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Introduction: Diabetic ketoacidosis (DKA) is a severe and potentially fatal acute
complication in diabetic patients, commonly occurring in type 1 diabetes (T1D)
but also seen in type 2 diabetes (T2D). The pathogenesis of DKA involves complex
physiological processes that are not fully understood, especially the role of
mitochondria. Mitochondria, known as the powerhouse of cells, plays a
crucial role in oxidative phosphorylation and ATP production, which is vital in
various metabolic diseases, including diabetes. However, the exact causal
relationship between mitochondrial dysfunction and DKA remains unclear.

Methods: This study employed Mendelian randomization (MR) analysis and
protein-protein interaction (PPI) networks to systematically explore the causal
relationships between mitochondrial DNA copy number (mtDNA-CN) and
specific mitochondrial proteins with DKA. We used bidirectional MR analysis
and genome-wide association study (GWAS) data from openGWAS database to
investigate the causal effects of mtDNA-CN and 64 mitochondrial-related
proteins on DKA and its subtypes (T1DKA, T2DKA, unspecified-DKA).

Results: The study revealed that increased mtDNA-CN significantly reduces the risk
of DKA, whereas the effect of DKA on mtDNA-CN was not significant. Mitochondrial-
related proteins such as MRPL32, MRPL33, COX5B, DNAJC19, and NDUFB8 showed
a negative causal relationship with DKA, indicating their potential protective roles.
Conversely, ATP5F1B and COX4I2 have a positive causal relationship with DKA,
indicating that excessive ATP production in diabetic patients may be detrimental to
health and increase the risk of severe complications such as DKA.

Discussion: The results emphasize the necessity of protecting mitochondrial
function in order to reduce the risk of DKA. The study offers novel perspectives on
the molecular pathways involved in DKA, emphasizing the critical functions of
mt-DNA and distinct proteins. These evidences not only enhance our
comprehension of the implications of mitochondrial dysfunction in diabetes-
related complications but also identify potential therapeutic targets for
individualized  treatment approaches, thereby making a substantial
contribution to clinical care and public health initiatives.

mitochondrial proteins, diabetic ketoacidosis, mitochondrial dysfunction, Mendelian
randomization, therapeutic targets, causal relationship
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1 Introduction

Diabetic ketoacidosis (DKA) represents a critical and potentially
life-threatening acute complication observed in individuals
2021). While it
predominantly affects those with type 1 diabetes (T1D) (Rewers

diagnosed with diabetes (Pasquel et al,
et al., 2021), it can also present in individuals with type 2 diabetes
(T2D) (Karslioglu French et al, 2019). DKA is distinguished by
elevated blood sugar levels, heightened ketone body production, and
metabolic acidosis (Tran et al., 2017). Despite extensive efforts to
elucidate the underlying mechanisms of DKA, certain intricate
physiological processes, including mitochondrial involvement,
remain poorly understood. Mitochondria are often described as
cellular powerhouses, as they play a crucial role in energy
metabolism processes like oxidative phosphorylation (OXPHOS)
and ATP synthesis (Manevski et al., 2020; Shahandeh et al., 2021;
Valach et al., 2023). Diabetes, a systemic metabolic disease, primarily
manifests as long-term persistent hyperglycemia and metabolic
disorders (Sarkar et al, 2018; Yang et al, 2022b). Thus,
progression likely
interact in complex ways. This relationship may lead to

mitochondrial ~dysfunction and diabetes

contributed decline in mitochondrial function, worsening
metabolic balances and complicating treatments and recovery for
diabetic  patients. It

complications like DKA.

may also increase the risk of

Since molecular biology techniques have advanced, greater
attention has been given to mitochondrial dysfunction in
metabolic diseases (Elmore and La Merrill, 2019; Amorim et al,,
2022; Park and Lee, 2022; Chen et al., 2023; Tang et al., 2024).
Diabetes and its complications have been associated with
mitochondrial DNA (mtDNA) mutations, mitochondrial
biogenesis, and autophagy (Sharma, 2015; Zhang et al., 2021a;
Hu et al.,, 2022; Deng et al., 2024). Researchers have found that
diabetics are more likely to have mitochondrial genome instability
than healthy individuals,
instability may play a role in diabetes pathogenesis (Dabravolski

suggesting mitochondrial genome

et al,, 2021). Mitochondrial biogenesis and autophagy are also
considered markers of mitochondrial dysfunction, which is vital
for maintaining mitochondrial population and cellular homeostasis
(Wu et al,, 2020; Munson et al., 2021). It has been observed in
numerous studies that mitochondrial dysfunction is linked to
diabetes and its complications (Yi et al., 2022; Gao et al., 2023;
Lyssenko and Vaag, 2023; Yousef et al., 2023); however, there is n’t
enough evidence to make a causal relationship. In order to better
understand the role of mitochondria in DKA, prospective,
randomized controlled studies are required. However, obtaining
funding for such studies can be very challenging due to ethical and
technical constraints. In light of this, Mendelian randomization
(MR) analysis appears as a promising method for examining the
causal relationship between mitochondrial dysfunction and DKA
(Emdin et al., 2017).

MR analysis is a causal inference method that uses genetic
variations as instrumental variables (IVs) (Davey Smith and
Hemani, 2014). Genetic variations, established at birth and
unaffected by environmental factors, underpin this method,
inherently reducing confounding factors and enhancing the
reliability of causal inference (Burgess et al., 2017b). This study
employs MR analysis to explore the causal relationship between
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mitochondrial DNA copy number (mtDNA-CN), mitochondrial-
related proteins, and DKA. The primary objectives are to establish
causality through genetic variation evidence, provide new insights
into DKA management with an emphasis on mitochondrial
function, and support the development of mitochondrial-based
interventions for prevention and treatment of DKA. By
investigating these relationships, we aim to enhance the
understanding and management of DKA in diabetic patients,
potentially paving the way for novel preventive and therapeutic

strategies.

2 Materials and methods
2.1 Study design and data source

By combining MR analysis and bioinformatics enrichment
analysis, we explored potential regulatory mechanisms between
mitochondria and DKA in this study. Firstly, based on genetic
variation, we examined the bidirectional causal relationship
between mtDNA-CN and DKA, considering that mtDNA
encodes mitochondrial proteins. Secondly, we examined causal
relationships between specific mitochondrial proteins and DKA
and its subtypes (type 1 diabetes ketoacidosis, T1DKA; type
2 diabetes T2DKA,
ketoacidosis, UNDKA) based on genome-wide association study
(GWAS) data on mitochondrial-related proteins. Thirdly, we
developed a protein-protein interaction (PPI) network to identify

ketoacidosis; and unspecified diabetes

key molecular modules and their associated biological processes,
which deepened our understanding of mitochondria in DKA
pathogenesis.

According to the STROBE-MR (Strengthening the Reporting of
Observational ~ Studies in Epidemiology using Mendelian
2021), we
conducted a bidirectional two-sample MR analysis. We obtained
GWAS data on mtDNA-CN (Chong et al., 2022) (Supplementary
Table S1, GWAS ID: ebi-a-GCST90026372, sample size: 383,476)
and mitochondrial-related protein datasets (Sun et al., 2018) (a total
of 64 proteins and 66 datasets are included, of which MULI and
ATFMI1 each contain two GWAS datasets) from the openGWAS

database (https://gwas.mrcieu.ac.uk/, accessed on 10 May 2024).

Randomization) guidelines (Skrivankova et al.,

Additionally, DKA datasets were sourced from the FinnGen
database (accessed on 10 May 2024) (Kurki et al., 2023). Detailed
information regarding the datasets used in the current analysis and
the genes encoding mitochondrial-related proteins can be found in
Supplementary Table SI. These datasets include large sample sizes
and are representative of ethnicities from different countries,
effectively reducing sample overlap bias in MR analyses.

During the first stage of the bidirectional MR analysis, mtDNA-
CN was considered as the exposure and DKA as the outcome; in the
reverse MR analysis, DKA as the exposure and mtDNA-CN as the
outcome. In the second stage, mitochondrial-related proteins were
analyzed as exposure, and DKA and its subtypes were analyzed as
outcomes. Figure 1 illustrates the basic assumptions of the MR
analysis, emphasizing the importance of IVs. Genetic variations
related to exposure were selected as IVs, which must meet three key
assumptions (Figure 1) (Lawlor et al., 2008): 1) IVs are strongly
associated with exposure factors; 2) IVs are not related to
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FIGURE 1

Study design and flowchart. (A), flowchat for bidirectional Mendelian randomization (MR) analysis between mitochondrial DNA copy number
(mtDNA-CN) and diabetic ketoacidosis (DKA); the part connected by the red line belongs to forward MR analysis; the part connected by the blue line
belongs to inverse MR analysis; N, number of single nucleotide polymorphisms (SNPs). (B), flowchart for MR analysis between mitochondrial-related
proteins and DKA. Ncase, Sample size of disease group; Npormal, Sample size of healthy group; T1IDKA, type 1 diabetic ketoacidosis; T2DKA, type

2 diabetic ketoacidosis; IVW, inverse-variance weighted method.
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confounders affecting both exposure and outcome; 3) IVs influence
the outcome solely through the exposure. The data used in this study
were derived from publicly available GWAS summary statistics,
negating the mneed for additional ethical approval or
informed consent.

Since mitochondrial function plays an important regulatory role
and mitochondrial-related proteins interact with each other, we
validated 64 unique mitochondrial mRNAs and constructed protein-
protein interaction (PPI) network for them. Using the “MCODE”
plugin in Cytoscape software (Shannon et al, 2003; Otasek et al,
2019), we identified key molecular modules. Based on the
interactions within the key modules, we conducted in-depth analyses
of biological processes and potential molecular regulatory pathways.
These comprehensive analyses clarified the complex relationships
between mitochondrial-related proteins and DKA and revealed their
molecular interactions and pathway intersections. These findings
provide new insights into the interaction mechanisms among these
proteins and offer important information for developing potential

therapeutic strategies and preventive measures.

2.2 Selection and quality control of IVs

During the IV quality control process, the following steps were
followed to ensure validity and reliability: Firstly, for each exposure,
nucleotide polymorphisms (SNPs) associated with that exposure
were extracted, with different p-value thresholds applied. In the first
stage (from mtDNA-CN to DKA analysis), P < 1 x 10~* was used for
the forward MR analysis but P < 5 x 107 was used for the reverse
analysis. In the second stage (from mitochondrial-related proteins to
DKA analysis), an initial threshold of P < 2 x 107> was set for SNP
selection (Yan et al., 2024). However, subsequent analyses revealed
horizontal pleiotropy in prot-a-1942, prot-a-637, prot-a-1281, and
prot-a-2764 data set, respectively. In order to eliminate the influence
of pleiotropy and ensure MR results that were reliable and stable, the
SNP selection threshold was adjusted to P < 1 x 107> of these
datasets. Linkage disequilibrium parameters r* = 0.001 and distance
window kb = 10,000 were applied (Feng et al., 2024). F-statistics (F =
beta*/se*) were calculated for each SNP, ensuring that all SNPs
included in the analysis had F-statistics greater than 10 (Burgess
etal, 2011; Liu et al., 2023). The LDlink database (https://Idlink.nih.
gov/?tab=ldtrait) was used to screen for and exclude potential
confounders (Lin et al, 2020), particularly IVs related to the
outcome in different analysis directions. “RadialMR” (Bowden
et al.,, 2018) and “MR-PRESSO” (Verbanck et al., 2018) methods
were combined for IV quality control. “RadialMR” method and
“Outlier test” in “MR-PRESSO” method were jointly used to identify
potential outliers. Outliers identified in those two methods were
excluded in the MR analysis. Finally, ensure that the IVs included in
the analysis have a clear allele frequency (EAF). If this value is
missing, we will supplement it with relevant data from the
1000 Genomes Project (Byrska-Bishop et al., 2022).

