approval as it
involved no individual identifiers.

Two-Step MR Analysis

Selection Criteria for Vs

The criteria for the selection of the IVs are as follows. (1) We conducted a correlation analysis, selecting independent genetic
variants at a genome-wide significant level (p < 1x10~°), and selected SNPs strongly associated with exposure as [Vs.**% (2)
The SNPs were then filtered to remove linkage disequilibrium (LD), using data from the European samples of the 1000
Genomes Project (r* = 0.001, clumping window = 10,000 kb). (3) The F-statistic was used to assess the strength of the IVs. We
excluded genetic variants with an F-statistic <10, thereby reducing the bias introduced by weak IVs.

Outcome Variable Selection Criteria
The outcome variable was obtained by matching the corresponding instrumental variable from the abovementioned databases.

Main Analysis Methods

In the two-sample MR analysis, MR-Egger, Weighted Median (WM), Inverse Variance Weighted (IVW), Simple Mode
and Weighted Mode were used to assess causality. However, the IVW method is the primary MR analysis technique
providing estimates of the causal effect.”® The WM and MR-Egger regression methods were performed to assess
potential violations of the MR assumptions.?’

Sensitivity Analysis

The sensitivity analysis included heterogeneity and pleiotropy test based on three perspectives: (a) Cochran’s Q test
assessed heterogeneity across IVs, p < 0.05 suggests potential pleiotropy. (b) Egger regression examined directional
pleiotropy (systematic bias) across genetic variants by testing whether the intercept term significantly deviates from zero,
a non-zero intercept (p < 0.05) indicated systematic pleiotropic effects.®® (c) The MR pleiotropy residual sum and outlier
(MR-PRESSO) identified and corrected outlier IVs contributing to pleiotropy by comparing observed and expected
causal estimates before and after outlier removal.

Visualization of Results

In order to facilitate the interpretation of the results of the MR analysis, a series of visual representations were
developed.”® A leave-one-out analysis was conducted, whereby one SNP was removed at a time to assess the overall
robustness of the analysis. The scatter plots demonstrated the influence of each single nucleotide polymorphism on the
exposure and outcome variables, thereby capturing their combined effect. The use of forest plots, employing the Wald
ratio method, facilitated the clarification of the individual IVs contribution to the overall causal estimate. The utilization
of funnel plots facilitated the visualization of potential bias in the selection of SNPs.

Bidirectional MR Analysis

Reverse MR analysis demonstrated no evidence of reverse causation from UC to cytokines. This approach ensured that
the analysis strictly followed a unidirectional causal pathway from exposure to outcome. The remaining analytical
procedures were analogous to those previously outlined for the forward MR analysis. All analyses were performed in R,
version 4.3.3, an open-access software platform (https://www.r-project.org/). The R package “TwoSampleMR” and the

R/Bioconductor packages “gwasglue” and “VariantAnnotation” were utilized for these analyses.

Mediation Analysis

Moreover, a two-step MR analysis was conducted to investigate whether metabolites act as mediators in the causal
relationship between cytokines and UC. Subsequently, the overall effect was divided into a mediation effect and a direct
effect. The direct effect was calculated as: Direct effect = Total effect - Mediating effect.’
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The mediation effect of the cytokines on UC was decomposed into two distinct components: the causal effect of the
exposure on the mediator, represented by the parameter beta 1, and the causal effect of the mediator on the outcome,
represented by the parameter beta 2. The following formula was employed to calculate the mediating effect: Mediating
effect = beta 1xbeta 22! (Figure 2).

Experimental Validation

Mice

C57BL/6 male mice were purchased from Biotechnology Co., Ltd, Beijing, China. All mice were maintained in a
pathogen-free setting and were subjected to a 12-hour alternating light/dark regimen. At 8 weeks of age, they were used
for experiments according to the guidelines and regulations of the Animal Care Committee of Shenzhen People’s
Hospital, Shenzhen, China. Adherence to all institutional and national protocols regarding animal care and utilization
was strictly maintained.

Cell Culture

The mouse macrophage cell line RAW264.7 was obtained from American Type Culture Collection (ATCC) and maintained
in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, USA) with 10% (vol/vol) heat-inactivated fetal bovine serum
(FBS), penicillin (100 U/mL), and streptomycin (100 mg/mL) in an incubator with 5% CO, at 37°C. RAW264.7 cells were
seeded in a 6-well culture plate at a density of 2x10° cells/mL and stimulated with 1 p g /mL lipopolysaccharide (LPS from
Escherichia coli serotype 055:B5, Sigma-Aldrich, USA) for 24 h to induce M1 macrophage polarization. To evaluate the
effect of the M-CSF on macrophage polarization, cells were incubated with M-CSF, for 24 h.

