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A b s t r a c t

Introduction: Recent studies have highlighted the potential roles of im-
mune cells and serum metabolites in the progression of ovarian cancer (OC). 
Therefore, this study used Mendelian randomization (MR) methodology to 
investigate potential causal associations among serum metabolites, immune 
cells, and OC.
Material and methods: This study used data from multiple sources to ob-
tain genetic data related to immune cell phenotypes, serum metabolites, 
and OC. Causal effects were estimated using the inverse variance weighted, 
MR-Egger, weighted median, simple mode, and weighted mode methods to 
assess potential causal effects. Finally, mediation analysis was conducted 
to investigate the potential mediating roles of immune cell phenotypes and 
serum metabolites in OC. 
Results: Thirty-six causal associations between immune cell phenotypes and 
OC were identified. “Resting CD4 regulatory T cell %CD4 regulatory T cell” 
(OR = 0.977, p = 0.018) was associated with a lower risk of OC, while “IgD- 
CD38dim B cell %B cell” (OR = 1.027, p = 0.021) was associated with a high-
er risk of OC. Additionally, 89 causal associations were identified between 
serum metabolites and OC. “Gluconate levels” (OR = 0.925, p = 0.047) was 
associated with a lower risk of OC, while “fructose levels” (OR = 1.097, p = 
0.019) was associated with a higher risk of OC. Mediation analysis identified 
3 serum metabolites that potentially mediated the influence of immune cell 
phenotypes on OC, alongside 2 immune cell phenotypes acting as potential 
mediators between serum metabolites and OC. Notably, sensitivity analysis 
supported the robustness of these findings.
Conclusions: This work provides novel insights into the potential causal as-
sociations among immune cells, serum metabolites, and OC. 

Key words: ovarian cancer, immune cells phenotype, serum metabolites, 
Mendelian randomization, mediation analysis.

Introduction

Ovarian cancer (OC) remains a lethal gynecological malignancy with 
a 5-year survival rate of approximately 47%. This is mostly due to the 
absence of early symptoms, resulting in the majority of patients being 
detected at an advanced stage [1]. Moreover, the etiology of OC remains 
unclear, further complicating early diagnosis [2]. While current therapies 
partially control progression, high recurrence rates persist, highlighting 
an urgent need for improved early diagnostic biomarkers and therapeu-
tic targets [3].
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Recent studies have linked the immune system 
to OC progression: macrophage homeostasis dys-
regulation drives tumor microenvironment immu-
nosuppression [4, 5]; and altered lymphocyte sub-
sets (e.g., T/B cells) correlate with prognosis [6]. In 
particular, regulatory T cells (Tregs) and regulatory 
B cells (Bregs) inhibit the proliferation of other im-
mune cells by expressing different immune check-
point molecules and secreting immunosuppressive 
substances, thereby promoting tumor growth and 
progression [7–10]. In parallel, the rapid advance-
ment of metabolomics has offered a new lens to 
clarify OC pathogenesis while being widely used 
in OC studies over recent years [11, 12]. Serum 
metabolites, as indicators of biochemical activities 
in the body, are potentially relevant to risk assess-
ment and prognostic evaluation of female cancers 
[13]. Fatty acids (such as C16 and C22), amino ac-
ids, and various chemical substances have been 
recognized as possible serum biomarkers for OC 
[14, 15]. These findings underscore the potential 
relevance of serum metabolites in OC, but their 
causal relationship with OC – and whether they 
mediate the relationships between immune cells 
and OC pathogenesis – has not been established. 
Traditional observational studies, limited by con-
founding factors and reverse causality, cannot re-
solve these uncertainties.

Based on this, the present study aims to sys-
tematically evaluate the causal relationships 
between immune cells and serum metabolites 
with OC through Mendelian randomization (MR) 
analysis, which leverages genetic variants as in-
strumental variables (IVs) to infer causal associa-
tions while potentially reducing confounding and 
reverse causality [16, 17]. We further integrated 
mediation analysis to investigate the potential 
pathways: specifically, whether serum metabo-
lites may mediate the association of immune cells 
with OC, or vice versa. This approach aims to clar-
ify the potential immunometabolic relationships 
in OC, providing a theoretical basis for future re-
search into diagnostic strategies and therapeutic 
interventions.

