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Background: Prostatic diseases, consisting of prostatitis, benign prostatic
hyperplasia (BPH), and prostate cancer (PCa), pose significant health
challenges. While single-omics studies have provided valuable insights into the
role of mitochondrial dysfunction in prostatic diseases, integrating multi-omics
approaches is essential for uncovering disease mechanisms and identifying
therapeutic targets.

Methods: A genome-wide meta-analysis was conducted for prostatic diseases
using the genome-wide association studies (GWAS) data from FinnGen and UK
Biobank. Mitochondrial dysfunction-related genes were reviewed based on
MitoCarta 3.0, with a library containing 1,244 mitochondrial genes. We
integrated multi-omics through quantitative trait loci (QTL) across gene
expression (eQTLs), protein abundance (pQTLs), and DNA methylation
(mQTLs). We prioritized prostatic disease-related mitochondrial genes into
three confidence tiers: Tier 1 (two eQTLs + pQTL + mQTL); Tier 2 (two eQTLs
+ pQTL/mQTL); and Tier 3 (eQTL + pQTL/mQTL). Further mediation analyses
were performed to explore potential mediating pathways for the interaction
between mitochondrial dysfunction and prostatic diseases, with
1,400 metabolomics and 731 immunomics.

Results:We identifiedDCXR as the genewith Tier 1 evidence for BPH, validated by
multi-omics integration through transcriptomic, proteomic, and methylomic
signatures. We revealed two Tier 2 genes (NOA1 and ELAC2) and one Tier
3 gene (ACAT1) for BPH, two Tier 3 genes (TRMU and SFXN5) for prostatitis,
and six Tier 3 genes (MRPL24, NDUFS6, PUS1, NBR1, GLOD4, and PCBD2) for PCa.
We also explored the mediating pathways of mitochondrial genes (within the 3-
tiers evidence) on prostatic diseases, and identified 8, 4, and 13 metabolites
mediating the interaction between mitochondrial genes and BPH, prostatitis, and
PCa, respectively, without the involvement of immune characters.
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Conclusion: These findings highlight the roles of mitochondrial dysfunction-
related genes in prostatic diseases and identify key genes and pathways for
potential therapeutic targets.

KEYWORDS

mitochondrial dysfunction, multi-omics, prostatitis, benign prostatic hyperplasia,
prostate cancer

1 Introduction

Prostatic diseases, encompassing prostatitis, benign prostatic
hyperplasia (BPH), and prostate cancer (PCa), bring challenges
to global health. PCa is one of the major health burdens affecting
middle-aged and elderly men, ranking as the third most common
malignant tumor in males (Wu et al., 2024). BPH, characterized by
non-cancerous enlargement of the prostate, affects nearly 50% of
men aged over 50 years, with its prevalence rising with age
(Chughtai et al., 2016). Prostatitis, including both chronic and
acute forms, is associated with a marked decline in the quality of
life, including daytime urinary frequency, urinary urgency, and even
sexual dysfunction (Wagenlehner et al., 2013).

Although prostatic diseases are distinct clinical entities with
different pathological features, they share overlapping risk factors
and potentially interconnected pathogenic mechanisms, including
chronic inflammation (Sfanos and De Marzo, 2012; Zlotta et al.,
2014), hormonal imbalances (Tang et al., 2025), and cellular stress
responses (Ouyang et al., 2005; Udensi and Tchounwou, 2016; Xu
et al., 2025). Mitochondria are central to energy metabolism,
providing ATP through oxidative phosphorylation (OXPHOS) and
regulating metabolic processes like fatty acid oxidation and glucose
metabolism (Horbinski and Chu, 2005). When dysfunctional, it leads
to altered energy metabolism, increases reactive oxygen species (ROS)
generation, and activation of oncogenic and inflammatory signaling
pathways including PI3K/Akt and MAPK (Liu et al., 2018). Previous
studies have suggested that mitochondrial-related pathways, such as
altered OXPHOS and ROS production, play critical roles in the
pathogenesis of prostatic diseases. For example, PCa cells exhibit a
unique mitochondrial metabolic rewiring, shifting towards enhanced
OXPHOS to support their rapid proliferation and aggressive behavior
(Fontana et al., 2023). ROS-induced compensatory proliferation of
prostate cells and associated inflammation are recognized as the
pathogenic mechanisms underlying BPH and prostatitis (Xu et al.,
2025; Minciullo et al., 2015).

Single-omic approaches, while valuable, often fail to provide a
comprehensive understanding of complex diseases. Transcriptomics,
proteomics, or methylomics alone cannot fully capture the
multifaceted molecular alterations that drive disease progression.
Multi-omics, integrating transcriptomics, proteomics, and
methylomics provides a more holistic view of disease mechanisms.
This complementary approach allows for better identification of
disease biomarkers and therapeutic targets (Nativio et al., 2020).
Despite advancements, key scientific questions remain unresolved,
such as the exact interplay between mitochondrial dysfunction and
the epigenetic alterations driving prostatic diseases. The boost of
genome-wide association studies (GWAS) and quantitative trait loci
(QTL) allows us to explore the molecular interaction through multi-
omics. Here, we employed QTLs to assess relationships between

mitochondrial dysfunction and prostatic diseases across
transcriptomics, proteomics, and methylomics.

2 Methods

2.1 Data sources for prostatic diseases

The GWAS data for prostatic diseases were extracted from
FinnGen study and UK Biobank (Table 1). Summary statistics of
GWAS data for PCa were retrieved from the UK Biobank, which
involved 183,888 participants, and from the FinnGen study, which
included 146,465 individuals. For BPH, the data were obtained from
UK Biobank (166,988 individuals) and FinnGen study
(177,901 individuals). Prostatitis data were derived from the UK
Biobank and FinnGen consortium, with sample sizes of 183,888 and
146,043 individuals, respectively. All participants were of European
ancestry. A genome-wide meta-analysis was conducted on the
independent GWASs of prostatic diseases using a fixed effects
model implemented via METAL software (Willer et al., 2010).

2.2 Data sources of mitochondrial genes in
multi-omics

Mitochondrial genes were obtained using MitoCarta3.0, with a
library containing 1,244 mitochondrial genes (Rath et al., 2021).
Quantitative trait loci (QTL) can uncover the relationships between
single nucleotide polymorphisms (SNPs) and the levels of
transcription, protein, and methylation. We extracted datasets of
expression quantitative trait loci (eQTLs) from the eQTLGen (Võsa
et al., 2021) and Genotype Tissue Expression (GTEx) (Consortium,
2020), protein quantitative trait loci (pQTLs) form the deCODE
consortium (Ferkingstad et al., 2021), and methylation quantitative
trait loci (mQTLs), from the LBC_BSGS_meta consortium (McRae
et al., 2018) (Table 1). By screening mitochondrial genes, we
identified 1,004 expressed genes from the eQTLGen consortium,
1,003 expressed genes from the GTEx consortium in prostate and
whole blood tissues, 708 methylated genes with a total of
2,878 methylation sites from the LBC_BSGS_meta consortium,
and 278 proteins from deCODE consortium with a threshold of
P < 5 × 10−5.