2.3 MR analysis and sensitivity analyses
The principal approach utilized for MR analysis in this

investigation was the inverse-variance weighted (IVW) method
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(Burgess et al, 2013; Burgess et al, 2016), encompassing both
forward and reverse analyses. Supplementary methods, such as
MR Egger (Bowden et al, 2015), weighted median (Bowden
et al, 2016), simple mode (Morrison et al., 2020), and weighted
mode (Burgess et al., 2020), were also employed to comprehensively
evaluate MR results. Robustness of the results was determined by
their fulfillment of the following criteria simultaneously: 1)
consistent direction of causal effects across all methods (i.e., all
B-values > 0 for positive causal relationships or all B-values < 0 for
reverse relationships); 2) attainment of a p-value below 0.05 using
the IVW method (Harrison et al.,, 2018; Su et al,, 2023). Sensitivity
analyses included “MR-Egger intercept tests” to evaluate pleiotropy
(p < 0.05 indicating pleiotropy) (Verbanck et al., 2018), “Cochran’s Q
test” for heterogeneity (p < 0.05 indicating heterogeneity) (Bowden
et al,, 2017), and single SNP analysis to estimate causal effects.
Leave-one-out analysis assessed the impact of individual SNPs on
causal estimates (Burgess et al., 2017a). Scatter plots and funnel plots
were used to display sensitivity analysis results. All statistical
analyses were performed using R version 4.3.3, utilizing the
“TwoSampleMR” (Hemani et al, 2017; Hemani et al., 2018),
“MR-PRESSO” (Verbanck et al., 2018), and “RadialMR” packages
(Bowden et al., 2018).

2.4 Mitochondrial related mRNA expression
validation, PPl network construction and
enrichment analysis

Utilizing the Gene Expression Omnibus (GEO) database (Clough
and Barrett, 2016), we examined mRNA sequencing data from normal
samples, classic T1D, and fulminant T1D (Nakata et al., 2013), specially
analyzing the expression levels of 64 mitochondria-related mRNAs
across these disease types. The risk of ketoacidosis is particularly high in
patients with fulminant T1D. Thus, studying the gene expression
patterns in these patients can provide a better understanding of the
potential impact of changes in mitochondrial-related gene expression
levels on their unique pathophysiological processes. The STRING
database was used to create a PPI network for 64 mitochondrial-
related proteins (Szklarczyk et al., 2023). The “MCODE” plugin (Otasek
et al, 2019) in “Cytoscape” software was used to identify the key
molecular modules in the interaction data. The STRING database
provided quantitative evaluations of protein interaction strengths,
and enrichment analyses identified related biological processes and
molecular pathways. These results, quantified by “strength” data,
aligned with the study’s objectives and helped interpret the findings.
Detailed interaction networks were reconstructed in the STRING
database for genes within key modules, and enrichment analysis
results were obtained for Gene Ontology (GO), Kyoto Encyclopedia
of Genes and Genomes (KEGG), and Reactome pathways. Corrected
p-values < 0.05 were used to ensure statistical significance. Additionally,
mitochondrial proteins identified as significant in MR analysis were
highlighted in the PPI data. This approach not only enhanced
understanding of the roles of mitochondrial-related proteins in DKA
but also provided insights into how modulating their expression or
activity could affect the pathological process with each other. These
findings have the potential to identify molecular targets for new
therapeutic strategies, offering fresh perspectives and methods for
managing diabetes and its severe complications.
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TABLE 1 The results of forward and inverse Mendelian randomization (MR) analyses.

Methods Nsnp B N3 P value Sensitivity analysis
Mitochondrial DNA copy number to Diabetic ketoacidosis
MR Egger 43 —-1.63E-02 3.60E-01 9.64E-01 = Heterogeneity:
Py et = 0.941
Weighted median 43 —5.34E-01 2.48E-01 3.13E-02 | Pleiotropy:
Pegger_intercepr = 0.083
IVW 43 —5.82E-01 1.69E-01 5.50E-04
Simple mode 43 —7.25E-01 4.53E-01 1.18E-01
Weighted mode 43 —2.68E-01 3.05E-01 3.84E-01
Diabetic ketoacidosis to mitochondrial DNA copy number
MR Egger 21 —-1.50E-04 2.04E-03 9.42E-01 = Heterogeneity:
P et = 0.967
Weighted median 21 1.25E-03 1.98E-03 5.29E-01 | Pleiotropy:
Pegger intercept = 0.942
vw 21 —4.32E-05 1.43E-03 9.76E-01
Simple mode 21 1.04E-03 4.01E-03 7.98E-01
Weighted mode 21 3.70E-04 1.53E-03 8.11E-01

Nsnp, number of single nucleotide polymorphisms; B, estimated value of causal effects; SE, standard error; Q test, Cochran’s Q test to evaluate heterogeneity; egger intercept, the statistical

parameter in MR-Egger regression to evaluate pleiotropy; IVW, inverse-variance weighted.

3 Results

3.1 Bidirectional causal relationship between
mtDNA-CN and DKA

In the forward analysis of first stage, 58 SNPs closely related
to mtDNA-CN were identified based on preset screening
criteria. After excluding confounding IVs and performing
quality control, 43 valid SNPs were included in the MR
analysis (Figure 1; Supplementary Table S2). Similarly, in the
reverse analysis of first stage, 28 SNPs closely associated with
DKA were identified, and 21 valid SNPs were included in the
MR analysis after subsequent exclusion and quality control
(Figure 1; Supplementary Table S3). All 5 MR analysis
methods in the forward analysis produced effect estimates
less than 0, and the p-values from the weighted median and
IVW methods were less than 0.05. Therefore, the forward

analysis results support a negative causal relationship
between mtDNA-CN and DKA (Bryw = -0.58, Pryw =
0.00055, Table 1). In contrast, no significant causal

relationship was found in the reverse analysis (Pjyw = 0.98,
Table 1). Additionally, sensitivity analyses of both forward and
reverse analyses showed no significant heterogeneity (Table 1,
Pq 1es>0.05) or pleiotropy (Table 1, Pegger intercept>0.05). The
significance of the positive analysis results, combined with the
lack of significant causal relationships in the reverse analysis,
emphasizes the potential key role of mtDNA-CN in the onset
and progression of DKA. This differential finding indicates that
while increased mtDNA-CN may protect against DKA, the
condition itself does not significantly influence mtDNA-CN.
This asymmetry suggests that mtDNA-CN might be a
proactive protective factor rather than a reactive element in
response to DKA, highlighting its importance in cellular energy
metabolism and physiological responses under diabetic stress
conditions.

Frontiers in Pharmacology

3.2 Sensitivity analysis of the first stage
MR analysis

We used the leave-one-out method to evaluate changes in the
causal effect of remaining SNPs on the outcome after individually
removing each SNP. In the forward analysis, the leave-one-out
results indicated that the causal effect of the remaining SNPs on
DKA remained negative and significant after removing any SNP
included in the MR analysis (Figure 2A). The scatter plot in this
direction (Figure 2B) showed a potential linear trend between the
effects of the included SNPs on mtDNA-CN and DKA, while the
funnel plot (Figure 2C) showed no abnormal distribution of the
SNPs included in the MR analysis. In the reverse analysis, the leave-
one-out results showed no significant causal effect of the remaining
SNPs on mtDNA-CN after removing any SNP (Figure 2D). The
scatter plot in this direction (Figure 2E) also did not show a
significant linear trend, and the funnel plot (Figure 2F) similarly
showed no abnormal distribution of the SNPs included in the MR
analysis. These results further support a significant negative causal
relationship between mtDNA-CN and DKA, while the causal effect
of DKA on mtDNA-CN is not significant. These findings emphasize
the potential key role of mitochondrial function in the pathogenesis
of DKA and provide a solid foundation for future in-depth research
on the potential mechanisms of mitochondria in diabetes and its
complications. These insights have important implications for
developing new clinical intervention strategies.

3.3 Causal effects of mitochondrial proteins
on DKA

Based on the bidirectional MR analysis in the first stage, we
confirmed a negative causal effect of mtDNA-CN on DKA. As
mtDNA primarily encodes mitochondrial-related proteins, we

further clarified the causal effect of mitochondrial-related
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FIGURE 2
The results of leave-one-out analysis (A, D), scatter plots (B, E), and funnel plots (C, F) for bidirectional Mendelian randomization (MR) analysis

between mitochondrial DNA copy number and diabetic ketoacidosis (DKA). (A—C) are for forward MR analysis, (D—F) are for inverse MR analysis. For forest
plots (A, D), the short horizontal black line corresponding to each single nucleotide polymorphism (SNP) represents the overall effect of the remaining
SNPs on the outcome after removing the SNP in the current analysis. The dots represent the size of the estimated effect, and the width of the
horizontal line represents the maximum value (right endpoint) and minimum value (left endpoint) of the effect. All, represents the overall causal effect in
the current analysis. For scatter (B, E) and funnel plots (C, F), each black dot represents the SNP included in the current analysis, and different colored lines
represent the trend lines obtained by fitting causal effect estimates obtained under different methods (same to the legend).
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Mitochondrial proteins protein to T2DKA

FIGURE 3

Mitochondrial proteins protein to UNDKA

The heatmap shows the estimation of the causal effect of different types of mitochondrial related proteins on diabetes ketoacidosis (A) and its
subgroups (type 1 diabetic ketoacidosis, (B) type 2 diabetic ketoacidosis, (C) unspecified diabetic ketoacidosis, (D) using Mendelian randomization (MR)
analysis. The outermost circle of the heatmap represents the p-value obtained by the inverse-variance weighted (IVW) method. When the p-value is less
than 0.05, indicating statistical significance, it is distinguished by different degrees of yellow. When the p-value is greater than 0.05, indicating no
statistical significance, it is represented by light blue. The 1-5 layers in the heat map (from inside to outside) represent the estimated causal effects with
simple mode (SM), weighted mode (WMO), weighted median (WME), MR-Egger (MRE) and inverse-variance weighted (IVW) methods. When the causal
effect is positive (8 > 0), it is represented by varying degrees of red; when the causal effect is negative (8 < 0), it is represented by varying degrees of blue.
DKA, diabetes ketoacidosis; TIDKA, type 1 diabetic ketoacidosis; T2DKA, type 2 diabetic ketoacidosis; UNDKA, unspecified diabetic ketoacidosis.
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proteins (66 GWAS datasets) on DKA by conducting MR analysis.
The results showed that among the mitochondrial-related proteins
with a causal effect on DKA (overall level), the following proteins
exhibited a negative causal effect: cytochrome ¢ oxidase subunit 5B
(encoded by COX5B gene, Supplementary Table S1, GWAS ID:
prot-a-638), serine-tRNA ligase (encoded by SARS2 gene,
Supplementary Table S1, GWAS ID: prot-a-2627), 39S ribosomal
protein L33 (encoded by MRPL33 gene, Supplementary Table S1,
GWAS 1ID: prot-a-1942l), and 4-hydroxy-2-oxoglutarate aldolase
(encoded by HOGA1 gene, Supplementary Table S1, GWAS ID:
prot-a-1368) (Figure 3A, Ppyw<0.05). In contrast, mitochondrial
ubiquitin ligase activator of NFKB 1 (encoded by MULI gene,
Table S1, GWAS ID: prot-a-1970) and
cytochrome ¢ oxidase subunit 4 isoform 2 (encoded by
COX4I2 gene, Supplementary Table SI, GWAS ID: prot-a-637)
showed a positive causal effect on DKA (Figure 3A, Pryw < 0.05).