Material and methods

Data collection

This study incorporated 731 immune phe-
notypes, all retrieved from the GWAS catalog 
(https://www.ebi.ac.uk/gwas/) (GCST90001391 
to GCST90002121) and encompassing 3,757 in-
dividuals of European ancestry with no cohort 
overlap [18]. Additionally, 1,400 serum metabo-
lites (GCST90199621 to GCST90201020) were re-
trieved from the GWAS catalog, originating from 
the Canadian Longitudinal Study on Aging (CLSA) 
cohort. This cohorts contained 8,299 randomly 

selected European-descent individuals with no 
blood relations [19]. Meanwhile, the GWAS data 
for OC (ieu-a-1120) were obtained from the IEU 
OpenGWAS project (https://gwas.mrcieu.ac.uk/), 
comprising 40,941 controls and 25,509 case sam-
ples of European origin, totaling 470,825 single 
nucleotide polymorphisms (SNPs).

Acquisition of IVs

MR analysis was conducted based on the fol-
lowing three fundamental assumptions: (1) IVs 
must demonstrate a consistent correlation with 
the exposure factors being examined; (2) IVs 
must be unaffected by any identifiable or uniden-
tifiable confounding variables; (3) IVs must affect 
the outcome only via the exposure factor, rather 
than through alternative direct causal mecha-
nisms. Based on these assumptions, we followed 
the initial step of selecting IVs by setting the SNP 
selection threshold at p < 1 × 10–5 when regarding 
immune cells and serum metabolites as exposure 
factors [20, 21]. Second, the ieugwasr package  
(v 1.0.0) [22] was used to eliminate SNPs with 
linkage disequilibrium, (parameters: r2 = 0.001,  
kb = 10000). Subsequently, we calculated the 
F-statistic for each genetic variant and retained 
only those with an F-statistic > 10. Based on 
GWAS catalog, SNPs potentially associated with 
outcome GWAS traits were excluded at a thresh-
old of p < 1 × 10–5 to reduce potential bias from 
SNPs associated with the outcome. Additionally, 
the Steiger method was employed for direction-
ality testing to assess the direction of the causal 
associations. To ensure that the effects of SNPs 
on the exposure and outcome corresponded with 
those of the same allele, palindromic SNPs were 
omitted.

MR analysis

This study followed the Mendelian reporting 
specifications for randomized studies (STROBE-
MR) [23]. This study employed multiple MR analy-
sis methods to assess causal associations. The in-
verse variance weighted (IVW) [24] method, which 
typically has the highest statistical power [24, 25], 
was chosen as the primary method, supplement-
ed by other approaches including MR-Egger [26], 
weighted median [27], simple mode [28], and 
weighted mode [28]. Moreover, the mediating 
roles of immune cells and serum metabolites in 
OC were explored. First, the overall effect of the 
main exposure on OC was assessed (a), reflecting 
the combined direct and indirect effects of the 
exposure on OC without considering mediating 
variables. Subsequently, the effects of exposure 
on the mediator (c) and the mediator on the out-
come (b) were analyzed. In quantifying mediating 
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effects, c × b was used to represent the mediating 
effect. Additionally, the direct effect was comput-
ed using the formula a – c × b, while the propor-
tion of mediation was quantified as c × b/a.

Statistical analysis

Sensitivity analyses were conducted to assess 
the robustness of causal inferences. Heteroge-
neity was evaluated using the mr_heterogeneity 
function and pleiotropy was assessed through 
MR-Egger regression and MR-PRESSO methods; 
outliers with p < 0.05 were excluded. Addition-
ally, leave-one-out analysis was conducted to as-
sess the dependence of the results on individual 
SNPs: one SNP was removed sequentially to check 
whether any single SNP influenced the causal es-
timates. All analyses were completed using the 
TwoSampleMR (v 0.6.0) [29] and MRPRESSO pack-
ages (v 1.0) [30], and the delta method was used 
to compute standard errors for mediating effects, 
direct effects, and proportions mediated [31].

Results

Selection of IVs

SNPs were screened to meet the necessary as-
sumptions for MR analysis. In the analysis of im-
mune cells phenotype and OC, a total of 17,757 
SNPs were included for further study, with F-sta-
tistics ranging from 19.537 to 3159.289 (Supple-
mentary Table SI). For the analysis of serum me-
tabolites and OC, 34,513 SNPs were used, with 
F-statistics ranging from 19.503 to 2297.785 (Sup-
plementary Table SII). In the analysis of immune 
cell phenotypes and serum metabolites, 17,836 
SNPs were included, with F-statistics ranging from 
19.537 to 3159.289 (Supplementary Table SIII). 
Finally, in the analysis of serum metabolites and 
immune cell phenotypes, 34,856 SNPs were in-
cluded, with F-statistics ranging from 19.503 to 
2297.785 (Supplementary Table SIV). All selected 
SNPs had F-statistics exceeding 10, supporting 
the strength of the genetic instruments.