2.3 Prioritizing prostatic disease-related
mitochondrial genes

We estimate the correlation between mitochondrial genes and
prostatic diseases at the gene expression, methylation, and protein
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TABLE 1 Detailed information on used studies.

Phenotype Data source (consortium) Sex Sample size Author; Year PMID

Prostatic diseases

Prostate cancer Finngen males 146,465 NA, 2022 NA

UKBB males 183,888 NA, 2018 NA

BPH Finngen males 177,901 NA, 2023 NA

UKBB males 166,988 NA, 2018 NA

prostatitis Finngen males 146,043 NA, 2023 NA

UKBB males 183,888 NA, 2018 NA

Multi-omics

eqtl eQTLGen combined 31,684 NA, 2021 PMID: 34475573

GTEx combined 838 NA, 2020 PMID: 32913098

pQTL deCODE combined 35,559 Ferkingstad et al. (2021) PMID:34857953

mQTL LBC_BSGS_meta combined 1,980 McRae et al. (2018); Wu et al. (2018) PMID: 30514905; 29500431

Mediators

Immune cells Orrù et al. (2020) combined 3,757 Orrù et al. (2020) PMID:32929287

Plasma metabolites Chen et al. (2023) combined 7,659 Chen et al. (2023) PMID: 36635386
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abundance levels based on top-associated cis-QTLs using SMR
analysis (Zhu et al., 2016; Liu et al., 2024). Windows centered on
the respective genes (±1,000 kb) were considered, and SNPs were
excluded at the threshold of P-value <5 × 10−5. To address genetic
confounders, we incorporated the heterogeneity in dependent
instruments (HEIDI) test to distinguish linkage disequilibrium
from pleiotropy, where results exceeding the pleiotropy threshold
(P-HEIDI <0.01) underwent rigorous quality control exclusion.
Associations with the P-value <0.05 and P-HEIDI >0.01 were
undertaken for further prioritization. Furthermore, we conducted
colocalization analysis to detect shared causal variants between
mitochondrial genes and prostatic diseases (Giambartolomei
et al., 2014). This approach utilizes Bayesian statistical methods
to estimate the probability of colocalization, thereby assessing the
likelihood that the same genetic variants influence both phenotypes
(Yoshiji et al., 2023; Battle et al., 2017). A posterior probability of H4
(PPH4) > 0.70 or H3 (PPH3) + H4 (PPH4) > 0.70 was regarded as
evidence of colocalization (Chen et al., 2024).

2.4 Integration of evidence from multi-
omics level

We integrated these results from distinct molecular levels. To
address the interpretational constraints of single-omic approaches,
cross-validation through at least two omics layers was mandatory for
each candidate gene in our tri-layered classification. We classified
the candidate genes into three tiers (Figure 1): Tier 1) Tier 1 genes
are defined as those associated with prostatic diseases at the cross-
validation of transcriptomics both in eQTLgen consortium and
GTEx consortium (P-value <0.05), with positive posterior
probability in colocalization analysis, and showing associations
with prostatic diseases at both methylation and protein levels
(P-value <0.05). Tier 2) Tier 2 genes are regarded as those
associated with prostatic diseases at the level of gene expression
both in eQTLgen consortium and GTEx tissues (P-value <0.05),
with evidence of colocalization, and presenting positive evidence
either the protein or methylation level (P-value <0.05). Tier 3) Tier
3 genes are defined as those associated with prostatic diseases at the
gene expression level in eQTLgen (P-value <0.05), with co-localized
evidence, and positive evidence at either the protein or methylation
levels (P-value <0.05).

2.5 Validation of prioritized genes through
RNA-sequencing

To further validate the prioritized genes, we explored the
expression patterns between normal and tumor, hyperplasia, and
inflammation samples of prostate through RNA-sequencing data.
We extracted two independent datasets for BPH (GSE7307 and
GSE132714) and PCa (GSE46602 and GSE70768) from Gene
Expression Omnibus (GEO) database. Due to the unavailability
of human prostate tissue sequencing data from prostatitis patients,
we utilized the murine prostate tissue RNA-sequencing data from
established prostatitis mouse models at Anhui Medical University
(Zhang et al., 2022).

2.6 Mediating pathways in immunomics and
metabolomics

To explore the biological mechanisms underlying these genetic
associations, we conducted a mediation analysis with
1,400 metabolomics, and 731 immunomics. A two-step
mediation analysis was conducted to evaluate the potential
mediating effects of prioritized mitochondrial gene-related
protein, metabolite, and immune characteristics on the causal
associations between mitochondrial genes and prostatic diseases,
with the basis of TwoSampleMR R package. Specifically, we initially
estimated the causal effects of mitochondrial genes on potential
mediators (metabolomics and immunomics), and we subsequently
measured the effects of mediators on prostatic diseases. The
mediation effects were calculated through the “product of
coefficients” method, namely, mediation effect = mediation effect
A * mediation effect B, the mediation effect A refers to the estimates
in the first step, and the mediation effect B refers to the estimates in
the second step. Total effect meant the effect of mitochondrial genes
on prostatic diseases. Only mediators whose effect directions of total
effect and mediation effect were consistent were included in the
mediation analysis.

3 Result

3.1 Identifying BPH-related mitochondrial
genes in multi-omics

We conducted a genome-wide meta-analysis to aggregate the
GWAS data of BPH from UK Biobank and FinnGen. Multivariate
GWAS identified 61 loci and 7,756 SNPs (P-value <5 × 10−8)
associated with the genic architecture of BPH, and the
Manhattan plot of the GWAS was shown in Figure 2A. We
conducted multi-omics analysis using the eQTLs, mQTLs, and
pQTLs databases. Initially, based on the eQTLGen database, we
identified 69 significant genes (Supplementary Figure S1A;
Supplementary Table S1), 12 of which were validated by
colocalization (Figures 2B,C). Furthermore, through the GTEx
database, we identified 40 positive genes in blood tissue and
20 positive genes in prostate tissue ((Supplementary Figure
S1B,C; Supplementary Table S2,3). Among the 12 genes with
colocalization evidence, only LYPLAL1, SPRYD4, DCXR, ELAC2,
and NOA1 in blood tissue, and ELAC2 in prostate tissue showed
significant evidence (Figure 2C). In addition, we identified
12 proteins related to BPH via the deCODE database
((Supplementary Figure S1D; Supplementary Table S4), of which
only the DCXR presented the colocalization evidence (Figure 2C).
Using the mQTL database, we identified 216 methylation sites
((Supplementary Figure S1E; Supplementary Table S5), 10 of
them showed the evidence of colocalization (ACAT1:
cg14994056, cg08152564, cg04873221, cg19829446; NOA1:
cg14719990, cg00922110, cg08905166; DCXR: cg07073120,
cg27226927; ELAC2: cg13723217) (Figure 2C). After
consolidating the multi-omics analysis results, we identified one
tier 1 gene (DCXR), two tier 2 genes (NOA1 and ELAC2), and one
tier 3 gene (ACAT1) (Figure 2D).
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3.2 Identifying prostatitis-related
mitochondrial genes in multi-omics