Model Establishment
The mice of the DSS group were administered 3% DSS (MW 36,000 to 50,000 k Da, MP Biomedical) dissolved in
drinking water, while the control group received the drinking water without DSS. The DSS + M-CSF group received a
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Figure 2 The steps and results of mediation analysis.
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daily intraperitoneal injection of 50 ng of recombinant mouse M-CSF (Pepro Tech). During the experimental period, the
status of the body weight, diarrhea, and bleeding was monitored daily. After 7 days, mice were sacrificed, and blood
samples as well as colorectal tissues were collected.

Hematoxylin—Eosin (H&E) Staining

Colon tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned at 4-um thickness. Sections were
stained with hematoxylin, differentiated in acid alcohol, counterstained with eosin, then dehydrated, cleared, and mounted
for microscopic examination. Histological scoring was performed according to previously described.?!

Metabolomic LC-MS/MS Analysis

The samples were processed using methanol and 3-NPH (Shanghai Aladdin Biochemical Technology Co., Ltd).
Metabolomic liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis was performed using a liquid
chromatography system (Waters Acquity UPLC) coupled to a quadrupole time-of-flight instrument (AB SCIEX 5500
Qtrap-MS). The chromatographic separation was carried out on an Acquity UPLC HSS T3 column with a gradient
elution program, and the mass spectrometry was conducted under electrospray ionization (ESI) conditions for the
detection of aconitate and itaconate. Data were processed using Multi Quant software for integration.

Quantitative Real-Time Polymerase Chain Reaction (qQPCR)

Colon samples were subjected to RNA extraction using the TRIzol Reagent (Thermo, USA). RNA concentration was
measured using the NanoDrop 2000 (Thermo Scientific, Massachusetts, USA). Reverse transcription was performed
using the PrimeScript RT Master Mix (Takara).>> The qPCR amplification was carried out in triplicate using SYBR
Green master mix (Applied Biosystems) with the following conditions: initial denaturation at 95°C for 10 min, followed
by 40 cycles of 95°C for 15 sec and 60°C for 1 min, with a final melt curve analysis from 65°C to 95°C to verify primer
specificity.**** Two validated internal control genes (GAPDH and proactivator saposin precursor (PSAP)) were included
in all reactions to normalize target gene expression levels.>> The geometric mean of their threshold cycle (Ct) values was
used for normalization according to the comparative Ct method.*® Primers were designed using Primer-BLAST (National
Center for Biotechnology Information) with the following criteria: amplicon length 80—150 bp, guanine-cytosine (GC)
content 40-60%, and absence of secondary structures. Sequences were listed in Table S1.

Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of IL-6, IL-17A, and IL-10 in serum samples were quantified using commercial ELISA Kkits,
following the manufacturer’s protocols for optimized capture ELISAs.?” Briefly, samples were incubated in pre-coated
microplates, washed with phosphate-buffered saline (PBS) buffer, and incubated with biotin-labeled detection antibodies.
After adding streptavidin-HRP conjugate and 3,3',5,5'-tetramethylbenzidine (TMB) substrate, the colorimetric reaction
was stopped with sulfuric acid solution, and absorbance was measured at 450 nm using a microplate reader. Standard
curves derived from recombinant cytokines were employed to calculate cytokine concentrations, with each sample
analyzed in duplicate to ensure reproducibility. This method has been validated for quantifying inflammatory cytokines
as described in previous studies.**~’

Flow Cytometry Analysis

For flow cytometry analysis, cells were first blocked with appropriate serum to prevent non-specific antibody binding.
Subsequently, the mouse macrophage cell line RAW264.7 was stained with fluorochrome-conjugated antibodies specific
to surface markers that define M1 (CD86 (BioLegend, 105011)) and M2 (CD206 (BioLegend, 141717)) phenotype.
Gating strategy: Viable cells were identified using FSC-A vs SSC-A scatter plots to exclude debris and cell aggregates.
Doublets were subsequently excluded through FSC-H vs FSC-A analysis.***' For RAW264.7 characterization, positive
thresholds for CD86 (M1) and CD206 (M2) were established using unstained controls and fluorescence-minus-one
(FMO) controls.*** Instrument settings: FITC (CD86) and PE (CD206) fluorochromes were excited by a 488 nm laser,
with detection through 530/30 nm and 575/26 nm filters respectively.** Following staining, cells were acquired on a flow
cytometer, with >10,000 cellular events collected per sample to ensure statistical power.* Data analysis was assessed
using FlowJo (TreeStar, USA).
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Statistical Analysis

