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Abstract

Background/Objectives: Mitochondrial dysfunction, often reflected by a decline in mito-
chondrial DNA copy number (mtDNA-CN) in peripheral blood cells (PMBCs), is a key
hallmark of biological aging and is linked to numerous adverse health outcomes, includ-
ing frailty and cardiovascular disease. Furthermore, emerging evidence suggests that vit-

amin D may influence mitochondrial dysfunction. This cross-sectional study aims to in-
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vestigate the associations of mtDNA-CN with muscular strength, self-rated health, and
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serum 25-hydroxyvitamin Ds (25(OH)Ds) levels in a community-dwelling elderly popu-
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lation. Methods: A total of 149 elderly outpatients (=65 years) from Soria, Spain, were
included in this cross-sectional study. Muscular strength was assessed using the hand
grip strength (HGS) test, and self-rated health-related quality of life (QoL) was measured

using the EuroQoL five-dimension questionnaire (EQ-5D). Genomic DNA was extracted
Copyright: © 2026 by the authors.

from peripheral blood, and mtDNA-CN was quantified using quantitative real-time PCR
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(qPCR). Serum 25(0OH)Ds, intact parathyroid hormone (iPTH), phosphorus, calcium, al-
bumin and other mineral metabolism markers were measured. Statistical analyses, in-
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conditions of the Creative Commons  cluding Spearman correlations and multivariate logistic regression, were performed to
Attribution (CC BY) license. assess associations, with stratification by sex. Results: In the total population, a
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marginally significant positive correlation was observed between mtDNA copy number
(mtDNA-CN) and serum 25(OH)Ds levels (r = 0.210; p = 0.010), which did not remain sig-
nificant after Bonferroni correction. Among women, lower mtDNA-CN was significantly
linked to muscle weakness (p = 0.005), mobility problems (p = 0.009), and a trend toward
self-care difficulties (p = 0.016). Multivariate analysis confirmed an independent associa-
tion with increased mobility impairment risk (adjusted OR = 0.983; 95% CI: 0.97-1.00; p =
0.009). No significant associations were observed between mtDNA-CN and dynapenia or
QoL components in the male group. Conclusions: This study identified a marginally sig-
nificant positive correlation between serum 25(OH)Ds levels and mtDNA-CN in the total
population (r=0.210; p = 0.010), which did not persist after Bonferroni correction, suggest-
ing an exploratory link between vitamin D status and mitochondrial homeostasis in older
adults. In addition, these results highlight sex-specific differences in mtDNA-CN as a po-
tential biomarker of functional decline, particularly of mobility, in women. These findings
support the idea that mtDNA-CN could serve as an integrated biomarker and that sex-
specific nutrition could be used to promote healthy aging.

Keywords: mtDNA-CN; older adults; mineral metabolism; sex disparities; quality of life;
mobility; self-care; dynapenia; hand grip strength; multimorbidity; 25(OH)Ds

1. Introduction

Mitochondria are cytoplasmic organelles that convert dietary calories into molecular
energy through a process called oxidative phosphorylation (OXPHOS) and play multiple
roles in many cellular processes, including differentiation, proliferation, reprogramming
homeostasis and aging [1-3]. Mitochondrial dysfunction has been associated with a com-
plex clinical status, including disease susceptibility and severity [2]. Mitochondria contain
their own genome, known as mitochondrial DNA (mtDNA), which encodes 37 genes [1].
Multiple copies of mtDNA are present in each mitochondrion and cells can contain up to
7000 mitochondria per cell [4].

Mitochondrial DNA copy number (mtDNA-CN) is a measure of the concentration of
mtDNA load per cell. Although it is not a direct indicator of mitochondrial function, it is
related to mitochondrial enzyme activity and production of adenosine triphosphate and
metabolic status. mtDNA-CN is regulated in a tissue-specific manner, and unlike the nu-
clear genome, mtDNA is present in multiple copies per cell, the number of which is highly
cell-type dependent [4-6].