Multivariate GWAS identified 6 loci and 44 SNPs
(P-value <5 × 10−8) associated with the genetic inheritance of

prostatitis (Figure 3A). We further analyzed mitochondrial genes
related to prostatitis. Initially, using the eQTLGen database, we
identified 52 significant genes (Supplementary Figure S2A;
Supplementary Table S6), 2 of which were validated by
colocalization (Figure 3B). Furthermore, through the GTEX

FIGURE 1
Overall study design.
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FIGURE 2
Prioritizing for benign prostatic hyperplasia (BPH)-related mitochondrial genes through evidence from transcriptomics, methylomics, and
proteomics. (A) Manhattan plot for the genome-wide meta-analysis of BPH. (B) Bubble plots for the results from colocalization analysis. Genes
highlighted in red indicate significant results. (C) BPH-related mitochondrial genes in the transcriptome (eQTLGen and GTEx), methylome (LBC_BSGS),
and proteome (deCODE) based on Summary data-based Mendelian randomization (SMR). Genes with evidence of colocalization are prominently
marked in the figure. (D) Prioritizing for BPH-related mitochondrial genes through evidence from transcriptomics, proteomics, and methylomics. (E)
Validation of prioritized genes through RNA-sequencing. *: P-value <0.05; **: P-value <0.01; ***: P-value <0.001.
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database, we identified 26 positive genes in blood tissue and
6 positive genes in prostate tissue (Supplementary Figure S2B,C;
Supplementary Table S7,8). Among them, only TRMU in blood
tissue presented evidence of colocalization (Figure 3C). In
addition, we identified 10 proteins related to prostatitis via the
deCODE database (Supplementary Figure S2D; Supplementary
Table S9), although none showed colocalized evidence

(Figure 3C). Using the mQTL database, we identified
118 methylation sites (Supplementary Figure S2E;
Supplementary Table S10), of which only 3 sites presented
colocalization evidence (SFXN5: cg03344820, cg23482839;
TRMU: cg20376123). After consolidating the multi-omics
analysis results, we identified two tier 3 genes (TRMU and
SFXN5) (Figure 3C).

FIGURE 3
Prioritizing for prostatitis-related mitochondrial genes through evidence from transcriptomics, methylomics, and proteomics. (A) Manhattan plot
for the genome-widemeta-analysis of prostatitis. (B) Bubble plots for the results from colocalization analysis. Genes highlighted in red indicate significant
results. (C) Prostatitis-related mitochondrial genes in the transcriptome (eQTLGen and GTEx), methylome (LBC_BSGS), and proteome (deCODE) based
on Summary data-basedMendelian randomization (SMR). Geneswith evidence of colocalization are prominentlymarked in the figure. (D) Validation
of prioritized genes through RNA-sequencing. *: P-value <0.05; **: P-value <0.01; ***: P-value <0.001.
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FIGURE 4
Prioritizing for prostate cancer (PCa)-related mitochondrial genes through evidence from transcriptomics, methylomics, and proteomics.
(A) Manhattan plot for the genome-wide meta-analysis of PCa. (B) Bubble plots for the results from colocalization analysis. Genes highlighted in red
indicate significant results. (C) PCa-related mitochondrial genes in the transcriptome (eQTLGen and GTEx), methylome (LBC_BSGS), and proteome
(deCODE) based on Summary data-based Mendelian randomization (SMR). Genes with evidence of colocalization are prominently marked in the
figure. (D) Prioritizing for PCa-related mitochondrial genes through evidence from transcriptomics, proteomics, and methylomics. (E) Validation of
prioritized genes through RNA-sequencing. *: P-value <0.05; **: P-value <0.01; ***: P-value <0.001.
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TABLE 2 Tier of candidate genes for prostatic diseases with multi-omics analyses.

Outcome gene tier eQTLGen GTEx (whole
blood)

GTEx (prostate) pQTL mQTL

Or
(95% CI)

P-
value

PP.H3 PP.H4 PP.H3+PP.H4 Or
(95% CI)

P-
value

Or
(95% CI)

P-
value

Or
(95% CI)

P-
value

Probe Or
(95% CI)

P-
value

BPH DCXR Tier
1

0.99
(0.98, 1.00)

0.03 0.950 1.44E-03 0.951 0.96
(0.93, 1.00)

0.03 0.91
(0.84, 0.98)

0.02 cg07073120 1.04
(1.01, 1.08)

0.03

cg27226927 1.01
(1.00, 1.02)

0.03

NOA1 Tier
2

0.95
(0.92, 0.98)

2.19E-04 0.102 0.605 0.707 0.91
(0.85, 0.98)

9.11E-03 cg00922110 0.98
(0.97, 0.99)

3.63E-04

cg08905166 0.94
(0.91, 0.98)

8.57E-04

cg14719990 1.07
(1.03, 1.11)

1.08E-03

ELAC2 0.98
(0.96, 1.00)

0.03 0.990 1.79E-04 0.990 0.96
(0.92, 1.00)

0.04 0.98
(0.97, 1.00)

0.01 cg13723217 1.01
(1.00, 1.01)

0.04

ACAT1 Tier
3

0.96
(0.94, 0.98)

2.21E-05 0.178 0.778 0.956 cg04873221 0.98
(0.97, 0.99)

4.16E-04

cg19829446 0.97
(0.96, 0.99)

4.18E-04

cg08152564 1.07
(1.03, 1.11)

1.72E-03

cg14994056 1.08
(1.03, 1.13)

2.19E-03

Prostatitis TRMU Tier
3

1.67
(1.29, 2.15)

8.96E-05 0.861 0.138 0.999 cg20376123 1.10
(1.01, 1.19)

0.02

SFXN5 0.89
(0.80, 0.98)

0.02 0.826 0.022 0.848 cg23482839 0.98
(0.97, 1.00)

0.01

cg03344820 1.12
(1.01, 1.23)

0.03

Prostate
cancer

MRPL24 Tier
3

0.87
(0.81, 0.94)

1.36E-04 0.299 0.629 0.928 cg01416295 1.07
(1.03, 1.11)

3.54E-04

cg00346446 0.90
(0.86, 0.96)

4.61E-04

(Continued on following page)
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TABLE 2 (Continued) Tier of candidate genes for prostatic diseases with multi-omics analyses.