In the subgroup analysis of DKA, it was found that rRNA
methyltransferase 3 (encoded by MRM3 gene, Supplementary Table
S1, GWAS ID: prot-a-2575) had a significant positive causal effect on
T1DKA (Figure 3B, Pryw<0.05). Despite the statistical difference in the
COX5B-encoding protein, inconsistent results in different methods

Supplementary

indicated heterogeneity in TIDKA, so it was not considered significant.
Additionally, 39S ribosomal protein L32 (encoded by MRPL32 gene,
Supplementary Table S1, GWAS ID: prot-a-1941) and mitochondrial
import inner membrane translocase subunit TIM14 (encoded by
DNAJC19 gene, Supplementary Table S1, GWAS ID: prot-a-847)
showed a negative causal effect on T2DKA (Figure 3C, Pryw <
0.05), while steroidogenic acute regulatory protein (encoded by
STAR gene, Supplementary Table SI, GWAS ID: prot-a-2866)
showed a positive causal effect on T2DKA (Figure 3C, Pryw < 0.05).
Although carbonic anhydrase 5A (encoded by CAS5A gene,
Supplementary Table S1, GWAS ID: prot-a-332) showed statistical
significance in the IVW method, the inconsistent effect trends across
different methods prevented it from being considered a positive result in
the current analysis. In the UNDKA subgroup, ATP synthase subunit
beta (encoded by ATP5F1B gene, Supplementary Table S1, GWAS ID:
prot-a-203) showed a positive causal effect on the outcome (Figure 3D,
Pryw < 0.05), while NADH dehydrogenase [ubiquinone] 1 beta
subcomplex subunit 8 (encoded by NDUFBS8 gene, Supplementary
Table S1, GWAS ID: prot-a-2024) showed a negative causal effect on
the outcome (Figure 3D, Pryw < 0.05). All MR results in each analysis
direction are provided in Supplementary Table S4. These findings
suggest that certain mitochondrial-related proteins may play critical
roles in the pathogenesis of DKA. These results not only reveal the
complex interactions between mitochondrial-related proteins and DKA
but also provide a solid foundation for further research on the role of
mitochondria in diabetes and its complications. By further exploring the
specific regulatory mechanisms of mitochondrial proteins in ketone
body metabolism, we can better understand the pathogenesis of DKA
and provide important references for developing new clinical
intervention strategies.

3.4 Sensitivity analysis of the second stage
MR analysis

In this stage, 12 mitochondrial-related proteins were found to
have significantly different causal effects on DKA and its subgroups.
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The heterogeneity (Supplementary Table S5) and pleiotropy
(Supplementary Table S6) assessments in each analysis direction
did not show significant significance (p > 0.05). The scatter plots of
the causal effects of the 12 mitochondrial-related proteins on DKA
and its subgroups are shown in Figure 4. In these results, the causal
effects of the exposure and the outcome estimated by the IVW
method showed significant slope changes, and the distribution of
SNPs did not show significant abnormal positions. The outcomes of
the sensitivity analyses confirm the robustness of the current MR
analysis, further solidifying the causal impact of mitochondrial-
related proteins on the development of DKA, which underscores
their potential as targets for therapeutic intervention to mitigate the
risk and progression of DKA.

3.5 Mitochondrial gene expression varies
notably across different diabetes types

We validated the expression of 64 genes encoding mitochondrial
proteins using the GSE44314 dataset. The results (Figure 5A)
revealed differentiated expression patterns of these genes in
various types of T1D patients. In classic T1D patients, genes
represented by SARS2 exhibited significantly elevated expression
levels. However, in fulminant T1D patients, SARS2 expression was
notably downregulated, consistent with our current protein-level
MR analysis indicating a negative causal relationship between
SARS2 and DKA. Furthermore, we observed that the MULI gene
was upregulated in both classic and fulminant TID patients.
Notably, ATP5B (also known as ATP5F1B) and RNMTLI (also
known as MRM3) genes showed significant upregulation primarily
in fulminant T1D patients. Current MR analysis of these three
proteins supported a positive causal effect on DKA. Conversely,
COX5B, MRPL33, MRPL32, and DNAJC19 genes were significantly
downregulated in fulminant T1D patients. MR analysis of these
proteins supported a negative causal effect on DKA. These findings
reveal differential expression patterns of mitochondria-related genes
in various types of diabetes and their potential associations with
DKA development, providing new insights into the molecular
mechanisms of T1D, particularly fulminant T1D.

Using the STRING database, a PPI network encompassing
64 mitochondrial-related proteins was constructed. The results
indicated that certain regions within the PPI network exhibited
significantly enhanced interactions, and mitochondrial-related
proteins with significant causal effects on DKA identified in
current analyses were primarily concentrated in these regions
(Figure 5B). After constructing key molecular modules, an 18-
protein module was identified (Figure 5C). This module also
contained two regions with significantly enhanced interactions:
one represented by MRPL32 and MRPL33, named cluster A.
Based on MR analysis results, the elevated expression levels of
proteins in this cluster significantly reduced the risk of DKA
(MRPL33 for DKA and MRPL32 for T2DKA), suggesting a
protective role of mitochondrial proteins in cluster A in
preventing DKA. The other region, represented by ATP5FIB,
COX4I2, COX5B, DNAJC19, and NDUFBS8, was named cluster
B. According to MR analysis results, elevated expression levels of
COX5B (for DKA), DNAJCI19 (for T2DKA), and NDUFBS (for
UNDKA) in this cluster also significantly reduced the risk of DKA.
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FIGURE 4
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statistical significance in Mendelian randomization (MR) analysis, where red font is used for positive causal effects between the proteins and diabetic
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However, elevated expression levels of ATP5F1B (for UNDKA) and ~ pathogenesis of DKA, where some proteins may have protective
COX412 (for DKA) increased the risk of DKA. This indicates that  effects, while others may exacerbate the condition. Furthermore, it is
mitochondrial proteins in cluster B play a dual role in the noteworthy that within this key molecular module, the primary link
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between Cluster A and Cluster B was established through
Superoxide Dismutase 2 (SOD2) (Figure 5C). This suggests that
SOD2 plays a critical role in coordinating mitochondrial protein
function, particularly in managing oxidative stress and maintaining
cellular homeostasis. SOD2’s bridging role highlights its importance
in antioxidant defense and its potential function as a mediator
between mitochondrial matrix functions and respiratory chain
complex activities.

Based on evidence of interaction strengths, we analyzed the
primary biological processes and potential molecular signaling
pathways within key molecular modules. In terms of molecular
composition, cluster A primarily includes mitochondrial matrix
components, while cluster B mainly comprises respiratory chain
complex components (Figure 5D; Supplementary Table S7). In
terms of molecular function, cluster A is primarily associated
with ribosomal structural components, whereas cluster B is
related to the regulation of transmembrane transporter activity
(Figure 5D; Supplementary Table S7). In biological processes,
cluster A is mainly involved in mitochondrial migration and
cellular biosynthesis processes, whereas cluster B is related to
cellular respiration and oxidative phosphorylation (Figure 5D;
Supplementary Table S7). KEGG pathway analysis results
indicate that cluster A primarily affects ribosomal function, while
cluster B is involved in regulating oxidative phosphorylation
(Figure 5D; Supplementary Table S7). Reactome pathway analysis
results show that cluster A mainly impacts mitochondrial
translation processes, while cluster B is involved in respiratory
electron transport, chemiosmotic coupling of ATP synthesis, and
uncoupling  protein-mediated  thermogenesis  (Figure 5D;
S7).  Overall, the of the
mitochondrial matrix helps reduce the risk of DKA, while the

Supplementary Table function
oxidative phosphorylation process and the functional state of the
respiratory chain complex have dual roles in the occurrence and
development of DKA. These findings indicate that specific
mitochondrial proteins may play critical roles in the pathogenesis
of various DKA. The different biological processes and molecular
functions represented by cluster A and cluster B reveal the complex
mechanisms by which mitochondria participate in cellular energy
metabolism and maintain cellular functions. They also reflect the
multifaceted roles of mitochondrial-related proteins in the
progression of DKA.

4 Discussion

This study employed MR and integrated bioinformatics analysis
to systematically explore the causal relationships between mtDNA-
CN, mitochondrial-related proteins and DKA. The investigation
began with a bidirectional MR analysis, revealing a significant
negative causal effect of mtDNA-CN on DKA, whereas no
significant causal relationship was observed from DKA to
mtDNA-CN. Given that mitochondrial DNA copy number
encodes major mitochondrial proteins, the evidence of a negative
causal relationship between mitochondrial DNA copy number and
DKA also suggests potential effects of mitochondrial proteins on
DKA. Based on this hypothesis, we subsequently utilized genome-
wide association study (GWAS) data for 64 mitochondrial proteins
to further analyze the causal relationships between these proteins
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and DKA, as well as its disease subtypes. Meanwhile, we employed
bioinformatics approaches to thoroughly investigate the interaction
networks among mitochondrial proteins and identify key regulatory
proteins, aiming to comprehensively elucidate the potential role of
mitochondrial proteins in the pathogenesis of DKA. Results shown
that proteins encoded by MRPL32 and MRPL33 genes, which affect
mitochondrial matrix, migration, and mitochondrial ribosomal
functions, are associated with a reduced risk of DKA
(MRPL33 for DKA and MRPL32 for T2DKA). Conversely, the
proteins, encoding by ATP5F1B, COX4I2, COX5B, DNAJCI9,
and NDUFB8 genes, which relate to mitochondrial respiratory
chain functions and OXPHOS processes, and exhibited complex
dual effects on DKA. Specifically, increased expressions of COX5B
(for DKA), DNAJC19 (for T2DKA), and NDUFBS8 (for UNDKA)
contribute to a decreased risk of DKA, while increases in ATP5F1B
(for UNDKA) and COX4I2 (for DKA) expressions may enhance the
DKA risk. Additionally, we established a positive causal relationship
between the protein encoded by MRM3 gene and T1DKA. Through
comprehensive application of bioinformatics analysis methods, we
verified the differential expression levels of mitochondria-related
genes in diabetic patients at the mRNA level. Additionally, we
conducted PPI
functional enrichment analysis on mitochondria-related proteins.

network analysis, clustering analysis, and
The results indicate that the integrity of fundamental mitochondrial
functions (such as biosynthesis, migration, and protein translation)
and mitochondrial structure are critical factors influencing the onset
and progression of DKA. These findings provide valuable evidence
for understanding the characteristic changes in mitochondrial
metabolism during the development and progression of DKA
from a molecular mechanistic perspective.

Based on this evidence, we propose several potential
pharmacological intervention strategies. Firstly, we advocate for
the development of drugs aimed at optimizing mitochondrial
energy metabolism. Specifically, targeting MRPL32 and MRPL33,
we suggest the design of small molecule compounds that selectively
bind to and modulate their activity. These compounds could
potentially intervene in mitochondrial protein synthesis by
regulating the assembly or function of mitochondrial ribosomes.
Additionally, for COX5B, we recommend the development of
compounds capable of influencing the activity of cytochrome C
oxidase, thereby modulating the function of the mitochondrial
respiratory chain. Secondly, regulating cellular stress response is
also an important direction. As an example, we can design peptide
drugs that mimic the functional domains for DNAJC19 protein.
These peptides can enhance cellular resistance to metabolic stress by
inhibiting DNAJC19 activity through competitive binding.
Furthermore, RNA interference technology and antisense
oligonucleotides can be used to precisely control the expression
levels of target proteins, especially when proteins such as ATP5F1B
and COX412 have to be inhibited. It is our hope that these directions
and strategies will be systematically explored and developed in order
to translate the fundamental findings of this study into practical
clinical interventions.