Comparisons of multiple experimental groups were performed using one-way or two-way analysis of variance
(ANOVA). A #-test was calculated to compare the means of the two groups. Data are presented as means =+ SEM. The
P <0.05*%P < 0.01**P < 0.001***P < 0.0001**** were considered statistically significant, and ns was not significant.

Results

Selection of Exposure Variable: Bidirectional MR Analysis Between Cytokines to UC
We excluded SNPs that had both an LD with palindromic structure and prior association with the pathway. The [IVW
methods indicated a causal association of M-CSF (IVW, odds ratio (OR): 0.31,95% confidence interval (CI): 0.15-0.65, p
= 0.002), interleukin-10 (IL-10) receptor subunit alpha (IVW, OR: 1.80, 95% CI: 1.14-2.83, p = 0.012), interleukin-6
(IL-6) (IVW, OR:0.42, 95% CI: 0.20-0.88, p = 0.022), SIR2-like protein 2 (IVW, OR:2.44, 95% CI: 1.04-5.76, p =
0.041), and urokinase-type plasminogen activator (IVW, OR: 1.71, 95% CI: 1.07-2.72, p = 0.024) with UC (Table S2).
Reverse MR analysis indicated no reverse causal relationship between M-CSF (IVW, OR: 1.00, 95% CI: 0.99-1.00, p =
0.97), IL-10 receptor subunit alpha (IVW, OR: 1.00, 95% CI: 0.99-1.00, p = 0.99), IL-6 (IVW, OR:1.00, 95% CI: 0.99—
1.00, p = 0.58), SIR2-like protein 2 (IVW, OR:1.00, 95% CI: 0.99-1.00, p = 0.64) and UC (Table S3). Finally, M-
CSF, IL-10 receptor subunit alpha, IL-6 and SIR2-like protein 2 were selected as the exposure variable (SNP1).

Selection of Mediator Variable: MR Analysis Between Metabolites and UC

We performed MR analysis on SNPs representing 1400 metabolites in the CLSA cohort. We identified that there were ten
metabolites with a causal association with UC, including Aconitate (IVW, OR: 0.44, 95% CI: 0.24-0.80, p = 0.008), 4-
hydroxycoumarin (IVW, OR: 2.06, 95% CI: 1.20-3.56, p = 0.010), Alpha-ketoglutaramate (IVW, OR: 0.58, 95% CI:
0.39-0.88, p = 0.008), Sphingomyelin (IVW, OR: 0.27, 95% CI: 0.11-0.64, p = 0.003), Cortolone glucuronide (IVW,
OR: 2.28, 95% CI: 1.22-4.25, p = 0.009), 6-bromotryptophan (IVW, OR: 0.45, 95% CI: 0.26-0.79, p = 0.005), Hydroxy-
N6, N6, No-trimethyllysine (IVW, OR: 0.37, 95% CI: 0.19-0.69, p = 0.002), Anthranilate (IVW, OR: 1.87, 95% CI:
1.78-2.96, p = 0.008), Cholesterol to cortisol ratio (IVW, OR: 3.48, 95% CI: 1.69-7.19, p = 0.0007) and Benzoate to
linoleoyl-arachidonoyl-glycerol ratio (IVW, OR: 1.48, 95% CI: 1.16-1.89, p = 0.002) (Table S4).

Results of Mediation Analysis
Using IVW regression, we identified a unidirectional causal effect of M-CSF on aconitate levels (beta 1 =0.095, OR: 1.10,
95% CI: 1.00-1.20, p = 0.043) (Table S5), showing aconitate as a significant mediator associated M-CSF with UC. Other
UC-associated metabolites were excluded from mediation analysis because they violated the fundamental assumptions of
causal mediation, specifically due to the absence of a significant causal effect of M-CSF on these metabolites (p > 0.05).
Further MR analysis demonstrated that aconitate exerted a protective effect against UC (beta 2 =—0.818, OR: 0.44, 95% CI:
0.24-0.80, p = 0.008) (Table S6). Following the identification of M-CSF as the cytokine of interest, the causal relationship
between M-CSF and UC was investigated (beta all =—1.16, OR: 0.31, 95% CI: 0.15-0.80, p = 0.002) (Table S7).
Our analysis identified a single mediator, aconitate, which mediated the effect of M-CSF on the risk of developing UC.
The mediation effect and proportion were calculated using the delta method. The results indicated that the mediation effect
of aconitate was —0.0777 (95% CI: —0.154 to —0.0018, p = 0.045), accounting for 6.69% of the total effect (Table 1).