Outcome gene tier eQTLGen GTEx (whole
blood)

GTEx (prostate) pQTL mQTL

Or
(95% CI)

P-
value

PP.H3 PP.H4 PP.H3+PP.H4 Or
(95% CI)

P-
value

Or
(95% CI)

P-
value

Or
(95% CI)

P-
value

Probe Or
(95% CI)

P-
value

NDUFS6 0.72
(0.60, 0.87)

7.56E-04 0.999 5.97E-06 0.999 cg00232265 0.97
(0.95, 0.98)

5.20E-05

cg17290868 1.11
(1.05, 1.18)

3.65E-04

cg15671317 0.92
(0.87, 0.97)

9.34E-04

cg00561739 0.93
(0.89, 0.97)

1.33E-03

cg24139843 0.90
(0.85, 0.96)

2.07E-03

GLOD4 0.94
(0.89, 1.00)

0.03 0.835 5.95E-03 0.841 cg17267398 0.98
(0.97, 1.00)

0.02

PUS1 1.29
(1.07, 1.57)

8.94E-03 0.999 3.09E-05 0.999 0.72
(0.53, 0.96)

0.03 cg13382100 1.04
(1.01, 1.07)

0.01

NBR1 1.08
(1.02, 1.15)

0.01 0.880 7.56E-03 0.888 1.41
(1.06, 1.88)

0.02 cg05368731 0.99
(0.98, 1.00)

7.83E-03

PCBD2 1.17
(1.01, 1.36)

0.04 1.000 3.77E-06 1.000 cg05713859 0.97
(0.95, 1.00)

0.04
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3.3 Identifying PCa-related mitochondrial
genes in multi-omics

For PCa, genome-wide meta-analysis identified 64 loci and
5,011 SNPs (P-value <5 × 10−8) (Figure 4A). For mitochondrial
genes associated with PCa, we identified 86 significant genes using
the eQTLGen database (Supplementary Figure S3A; Supplementary
Table S11), 12 of which passed colocalization validation (Figure 4B).
Furthermore, through the GTEX database, we identified 41 positive
genes in blood and 17 positive genes in prostate tissue
(Supplementary Figure S3B,C; Supplementary Tables S12, 13).
Among them, only NBR1 in blood tissue presented colocalized
evidence (Figure 4C). Using the deCODE database, we identified
16 proteins related to PCa (Supplementary Figure S2D;
Supplementary Table S14), of which NBR1 and PUS1 showed the
evidence of colocalization (Figure 4C). Through the mQTL
database, we identified 270 methylation sites, (Supplementary
Figure S2E; Supplementary Table S15). Among them, 11 sites
were selected (NDUFS6: cg17290868, cg00561739, cg24139843,
cg15671317, cg00232265; PUS1: cg13382100; NBR1: cg05368731;
GLOD4: cg17267398; PCBD2: cg05713859) (Figure 4C). After
summarizing the multi-omics analysis results, we identified 6 tier
3 genes: MRPL24, NDUFS6, PUS1, NBR1, GLOD4, and
PCBD2 (Figure 4D).

3.4 Prioritizing prostatic disease-related
mitochondrial genes

After integrating the multi-omics evidence, we prioritized one
gene with tier 1 evidence, two genes with tier 2 evidence, and nine
genes with tier 3 evidence associated with prostatic diseases
(Table 2). Notably, all significant mitochondrial signatures
presented a consistent effect direction both in gene expression
(eQTLGen and GTEx datasets) and protein levels, while some
methylation sites showed different directions. Among them,
DCXR was identified as a tier 1 gene related to BPH, which
was validated in transcriptomics, proteomics, and methylomics
across three dimensions. In the results from eQTLGen, it was
identified as a protective gene [OR (95% CI) = 0.99 (0.98, 1.00),
P-value = 0.03] and was validated in the colocalization analysis
(PP.H3 + PP.H4 = 0.951). It was also found to be a protective effect
in both GTEx [OR (95% CI) = 0.96 (0.93, 1.00), P-value = 0.03]
and pQTL [OR (95% CI) = 0.907 (0.835, 0.984), P-value = 0.02].
Moreover, we identified two key methylation sites for DXCR,
cg07073120 [OR (95% CI) = 1.04 (1.01, 1.08), P-value = 0.03] and
cg27226927 [OR (95% CI) = 1.01 (1.00, 1.02), P-value = 0.03],
despite the inconsistency in their effect directions compared to the
previous analysis. NOA1 and ELAC2 were identified as a tier
2 genes related to BPH, exhibiting protective effects both in eQTL
and pQTL levels. For prostatitis, TRMU and SFXN5 were
identified as tier 3 genes, with TRMU emerging as a risk gene
[eQTLGen: OR (95% CI) = 1.67 (1.29, 2.15), P-value = 8.96 ×
10−5], and SFXN5 as a protective factor [eQTLGen: OR (95% CI) =
0.89 (0.80, 0.98), P-value = 0.02]. We further prioritized six tier
3 genes associated with PCa, of which MRPL24, NDUFS6, and
GLOD4 were related to decreased risk of PCa, and PUS1, NBR1,
and PCBD2 were related to increased risk.

We validated theses prioritized genes through RNA-sequencing
data. For those 4 genes in BPH, only DCXR was cross-validated in
two datasets (GSE132714: P-value <0.05; GSE7307: P-value <0.05),
while ELAC2 was validated in GSE7307 (P-value <0.05) (Figure 2E).
Neither of the two candidate genes in prostatitis presented
supporting evidence from RNA-sequencing (Figure 3D). For
6 prioritized genes in PCa, GLOD4 (GSE46602: P-value <0.001;
GSE70768: P-value <0.05), MRPL24 (GSE46602: P-value <0.001;
GSE70768: P-value <0.001), and PUS1 (GSE46602: P-value <0.001;
GSE70768: P-value <0.001) were cross-validated in two RNA-
sequencing datasets (Figure 4E).

3.5 Mediating pathways in immunomics and
metabolomics

We performed mediation analyses to identify metabolomic,
and immunologic mediators linking mitochondrial dysfunction to
prostatic diseases. Screening 731 immune traits, and
1,400 circulating metabolites, we identified 25 immune features
and 66 metabolites associated with BPH (Figure 5A;
Supplementary Table S16), and, 23 immune features, and
57 metabolites linked to prostatitis (Figure 5B; Supplementary
Table S17). Besides, we identified 23 immune features and
77 metabolites associated with PCa (Figure 5C; Supplementary
Table S18). We also explored the causal effects of mitochondrial
genes (within the 3-tiers evidence) on significant immune and
metabolic features (Supplementary Table S19–21), and conducted
a two-step analysis to estimate the mediation effects
(Supplementary Table S22–24). We found 8, 4, and
13 metabolites mediating the interaction between mitochondrial
genes and BPH, prostatitis, and PCa, respectively, without the
involvement of immune characters (Figure 5D). Among them, 2,3-
dihydroxy-2-methyl-butyrate levels exhibited a significant
mediation effect linking the DCXR gene and BPH with a
mediation proportion of 22.0%, and the level of 3-methyl-2-
oxovalerate linking PUS1 and PCa with mediation proportion
of 15.5%, sulfate levels mediated association between TRMU and
prostatitis with 5.9% (Supplementary Table S22–24).