Investigating the mediating role of serum 
metabolites in immune cells and OC

Given that immune cells are essential for ovar-
ian development, pathogenic processes, and 
functional maintenance [32], we investigated the 
causal associations between immune cells and 
OC. Among the 731 immune cell phenotypes ana-
lyzed in relation to OC, 36 significant causal asso-
ciations were identified, with 15 associated with 
a lower risk and 21 associated with a higher risk. 
Specifically, “resting CD4 regulatory T cell %CD4 
regulatory T cell” [odds ratio (OR) = 0.977, 95% 
confidence interval (CI) = 0.958–0.996, p = 0.018) 

and “CD25 on CD39+ resting CD4 regulatory T cell” 
(OR = 0.946, 95% CI = 0.899–0.995, p = 0.032) 
were associated with a lower risk of OC. Con-
versely, “CD19 on IgD+ CD38− unswitched mem-
ory B cell” (OR = 1.037, 95% CI = 1.014–1.060,  
p = 0.002) and “IgD− CD38dim B cell %B cell”  
(OR = 1.027, 95% CI = 1.004–1.050, p = 0.021) were 
associated with a higher risk of OC (Figure 1). Sub-
sequently, reverse MR analysis was performed to 
assess potential bidirectional effects, with no sig-
nificant associations found, providing no evidence 
for reverse causality in the identified associations.

Considering the substantial associations be-
tween immune cells and OC, we further explored 
their potential relationships with OC through 
serum metabolites. This involved analyzing the 
causal associations between 1,400 serum metab-
olites and OC, leading to the identification of 89 
significant associations (Figure 2). On this basis, 
we investigated the causal associations between 
immune cells phenotype and serum metabolites, 
finding 156 associations between 36 immune cells 
phenotype and 80 serum metabolites, including 
78 protective and 78 risk factors (Supplementary 
Table SV). In the mediation analysis, 4 significant 
associations were identified: “2R,3R−dihydroxybu-
tyrate levels” potentially mediated an increased 
risk associated with “CD11c+ CD62L− monocyte 
Absolute Count” and OC (11.300%). “N−lactoyl 
phenylalanine (Lac-Phe) levels” potentially medi-
ated a reduced risk associated with “CD27 on IgD− 
CD38+ B cell” and OC (21.230%), and “X−12221 
levels” potentially mediated a reduced risk associ-
ated with “CD19 on IgD+ CD38− unswitched mem-
ory B cell” and OC (12.342%). “Pseudouridine lev-
els” potentially mediated an attenuated protective 
association between “CD4+CD8+ T cell Absolute 
Count” and OC (14.010%) (Figure 3). Due to the 
unclear levels of X−12221, three mediating asso-
ciations were finally retained for further analysis, 
suggesting potential relationships between me-
tabolites and immune cell phenotypes as well as 
their influence on OC risk.

Exploring the influence of serum 
metabolites on OC via immune cell 
phenotypes

Metabolomics, an emerging branch of systems 
biology, has made significant progress in cancer 
research in recent years, substantially enhancing 
the understanding, diagnosis, and treatment of 
diverse cancers, including OC [33]. Metabolomics 
can provide detailed information on metabolic 
changes during disease onset and progression, 
offering new perspectives for early diagnosis. 
Therefore, MR analysis was conducted on 1,400 
serum metabolites and OC. In this process, 89 
significant associations were identified, including 
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49 associated with a lower risk and 40 associat-
ed with a higher risk for OC (Figure 2). “Mannose 
to mannitol to sorbitol ratio” (OR = 1.104, 95% CI 
= 1.008–1.208, p = 0.033) and “Oleoyl−linoleoyl−
glycerol (18:1 to 18:2) to linoleoyl−arachidonoyl−
glycerol (18:2 to 20:4) ratio” (OR = 1.058, 95% CI 
= 1.012–1.106, p = 0.013) were associated with 
a higher risk of OC. Conversely, “Adenosine 5’−mo-
nophosphate (AMP) to acetoacetate ratio” (OR = 
0.929, 95% CI = 0.866–0.997, p = 0.041) and “sul-
fate of piperine metabolite C18H21NO3 (1) levels” 
(OR = 0.925, 95% CI = 0.860–0.996, p = 0.039) 
were associated with a lower risk of OC. Similarly, 
to exclude the possibility of bidirectional effects, 
the causal impact of OC on these serum metab-
olites was assessed, with no significant reverse 
associations found.