Subgroup analysis indicates that different mitochondrial
proteins have unique causal impacts on various types of DKA,
notably with the risk of TIDKA significantly influenced by an
increase in MRM3 expression. From the perspective of molecular
function, MRM3 is involved in the methylation of mitochondrial
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rRNA, a crucial step that ensures proper assembly and function of
mitochondrial ribosomes (Cheng et al., 2021; Rebelo-Guiomar et al.,
2022). Consequently, increased expression of MRM3 may enhance
the efficiency of mitochondrial protein synthesis, maintain
mitochondrial structural stability, and improve the efficiency of
oxidative phosphorylation and antioxidant stress capacity (Rorbach
et al, 2014). However, in diabetic patients, overexpression of
MRM3 could further exacerbate metabolic imbalances, leading to
the accumulation of metabolic products and thereby increasing the
risk of DKA. Furthermore, excessive expression of MRM3 might
disrupt mitochondrial quality control mechanisms, such as
autophagy and protein degradation, potentially harming
mitochondrial health and function and increasing the risk of
DKA. Based on the molecular functions of mitochondrial
proteins with significant MR analysis, we found that T2DKA is
primarily associated with imbalances in both mitochondrial
function and capacity, while UNDKA is mainly related to
imbalances in mitochondrial capacity. These findings provide
crucial guidance for the development of mitochondrial-targeted
therapeutic strategies for DKA. Firstly, ensuring the integrity of
mitochondrial structure and function is vital, particularly in
maintaining the mitochondrial matrix and ribosomal functions,
and in synthesizing mitochondrial proteins. Secondly, attention
should be given to proteins related to OXPHOS and respiratory
chain functions, with a dynamic assessment of mitochondrial
capacity balance. Overall, this study not only deepens our
understanding of the pathophysiological mechanisms of DKA
from a mitochondrial perspective but also offers significant
theoretical support for the development of new treatment strategies.

MR analysis, using genetic variants as IVs, aims to assess the
causal relationships between exposures and outcomes (Davey Smith
and Hemani, 2014). In this study, MR analysis confirmed a
significant negative causal effect of mtDNA-CN on reducing the
risk of DKA. Additionally, various mitochondrial-related proteins
exhibited differing causal effects on DKA. Overall, through the study
of genetic variations, we obtained direct evidence of a link between
mitochondrial function and DKA risk, providing a theoretical basis
for further investigating the interactions between the two. From a
clinical perspective, these findings emphasize the importance of
assessing mitochondrial function integrity in diabetes management.
Diabetes patients are highly susceptible to mitochondrial
dysfunction (Phielix et al., 2008; Chattopadhyay et al., 2011; Pinti
et al,, 2019), as evidenced by this study and published literature.
Therefore, an evaluation system for mitochondrial function for
diabetics is essential. This system should first monitor the
integrity of mitochondrial structure and function, including
ribosomal functions, to ensure efficient energy production
processes; secondly, it should focus on mitochondrial OXPHOS
levels, as this relates to the activity of the mitochondrial electron
transport chain, directly impacting cellular energy metabolism.
Additionally, this evaluation system can not only help clinicians
better understand patients’ metabolic states but also provide more
targeted treatment recommendations, thus optimizing the treatment
of diabetes and its complications.

mtDNA-CN, the number of mtDNA copies per cell (Morin
et al,, 2022), is crucial for mitochondria to generate sufficient energy
to maintain cellular functions (Malik and Czajka, 2013; Ashar et al.,
2017). In the diabetic state, especially when complicated by DKA,
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the demand for energy in cells significantly increases, making
mitochondrial efficiency particularly important. Physiologically,
an increase in mtDNA copy number typically also leads to an
increase in the synthesis of mitochondrial respiratory chain
proteins, aiding in the efficiency of mitochondrial OXPHOS.
Additionally, the mtDNA-CN
mitochondria can effectively meet the increased energy demands

when is sufficiently high,
of the body in a short time, reducing the cells’ reliance on anaerobic
glycolysis, thus lowering the accumulation of lactate and ketone
bodies (Chen et al., 2022; Chong et al., 2022), which is crucial in
preventing the onset and progression of DKA. Moreover, existing
reports confirm that oxidative stress plays a central role in the
pathogenesis of DKA (Rains and Jain, 2011; Li and Shen, 2018;
Yurista et al, 2021). Higher levels of mtDNA-CN mean that
mitochondria have sufficient capacity to participate in the
clearance of ROS, thereby reducing the levels of oxidative stress
in the body (Wang et al., 2019; Vakrou et al., 2021; Shi et al., 2022),
which primarily mediated by the mitochondrial antioxidant system,
consisting mainly of superoxide dismutase (SOD) and glutathione
peroxidase (Vehvildinen et al., 2014; Kitada et al., 2020; Zhang et al.,
2021b; Bao et al, 2022). In our analysis, we found that
SOD2 occupies a central position in the key molecular module
connecting mitochondrial ribosomal functions and the oxidative
respiratory chain. This finding highlights the key role of SOD2 in
maintaining mitochondrial homeostasis. According to the results
from MR analysis, we have established a negative causal relationship
between mtDNA-CN and DKA. However, reverse MR analysis did
not reveal a significant causal effect of DKA on mtDNA-CN.
the of mtDNA-CN
mitochondrial structural integrity and functional normalcy, we
can summarize these findings as follows: Firstly, the dynamic

Considering role in  maintaining

balance of mtDNA-CN helps maintain mitochondrial function,
thereby reducing endoplasmic reticulum stress and improving
cellular adaptation to the diabetic environment (Sutton-
McDowall et al., 2016; Sadakierska-Chudy et al., 2017; Hirano
et al, 2021). Secondly, an appropriate increase in mtDNA-CN
can also help improve mitochondrial metabolic adaptability,
support more fatty acid oxidation, and potentially reduce
excessive ketone production by enhancing the effective utilization
of fatty acids (Watson et al., 2019; Xu et al., 2019; Venit et al., 2023).
According to these evidences, mtDNA CN levels can reduce the risk
of DKA significantly and explain the negative causal association
between mtDNA CN and DKA. However, given that DKA is an
acute and severe condition, the body undergoes intense metabolic
disturbances and energy imbalances. In this context, we can explain
why DKA does not exert a significant causal effect on mitochondrial
DNA copy number (mtDNA-CN) from several perspectives: First of
all, mitochondrial DNA replication and degradation are relatively
slow processes, and DKA does not adversely affect mitochondrial
DNA CN in the short-term. Secondly, in the DKA state, the body
prioritizes various metabolic emergency mechanisms to maintain
vital signs stability, such as increasing gluconeogenesis, lipolysis, and
ketone body production. These acute compensatory mechanisms
may temporarily mask potential effects on mtDNA-CN. Thirdly,
although DKA leads to severe metabolic disturbances, the body still
strives to maintain basic mitochondrial functions to support cellular
energy supply. This compensatory mechanism may, to some extent,
protect mitochondrial DNA stability, thus weakening the direct
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impact of DKA on mtDNA-CN. Overall, current MR results
emphasize the potential upstream regulatory role of mtDNA-CN
in the pathogenesis of DKA, rather than being a consequence of the
disease. This key evidence reveals that mtDNA-CN significantly
influences the biological processes of DKA through multiple
pathways, including of mitochondrial

regulation energy

metabolism efficiency, enhancement of cellular antioxidant
capacity, modulation of cellular stress response mechanisms, and
improvement of metabolic adaptability.

Our analysis of mitochondria-related mRNA expression levels
revealed that both classical T1D and fulminant T1D patients exhibit
significantly different mRNA expression patterns compared to
healthy Notably, T1D
demonstrated more pronounced changes in the expression of

mitochondrial function-related genes. These changes include

individuals. fulminant patients

downregulation of genes associated with mitochondrial DNA
replication, transcription, and translation, as well as upregulation
of genes related to mitochondrial energy metabolism and oxidative
stress response. This evidence emphasizes the potentially crucial role
of mitochondrial dysfunction in the pathogenesis of TI1D,
particularly in fulminant T1D, providing new insights into
understanding the rapid progression and severity of the disease.
Additionally, a key molecular module was identified through a PPI
network among mitochondrial-related proteins. This module
includes areas of increased interaction strength represented by
the MRPL family proteins and another area represented by
ATP5F1B, COX412, COX5B, DNAJC19, and NDUEFBS. Notably,
these two different genomic compositions of enhanced interaction
areas are connected by the key antioxidant enzyme superoxide
dismutase 2 (SOD2), showing potential functional synergy. In the
MR analysis, proteins with causal effects on DKA were also mainly
concentrated in this key molecular module. These findings
emphasize the core role of mitochondrial proteins in maintaining
cellular energy balance and responding to oxidative stress, especially
in the pathophysiological process of DKA. This provides an
important theoretical basis for studying the interaction between
mitochondrial dysfunction and diabetic ketoacidosis and may have
implications for developing new treatment strategies targeting DKA.

Mitochondrial ribosomal proteins, such as MRPL32 and
MRPL33, are key components of the large subunit of the
mitochondrial ribosome (Houtkooper et al., 2013; Kim et al,
2023). These proteins are primarily responsible for protein
synthesis within mitochondria, and the proteins synthesized
constitute the mitochondrial electron transport chain and other
thus the basis
mitochondrial oxidative phosphorylation capacity (Wang et al,
2021). MRPL32 and MRPL33, by participating in this protein
synthesis, directly enhance the biosynthetic capacity and energy

critical metabolic pathways, forming for

production efficiency of mitochondria (Yang et al, 2022a). If
mitochondrial ribosomal protein function is impaired, it could
lead to reduced efficiency of mitochondrial protein synthesis,
thereby affecting the overall function of mitochondria, impacting
cellular energy balance and survival capacity (Lax et al,, 2015). In
this study, we confirmed that increased expression levels of
MRPL32 and MRPL33 are associated with a reduced risk of
DKA, likely due to these proteins enhancing mitochondrial
metabolic efficiency and energy production capacity, allowing
cells to more effectively cope with metabolic stress under
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This the
importance of maintaining mitochondrial protein synthesis

hyperglycemic  conditions. finding emphasizes
capacity to prevent metabolic disorders.

In the mitochondrial electron transport chain, COX5B is a
member of complex IV, which is critical for electron transfer and
proton pump activity, which is directly linked to ATP synthesis
(Soro-Arnaiz et al., 2016; Gottschalk et al., 2022). Thus, the function
of COX5B directly impacts the energy output efficiency of
mitochondria. DNAJC19 (DnaJ Heat Shock Protein Family
(Hsp40) Member C19) is a DnaJ protein located on the
mitochondrial inner membrane, involved in protein folding and
protein transport on the mitochondrial membrane. The function of
DNAJC19 is essential for maintaining the integrity and function of
the mitochondrial inner membrane, and it is also very important for
the correct assembly and maintenance of protein complexes in the
mitochondrial electron transport chain (Richter-Dennerlein et al.,
2014; Wachoski-Dark 2022). NDUFB8 (NADH

Dehydrogenase [Ubiquinone] 1 Beta Subcomplex Subunit 8) is

et al,
part of complex I of the mitochondrial electron transport chain,
responsible for the oxidation of NADH and the transfer of electrons
to ubiquinone. Thus, NDUFB8 plays a core role in maintaining the
overall function and efficiency of the electron transport chain (Wu
et al.,, 2016; Sun et al., 2017; Piekutowska-Abramczuk et al., 2018).
The negative causal relationships between COX5B, DNAJCI19,
NDUFBS8, and DKA indicate that enhanced functions of these
proteins may reduce the risk of DKA by reducing oxidative stress
and improving the efficiency of the mitochondrial respiratory chain.