4 Discussion

In the current study, we identified prostatic disease-related
mitochondrial signatures through evidence from transcriptomics,
proteomics, and methylomics. Notably, DCXR emerged as the gene
with Tier 1 evidence for BPH. Our analysis revealed two Tier 2 genes
(NOA1 and ELAC2) for BPH, two Tier 3 genes (TRMU and SFXN5)
for prostatitis, and six Tier 3 genes (MRPL24, NDUFS6, PUS1,
NBR1, GLOD4, and PCBD2) for PCa. Throughmetabolic mediation
analysis, we uncovered specific metabolic pathways through which
these genes might influence disease development. BPH-associated
genes showed strong connections with dimethylglycine and
eicosanedioate metabolism, while prostatitis-related genes were
linked to sulfate and phosphate pathways. PCa-associated genes
demonstrated diverse metabolic mediations, including amino acid
and lipid metabolism. These findings provide novel insights into the
distinct molecular mechanisms underlying these prostatic diseases.
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FIGURE 5
Mediating pathways between mitochondrial genes and prostatic diseases in immunomics and metabolomics. (A) Benign prostatic hyperplasia
(BPH)-related immune andmetabolic signatures. (B) Prostatitis-related immune andmetabolic signatures. (C) Prostate cancer (PCa)-related immune and
metabolic signatures. (D) Mediating pathways between mitochondrial genes and prostatic diseases in metabolomics.
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The multi-omics integration revealed critical genes with disease-
specific mechanistic implications. DCXR, identified as a tier-1 gene
in BPH. DCXR has been reported to promote the proliferation and
cell cycle progression of breast cancer by promoting glycolysis
activity (Cho-Vega et al., 2007). While DCXR is known to be
upregulated in prostate cancer and expressed at low levels in
normal prostate epithelial cells (Cho-Vega et al., 2007), its role in
BPH has not been extensively explored. DCXR, dicarbonyl/
L-xylulose reductase, encodes an enzyme involved in ketone body
metabolism and the detoxification of reactive dicarbonyl
compounds, which are known to cause cellular damage through
protein glycation and oxidative stress (Lee et al., 2013). It may
reduce prostate cell damage and compensatory hyperplasia by
decreasing oxidative stress (Udensi and Tchounwou, 2016). The
DCXR presented the protective factor in chronic kidney diseases for
its function of dicarbonyls clearance (Perco et al., 2019). An in-depth
study of the functional mechanism of DCXR in BPH may help to
elucidate the molecular basis of the disease and advance the
development of precision therapeutic strategies. SFXN5, a
mitochondrial protein predicted to enable citrate transmembrane
transporter activity (Lockhart et al., 2002), was identified as a
prostatitis-related gene. It was found that the elevated expression
in neuroendocrinal prostate cancers, with low expression in normal
prostate tissues (Huang et al., 2025). Functionally, the deficiency of
SFXN5 impairs neutrophil recruitment and spreading, highlighting
its role in inflammation and immune response (Zhang et al., 2023).
This mitochondrial-immune axis could be pivotal in driving or
sustaining the inflammatory processes observed in prostatitis.
Understanding how SFXN5 modulates immune cell behavior and
mitochondrial metabolismmay therefore provide novel insights into
prostatitis pathogenesis and uncover potential therapeutic targets
aimed at mitigating inflammation. For the PCa-related genes,
mitochondrial ribosomal protein L24 (MRPL24) and NADH:
ubiquinone oxidoreductase subunit S6 (NDUFS6) converge on
mitochondrial energy regulation. MRPL24, crucial for
mitochondrial translation, could influence cellular metabolism
and energy production, potentially affecting tumor growth and
survival (Di Nottia et al., 2020). NDUFS6, part of mitochondrial
respiratory chain complex I, impacts mitochondrial function and
may modulate immune surveillance and tumor growth when
targeted (Liang et al., 2025).

Notably, the results of DCXR from transcriptomics and
methylomics were diverse in the effect direction. The higher
expression of DCXR was associated with decreased risk of BPH,
while hypermethylation of cg07073120 was related to a lower
risk. DNA methylation patterns vary across different genomic
contexts. For instance, promoter methylation generally
represses gene expression, while methylation within exonic
regions may influence alternative splicing or transcript
stability (Jones, 2012). Moreover, the regulatory effects of
DNA methylation are often tissue- and cell type-specific
(Jones, 2012). Based on the UCSC Genome Browser (https://
genome.ucsc.edu/), cg07073120 (chr17:79994884) was located
in the exonic regions of DCXR (ch17:79993734-79995573),
which may inhibit its expression.

Through mediation analysis, we identified potential metabolic
mediators that delineate branched-chain amino acid (BCAA)
metabolism (2,3-dihydroxy-2-methyl-butyrate and 3-methyl-2-

oxovalerate levels) and sulfur metabolic response (sulfate levels)
as potential pathways linking exposures to prostatic diseases.
Specifically, 2,3-dihydroxy-2-methyl-butyrate levels mediated
the association between the DCXR gene and BPH, while 3-
methyl-2-oxovalerate levels mediated the effect of PUS1 on
PCa. 2,3-dihydroxy-2-methylbutyrate, identified as an
intermediate of valine catabolism (Biliotti et al., 2021), jointly
participates in BCAA metabolism with the classic BCAA
metabolite 3-methyl-2-oxovalerate (Fulcher et al., 2022).
Inhibited branched-chain amino acid catabolism, such as valine,
has been reported to be associated with impaired cellular
mitochondrial respiration and reduced prostate cell
proliferation (Bidgood et al., 2024). Furthermore, sulfate levels
mediated the association between TRMU and prostatitis. Sulfate-
related products participate in the biological processes of prostatic
diseases. For instance, dehydroepiandrosterone sulfate (DHEA-S),
a hormone precursor, is linked to the risk of chronic prostatitis
(Vakina et al., 2003), and enhanced dehydroepiandrosterone
(DHEA) metabolism sustains the progression of castration-
resistant PCa (Chang et al., 2011). These metabolic pathways
may represent important links between mitochondrial
dysfunction and prostatic diseases.

In this study, we combined evidence from multi-omic levels to
strengthen the relationships between mitochondrial genes and
prostate diseases. There are also some limitations in our study.
Given the limited number of mitochondria-associated proteins in
the deCODE consortium, some prostatic disease-related
mitochondrial proteins may be ignored. In addition, associations
of gene expression and protein levels were consistent with disease
risk regulation, whereas some methylation effects exhibited site-
specific heterogeneity, indicating the complexity of epigenetic
regulation. Another limitation of this study is that the posterior
probability of colocalization warrants careful interpretation, in cases
where PPH3 is small, a low PP4 may not imply the absence of
colocalization. Notably, due to the unavailability of human RNA-
sequencing data for prostatitis, we used results from mice, where
interspecies differences may introduce discrepancies in gene
expression.