The mtDNA-CN can be analyzed from total DNA isolated from blood and it is there-
fore a relatively easily attainable biomarker of mitochondrial biogenesis and function.
Cells with reduced mtDNA-CN show reduced expression of fundamental complex pro-
teins, altered cellular morphology, and lower OXPHOS [7].

It is widely accepted that mitochondria play a central role in biological aging [8].
These organelles have the capacity for self-replication and self-renewal, but they are vul-
nerable to structural damage and dysfunction with age through a variety of mechanisms.
Peripheral blood mononuclear cells (PBMCs) are rich in mitochondria. Recently, tests of
mitochondrial function in PBMCs have been proposed as a means of obtaining valid in-
formation about “general” mitochondrial health [9-11].

Previous research has demonstrated a correlation between lifestyle and behavioral
factors and general health status and indicators in older adults [1,2]. Emerging evidence
indicates a correlation between mitochondrial dysfunction and certain age-related dis-
eases [5]. A decline in mtDNA-CN in PBMCs has been linked to several adverse health
outcomes in older adults, including cardiovascular disease (CVD) [4], neurocognitive
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impairment [12] and chronic kidney disease [13]. Additionally, it has been suggested that
the link between inflammation and health conditions may be modulated by mitochondrial
dysfunction [14]. Lower mtDNA-CN has also been found to be associated with frailty,
sarcopenia and all-cause mortality [15].

A small number of studies have examined the correlation between mtDNA content
and quality of life (e.g., self-rated overall health) [16,17]. In addition, some disagreement
appears to exist regarding the relationship between mtDNA-CN and basic demographics
(sex or age) and between mtDNA-CN and self-rated health [16,17].

Emerging evidence underscores the pivotal role of vitamin D beyond its classical
function in calcium homeostasis, revealing its profound influence on cellular bioenerget-
ics and a wide number of physiological and pathological processes [18,19]. Specifically in
the elderly, low levels of vitamin D have been associated with adverse skeletal effects,
such as bone loss and an increased risk of fractures, with decreased skeletal muscle
strength and worse quality of life (QoL) [20,21]. Another critical aspect of this expanded
role of the mtDNA is the direct link between vitamin D status and mitochondrial health.
Mitochondria are central to cellular function, and their integrity is largely dependent on
the maintenance of mtDNA-CN. The vitamin D receptor (VDR) is now recognized as a
key regulator of mitochondrial metabolism, with recent studies demonstrating its ability
to translocate to mitochondria and directly interact with mtDNA [22]. This interaction is
posited to regulate the transcription of mtDNA-encoded genes, thereby influencing
OXPHOS and overall cellular energy production [22]. Accordingly, a compromised
mtDNA-CN is a hallmark of numerous age-related and chronic diseases, including neu-
rodegenerative disorders, cardiovascular disease, and metabolic syndrome [4,12,23].
Thus, understanding the precise mechanisms by which vitamin D modulates mitochon-
drial dynamics is of significant clinical and scientific importance.

The current study aimed to determine whether the mtDNA-CN is associated with
dynapenia or self-rated health, as measured by a valid and well-established questionnaire
(EuroQoL five-dimension questionnaire; EQ-5D), independent of basic demographic
characteristics in the elderly population. As mitochondrial dysfunction has been observed
in numerous chronic diseases and is associated with other non-specific symptoms which
are prevalent in almost all chronic diseases, we hypothesized that mtDNA-CN, a bi-
omarker for mitochondrial dysfunction, would be associated with health status and mus-
cle strength. In addition, investigating the relationship between serum vitamin D levels
and mtDNA-CN offers a novel pathway for understanding the systemic effects of vitamin
D deficiency and provides a foundation for potential therapeutic interventions aiming to
improve mitochondrial health.