Table | Mediation Effect and Proportion of Aconitate in the Pathway Linking Macrophage Colony-Stimulating Factor (M-CSF)
to Ulcerative Colitis (UC) Risk

Cytokines | Metabolite | Out come | BetaAll Mediated Effect Mediated Proportion | p-value

M-CSF Aconitate ucC —1.160492256 | —0.0777(—0.154, —0.00181) | 6.69% 0.044762427
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Table 2 The Results of Sensitivity Analysis

Exposure | Outcome | Cochran’s Q (IVW) Cochran’s Q (MR Egger) Egger Regression MR-PRESSO
Q Q-df | Q-pval Q Q-df | Q-pval Intercept P-value P-value

M-CSF Aconitate 34.86699 | 29 0.208941 | 33.79126 | 28 0.20783 0.01027066 0.353184 | 0.253

Aconitate uc 12.01348 | 11 0.362631 | 11.98078 | 10 0.286345 | 0.011528358 | 0.872075 | 0.315

M-CSF uc 18.64918 | 14 0.178792 | 16.74579 | 13 0211187 | 0.105944 0.24576 0.183

Notes: Cochran’s Q test was utilized to examine heterogeneity. Egger regression and MR-PRESSO were used to identified horizontal pleiotropic.
Abbreviations: M-CSF, macrophage colony-stimulating factor; UC, ulcerative colitis; VWV, inverse variance weighted; Q-df, Q statistic degrees of freedom; MR-
PRESSO, Mendelian randomization pleiotropy residual sum and outlier.

Results of Sensitivity Analysis and Visualization

All selected SNPs exhibited F-statistics above the critical threshold of 10, indicating minimal risk of weak instrument
bias for these IVs (Table S8).*° The r2 value of 0—1 indicated no LD between the two SNPs, which was consistent with
random genetic distribution.*”** To evaluate the reliability of our findings, sensitivity analyses were conducted using
MR-Egger regression and Cochran’s Q test.*” The p-values of Cochran’s Q test were all greater than 0.05; the intercepts
of Egger regression were approximately zero, indicating no significant heterogeneity.’® Following the removal of outlier
SNPs using the multi-sample MR-PRESSO approach test, p-values were all greater than 0.05. The findings confirmed the
alignment of our analysis with the three core postulates inherent to MR methodology (Table 2).

Furthermore, the results of the MR analysis were visualized. The scatter plots demonstrate the trends in effects
observed when utilizing different parameter estimation methods (Figure 3). A leave-one-out analysis was conducted to
evaluate the influence of each SNP on the overall causal estimate (Figure 4). The funnel plots demonstrate the outcomes
of the heterogeneity assessment, using both the IVW and MR-Egger approaches (Figure 5). The forest plots provide a
visual illustration of the strength of association between each SNP and the outcome variable (Figure 6).

M-CSF Alleviate DSS-Induced Colitis

Subsequently, we investigated whether M-CSF mitigated the experimental colitis. C57BL/6 mice were randomized into
three groups: control group, DSS group, and M-CSF + DSS group. The mice of the DSS group were administered with
3% DSS dissolved in drinking water, while the M-CSF group received a daily intraperitoneal injection of 50 ng of
recombinant mouse M-CSF (Figure 7A). M-CSF treatment significantly reduced the DSS-induced body weight loss and
markedly decreased DAI compared with the DSS group (Figure 7B - C). As expected, shortening of the colon was
significantly attenuated in DSS-induced colitis (Figure 7D -E). In addition, histological analyses showed that reduced
pathological damage and inflammatory cell infiltration were observed after M-CSF administration (Figure 7F -G).
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Impact of M-CSF on Colonic Metabolites
As expected, qRT-PCR and ELISA results showed a significant increase in the levels of IL-6, IL-17A in the colon tissue
when comparing the DSS group to the control group, whereas the expression of IL-10 was dramatically decreased in the
DSS group (Figure 8A—F). Nevertheless, M-CSF administration mitigated the DSS-induced increases in IL-6 and IL-
17A, as well as the decrease in IL-10 (Figure 8A—F). Moreover, metabolomics analysis revealed aconitate, itaconate and
Acodl, was significantly reduced in the DSS group compared to the healthy control group. However, M-CSF treatment
effectively alleviated the decrease of aconitate, itaconate and Acodl in the DSS group (Figure 8G-I).
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Furthermore, flow cytometry analysis revealed that lipopolysaccharide (LPS) treatment significantly increased the
percentage of CD86" RAW264.7 cells compared to untreated controls, indicating enhanced M1 macrophage polarization.
This LPS-induced effect was markedly attenuated by M-CSF co-treatment, as evidenced by reduced CD86" cell
population (Figure 8J -K).