Subsequently, the role of serum metabolites in 
influencing OC through immune cells phenotype 
was explored. By calculating the causal associa-
tions between 731 immune cells phenotype and 
OC, 36 significant associations were identified 
(Figure 1). Based on these significant results, the 
causal associations between serum metabolites 
and immune cells phenotype were evaluated, 
identifying 143 significant associations between 
69 serum metabolites and 34 immune cells phe-
notype, including 68 associated with a lower risk 
and 75 associated with a higher risk of OC (Sup-
plementary Table SVI). Subsequently, mediation 
analysis was conducted to explore whether these 
serum metabolites were potentially associated 
with OC through specific immune cells. The results 
identified two significant associations: “IgD− CD24− 
AC” potentially mediated an attenuated protective 
association between “arachidonate (20:4n6) to 
paraxanthine ratio” and OC (19.450%), and “CD4 
Treg %CD4” potentially mediated a reduced risk 
associated with “Gamma−CEHC glucuronide lev-
els” and OC (17.580%) (Figure 4). These findings 
suggest that certain metabolites may be associ-
ated with OC through their relationships with im-
mune cell phenotypes.

Sensitivity analysis

To assess the robustness of the causal esti-
mates in this study, comprehensive sensitivity 
analyses were performed. The causal results were 
consistent with the MR-PRESSO analysis, with 
no outliers detected. The MR-Egger test results 
showed p-values exceeding 0.05, indicating no 
evidence of horizontal pleiotropy (Supplementa-
ry Table SVII). Subsequently, where heterogeneity 
was detected in the MR analysis, a random-effects 
IVW model was employed (Supplementary Table 
SVII), still yielding consistent results. Furthermore, 
leave-one-out analysis revealed that the causal in-
ference conclusions remained largely unaffected 
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contrast, “Trimethylamine N−oxide (TMAO) levels” 
were associated with a higher risk of OC. Stud-
ies have shown that TMAO can upregulate mac-
rophage scavenger receptors, promote cholesterol 
accumulation and foam cell formation, and acti-
vate MAPK and nuclear factor-κB pathways, there-
by promoting plaque formation and inflammatory 
responses [43]. Moreover, heightened plasma lev-
els of TMAO may correlate with the pathophysiol-
ogy of polycystic ovarian syndrome (PCOS) with-
out hyperandrogenism (HA) and are significantly 
linked to increased systemic inflammation [44]. 
This suggests that TMAO may be associated with 
the onset and progression of OC via many path-
ways, which may be consistent with our results. In 
summary, this investigation provides further evi-
dence of an association between OC and serum 
metabolites.

To explore the mediating role of immune cells 
in the relationship between serum metabolites 
and OC, mediation analysis revealed that “CD4 
Treg %CD4” potentially mediated an attenuated 
risk associated with “Gamma−CEHC glucuronide 
levels” – a vitamin E metabolite and OC risk factor. 
Research has suggested that the anticancer effi-
cacy of tumor-infiltrating cytotoxic CD8+ T cells 
in OC seems to be impacted by the presence of 
CD4 Tregs [45], suggesting that CD4 Tregs may 
be involved in the progression of OC. However, 
studies have certified that depleting Tregs during 
OC can boost immunity and perhaps have thera-
peutic benefits [46, 47]. Additionally, studies have 
reported that an elevated number of CD4+ T cells 
is positively connected with the clinical features 
and tumor size of OC [48, 49]. This suggested that 
modulating the ratio of CD4 Tregs to CD4+ T cells 
might provide a potential target for developing 
novel immunomodulatory therapeutic strategies. 
Additionally, we also addressed the mediating 
function of serum metabolites in the interaction 
between immune cells and OC. Mediation analysis 
showed that “Lac-Phe levels” potentially mediat-
ed a reduced risk associated with “CD27 on IgD− 
CD38+ B cell” – a factor associated with a higher 
risk of OC. Higher IgD− CD38+ B cells are associated 
with stronger inflammation [50], which may pro-
mote OC via the tumor microenvironment. In both 
mice and humans, plasma Lac-Phe concentrations 
rise in response to stimuli that enhance circulating 
lactate or phenylalanine levels or increase glycolyt-
ic flux [51]. Research indicates that elevated levels 
of Lac-Phe may be associated with a lower risk of 
OC [52]. These findings suggest that the potential 
protective association mediated by Lac-Phe may 
be related to its role in modulating immune cell 
function and suppressing inflammation, offering 
a potential hypothesis regarding OC’s underlying 
immunometabolic mechanisms. 

despite the removal of one SNP in each iteration. 
These findings supported the robustness of the 
analysis results.