2. Materials and Methods
2.1. Study Population

A cross-sectional study was conducted in this research in accordance with the Decla-
ration of Helsinki and approved by the Health Area of Burgos and Soria Clinical Research
Ethics Committee (CEIC 1446 on 28 April 2015). All subjects were randomly recruited
from several primary care centers in Soria, Castilla y Ledn National Health System
(SACyL) between September 2018 and January 2019. Inclusion criteria of this trial were:
(1) older individuals (age 265 years); (2) people who can independently detect walking
speed, grip strength and muscle mass. Exclusion criteria of this trial were: (1) people who
refuse to participate in the study; (2) people with impairments to complete the question-
naires; (3) malignant tumors; (4) dementia; (5) active liver disease.

For the estimating sample size, we considered a type one error (at) of 0.05 and type
two error () of 0.20 (power = 80%), with an expected difference (d) of 5. We calculated a
minimum sample size of 123 participants, based on previous data of vitamin D deficiency
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prevalence (plasma 25-hydroxyvitamin D3 (25(OH)Ds) <20 ng/mL) in older adults. A total
of 158 elderly outpatients were finally enrolled in our examination program and finished
a comprehensive geriatric assessment, after signing a written informed consent form.

2.2. Demographic and Clinical Characteristics

The sociodemographic characteristics (age, sex, institutionalization), lifestyle factors
(cigarette smoking and physical activity), anthropometrics, nutrition status, medication
use, falls, hospital admissions during the last year and clinical group risk (CGR) category
data were collected at baseline. The CGR category is defined as a claims-based classifica-
tion system for risk adjustment that assigns each individual to a single mutually exclusive
risk group based on historical clinical (morbidity and chronicity) and demographic char-
acteristics [24].

2.3. Questionnaires

To evaluate QoL parameters the EQ-5D questionnaire was used. This questionnaire,
which has been validated in the Spanish population, is a standardized measure of health-
related QoL [25]. This descriptive system evaluates the patient’s state of health in five di-
mensions: mobility, self-care, usual activities, pain/discomfort, and anxiety/depression.
Each dimension has three levels: no problems, some problems and severe problems,
where the patient has to report the most appropriate item in each dimension. The results
are combined into a unique health state and then a final EQ-5D index is calculated. More-
over, the EQ-5D visual analogue scale (EQ-VAS), that can be used in a wide range of
health conditions and treatments, was used as a quantitative measure of health outcome
that reflected the subjects” own judgement. It records an individual’s self-rated health on
a vertical visual analogue scale, with endpoints labeled “the best health you can imagine”
and “the worst health you can imagine” [26].

For the analysis of physical activity participants completed the Physical Activity
Scale for the Elderly (PASE), which is a validated 12-item questionnaire that is designed
to measure the level of physical activity undertaken by individuals over the age of 65.
PASE assesses the types of activities typically chosen by older adults, like walking, recre-
ational activities, exercise, housework, yard work, and caring for others [27,28].

To assess nutritional status, the Mini Nutritional Assessment (MNA) can classify
older adults as well nourished, at risk for malnutrition, or malnourished. The MNA con-
sists of 18 self-reported questions derived from the following four parameters of assess-
ment: anthropometric assessment, general assessment, dietary assessment, and self-as-
sessment [29,30]. We performed the full MNA for all subjects.

2.4. Assessment of Muscular Strength

Muscular strength was assessed using the hand grip strength (HGS) test, which was
measured by a dynamometer (KYTO Digital Hand Dynamometer, Model EH101,
Dongguan, China). After adjustment for hand size, three measures were performed with
the dominant hand and were averaged for the analysis. Analyses of grip strength were
undertaken by age and gender. The European Working Group on Sarcopenia in Older
Persons defined weakness based on a grip strength less than 27 kg in men and less than
16 kg in women [31].

2.5. Sample Collection

Venous blood samples were drawn from each patient after fasting for 8 h or over-
night. Whole blood was collected into vacutainers and either aliquoted for storage at
—20 °C or processed into separate cellular and cell-free fractions within 2 h.
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2.6. Mineral Metabolism Marker Measurement and Glomerular Filtration Rate

Bone mineral metabolism biomarker (serum total Ca?, phosphorus, intact parathy-
roid hormone (iPTH), albumin (Alb), creatinine, and 25-hydroxyvitamin Ds (25(OH)Ds))
levels were analyzed. Serum total Ca%, Alb, and creatinine levels were analyzed by mo-
lecular absorption spectrometry on a Cobas 8000 c702 analyzer by Roche (Basel, Switzer-
land). The iPTH, phosphorus, and 25(OH)Ds levels were determined using electrochemi-
luminescent immunoassay (ECLIA) using Cobas e411 and Cobas 8000 e602 analyzers by
Roche (Basel, Switzerland), respectively.