Discussion
In this study, bidirectional two-step MR analysis was employed to investigate whether specific cytokines associated with
UC pathogenesis through the modulation of metabolites. Our findings indicated that M-CSF had a causal and positive
relationship with aconitate. Moreover, the level of aconitate was associated with reduced risk of UC. In addition, M-CSF
had an inverse causal relationship with the disease onset of UC. Furthermore, the mediation analysis suggested that
M-CSF exerted regulatory effect on the pathogenesis of UC through regulating the expression of aconitate. It was found
that M-CSF treatment could effectively alleviate DSS-induced colitis in mice. These findings demonstrate that M-CSF
promoted the secretion of aconitate, itaconate and Acodl, subsequently inhibiting the expressions of pro-inflammatory
cytokines and downregulating the levels of M1 macrophage, thereby ameliorating colitis.

Our findings demonstrated that M-CSF acts as a protective cytokine against UC. Several studies have demonstrated
that M-CSF binds to its cognate receptor colony-stimulating factor 1 receptor (CSF-1R), and plays a crucial role in
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maintaining intestinal homeostasis and modulating inflammatory responses by modulating macrophage differentiation
and function.’"** In DSS-induced colitis, M-CSF/CSF-1R signaling promotes release of reparative factors (eg, Insulin-
like Growth Factor 1, Vascular Endothelial Growth Factor) from macrophages, thereby accelerating epithelial repair and
ulcer healing.*>* Huynh et al also discovered that mice lacking the M-CSF/CSF-IR exhibited reduced numbers of
proliferating epithelial progenitor cells and lamina propria macrophages.” Notably, our study extends prior knowledge
by demonstrating that M-CSF treatment can decrease the population of M1 macrophage in DSS-induced colitis.
M-CSF primes macrophages by promoting oxidative phosphorylation (OXPHOS) and enhancing TCA cycle activity.
In these M-CSF-primed macrophages, inflammatory stress alters TCA cycle flux, impacting Acodl (encoded by immune-

56,57

responsive gene 1, Irgl), the enzyme responsible for converting aconitate to itaconate.>® The resulting itaconate production
establishes the /rg/-Acodl axis as a central regulatory node in immunometabolic reprogramming, enabling an anti-inflam-
matory phenotype.’** Mechanistically, itaconate promotes inflammation resolution through alkylation of Keapl, which
activates the Nrf2 pathway and its downstream antioxidant response, thereby suppressing oxidative stress and inflammatory
signaling.®’*** Moreover, Acodl deficiency has been observed to intensify the DSS-induced colitis and result in substantial
increases in inflammatory cytokine and chemokine levels.®® The deficiency of itaconate in Acod1-/- mice contributed to the
initiation and progression of intestinal inflammation through mechanisms involving impaired immune homeostasis, notably
via dysregulated intestinal tuft cell-mediated mucosal immunity and compromised mucosal barrier function.®* In this study,
M-CSF treatment significantly elevated the levels of aconitate, itaconate and Acodl of colonic tissues in DSS-treated colitis.