In the present analysis, the positive causal relationships between
the terminal components of the mitochondrial respiratory chain,
specifically COX4I2 and ATP5F1B, and DKA, may reflect metabolic
imbalances caused by the overactivation of these proteins under
conditions of high energy demand and stress. Particularly in the
diabetic milieu, hyperglycemia compels cells to rely more heavily on
mitochondrial oxidative phosphorylation for energy production,
thereby increasing the demand for ATP synthesis. COX4I2, a
part of cytochrome c oxidase, is responsible for maintaining the
activity of complex IV, especially under hypoxic conditions
(Sommer et al., 2017). Its regulatory role ensures the efficiency of
the OXPHOS process, supporting effective electron transfer and
energy production (Li et al., 2022; Mao et al., 2022; Zhang et al,,
2023). However, this efficient energy generation might lead to
further disruption of the cellular environment in the context of
DKA, such as by increasing the production of reactive oxygen
(ROS) thus
indirectly promoting the progression of DKA. ATP5F1B, part of

species or exacerbating intracellular acidosis,
complex V, also known as ATP synthase or complex F (Ganetzky
etal,, 2022; Sharma et al., 2023), plays a crucial role in cellular energy
metabolism by synthesizing ATP from ADP and inorganic
phosphate through a chemiosmotic coupling process (Nguyen
et al., 2021; Fomo et al., 2022; Slater et al., 2022). Enhanced
activity of ATP5F1B might lead to excessive ATP production,
but  potentially
exacerbating metabolic disturbances during DKA. Therefore,
while the enhanced functions of ATP5FIB and COX4I2 support

cellular metabolism under normal conditions, in the pathological

beneficial under normal circumstances

state of diabetes and especially DKA, they might intensify metabolic
stress and cellular stress responses. This highlights the need to
consider the complexity and dual nature of mitochondrial
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function regulation when designing treatment strategies for diabetic
patients, particularly in managing DKA or other severe metabolic
disturbances.

Based on our current analysis results, published literature
evidence, and the physiological functions of mitochondrial
proteins, we summarize the mechanisms by which mitochondria
participate in the occurrence and development of DKA as follows:
Firstly, higher levels of mtDNA-CN can significantly reduce the risk
of DKA through multiple pathways, including enhancing
mitochondrial energy metabolism efficiency, improving cellular
antioxidant  capacity, regulating cellular stress response
mechanisms, and enhancing metabolic adaptability. Secondly,
mitochondrial protein synthesis and structural integrity are
crucial for preventing DKA. Thirdly, mitochondrial respiratory
chain function and oxidative phosphorylation (OXPHOS)
processes play a complex dual role in the occurrence and
development of DKA. On one hand, enhanced function of
certain respiratory chain components (such as COX5B,
DNAJC19, and NDUFB8) may reduce DKA risk by decreasing
oxidative stress and improving mitochondrial respiratory chain
efficiency. On the other hand, overactivation of terminal
respiratory chain components (such as COX4I2 and ATP5F1B)
may exacerbate metabolic imbalances and cellular stress responses
under diabetic and DKA pathological conditions, potentially
increasing DKA risk. Fourth, the mitochondrial antioxidant
system, especially superoxide dismutase (SOD2), plays a central
role in maintaining mitochondrial homeostasis and connecting
different functional modules. Overall, these findings not only
deepen our understanding of the pathophysiological mechanisms
of DKA but also provide important theoretical support for
developing new DKA prevention and treatment strategies,
particularly in

assessing and maintaining mitochondrial

functional integrity, balancing mitochondrial capacity, and
targeting mitochondrial function regulation.

Despite this study’s innovative use of MR analysis and
mitochondrial protein interaction networks to reveal the causal
relationships between mtDNA-CN and specific mitochondrial
proteins such as MRPL32, MRPL33, COX5B, DNAJCI19, and
NDUFB8 with DKA, and a deep analysis of their molecular
mechanisms, there are limitations. Firstly, while MR analysis
provides insights into causal relationships, it relies on genetic
variants as instrumental variables. This approach may not
capture all aspects of complex biological processes involved in
DKA development. Secondly, the study may be limited by the
sample size and population characteristics of the GWAS data
used for mitochondrial proteins. The generalizability of findings
to diverse populations needs further validation. Thirdly, the study
provides a snapshot of genetic associations but may not fully capture
the dynamic nature of mitochondrial function and DKA
development over time. Future research may be able to validate

and extend these findings, based on these limitations.

5 Conclusion

This
integrated bioinformatics,

study, through combined analysis of MR and

reveals a causal relationship

between mitochondrial function and DKA risk. Increased
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mtDNA-CN and expression of specific mitochondrial proteins
(MRPL32, MRPL33, COX5B, DNAJC19, NDUFBS8) are
associated with reduced DKA risk, while elevated ATP5F1B
and COZX4I2 levels correlate with
findings underscore the importance of mitochondrial integrity

increased risk. These

in DKA pathogenesis and provide a foundation for developing
mitochondrial-targeted therapies. Our results suggest that
modulating mitochondrial protein expression and maintaining
mitochondrial function could be effective strategies for DKA
prevention and management.

Data availability statement

The publicly available datasets that were generated and/or
analysed during the current study are available in the ieu open
GWAS project (https://gwas.mrcieu.ac.uk/).

Ethics statement

Ethical approval was not required for the study involving
humans in accordance with the local legislation and institutional
requirements. Written informed consent to participate in this study
was not required from the participants or the participants’ legal
guardians/next of kin in accordance with the national legislation and
the institutional requirements.

Author contributions

RX: Data curation, Investigation, Software, Visualization,
Writing-original draft. HX: Data curation, Software, Validation,
editing. HG:
Writing-review and editing. CX: Formal Analysis, Software,

Visualization, Writing-review and Software,

Writing-review and editing. HY: Conceptualization, Project
ZF:

administration,

administration, Writing-review and
Methodology,

Writing-review and editing.

editing.

Conceptualization, Project

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was granted by the Natural Science Foundation of Sichuan (grant
number: 2024NSFSC1855) and the Key Laboratory of Hospital of
Chengdu University of Traditional Chinese Medicine (grant
number: 237503).

Acknowledgments

We express our gratitude to the OpenGWAS and UK Biobank
database teams for providing public access to their summary
data. Additionally, we appreciate the principal investigators of
the studies for their transparency in sharing their data for
research purposes.

frontiersin.org


https://gwas.mrcieu.ac.uk/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1448505

Xie et al.

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.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Amorim, J. A., Coppotelli, G., Rolo, A. P., Palmeira, C. M., Ross, J. M., and Sinclair, D.
A. (2022). Mitochondrial and metabolic dysfunction in ageing and age-related diseases.
Nat. Rev. Endocrinol. 18 (4), 243-258. doi:10.1038/s41574-021-00626-7

Ashar, F. N, Zhang, Y., Longchamps, R. J., Lane, J., Moes, A., Grove, M. L., et al.
(2017). Association of mitochondrial DNA copy number with cardiovascular disease.
JAMA Cardiol. 2 (11), 1247-1255. doi:10.1001/jamacardio.2017.3683

Bao, W, Xing, H., Cao, S., Long, X., Liu, H., Ma, ], et al. (2022). Neutrophils restrain
sepsis associated coagulopathy via extracellular vesicles carrying superoxide dismutase
2 in a murine model of lipopolysaccharide induced sepsis. Nat. Commun. 13 (1), 4583.
doi:10.1038/5s41467-022-32325-w

Bowden, J., Davey Smith, G., and Burgess, S. (2015). Mendelian randomization with
invalid instruments: effect estimation and bias detection through Egger regression. Int.
J. Epidemiol. 44 (2), 512-525. doi:10.1093/ije/dyv080

Bowden, J., Davey Smith, G., Haycock, P. C., and Burgess, S. (2016). Consistent
estimation in mendelian randomization with some invalid instruments using a weighted
median estimator. Genet. Epidemiol. 40 (4), 304-314. doi:10.1002/gepi.21965

Bowden, J., Del Greco, M. F., Minelli, C., Davey Smith, G., Sheehan, N., and
Thompson, J. (2017). A framework for the investigation of pleiotropy in two-
sample summary data Mendelian randomization. Stat. Med. 36 (11), 1783-1802.
doi:10.1002/sim.7221

Bowden, J., Spiller, W., Del Greco, M. F., Sheehan, N., Thompson, J., Minelli, C., et al.
(2018). Improving the visualization, interpretation and analysis of two-sample
summary data Mendelian randomization via the Radial plot and Radial regression.
Int. J. Epidemiol. 47 (4), 1264-1278. doi:10.1093/ije/dyy101

Burgess, S., Bowden, J., Fall, T., Ingelsson, E., and Thompson, S. G. (2017a). Sensitivity
analyses for robust causal inference from mendelian randomization analyses with
multiple genetic variants. Epidemiol. Camb. Mass. 28 (1), 30-42. doi:10.1097/EDE.
0000000000000559

Burgess, S., Butterworth, A., and Thompson, S. G. (2013). Mendelian randomization
analysis with multiple genetic variants using summarized data. Genet. Epidemiol. 37 (7),
658-665. doi:10.1002/gepi.21758

Burgess, S., Dudbridge, F., and Thompson, S. G. (2016). Combining information
on multiple instrumental variables in Mendelian randomization: comparison of
allele score and summarized data methods. Stat. Med. 35 (11), 1880-1906. doi:10.
1002/sim.6835

Burgess, S., Foley, C. N., Allara, E,, Staley, J. R., and Howson, J. M. M. (2020). A robust
and efficient method for Mendelian randomization with hundreds of genetic variants.
Nat. Commun. 11 (1), 376. do0i:10.1038/s41467-019-14156-4

Burgess, S., Small, D. S., and Thompson, S. G. (2017b). A review of instrumental
variable estimators for Mendelian randomization. Stat. Methods Med. Res. 26 (5),
2333-2355. doi:10.1177/0962280215597579

Burgess, S., Thompson, S. G., and CRP CHD Genetics Collaboration (2011). Avoiding
bias from weak instruments in Mendelian randomization studies. Int. J. Epidemiol. 40
(3), 755-764. doi:10.1093/ije/dyr036

Byrska-Bishop, M., Evani, U. S., Zhao, X., Basile, A. O., Abel, H. J., Regier, A. A,, etal.
(2022). High-coverage whole-genome sequencing of the expanded 1000 Genomes
Project cohort including 602 trios. Cell 185 (18), 3426-3440.e19. doi:10.1016/j.cell.
2022.08.004

Chattopadhyay, M., Guhathakurta, I, Behera, P., Ranjan, K. R, Khanna, M.,
Mukhopadhyay, S., et al. (2011). Mitochondrial bioenergetics is not impaired in
nonobese subjects with type 2 diabetes mellitus. Metabolism 60 (12), 1702-1710.
doi:10.1016/j.metabol.2011.04.015

Chen, J. W, Ma, P. W,, Yuan, H., Wang, W. L,, Lu, P. H, Ding, X. R,, et al. (2022).
Mito-TEMPO attenuates oxidative stress and mitochondrial dysfunction in noise-
induced hearing loss via maintaining TFAM-mtDNA interaction and mitochondrial
biogenesis. Front. Cell Neurosci. 16, 803718. doi:10.3389/fncel.2022.803718

Frontiers in Pharmacology

15

10.3389/fphar.2024.1448505

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/fphar.2024.1448505/
full#supplementary-material

Chen, W., Zhao, H., and Li, Y. (2023). Mitochondrial dynamics in health and disease:
mechanisms and potential targets. Signal Transduct. Target Ther. 8 (1), 333. doi:10.
1038/541392-023-01547-9