Glomerular filtration rate (GFR) was calculated using the SEMERGEN Cantabria
online calculator, according to the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) formula, based on the patient’s serum creatinine, age, sex, and ethnic group
[32]. A reduced GFR below 60 mL/min was the cutoff point used to define kidney impair-
ment in the study population.

2.7. Mitochondrial DNA Copy Number Measurement

Genomic DNA was extracted from peripheral blood samples using the QIAamp
DNA Blood Mini Kit (Qiagen, Germantown, MD, USA) following the manufacturer’s pro-
tocol. mtDNA-CN was quantified in all samples using quantitative real-time PCR (qPCR).
The specific methodology for determining mtDNA-CN, which has demonstrated high in-
ter-assay reliability, was previously detailed by Venegas and Halberg [33].

2.8. Statistical Analysis

Data are expressed as mean * standard deviation (SD) or median (Q1, Q3) for contin-
uous variables. The distribution of the data was tested using the Kolmogorov-Smirnov
test. Normally distributed data were analyzed using an independent ¢-test. Non-normally
distributed data were analyzed using the Mann-Whitney test. Spearman’s tests were ap-
plied to determine the associations between continuous variables. Categorical data be-
tween two groups were compared using the chi-square test (x2 test) with Fisher’s exact
test. Logistic regression (LR) was used to describe and explain the relationship between de-
pendent binary variables and independent variables. Reference groups for odds ratio (OR)
calculations were low-strength group for dynapenia, no problem group for self-reported
QoL parameters, and people with decreased GFR. Values of p <0.05 were considered statis-
tically significant. In the case of LR, to account for multiple testing across the seven variables,
a Bonferroni correction was applied so that p values < 0.007 were considered statistically
significant. Analysis was performed using IBM SPSS Statistics, version 28.0.

3. Results
3.1. Participant Characteristics

From September 2018 to January 2019, a total of 149 elderly adults were included (age
265 years). A group of nine participants were excluded from the present study for missing
data on mineral metabolism markers. Compared with the excluded individuals, partici-
pants included in the present cross-sectional study were not systematically different. Ta-
ble 1 provides descriptive statistics of the baseline characteristics divided by sex. The male
participants presented significantly higher levels of hand grip strength, as well as a re-
duced incidence of falls and difficulties in daily activities (all p < 0.05). They also had
higher levels of creatinine and lower levels of phosphorus (all p <0.001).
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Table 1. Basic characteristics, mineral metabolism biomarkers and mitochondrial DNA copy num-

ber, stratified by sex.