While our data support a protective role of M-CSF in UC, its context-dependent actions necessitate cautious interpretation.
Jiarui et al® reported opposing results wherein genetically elevated M-CSF increased inflammatory bowel disease (IBD) risk,
potentially due to population stratification (eg, ethnic differences in GWAS cohorts) and unaddressed pleiotropy. Importantly,
M-CSF exhibits microenvironment-specific duality: in the spinal cord, astrocyte-derived M-CSF exacerbates neuroinflamma-
tion via microglial CSF-1R activation,®® whereas intestinal M-CSF promotes barrier repair through IL-22-dependent epithelial
regeneration.”**” Notably, therapeutically administered M-CSF in our high-dose DSS model likely engaged compensatory
metabolic reprogramming, contrasting with pro-inflammatory outcomes in low-dose acute models.®®

Despite these contextual complexities, our findings highlight the therapeutic potential of M-CSF in intestinal inflamma-
tion, supported by three key strengths: firstly, MR analysis mitigated confounding effects and reverse causality by leveraging
genetic instruments, overcoming limitations of traditional observational studies. Secondly, the methodology employed was
capable of surmounting the constraints intrinsic to traditional observational studies.”® Thirdly, experimental validation
confirmed M-CSF efficacy in alleviating colitis in vivo and in vitro. Despite these strengths, several limitations warrant
cautious interpretation. First, the modest mediation proportion of aconitate (6.69%) implies contributions from unmeasured
pathways, such as alternative TCA cycle metabolites, cytokine networks (eg, IL-6, IL-10 receptor subunit alpha), or direct
immunoregulatory actions of M-CSF on macrophage subsets. Furthermore, the lack of interventional studies with exogenous
aconitate leaves unresolved whether M-CSF acts through this metabolite alone or via unidentified intermediaries, potentially
confounding mechanistic interpretations. Finally, while the DSS model replicates acute colitis, it poorly recapitulates chronic
UC progression, and the long-term safety of M-CSF therapy remains unaddressed.

To address these challenges and refine therapeutic strategies, future studies should prioritize the following: First, given that
additional pathways or metabolites may contribute to its overall effect, exploration of alternative mediators or downstream
targets is essential to fully elucidate the mechanism of action of M-CSF. Second, translating M-CSF-targeted therapies will
require careful consideration of its dual pro-inflammatory and tissue-repair functions; specifically, delineating the spatiotem-
poral roles of M-CSF in colitis will be critical to optimize therapeutic windows and reduce off-target effects.

In conclusion, our findings demonstrated that M-CSF treatment significantly attenuated UC by reducing M1 macrophage
infiltration, elevating aconitate/itaconate levels, and suppressing pro-inflammatory cytokines, as evidenced through MR
analysis and experimental validation. Although aconitate partially mediated this protective effect (proportion mediated =
6.69%), the majority of M-CSF’s benefits may involve broader immunoregulatory mechanisms. While the current UC model
highlights M-CSF’s therapeutic potential, two critical limitations warrant attention: First, the context-specific roles of M-CSF
(eg, tissue microenvironment variations) require systematic evaluation. Second, despite the DSS model replicates acute colitis,

the long-term safety and translational relevance of M-CSF-targeted interventions must be validated in human studies.
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Abbreviation

UC, ulcerative colitis; GWAS, genome-wide association studies; MR, Mendelian randomization; DSS, dextran sodium
sulfate; M-CSF, macrophage colony-stimulating factor; DAI, disease activity index; Acodl, aconitate decarboxylase 1;
JAK, Janus Kinase; anti-TNF, anti-tumor necrosis factor; SCFAs, short-chain fatty acids; IVs, instrumental variables;
TCA cycle, tricarboxylic acid cycle; SNP, single nucleotide polymorphism; p-QTL, protein quantitative trait locus; Mb,
megabase; CLSA, Canadian Longitudinal Study on Aging; LD, linkage disequilibrium; WM, Weighted Median; IVW,
Inverse Variance Weighted; MR-PRESSO, Mendelian randomization pleiotropy residual sum and outlier; ATCC,
American Type Culture Collection; DMEM, Dulbecco’s Modified Eagle Medium; ESI, electrospray ionization; PSAP,
proactivator saposin precursor; H&E, Hematoxylin—eosin; LC-MS/MS, Liquid Chromatography—Tandem Mass
Spectrometry; qPCR, Quantitative Real-Time Polymerase Chain Reaction; Ct, threshold cycle; GC, guanine-cytosine;
ELISA, Enzyme-linked immunosorbent assay; PBS, phosphate-buffered saline; TMB, 3,3',5,5'-tetramethylbenzidine;
FMO, fluorescence-minus-one; ANOVA, analysis of variance; OR, odds ratio; CI, confidence interval; IL-6, interleukin-
6; IL-10, interleukin-10; IL-17A, interleukin-17A; LPS, Lipopolysaccharide; CSF-1R, Colony-Stimulating Factor 1
Receptor; OXPHOS, oxidative phosphorylation; IBD, inflammatory bowel disease; 1L-22, interleukin-22.
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