Cheng, J., Berninghausen, O., and Beckmann, R. (2021). A distinct assembly pathway
of the human 39S late pre-mitoribosome. Nat. Commun. 12 (1), 4544. doi:10.1038/
$41467-021-24818-x

Chong, M., Mohammadi-Shemirani, P., Perrot, N., Nelson, W., Morton, R., Narula,
S., et al. (2022). GWAS and ExWAS of blood mitochondrial DNA copy number
identifies 71 loci and highlights a potential causal role in dementia. Elife 11, €70382.
doi:10.7554/eLife.70382

Clough, E., and Barrett, T. (2016). The gene expression Omnibus database. Methods
Mol. Biol. 1418, 93-110. doi:10.1007/978-1-4939-3578-9_5

Dabravolski, S. A., Orekhova, V. A., Baig, M. S., Bezsonov, E. E., Starodubova,
A. V., Popkova, T. V,, et al. (2021). The role of mitochondrial mutations and
chronic inflammation in diabetes. Int. J. Mol. Sci. 22 (13), 6733. doi:10.3390/
ijms22136733

Davey Smith, G., and Hemani, G. (2014). Mendelian randomization: genetic anchors
for causal inference in epidemiological studies. Hum. Mol. Genet. 23 (R1), R89-R98.
doi:10.1093/hmg/ddu328

Deng, C, Lu, C,, Wang, K., Chang, M., Shen, Y., Yang, X,, et al. (2024). Celecoxib
ameliorates diabetic sarcopenia by inhibiting inflammation, stress response,
mitochondrial dysfunction, and subsequent activation of the protein degradation
systems. Front. Pharmacol. 15, 1344276. doi:10.3389/fphar.2024.1344276

Elmore, S. E., and La Merrill, M. A. (2019). Oxidative phosphorylation impairment by
DDT and DDE. Front. Endocrinol. (Lausanne) 10, 122. doi:10.3389/fendo.2019.00122

Emdin, C. A, Khera, A. V., and Kathiresan, S. (2017). Mendelian randomization.
Jama 318 (19), 1925-1926. doi:10.1001/jama.2017.17219

Feng, Z., Wang, Y., Fu, Z, Liao, J., Liu, H.,, and Zhou, M. (2024). Exploring the causal
effects of mineral metabolism disorders on telomere and mitochondrial DNA: a
bidirectional two-sample mendelian randomization analysis. Nutrients 16 (10), 1417.
doi:10.3390/nu16101417

Fomo, K. N., Schmelter, C., Atta, J., Beutgen, V. M., Schwarz, R., Perumal, N,, et al.
(2022). Synthetic antibody-derived immunopeptide provides neuroprotection in
glaucoma through molecular interaction with retinal protein histone H3.1. Front.
Med. (Lausanne) 9, 993351. doi:10.3389/fmed.2022.993351

Ganetzky, R. D., Markhard, A. L., Yee, L, Clever, S., Cahill, A., Shah, H., et al. (2022).
Congenital hypermetabolism and uncoupled oxidative phosphorylation. N. Engl.
J. Med. 387 (15), 1395-1403. doi:10.1056/NEJMo0a2202949

Gao, Y., Zou, Y., Wu, G, and Zheng, L. (2023). Oxidative stress and mitochondrial
dysfunction of granulosa cells in polycystic ovarian syndrome. Front. Med. (Lausanne)
10, 1193749. doi:10.3389/fmed.2023.1193749

Gottschalk, B., Koshenov, Z., Waldeck-Weiermair, M., Radulovi¢, S., Oflaz, F. E.,
Hirtl, M., et al. (2022). MICU1 controls spatial membrane potential gradients and
guides Ca(2+) fluxes within mitochondrial substructures. Commun. Biol. 5 (1), 649.
doi:10.1038/542003-022-03606-3

Harrison, S. C., Holmes, M. V., Burgess, S., Asselbergs, F. W., Jones, G. T., Baas, A. F.,
et al. (2018). Genetic association of lipids and lipid drug targets with abdominal aortic
aneurysm: a meta-analysis. JAMA Cardiol. 3 (1), 26-33. doi:10.1001/jamacardio.2017.
4293

Hemani, G,, Tilling, K., and Davey Smith, G. (2017). Orienting the causal relationship
between imprecisely measured traits using GWAS summary data. PLoS Genet. 13 (11),
€1007081. doi:10.1371/journal.pgen.1007081

Hemani, G., Zheng, J., Elsworth, B., Wade, K. H., Haberland, V., Baird, D., et al.
(2018). The MR-Base platform supports systematic causal inference across the human
phenome. Elife 7, €34408. doi:10.7554/eLife.34408

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2024.1448505/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2024.1448505/full#supplementary-material
https://doi.org/10.1038/s41574-021-00626-7
https://doi.org/10.1001/jamacardio.2017.3683
https://doi.org/10.1038/s41467-022-32325-w
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1002/sim.7221
https://doi.org/10.1093/ije/dyy101
https://doi.org/10.1097/EDE.0000000000000559
https://doi.org/10.1097/EDE.0000000000000559
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1002/sim.6835
https://doi.org/10.1002/sim.6835
https://doi.org/10.1038/s41467-019-14156-4
https://doi.org/10.1177/0962280215597579
https://doi.org/10.1093/ije/dyr036
https://doi.org/10.1016/j.cell.2022.08.004
https://doi.org/10.1016/j.cell.2022.08.004
https://doi.org/10.1016/j.metabol.2011.04.015
https://doi.org/10.3389/fncel.2022.803718
https://doi.org/10.1038/s41392-023-01547-9
https://doi.org/10.1038/s41392-023-01547-9
https://doi.org/10.1038/s41467-021-24818-x
https://doi.org/10.1038/s41467-021-24818-x
https://doi.org/10.7554/eLife.70382
https://doi.org/10.1007/978-1-4939-3578-9_5
https://doi.org/10.3390/ijms22136733
https://doi.org/10.3390/ijms22136733
https://doi.org/10.1093/hmg/ddu328
https://doi.org/10.3389/fphar.2024.1344276
https://doi.org/10.3389/fendo.2019.00122
https://doi.org/10.1001/jama.2017.17219
https://doi.org/10.3390/nu16101417
https://doi.org/10.3389/fmed.2022.993351
https://doi.org/10.1056/NEJMoa2202949
https://doi.org/10.3389/fmed.2023.1193749
https://doi.org/10.1038/s42003-022-03606-3
https://doi.org/10.1001/jamacardio.2017.4293
https://doi.org/10.1001/jamacardio.2017.4293
https://doi.org/10.1371/journal.pgen.1007081
https://doi.org/10.7554/eLife.34408
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1448505

Xie et al.

Hirano, T., Suzuki, N., Ikenaka, Y., Hoshi, N., and Tabuchi, Y. (2021). Neurotoxicity
of a pyrethroid pesticide deltamethrin is associated with the imbalance in proteolytic
systems caused by mitophagy activation and proteasome inhibition. Toxicol. Appl.
Pharmacol. 430, 115723. doi:10.1016/j.taap.2021.115723

Houtkooper, R. H., Mouchiroud, L., Ryu, D., Moullan, N., Katsyuba, E., Knott, G.,
et al. (2013). Mitonuclear protein imbalance as a conserved longevity mechanism.
Nature 497 (7450), 451-457. doi:10.1038/nature12188

Hu, Y., Zhou, Y., Yang, Y., Tang, H., Si, Y., Chen, Z,, et al. (2022). Metformin protects
against diabetes-induced cognitive dysfunction by inhibiting mitochondrial fission
protein DRP1. Front. Pharmacol. 13, 832707. doi:10.3389/fphar.2022.832707

Karslioglu French, E., Donihi, A. C., and Korytkowski, M. T. (2019). Diabetic
ketoacidosis and hyperosmolar hyperglycemic syndrome: review of acute
decompensated diabetes in adult patients. Bmj 365, 11114. doi:10.1136/bmj.11114

Kim, H. J., Nguyen, Q. K,, Jung, S. N,, Lim, M. A,, Oh, C,, Piao, Y., et al. (2023).
Mitochondrial ribosomal protein L14 promotes cell growth and invasion by modulating
reactive oxygen species in thyroid cancer. Clin. Exp. Otorhinolaryngol. 16 (2), 184-197.
doi:10.21053/ce0.2022.01760

Kitada, M., Xu, J., Ogura, Y., Monno, I, and Koya, D. (2020). Manganese superoxide
dismutase dysfunction and the pathogenesis of kidney disease. Front. Physiol. 11, 755.
doi:10.3389/fphys.2020.00755

Kurki, M. I, Karjalainen, J., Palta, P., Sipild, T. P., Kristiansson, K., Donner, K. M.,
et al. (2023). FinnGen provides genetic insights from a well-phenotyped isolated
population. Nature 613 (7944), 508-518. doi:10.1038/541586-022-05473-8

Lawlor, D. A,, Harbord, R. M,, Sterne, J. A, Timpson, N., and Davey Smith, G. (2008).
Mendelian randomization: using genes as instruments for making causal inferences in
epidemiology. Stat. Med. 27 (8), 1133-1163. doi:10.1002/sim.3034

Lax, N. Z., Alston, C. L., Schon, K., Park, S. M., Krishnakumar, D., He, L., et al. (2015).
Neuropathologic characterization of pontocerebellar hypoplasia type 6 associated with
cardiomyopathy and hydrops fetalis and severe multisystem respiratory chain
deficiency due to novel RARS2 mutations. J. Neuropathol. Exp. Neurol. 74 (7),
688-703. doi:10.1097/nen.0000000000000209

Li, J., and Shen, X. (2018). Leptin concentration and oxidative stress in diabetic
ketoacidosis. Eur. J. Clin. Invest 48 (10), €13006. doi:10.1111/eci.13006

Li,J. P, Liu, Y.J, Zeng, S. H,, Gao, H. ., Chen, Y. G., and Zou, X. (2022). Identification
of COX4I2 as a hypoxia-associated gene acting through FGFI to promote EMT and
angiogenesis in CRC. Cell Mol. Biol. Lett. 27 (1), 76. doi:10.1186/s11658-022-00380-2

Lin, S.-H., Brown, D. W., and Machiela, M. J. (2020). LDtrait: an online tool for
identifying published phenotype associations in linkage disequilibrium. Cancer Res. 80
(16), 3443-3446. doi:10.1158/0008-5472.CAN-20-0985

Liu, D., Gao, X, Pan, X. F,, Zhou, T., Zhu, C,, Li, F., et al. (2023). The hepato-ovarian
axis: genetic evidence for a causal association between non-alcoholic fatty liver disease
and polycystic ovary syndrome. BMC Med. 21 (1), 62. doi:10.1186/s12916-023-02775-0

Lyssenko, V., and Vaag, A. (2023). Genetics of diabetes-associated microvascular
complications. Diabetologia 66 (9), 1601-1613. doi:10.1007/s00125-023-05964-x

Malik, A. N, and Czajka, A. (2013). Is mitochondrial DNA content a potential
biomarker of mitochondrial dysfunction? Mitochondrion 13 (5), 481-492. doi:10.1016/j.
mito.2012.10.011

Manevski, M., Muthumalage, T., Devadoss, D., Sundar, I. K., Wang, Q., Singh, K. P.,
et al. (2020). Cellular stress responses and dysfunctional Mitochondrial-cellular
senescence, and therapeutics in chronic respiratory diseases. Redox Biol. 33, 101443.
doi:10.1016/j.redox.2020.101443

Mao, Y., Zhuo, R,, Ma, W, Daj, J,, Alimu, P., Fang, C,, et al. (2022). Fibroblasts
mediate the angiogenesis of pheochromocytoma by increasing COX4I2 expression.
Front. Oncol. 12, 938123. doi:10.3389/fonc.2022.938123