Total (N =149) Females (N = 84) Males (N = 65) p
Age (Mean + SD) 76.28 +7.09 75.68 +7.06 77.05+7.11 0.240
BMI (Mean * SD) 27.67 +4.09 27.62 +4.22 27.74 + 3.94 0.854
Living situation N (%)
Alone 46 (30.9) 24 (28.6) 22 (33.9) 0,489
Together 103 (69.1) 60 (71.4) 43 (66.1)
CGR N (%)
GO 56 (37.6) 31 (36.9) 25 (38.5)
Gl 50 (33.5) 33 (39.3) 17 (26.1) 0307
G2 28 (18.8) 13 (15.5) 15 (23.1)
G3 15 (10.1) 7 (8.3) 8(12.3)
Falls N (%)
No 130 (87.3) 67 (78.8) 63 (96.9) 0,002
Yes 19 (12.7) 17 (21.2) 2(3.1)
Emergency visits N (%)
No 134 (89.9) 76 (90.5) 58 (89.2) 0,802
Yes 15 (10.1) 8 (9.5) 7 (10.8)
Smoker N (%)
No 144 (96.6) 83 (98.8) 61 (93.9) 0,005
Yes 5 (3.4) 1(1.2) 4(6.1)
Diabetes mellitus N (%)
No 133 (89.3) 77 (91.7) 56 (86.1) 0981
Yes 16 (10.7) 7 (8.3) 9(13.9)
PASE (Mean + SD) 278.69 +169.04 284.89 + 168.75 270.68 +170.39 0.544
Grip test right (Mean * SD) 38.02 +21.03 32.05+16.51 45.74 +23.70 <0.001
Grip test left (Mean + SD) 35.24 +21.96 30.56 + 20.65 41.29 +22.28 0.002
Dynapenia N (%)
Low 31 (20.8) 15 (17.9) 16 (24.6) 0514
Not low 118 (79.2) 69 (82.1) 49 (75.4)
EQ-5D (Mean = SD) 0.90 +1.08 0.96+1.43 0.83£0.16 0.240
Mobility N (%)
No problem 112 (75.2) 62 (73.8) 50 (76.9) 0663
Problem 37 (24.8) 22 (26.2) 15 (23.1)
Self-care N (%)
No problem 142 (95.3) 79 (94.1) 63 (96.9) 0411
Problem 7 (4.7) 5(5.9) 2 (3.1)
Daily activities N (%)
No problem 136 (91.3) 73 (86.9) 63 (96.9) 0.032
Problem 13 (8.7) 11 (13.1) 2(3.1)
Pain N (%)
No problem 78 (52.3) 43 (51.2) 35 (53.8) 0748
Problem 71 (47.7) 41 (48.8) 30 (46.2)
Anxiety/depression N (%)
No problem 101 (67.8) 52 (61.9) 49 (75.4) 0.081
Problem 48 (32.2) 32 (38.1) 16 (24.6)
EQ-VAS (1-100) (Mean * SD) 72.95 +16.44 71.73 +18.38 74.54 +13.51 0.452
VAS (1-10) (Mean + SD) 2.69 +2.53 2.76 +2.51 2.59 +2.58 0.606
MNA (Mean * SD) 13.76 + 1.88 13.87 +1.85 13.61 +1.93 0.419
mtDNA (Mean + SD) 138.82 + 62.45 145.18 + 65.30 130.61 + 58.01 0.184
Creatinine (ng/mL) (Mean * SD) 0.95+0.26 0.84+0.19 1.09+0.27 <0.001
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Calcium (ng/mL) (Mean * SD) 9.46 +0.36 9.51+0.40 9.39+0.28 0.084
Phosphorus (ng/mL) (Mean * SD) 324+0.47 336+0.44 3.09+046 <0.001
Albumin (ng/mL) (Mean * SD) 4.41+0.25 438+0.26 4.45+0.24 0.162
PTH (ng/mL) (Mean * SD) 65.98 + 29.44 68.97 + 32.54 62.06 + 24.49 0.405
25(0OH)D: (total) (ng/mL) (Mean * SD) 18.67 +9.29 18.47 +9.04 18.93 +9.68 0.723
GFR (mL/min/1.73 m?) (Mean * SD) 69.55 +16.26 70.81 +17.03 67.92 +15.19 0.379
Decreased 41 (27.5) 22 (26.2) 19 (29.2) 0,608
Normal 108 (72.5) 62 (73.8) 46 (70.8)

SD: Standard Deviation; BMI: body mass index; CGR: clinical group risk; PASE: Physical Activity
Scale for the Elderly; EQ-5D: EuroQoL Five-Dimension Questionnaire; EQ-VAS: EQ-5D Visual An-
alogue Scale; VAS: Visual Analogue Scale; MNA: Mini Nutritional Assessment; mtDNA-CN: mito-
chondrial DNA copy number; iPTH: intact parathyroid hormone; 25(OH)Ds: 25-hydroxyvitamin Ds;
GEFR: Glomerular Filtration Rate. Dynapenia was considered low under 16 kg for women and under

27 kg for men. Statistically and marginally significant values are in bold.