Discussion

Given the unclear interrelationships among im-
mune cells, serum metabolites, and OC, this study 
used MR analysis to investigate the potential 
causal associations between immune cells/serum 
metabolites and OC, further investigating the me-
diating roles of these factors in OC development. 
We ultimately identified 3 significant pairs of re-
lationships mediated by serum metabolites and 
2 associations mediated by immune cells. These 
findings provide further insight into the potential 
relationships among immune cells, serum metab-
olites, and OC and may inform future research into 
its early identification and treatment

Through MR analysis, we identified “HLA DR++ 
monocyte %monocyte” as being associated with 
a lower risk of OC. Monocytes’ HLA-DR surface ex-
pression denotes their activation state [34], which 
aids in determining their immunological status 
[35]. Some studies indicate that a certain mono-
cyte subpopulation may possess immunosuppres-
sive properties by suppressing T cell proliferation 
and differentiation, facilitating the development 
of regulatory T cells, and secreting anti-inflamma-
tory mediators. This immune regulatory mecha-
nism can safeguard the ovaries from autoimmune 
injury, therefore potentially reducing the chance of 
premature ovarian failure (POF) [36], which may 
be consistent with our findings. Besides, our re-
search revealed that “CD28− CD25++ CD8+ T cell 
Absolute Count” is associated with a higher risk 
of OC, which is consistent with existing research 
findings. Studies have shown that an increased 
relative count of CD28− CD25CD8 T cells correlates 
with an elevated risk of infertility in women [37]. 
Another MR analysis revealed that the greatest 
risk factor for infertility is CD28−CD25++ CD8+ %T 
cells [38]. The results suggest that immune factors 
may be associated with the onset and progression 
of OC.

Metabolites, as products and substrates of 
cellular metabolic processes, are closely linked 
to cancer [39]. Therefore, we further investigated 
the link between serum metabolites and OC and 
ultimately identified 89 significant causal associ-
ations. Among these associations, “palmitoylcar-
nitine levels” were associated with a lower risk 
of OC. The primary role of palmitoylcarnitine is to 
ferry long-chain fatty acids into the mitochondria 
for β-oxidation, thereby providing cell energy [40]. 
Consequently, focusing on palmitoylcarnitine and 
leveraging its capacity to provoke oxidative stress 
in cancer cells may offer a possible supplementa-
ry approach for the treatment of OC [41, 42]. In 
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We have expanded beyond the traditional sin-
gle-variable research model in terms of perspec-
tive and are the first to use MR mediation analysis 
to systematically evaluate the potential causal re-
lationship among immune cell phenotypes, serum 
metabolites and OC. Specific targets such as “CD4 
Treg %CD4” and “Lac-Phe levels” have been pro-
posed and may warrant further investigation as 
potential targets for regulatory therapies. For in-
stance, strategies involving the selective depletion 
of CD4 Treg cells or the development of Lac-Phe 
or its analogs as metabolic intervention agents 
warrant further investigation and validation. De-
spite making progress in investigating the im-
munometabolic mechanisms of OC, our research 
has several limitations. The principal constraint 
is the substantial dependence on data from Euro-
pean populations, potentially introducing popula-
tion-specific biases. Furthermore, the outcomes of 
our mediation study have not been corroborated 
by further experimental studies, necessitating fur-
ther research to evaluate these potential causal 
relationships. The stratification of the research 
subjects is not clear, and only some immune cells 
and serum metabolites were included, which may 
limit the generalizability of the conclusions and 
result in missed key mediator pathways. 

In conclusion, our MR study investigated the 
potential causative associations among immune 
cell phenotypes, serum metabolites, and OC. The 
research identified 36 notable causal associations 
between immune cell phenotypes and OC, along 
with 89 associations between serum metabolites 
and OC. Furthermore, mediation analysis identified 
potential mediating roles of serum metabolites and 
immune cells in OC. These findings provide further 
insight into the potential roles of immune cells and 
serum metabolites in OC and may provide a basis 
for future research into its early identification.
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