Morin, A. L., Win, P. W,, Lin, A. Z., and Castellani, C. A. (2022). Mitochondrial
genomic integrity and the nuclear epigenome in health and disease. Front. Endocrinol.
(Lausanne) 13, 1059085. doi:10.3389/fendo.2022.1059085

Morrison, J., Knoblauch, N., Marcus, J. H., Stephens, M., and He, X. (2020).
Mendelian randomization accounting for correlated and uncorrelated pleiotropic
effects using genome-wide summary statistics. Nat. Genet. 52 (7), 740-747. doi:10.
1038/541588-020-0631-4

Munson, M. J., Mathai, B. J., Ng, M. Y. W, Trachsel-Moncho, L., de la Ballina, L. R,,
Schultz, S. W., et al. (2021). GAK and PRKCD are positive regulators of PRKN-
independent mitophagy. Nat. Commun. 12 (1), 6101. doi:10.1038/s41467-021-26331-7

Nakata, S., Imagawa, A., Miyata, Y., Yoshikawa, A., Kozawa, J., Okita, K., et al. (2013).
Low gene expression levels of activating receptors of natural killer cells (NKG2E and
CDY%4) in patients with fulminant type 1 diabetes. Immunol. Lett. 156 (1-2), 149-155.
doi:10.1016/j.imlet.2013.10.004

Nguyen, N., Souza, T., Verheijen, M. C. T., Gmuender, H., Selevsek, N., Schlapbach,
R, et al. (2021). Translational proteomics analysis of anthracycline-induced

cardiotoxicity from cardiac microtissues to human heart biopsies. Front. Genet. 12,
695625. doi:10.3389/fgene.2021.695625

Otasek, D., Morris, J. H., Boucas, ., Pico, A. R,, and Demchak, B. (2019). Cytoscape
Automation: empowering workflow-based network analysis. Genome Biol. 20 (1), 185.
doi:10.1186/s13059-019-1758-4

Frontiers in Pharmacology

10.3389/fphar.2024.1448505

Park, K., and Lee, M. S. (2022). Current status of autophagy enhancers in metabolic
disorders and other diseases. Front. Cell Dev. Biol. 10, 811701. doi:10.3389/fcell.2022.
811701

Pasquel, F. J., Messler, J., Booth, R., Kubacka, B., Mumpower, A., Umpierrez, G., et al.
(2021). Characteristics of and mortality associated with diabetic ketoacidosis among US
patients hospitalized with or without COVID-19. JAMA Netw. Open 4 (3), €211091.
doi:10.1001/jamanetworkopen.2021.1091

Phielix, E., Schrauwen-Hinderling, V. B., Mensink, M., Lenaers, E., Meex, R., Hoeks,
J., et al. (2008). Lower intrinsic ADP-stimulated mitochondrial respiration underlies in
vivo mitochondrial dysfunction in muscle of male type 2 diabetic patients. Diabetes 57
(11), 2943-2949. doi:10.2337/db08-0391

Piekutowska-Abramczuk, D., Assouline, Z., Matakovi¢, L., Feichtinger, R. G,
Konatikovd, E., Jurkiewicz, E. et al. (2018). NDUFB8 mutations cause
mitochondrial ~ complex I  deficiency in  individuals with  leigh-like
encephalomyopathy. Am. J. Hum. Genet. 102 (3), 460-467. doi:10.1016/j.ajhg.2018.
01.008

Pinti, M. V., Fink, G. K., Hathaway, Q. A, Durr, A. J., Kunovac, A., and Hollander,
J. M. (2019). Mitochondrial dysfunction in type 2 diabetes mellitus: an organ-based
analysis. Am. J. Physiol. Endocrinol. Metab. 316 (2), E268-E285-¢285. doi:10.1152/
ajpendo.00314.2018

Rains, J. L., and Jain, S. K. (2011). Oxidative stress, insulin signaling, and diabetes. Free
Radic. Biol. Med. 50 (5), 567-575. doi:10.1016/j.freeradbiomed.2010.12.006

Rebelo-Guiomar, P., Pellegrino, S., Dent, K. C., Sas-Chen, A., Miller-Fleming, L.,
Garone, C,, et al. (2022). A late-stage assembly checkpoint of the human mitochondrial
ribosome large subunit. Nat. Commun. 13 (1), 929. d0i:10.1038/s41467-022-28503-5

Rewers, A., Kuppermann, N, Stoner, M. J., Garro, A., Bennett, J. E., Quayle, K. S., et al.
(2021). Effects of fluid rehydration strategy on correction of acidosis and electrolyte
abnormalities in children with diabetic ketoacidosis. Diabetes Care 44 (9), 2061-2068.
doi:10.2337/dc20-3113

Richter-Dennerlein, R., Korwitz, A., Haag, M., Tatsuta, T., Dargazanli, S., Baker, M.,
et al. (2014). DNAJC19, a mitochondrial cochaperone associated with cardiomyopathy,
forms a complex with prohibitins to regulate cardiolipin remodeling. Cell Metab. 20 (1),
158-171. doi:10.1016/j.cmet.2014.04.016

Rorbach, J., Boesch, P., Gammage, P. A, Nicholls, T. J., Pearce, S. F., Patel, D., et al.
(2014). MRM2 and MRM3 are involved in biogenesis of the large subunit of the
mitochondrial ribosome. Mol. Biol. Cell 25 (17), 2542-2555. doi:10.1091/mbc.E14-01-
0014

Sadakierska-Chudy, A., Kotarska, A., Frankowska, M., Jastrzebska, J., Wydra, K.,
Miszkiel, J., et al. (2017). The alterations in mitochondrial DNA copy number and
nuclear-encoded mitochondrial genes in rat brain structures after cocaine self-
administration. Mol. Neurobiol. 54 (9), 7460-7470. doi:10.1007/s12035-016-0153-3

Sarkar, A., Shukla, S. K., Alqatawni, A., Kumar, A., Addya, S., Tsygankov, A. Y., et al.
(2018). The role of allograft inflammatory factor-1 in the effects of experimental
diabetes on B cell functions in the heart. Front. Cardiovasc Med. 5, 126. doi:10.
3389/fcvm.2018.00126

Shahandeh, A., Bui, B. V., Finkelstein, D. L, and Nguyen, C. T. O. (2021). Effects of
excess iron on the retina: insights from clinical cases and animal models of iron
disorders. Front. Neurosci. 15, 794809. doi:10.3389/fnins.2021.794809

Shannon, P., Markiel, A, Ozier, O., Baliga, N. S.,, Wang, J. T., Ramage, D., et al. (2003).
Cytoscape: a software environment for integrated models of biomolecular interaction
networks. Genome Res. 13 (11), 2498-2504. doi:10.1101/gr.1239303

Sharma, K. (2015). Mitochondrial hormesis and diabetic complications. Diabetes 64
(3), 663-672. doi:10.2337/db14-0874

Sharma, R. K., Chafik, A., and Bertolin, G. (2023). Aurora kinase A/AURKA
functionally interacts with the mitochondrial ATP synthase to regulate energy
metabolism and cell death. Cell Death Discov. 9 (1), 203. doi:10.1038/s41420-023-
01501-2

Shi, W. H., Ye, M. J., Qin, N. X,, Zhou, Z. Y., Zhou, X. Y., Xu, N. X,, et al. (2022).
Associations of sperm mtDNA copy number, DNA fragmentation index, and reactive
oxygen species with clinical outcomes in ART treatments. Front. Endocrinol.
(Lausanne) 13, 849534. doi:10.3389/fendo.2022.849534

Skrivankova, V. W., Richmond, R. C., Woolf, B. A. R, Yarmolinsky, J., Davies, N. M.,
Swanson, S. A., et al. (2021). Strengthening the reporting of observational studies in
epidemiology using mendelian randomization: the STROBE-MR statement. Jama 326
(16), 1614-1621. doi:10.1001/jama.2021.18236

Slater, K., Bosch, R., Smith, K. F., Jahangir, C. A., Garcia-Mulero, S., Rahman, A.,
et al. (2022). 1,4-dihydroxy quininib modulates the secretome of uveal melanoma
tumour explants and a marker of oxidative phosphorylation in a metastatic
xenograft model. Front. Med. (Lausanne) 9, 1036322. doi:10.3389/fmed.2022.
1036322

Sommer, N., Hiittemann, M., Pak, O., Scheibe, S., Knoepp, F., Sinkler, C,, et al. (2017).
Mitochondrial complex IV subunit 4 isoform 2 is essential for acute pulmonary oxygen
sensing. Circ. Res. 121 (4), 424-438. doi:10.1161/circresaha.116.310482

Soro-Arnaiz, L, Li, Q. O. Y., Torres-Capelli, M., Meléndez-Rodriguez, F., Veiga, S.,
Veys, K, et al. (2016). Role of mitochondrial complex IV in age-dependent obesity. Cell
Rep. 16 (11), 2991-3002. doi:10.1016/j.celrep.2016.08.041

frontiersin.org


https://doi.org/10.1016/j.taap.2021.115723
https://doi.org/10.1038/nature12188
https://doi.org/10.3389/fphar.2022.832707
https://doi.org/10.1136/bmj.l1114
https://doi.org/10.21053/ceo.2022.01760
https://doi.org/10.3389/fphys.2020.00755
https://doi.org/10.1038/s41586-022-05473-8
https://doi.org/10.1002/sim.3034
https://doi.org/10.1097/nen.0000000000000209
https://doi.org/10.1111/eci.13006
https://doi.org/10.1186/s11658-022-00380-2
https://doi.org/10.1158/0008-5472.CAN-20-0985
https://doi.org/10.1186/s12916-023-02775-0
https://doi.org/10.1007/s00125-023-05964-x
https://doi.org/10.1016/j.mito.2012.10.011
https://doi.org/10.1016/j.mito.2012.10.011
https://doi.org/10.1016/j.redox.2020.101443
https://doi.org/10.3389/fonc.2022.938123
https://doi.org/10.3389/fendo.2022.1059085
https://doi.org/10.1038/s41588-020-0631-4
https://doi.org/10.1038/s41588-020-0631-4
https://doi.org/10.1038/s41467-021-26331-7
https://doi.org/10.1016/j.imlet.2013.10.004
https://doi.org/10.3389/fgene.2021.695625
https://doi.org/10.1186/s13059-019-1758-4
https://doi.org/10.3389/fcell.2022.811701
https://doi.org/10.3389/fcell.2022.811701
https://doi.org/10.1001/jamanetworkopen.2021.1091
https://doi.org/10.2337/db08-0391
https://doi.org/10.1016/j.ajhg.2018.01.008
https://doi.org/10.1016/j.ajhg.2018.01.008
https://doi.org/10.1152/ajpendo.00314.2018
https://doi.org/10.1152/ajpendo.00314.2018
https://doi.org/10.1016/j.freeradbiomed.2010.12.006
https://doi.org/10.1038/s41467-022-28503-5
https://doi.org/10.2337/dc20-3113
https://doi.org/10.1016/j.cmet.2014.04.016
https://doi.org/10.1091/mbc.E14-01-0014
https://doi.org/10.1091/mbc.E14-01-0014
https://doi.org/10.1007/s12035-016-0153-3
https://doi.org/10.3389/fcvm.2018.00126
https://doi.org/10.3389/fcvm.2018.00126
https://doi.org/10.3389/fnins.2021.794809
https://doi.org/10.1101/gr.1239303
https://doi.org/10.2337/db14-0874
https://doi.org/10.1038/s41420-023-01501-2
https://doi.org/10.1038/s41420-023-01501-2
https://doi.org/10.3389/fendo.2022.849534
https://doi.org/10.1001/jama.2021.18236
https://doi.org/10.3389/fmed.2022.1036322
https://doi.org/10.3389/fmed.2022.1036322
https://doi.org/10.1161/circresaha.116.310482
https://doi.org/10.1016/j.celrep.2016.08.041
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1448505

Xie et al.