3.2. Correlations Between Mitochondrial DNA Copy Number and Serum Levels of Mineral
Metabolism Markers

In order to explore the importance of mtDNA-CN in mineral metabolism, the Spear-
man correlations between the variables were examined (Table 2). A marginally significant
positive correlation between 25(OH)Ds and mtDNA-CN was found in the total population
and also in the group of men (r = 0.210, p = 0.010 and r = 0.251, p = 0.044, respectively).
Individuals with higher mtDNA-CN had higher 25(OH)Ds serum levels. There may be a
sex bias. Consequently, a negative correlation between iPTH and mtDNA-CN was ob-
served in males (r =-0.258, p = 0.039). On the other hand, albumin levels and mtDNA-CN
were correlated in females (r = -0.243, p = 0.026).

Table 2. Spearman Rank order correlation between mitochondrial DNA Copy Number and mineral

metabolism markers.

mtDNA-CN r (p)
Females (N = 84)

Total (N =149) Males (N = 65)

Age -0.051 (0.533) 0.009 (0.936) -0.069 (0.583)
Creatinine (ng/mL) -0.128 (0.121) -0.045 (0.687) -0.157 (0.213)
Calcium (ng/mL) 0.022 (0.788) -0.060 (0.589) 0.072 (0.569)
Phosphorus (ng/mL) -0.018 (0.829) -0.057 (0.607) -0.081 (0.520)
Albumin (ng/mL) -0.120 (0.146) -0.243 (0.026) 0.051 (0.686)
iPTH (ng/mL) -0.117 (0.156) -0.004 (0.969) -0.258 (0.039)
25(0H)D: (total) (ng/mL) 0.210 (0.010) 0.185 (0.092) 0.251 (0.044)
GFR (mL/min/1.73 m?) 0.122 (0.138) 0.060 (0.586) 0.163 (0.195)

r: Spearman coefficient: mtDNA-CN: mitochondrial DNA copy number; iPTH: intact parathyroid
hormone; 25(OH)Ds: 25-hydroxyvitamin Ds; GFR: Glomerular Filtration Rate. Statistically and mar-
ginally significant values are in bold.

3.3. Association Between Mitochondrial DNA Copy Number and Dynapenia, Quality of Life and
Glomerular Filtration

A subgroup of analyses were performed according to sex. Among the female group,
lower mtDNA-CN was associated with muscle weakness (p = 0.005) (Table 3a). In addi-
tion, it was observed that women with any problem with mobility or self-care presented
lower levels of mtDNA-CN (p = 0.009 and p = 0.016, respectively). From the univariate
regression analysis mtDNA-CN was associated negatively with the risk of having any
problem with mobility (OR, 0.987; 95% CI, 0.98-1.00; p = 0.022; Table 4). This association
remained, showing a trend toward association after adjustment for potential confounders
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(adjusted OR, 0.983; 95% CI, 0.97-1.00; p = 0.009; Table 4). We also observed a tendency
between self-care and mtDNA-CN (p =0.068), which remained marginal after multivariate
analysis (p = 0.067).

In males, no statistically significant association between mtDNA-CN and dynapenia
or QoL was found (Tables 3b and 4). On the other hand, there was a marginally significant
association between mtDNA-CN and problems with GFR (p = 0.031; Table 3b).

However, in this group, we confirmed that older age was significantly associated
with the incidence of dynapenia or any mobility-related problems (see Table 4).
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Table 3. (a) Univariate analysis of baseline characteristics in women regarding dynapenia, quality of life dimensions and renal function. (b) Univariate analysis of

baseline characteristics in men regarding dynapenia, quality of life dimensions and renal function.