In conclusion, our comprehensive multi-omics analysis has
identified key mitochondrial genes associated with prostatic
diseases. We prioritized genes with multi-omics levels of
evidence, highlighting DCXR as the tier 1 gene for BPH.
Additionally, our mediation analysis revealed significant immune
and metabolite features linked to these conditions, suggesting
potential pathways through which mitochondrial dysfunction
influences disease risk. These findings emphasize the importance
of multi-omics integration in unraveling disease mechanisms and
identifying therapeutic targets. Providing a foundation for further
investigation into the molecular mechanisms underlying prostatic
diseases and may inform the development of novel therapeutic
strategies.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Frontiers in Genetics frontiersin.org13

Gong et al. 10.3389/fgene.2025.1609933

https://genome.ucsc.edu/
https://genome.ucsc.edu/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1609933


Author contributions

BG: Investigation, Writing – original draft, Conceptualization,
Data curation, Visualization, Project administration. FY:
Writing – original draft, Formal Analysis, Visualization,
Conceptualization, Project administration, Investigation, Data
curation. NZ: Project administration, Writing – review and
editing, Data curation, Investigation, Conceptualization,
Visualization. ZW: Investigation, Software, Visualization,
Writing – review and editing, Methodology, Data curation. TL: .
KW: Software, Validation, Writing – review and editing, Formal
Analysis, Methodology. XZ: Software, Validation, Data curation,
Conceptualization, Writing – review and editing, Methodology. YZ:
Conceptualization, Methodology, Writing – review and editing,
Project administration. ZS: Conceptualization, Writing – review
and editing, Project administration, Methodology. CL: Supervision,
Funding acquisition, Writing – review and editing,
Conceptualization, Project administration, Resources,
Methodology.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by National Natural Science Foundation (Grant Number: 82170787)
and Outstanding Scientific Research and Innovation Team for Male
Genitourinary Diseases in Anhui Provincial Universities
(2022AH010071).

Acknowledgments

We acknowledge the Prostate Cancer Association Group to
Investigate Cancer Associated Alterations in the Genome

consortium (PRACTICAL) for providing GWAS data on prostate
cancer. We want to acknowledge the participants and investigators
of the FinnGen and UK Biobank study. Thanks to Yunyun Mei for
his work in the Mendelian Randomization analysis. His excellent
sharing of Mendelian Randomization analysis procedure makes it
easier for us to explore the post-GWAS database.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2025.1609933/
full#supplementary-material

References

Battle, A., Brown, C., Engelhardt, B. E., Montgomery, S. B., and Laboratory, Data
Analysis & Coordinating Center LDACC—Analysis Working Group; Statistical
Methods groups—Analysis Working Group; Enhancing GTEx eGTEx groups; NIH
Common Fund; NIH/NCI (2017). Genetic effects on gene expression across human
tissues. Nature 550 (7675), 204–213. doi:10.1038/nature24277

Bidgood, C. L., Philp, L. K., Rockstroh, A., Lehman, M., Nelson, C. C., Sadowski, M.
C., et al. (2024). Targeting valine catabolism to inhibit metabolic reprogramming in
prostate cancer. Cell Death & Dis. 15 (7), 513. doi:10.1038/s41419-024-06893-2

Biliotti, E., Giampaoli, O., Sciubba, F., Marini, F., Tomassini, A., Palazzo, D., et al.
(2021). Urinary metabolomics of HCV patients with severe liver fibrosis before and
during the sustained virologic response achieved by direct acting antiviral treatment.
Biomed. & Pharmacother. = Biomedecine & Pharmacother. 143, 112217. doi:10.1016/j.
biopha.2021.112217

Chang, K.-H., Li, R., Papari-Zareei, M., Watumull, L., Zhao, Y. D., Auchus, R. J., et al.
(2011). Dihydrotestosterone synthesis bypasses testosterone to drive castration-
resistant prostate cancer. Proc. Natl. Acad. Sci. U. S. A. 108 (33), 13728–13733.
doi:10.1073/pnas.1107898108

Chen, Y., Lu, T., Pettersson-Kymmer, U., Stewart, I. D., Butler-Laporte, G., Nakanishi,
T., et al. (2023). Genomic atlas of the plasma metabolome prioritizes metabolites
implicated in human diseases. Nat. Genet. 55 (1):44–53. doi:10.1038/s41588-022-
01270-1

Chen, J., Ruan, X., Sun, Y., Lu, S., Hu, S., Yuan, S., et al. (2024). Multi-omic insight into
the molecular networks of mitochondrial dysfunction in the pathogenesis of
inflammatory bowel disease. EBioMedicine 99, 104934. doi:10.1016/j.ebiom.2023.
104934

Cho-Vega, J. H., Tsavachidis, S., Do, K. A., Nakagawa, J., Medeiros, L. J., and
McDonnell, T. J. (2007). Dicarbonyl/L-xylulose reductase: a potential biomarker
identified by laser-capture microdissection-micro serial analysis of gene expression
of human prostate adenocarcinoma. Cancer Epidemiol. Biomarkers & Prev. a Publ. Am.
Assoc. For Cancer Res. Cosponsored by Am. Soc. Prev. Oncol. 16 (12), 2615–2622. doi:10.
1158/1055-9965.EPI-07-0684

Chughtai, B., Forde, J. C., Thomas, D. D. M., Laor, L., Hossack, T., Woo, H. H., et al.
(2016). Benign prostatic hyperplasia. Nat. Rev. Dis. Prim. 2, 16031. doi:10.1038/nrdp.
2016.31

Consortium, G. (2020). The GTEx consortium atlas of genetic regulatory effects
across human tissues. Sci. (New York, N.Y.) 369 (6509), 1318–1330. doi:10.1126/science.
aaz1776

Di Nottia, M., Marchese, M., Verrigni, D., Mutti, C. D., Torraco, A., Oliva, R., et al.
(2020). A homozygous MRPL24 mutation causes a complex movement disorder and
affects the mitoribosome assembly.Neurobiol. Dis. 141, 104880. doi:10.1016/j.nbd.2020.
104880

Ferkingstad, E., Sulem, P., Atlason, B. A., Sveinbjornsson, G., Magnusson, M. I.,
Styrmisdottir, E. L., et al. (2021). Large-scale integration of the plasma proteome with
genetics and disease. Nat. Genet. 53 (12), 1712–1721. doi:10.1038/s41588-021-00978-w

Fontana, F., Anselmi, M., and Limonta, P. (2023). Unraveling the peculiar features of
mitochondrial metabolism and dynamics in prostate cancer. Cancers 15 (4), 1192.
doi:10.3390/cancers15041192

Fulcher, J. A., Li, F., Tobin, N. H., Zabih, S., Elliott, J., Clark, J. L., et al. (2022). Gut
dysbiosis and inflammatory bloodmarkers precede HIV with limited changes after early
seroconversion. EBioMedicine 84, 104286. doi:10.1016/j.ebiom.2022.104286