Su, Y., Hu, Y, Xu, Y, Yang, M., Wu, F,, and Peng, Y. (2023). Genetic causal
relationship between age at menarche and benign oesophageal neoplasia identified by a
Mendelian randomization study. Front. Endocrinol. (Lausanne) 14, 1113765. doi:10.
3389/fendo.2023.1113765

Sun, B. B,, Maranville, J. C,, Peters, J. E., Stacey, D., Staley, J. R., Blackshaw, J., et al.
(2018). Genomic atlas of the human plasma proteome. Nature 558 (7708), 73-79.
doi:10.1038/s41586-018-0175-2

Sun, L., Yuan, Q., Xu, T,, Yao, L., Feng, J., Ma, J., et al. (2017). Pioglitazone
improves mitochondrial function in the remnant kidney and protects against renal
fibrosis in 5/6 nephrectomized rats. Front. Pharmacol. 8, 545. doi:10.3389/fphar.
2017.00545

Sutton-McDowall, M. L, Wu, L. L, Purdey, M., Abell, A. D., Goldys, E. M.,
MacMillan, K. L., et al. (2016). Nonesterified fatty acid-induced endoplasmic
reticulum stress in cattle cumulus oocyte complexes alters cell metabolism and
developmental competence. Biol. Reprod. 94 (1), 23. doi:10.1095/biolreprod.115.131862

Szklarczyk, D., Kirsch, R., Koutrouli, M., Nastou, K., Mehryary, F., Hachilif, R,, et al.
(2023). The STRING database in 2023: protein-protein association networks and
functional enrichment analyses for any sequenced genome of interest. Nucleic Acids
Res. 51 (D1), D638-d646. doi:10.1093/nar/gkac1000

Tang, S., Geng, Y., and Lin, Q. (2024). The role of mitophagy in metabolic diseases
and its exercise intervention. Front. Physiol. 15, 1339128. doi:10.3389/fphys.2024.
1339128

Tran, T. T. T., Pease, A., Wood, A. J., Zajac, J. D., Mirtensson, J., Bellomo, R, et al.
(2017). Review of evidence for adult diabetic ketoacidosis management protocols. Front.
Endocrinol. (Lausanne) 8, 106. doi:10.3389/fendo.2017.00106

Vakrou, S., Liu, Y., Zhu, L., Greenland, G. V., Simsek, B., Hebl, V. B., et al. (2021).
Differences in molecular phenotype in mouse and human hypertrophic
cardiomyopathy. Sci. Rep. 11 (1), 13163. doi:10.1038/s41598-021-89451-6

Valach, M., Benz, C., Aguilar, L. C., Gahura, O., Faktorovd, D., Zikova, A., et al.
(2023). Miniature RNAs are embedded in an exceptionally protein-rich mitoribosome
via an elaborate assembly pathway. Nucleic Acids Res. 51 (12), 6443-6460. doi:10.1093/
nar/gkad422

Vehvildinen, P., Koistinaho, J., and Gundars, G. (2014). Mechanisms of mutant
SOD1 induced mitochondrial toxicity in amyotrophic lateral sclerosis. Front. Cell
Neurosci. 8, 126. doi:10.3389/fncel.2014.00126

Venit, T., Sapkota, O., Abdrabou, W. S., Loganathan, P., Pasricha, R., Mahmood, S.R.,
et al. (2023). Positive regulation of oxidative phosphorylation by nuclear myosin
1 protects cells from metabolic reprogramming and tumorigenesis in mice. Nat.
Commun. 14 (1), 6328. doi:10.1038/s41467-023-42093-w

Verbanck, M., Chen, C. Y., Neale, B., and Do, R. (2018). Detection of widespread
horizontal pleiotropy in causal relationships inferred from Mendelian randomization
between complex traits and diseases. Nat. Genet. 50 (5), 693-698. doi:10.1038/s41588-
018-0099-7

Wachoski-Dark, E., Zhao, T., Khan, A., Shutt, T. E., and Greenway, S. C. (2022).
Mitochondrial protein homeostasis and cardiomyopathy. Int. J. Mol. Sci. 23 (6), 3353.
doi:10.3390/ijms23063353

Wang, F., Zhang, D., Zhang, D., Li, P., and Gao, Y. (2021). Mitochondrial protein
translation: emerging roles and clinical significance in disease. Front. Cell Dev. Biol. 9,
675465. doi:10.3389/fcell.2021.675465

Frontiers in Pharmacology

17

10.3389/fphar.2024.1448505

Wang, X. B, Cui, N. H,, Zhang, S., Liu, Z. ]., Ma, J. F., and Ming, L. (2019). Leukocyte
telomere length, mitochondrial DNA copy number, and coronary artery disease risk
and severity: a two-stage case-control study of 3064 Chinese subjects. Atherosclerosis
284, 165-172. doi:10.1016/j.atherosclerosis.2019.03.010

Watson, A. R., Dai, H., Zheng, Y., Nakano, R., Giannou, A. D., Menk, A. V., et al.
(2019). mTORC2 deficiency alters the metabolic profile of conventional dendritic cells.
Front. Immunol. 10, 1451. doi:10.3389/fimmu.2019.01451

Wu, H.,, Wei, H,, Zhang, D., Sehgal, S. A., Zhang, D., Wang, X,, et al. (2020). Defective
mitochondrial ISCs biogenesis switches on IRP1 to fine tune selective mitophagy. Redox
Biol. 36, 101661. doi:10.1016/j.redox.2020.101661

Wu, M, Gu, J.,, Guo, R, Huang, Y., and Yang, M. (2016). Structure of mammalian
respiratory supercomplex I()III(2)IV(1). Cell 167 (6), 1598-1609. doi:10.1016/j.cell.
2016.11.012

Xu, Y., Wahlberg, K., Love, T. M., Watson, G. E., Yeates, A. J., Mulhern, M. S., et al.
(2019). Associations of blood mercury and fatty acid concentrations with blood
mitochondrial DNA copy number in the Seychelles Child Development Nutrition
Study. Environ. Int. 124, 278-283. d0i:10.1016/j.envint.2019.01.019

Yan, X, Yang, P., Li, Y, Liu, T., Zha, Y., Wang, T,, et al. (2024). New insights from
bidirectional Mendelian randomization: causal relationships between telomere length
and mitochondrial DNA copy number in aging biomarkers. Aging (Albany NY) 16 (8),
7387-7404. doi:10.18632/aging.205765

Yang, J., He, X, Qian, L., Zhao, B., Fan, Y., Gao, F., et al. (2022a). Association between
plasma proteome and childhood neurodevelopmental disorders: a two-sample
Mendelian randomization analysis. EBioMedicine 78, 103948. doi:10.1016/j.ebiom.
2022.103948

Yang, X., Cheng, Y., Zhou, J., Zhang, L., Li, X., Wang, Z., et al. (2022b). Targeting
cancer metabolism plasticity with JX06 nanoparticles via inhibiting PDK1 combined
with metformin for endometrial cancer patients with diabetes. Adv. Sci. (Weinh) 9 (8),
€2104472. doi:10.1002/advs.202104472

Yi, X,, Yan, W., Guo, T,, Liu, N,, Wang, Z., Shang, J., et al. (2022). Erythropoietin
mitigates diabetic nephropathy by restoring PINK1/parkin-mediated mitophagy. Front.
Pharmacol. 13, 883057. doi:10.3389/fphar.2022.883057

Yousef, H., Khandoker, A. H., Feng, S. F., Helf, C,, and Jelinek, H. F. (2023).
Inflammation, oxidative stress and mitochondrial dysfunction in the progression of
type II diabetes mellitus with coexisting hypertension. Front. Endocrinol. (Lausanne) 14,
1173402. doi:10.3389/fendo0.2023.1173402

Yurista, S. R,, Chong, C. R., Badimon, J. J., Kelly, D. P., de Boer, R. A, and
Westenbrink, B. D. (2021). Therapeutic potential of ketone bodies for patients with
cardiovascular disease: JACC state-of-the-art review. J. Am. Coll. Cardiol. 77 (13),
1660-1669. doi:10.1016/j.jacc.2020.12.065

Zhang, X., Feng, J., Li, X, Wu, D., Wang, Q,, Li, S., et al. (2021a). Mitophagy in
diabetic kidney disease. Front. Cell Dev. Biol. 9, 778011. doi:10.3389/fcell.2021.778011

Zhang, Y., Khalique, A., Du, X,, Gao, Z., Wu, ], Zhang, X,, et al. (2021b). Biomimetic
design of mitochondria-targeted hybrid nanozymes as superoxide scavengers. Adv.
Mater 33 (9), €2006570. doi:10.1002/adma.202006570

Zhang, Y., Liu, Y., Hou, M., Xia, X,, Liu, J., Xu, Y., et al. (2023). Reprogramming of
mitochondrial respiratory chain complex by targeting SIRT3-COX4I2 Axis attenuates

osteoarthritis progression. Adv. Sci. (Weinh) 10 (10), €2206144. doi:10.1002/
advs.202206144

frontiersin.org


https://doi.org/10.3389/fendo.2023.1113765
https://doi.org/10.3389/fendo.2023.1113765
https://doi.org/10.1038/s41586-018-0175-2
https://doi.org/10.3389/fphar.2017.00545
https://doi.org/10.3389/fphar.2017.00545
https://doi.org/10.1095/biolreprod.115.131862
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.3389/fphys.2024.1339128
https://doi.org/10.3389/fphys.2024.1339128
https://doi.org/10.3389/fendo.2017.00106
https://doi.org/10.1038/s41598-021-89451-6
https://doi.org/10.1093/nar/gkad422
https://doi.org/10.1093/nar/gkad422
https://doi.org/10.3389/fncel.2014.00126
https://doi.org/10.1038/s41467-023-42093-w
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.3390/ijms23063353
https://doi.org/10.3389/fcell.2021.675465
https://doi.org/10.1016/j.atherosclerosis.2019.03.010
https://doi.org/10.3389/fimmu.2019.01451
https://doi.org/10.1016/j.redox.2020.101661
https://doi.org/10.1016/j.cell.2016.11.012
https://doi.org/10.1016/j.cell.2016.11.012
https://doi.org/10.1016/j.envint.2019.01.019
https://doi.org/10.18632/aging.205765
https://doi.org/10.1016/j.ebiom.2022.103948
https://doi.org/10.1016/j.ebiom.2022.103948
https://doi.org/10.1002/advs.202104472
https://doi.org/10.3389/fphar.2022.883057
https://doi.org/10.3389/fendo.2023.1173402
https://doi.org/10.1016/j.jacc.2020.12.065
https://doi.org/10.3389/fcell.2021.778011
https://doi.org/10.1002/adma.202006570
https://doi.org/10.1002/advs.202206144
https://doi.org/10.1002/advs.202206144
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1448505

	Mitochondrial proteins as therapeutic targets in diabetic ketoacidosis: evidence from Mendelian randomization analysis
	1 Introduction
	2 Materials and methods
	2.1 Study design and data source
	2.2 Selection and quality control of IVs
	2.3 MR analysis and sensitivity analyses
	2.4 Mitochondrial related mRNA expression validation, PPI network construction and enrichment analysis

	3 Results
	3.1 Bidirectional causal relationship between mtDNA-CN and DKA
	3.2 Sensitivity analysis of the first stage MR analysis
	3.3 Causal effects of mitochondrial proteins on DKA
	3.4 Sensitivity analysis of the second stage MR analysis
	3.5 Mitochondrial gene expression varies notably across different diabetes types

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