Frontiers in Genetics frontiersin.org14

Gong et al. 10.3389/fgene.2025.1609933

https://www.frontiersin.org/articles/10.3389/fgene.2025.1609933/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2025.1609933/full#supplementary-material
https://doi.org/10.1038/nature24277
https://doi.org/10.1038/s41419-024-06893-2
https://doi.org/10.1016/j.biopha.2021.112217
https://doi.org/10.1016/j.biopha.2021.112217
https://doi.org/10.1073/pnas.1107898108
https://doi.org/10.1038/s41588-022-01270-1
https://doi.org/10.1038/s41588-022-01270-1
https://doi.org/10.1016/j.ebiom.2023.104934
https://doi.org/10.1016/j.ebiom.2023.104934
https://doi.org/10.1158/1055-9965.EPI-07-0684
https://doi.org/10.1158/1055-9965.EPI-07-0684
https://doi.org/10.1038/nrdp.2016.31
https://doi.org/10.1038/nrdp.2016.31
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1016/j.nbd.2020.104880
https://doi.org/10.1016/j.nbd.2020.104880
https://doi.org/10.1038/s41588-021-00978-w
https://doi.org/10.3390/cancers15041192
https://doi.org/10.1016/j.ebiom.2022.104286
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1609933


Giambartolomei, C., Vukcevic, D., Schadt, E. E., Franke, L., Hingorani, A. D., Wallace,
C., et al. (2014). Bayesian test for colocalisation between pairs of genetic association
studies using summary statistics. PLoS Genet. 10 (5), e1004383. doi:10.1371/journal.
pgen.1004383

Horbinski, C., and Chu, C. T. (2005). Kinase signaling cascades in the mitochondrion:
a matter of life or death. Free Radic. Biol. & Med. 38 (1), 2–11. doi:10.1016/j.
freeradbiomed.2004.09.030

Huang, H., Lian, H., Liu, W., Li, B., Zhu, R., and Shao, H. (2025). Sideroflexin family
genes were dysregulated and associated with tumor progression in prostate cancers.
Hum. Genomics 19 (1), 10. doi:10.1186/s40246-024-00705-6

Jones, P. A. (2012). Functions of DNA methylation: islands, start sites, gene bodies
and beyond. Nat. Rev. Genet. 13 (7), 484–492. doi:10.1038/nrg3230

Lee, S.-K., Son, L. T., Choi, H. J., and Ahnn, J. (2013). Dicarbonyl/l-xylulose reductase
(DCXR): the multifunctional pentosuria enzyme. Int. J. Biochem. & Cell Biol. 45 (11),
2563–2567. doi:10.1016/j.biocel.2013.08.010

Liang, J., Vitale, T., Zhang, X., Jackson, T. D., Yu, D., Jedrychowski, M., et al. (2025).
Selective deficiency of mitochondrial respiratory complex I subunits Ndufs4/6 causes
tumor immunogenicity. Nat. Cancer 6 (2), 323–337. doi:10.1038/s43018-024-00895-x

Liu, J., Kim, S. Y., Shin, S., Jung, S. H., Yim, S. H., Lee, J. Y., et al. (2018).
Overexpression of TFF3 is involved in prostate carcinogenesis via blocking
mitochondria-mediated apoptosis. Exp. & Mol. Med. 50 (8), 110. doi:10.1038/
s12276-018-0137-7

Liu, Y., Liu, R., Zhao, Y., Wang, Y., Hou, X., Cao, F., et al. (2024). A Mendelian
randomization study investigating the causal relationship between 35 blood and urine
metabolite biomarkers and postmenopausal osteoporosisShort communication. Life
Conflux 1 (1), e111. doi:10.71321/ktnt2936

Lockhart, P. J., Holtom, B., Lincoln, S., Hussey, J., Zimprich, A., Gasser, T., et al.
(2002). The human sideroflexin 5 (SFXN5) gene: sequence, expression analysis and
exclusion as a candidate for PARK3. Gene 285 (1-2), 229–237. doi:10.1016/s0378-
1119(02)00402-x

McRae, A. F., Marioni, R. E., Shah, S., Yang, J., Powell, J. E., Harris, S. E., et al. (2018).
Identification of 55,000 replicated DNAmethylation QTL. Sci. Rep. 8 (1), 17605. doi:10.
1038/s41598-018-35871-w

Minciullo, P. L., Inferrera, A., Navarra, M., Calapai, G., Magno, C., and Gangemi, S.
(2015). Oxidative stress in benign prostatic hyperplasia: a systematic review. Urol. Int.
94 (3), 249–254. doi:10.1159/000366210

Nativio, R., Lan, Y., Donahue, G., Sidoli, S., Berson, A., Srinivasan, A. R., et al. (2020).
An integrated multi-omics approach identifies epigenetic alterations associated with
alzheimer’s disease. Nat. Genet. 52 (10), 1024–1035. doi:10.1038/s41588-020-0696-0

Orrù, V., Steri, M., Sidore, C., Marongiu, M., Serra, V., Olla, S., et al. (2020). Complex
genetic signatures in immune cells underlie autoimmunity and inform therapy. Nat.
Genet. 52 (10):1036–1045. doi:10.1038/s41588-020-0684-4

Ouyang, X., DeWeese, T. L., Nelson, W. G., and Abate-Shen, C. (2005). Loss-of-
function of Nkx3.1 promotes increased oxidative damage in prostate carcinogenesis.
Cancer Res. 65 (15), 6773–6779. doi:10.1158/0008-5472.CAN-05-1948

Perco, P., Ju, W., Kerschbaum, J., Leierer, J., Menon, R., Zhu, C., et al. (2019).
Identification of dicarbonyl and L-xylulose reductase as a therapeutic target in human
chronic kidney disease. JCI Insight 4 (12), e128120. doi:10.1172/jci.insight.128120

Rath, S., Sharma, R., Gupta, R., Ast, T., Chan, C., Durham, T. J., et al. (2021).
MitoCarta3.0: an updated mitochondrial proteome now with sub-organelle localization
and pathway annotations. Nucleic Acids Res. 49 (D1), D1541–d1547. doi:10.1093/nar/
gkaa1011

Sfanos, K. S., and De Marzo, A. M. (2012). Prostate cancer and inflammation: the
evidence. Histopathology 60 (1), 199–215. doi:10.1111/j.1365-2559.2011.04033.x

Tang, X.-H., Liu, Z. Y., Ren, J. W., Zhang, H., Tian, Y., Hu, J. X., et al. (2025).
Comprehensive RNA-Seq analysis of benign prostatic hyperplasia (BPH) in rats
exposed to testosterone and estradiol. Sci. Rep. 15 (1), 2750. doi:10.1038/s41598-
025-87205-2

Udensi, U. K., and Tchounwou, P. B. (2016). Oxidative stress in prostate hyperplasia
and carcinogenesis. J. Exp. & Clin. Cancer Res. CR 35 (1), 139. doi:10.1186/s13046-016-
0418-8

Vakina, T. N., Shutov, A. M., Shalina, S. V., Zinov’eva, E. G., and Kiselev, I. P. (2003).
“Dehydroepiandrosterone and sexual function in men with chronic prostatitis.”
Urologiia 49–52.

Võsa, U., Claringbould, A., Westra, H. J., Bonder, M. J., Deelen, P., Zeng, B., et al.
(2021). Large-scale cis- and trans-eQTL analyses identify thousands of genetic loci and
polygenic scores that regulate blood gene expression. Nat. Genet. 53 (9), 1300–1310.
doi:10.1038/s41588-021-00913-z

Wagenlehner, F. M. E., van Till, J. W. O., Magri, V., Perletti, G., Houbiers, J. G. A.,
Weidner, W., et al. (2013). National institutes of health chronic prostatitis symptom
index (NIH-CPSI) symptom evaluation in multinational cohorts of patients with
chronic prostatitis/chronic pelvic pain syndrome. Eur. Urol. 63 (5), 953–959. doi:10.
1016/j.eururo.2012.10.042

Willer, C. J., Li, Y., and Abecasis, G. R. (2010). METAL: fast and efficient meta-
analysis of genomewide association scans. Bioinforma. Oxf. Engl. 26 (17), 2190–2191.
doi:10.1093/bioinformatics/btq340

Wu, Z., Xia, F., and Lin, R. (2024). Global burden of cancer and associated risk factors
in 204 countries and territories, 1980-2021: a systematic analysis for the GBD 2021.
J. Hematol. & Oncol. 17 (1), 119. doi:10.1186/s13045-024-01640-8

Wu, Y., Zeng, J., Zhang, F., Zhu, Z., Qi, T., Zheng, Z., et al. (2018). Integrative analysis
of omics summary data reveals putative mechanisms underlying complex traits. Nat.
Commun. 9 (1):918. doi:10.1038/s41467-018-03371-0

Xu, W., Ma, W., Yue, J., Hu, Y., Zhang, Y., Wang, H., et al. (2025). Juglone alleviates
pelvic pain and prostatic inflammation via inhibiting the activation of
NLRP3 inflammasome and alleviating oxidative stress in EAP mice. Phytomedicine
Int. J. Phytotherapy Phytopharm. 142, 156732. doi:10.1016/j.phymed.2025.156732

Yoshiji, S., Butler-Laporte, G., Lu, T., Willett, J. D. S., Su, C. Y., Nakanishi, T., et al.
(2023). Proteome-wide Mendelian randomization implicates nephronectin as an
actionable mediator of the effect of obesity on COVID-19 severity. Nat. Metab. 5
(2), 248–264. doi:10.1038/s42255-023-00742-w

Zhang, H., Meng, L., Liu, Y., Jiang, J., He, Z., Qin, J., et al. (2023). Sfxn5 regulation of
actin polymerization for neutrophil spreading depends on a Citrate-Cholesterol-PI(4,5)
P2 pathway. J. Immunol. Baltim. Md. 1950 211 (3), 462–473. doi:10.4049/jimmunol.
2200863

Zhang, M., Liu, Y., Chen, J., Chen, L., Zhang, L., Chen, X., et al. (2022). Targeting
CXCL12/CXCR4 signaling with AMD3100 might selectively suppress CXCR4+ T-Cell
chemotaxis leading to the alleviation of chronic prostatitis. J. Inflamm. Res. 15,
2551–2566. doi:10.2147/JIR.S352336

Zhu, Z., Zhang, F., Hu, H., Bakshi, A., Robinson, M. R., Powell, J. E., et al. (2016).
Integration of summary data from GWAS and eQTL studies predicts complex trait gene
targets. Nat. Genet. 48 (5), 481–487. doi:10.1038/ng.3538

Zlotta, A. R., Egawa, S., Pushkar, D., Govorov, A., Kimura, T., Kido, M., et al. (2014).
Prevalence of inflammation and benign prostatic hyperplasia on autopsy in Asian and
Caucasian men. Eur. Urol. 66 (4), 619–622. doi:10.1016/j.eururo.2014.06.026

Frontiers in Genetics frontiersin.org15

Gong et al. 10.3389/fgene.2025.1609933

https://doi.org/10.1371/journal.pgen.1004383
https://doi.org/10.1371/journal.pgen.1004383
https://doi.org/10.1016/j.freeradbiomed.2004.09.030
https://doi.org/10.1016/j.freeradbiomed.2004.09.030
https://doi.org/10.1186/s40246-024-00705-6
https://doi.org/10.1038/nrg3230
https://doi.org/10.1016/j.biocel.2013.08.010
https://doi.org/10.1038/s43018-024-00895-x
https://doi.org/10.1038/s12276-018-0137-7
https://doi.org/10.1038/s12276-018-0137-7
https://doi.org/10.71321/ktnt2936
https://doi.org/10.1016/s0378-1119(02)00402-x
https://doi.org/10.1016/s0378-1119(02)00402-x
https://doi.org/10.1038/s41598-018-35871-w
https://doi.org/10.1038/s41598-018-35871-w
https://doi.org/10.1159/000366210
https://doi.org/10.1038/s41588-020-0696-0
https://doi.org/10.1038/s41588-020-0684-4
https://doi.org/10.1158/0008-5472.CAN-05-1948
https://doi.org/10.1172/jci.insight.128120
https://doi.org/10.1093/nar/gkaa1011
https://doi.org/10.1093/nar/gkaa1011
https://doi.org/10.1111/j.1365-2559.2011.04033.x
https://doi.org/10.1038/s41598-025-87205-2
https://doi.org/10.1038/s41598-025-87205-2
https://doi.org/10.1186/s13046-016-0418-8
https://doi.org/10.1186/s13046-016-0418-8
https://doi.org/10.1038/s41588-021-00913-z
https://doi.org/10.1016/j.eururo.2012.10.042
https://doi.org/10.1016/j.eururo.2012.10.042
https://doi.org/10.1093/bioinformatics/btq340
https://doi.org/10.1186/s13045-024-01640-8
https://doi.org/10.1038/s41467-018-03371-0
https://doi.org/10.1016/j.phymed.2025.156732
https://doi.org/10.1038/s42255-023-00742-w
https://doi.org/10.4049/jimmunol.2200863
https://doi.org/10.4049/jimmunol.2200863
https://doi.org/10.2147/JIR.S352336
https://doi.org/10.1038/ng.3538
https://doi.org/10.1016/j.eururo.2014.06.026
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1609933

	Multi-omic insights into mitochondrial dysfunction and prostatic disease: evidence from transcriptomics, proteomics, and me ...
	1 Introduction
	2 Methods
	2.1 Data sources for prostatic diseases
	2.2 Data sources of mitochondrial genes in multi-omics
	2.3 Prioritizing prostatic disease-related mitochondrial genes
	2.4 Integration of evidence from multi-omics level
	2.5 Validation of prioritized genes through RNA-sequencing
	2.6 Mediating pathways in immunomics and metabolomics

	3 Result
	3.1 Identifying BPH-related mitochondrial genes in multi-omics
	3.2 Identifying prostatitis-related mitochondrial genes in multi-omics
	3.3 Identifying PCa-related mitochondrial genes in multi-omics
	3.3 Identifying PCa-related mitochondrial genes in multi-omics
	3.4 Prioritizing prostatic disease-related mitochondrial genes
	3.5 Mediating pathways in immunomics and metabolomics

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