Dynapenia Mobility Self-Care Daily Activities Pain/Discomfort Anxiety/Depression GFR
No Prob- No Prob- No Prob- No Prob- No Prob-
Low Not Low Problem Problem Problem Problem Problem 1 2
p lem p lem p lem p lem p lem P p

Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean +* SD Mean + SD Mean = SD Mean + SD Mean * SD Mean + SD Mean = SD Mean + SD

(@)

0.42 0.70 0.32 0.97 0.41 0.20 0.00
Age 76.80 £ 6.3975.43 +7.22 3 75.40 £ 6.6276.45 + 8.30 6 75.89+7.1672.40 + 4.34 ; 75.66 + 6.9775.82 + 7.97 9 7514 £7.2176.24 + 6.94 5 75.00 +7.0776.78 £ 7.01 5 79.55+8.1574.31 + 6.13 s
0.19 0.97 0.45 0.87 0.77 0.66 0.57
BMI 26.39 +4.3627.88 +4.17 ; 27.59 +£4.0927.70 + 4.67 p 27.63 +3.9227.46 + 8.36 0 27.54 +4.0028.13 + 5.69 4 27.74 +4.0027.49 + 4.48 5 27.42 +3.8827.94 +4.77 ) 28.02 +4.3927.47 + 4.18 p
PASE 31648 + 278.02+ 0.26 32386+ 175.06+ <0.0 289.62+ 21020+ 0.18 293.58+ 22724+ 020 333.81+ 233.58+ 0.00 330.80+ 21029+ <0.0 250.81+ 29698+ 0.32
161.13 170.71 7 170.59 104.38 01 168.27 176.93 5 170.98 147.19 1 173.91 148.52 6 175.12 128.48 01 159.28 171.59 9
. . 3578+ <0.0 3215+ 3175+ 092 3153+ 4020+ 021 3215+ 3136+ 097 32.65+ 3141+ 091 3135+ 3319+ 032 3036+ 3265+ 0.73
Grip test right 14.87 +£5.19
15.75 01 16.89 15.78 7 16.39 18.17 9 16.61 16.63 4 17.81 15.23 1 17.55 14.87 1 15.50 16.94 3
Grip test left 23.13 % 3217+ <0.0 3132+ 2841+ 072 3011+ 3760+ 027 3047+ 31.18+ 0.66 29.80+ 3135+ 095 29.09+ 3295+ 0.64 3239+ 2991+ 0.66
rip test le
P 36.76 15.08 01 22.46 14.60 9 20.77 19.27 4 21.29 16.58 6 16.82 24.21 7 16.41 26.25 1 30.59 16.02 5
0.89 <0.0 <0.0 0.00 <0.0 <0.0 0.14
EQ-5D 1.66 +£3.36 0.80+0.17 1 1.06 £1.65 0.66 +0.13 o1 0.98+1.47 0.51+0.16 o1 0.83+0.15 1.81+3.98 ) 1.22+1.97 0.68+0.12 o1 1.12+1.80 0.69+0.12 o1 1.33+2.79 0.82+0.17

EQ-VAS (1-100)

69.67 + 7217+ 057 75.89+ 60.00+ <0.0 7316+ 49.00+ 0.07 7377+ 58.18+ 0.02 79.88+ 63.17+ <0.0 75.67+ 65.31+ 0.00 7159+ 7177+ 0.53

20.57 18.00 0 15.54 20.93 01 16.43 32.48 5 16.79 23.27 2 13.25 19.23 01 17.12 18.79 7 21.68 17.25 3
0.47 0.03 0.89 0.55 <0.0 0.02 0.83
VAS (1-10) 343+3.25 2.62+2.32 ) 2.40+2.37 3.77 £2.65 ) 277 +2.51 2.60+2.70 : 2.84+£2.56 2.27+2.20 0 1.08+1.36 4.52+2.21 01 2.33+2.50 3.47+2.40 1 2.73+2.69 2.77 £2.46
0.14 0.47 0.82 0.16 0.06 0.08 0.03
MNA 13.20 +2.0814.01 +1.79 . 13.94 +1.8813.68 +1.81 8 13.89 +1.8413.60 +2.30 6 13.97+1.8313.18 + 1.94 9 14.30+1.4713.41 +2.11 3 1413 +1.7913.44 +1.90 6 13.05+2.2114.16 + 1.63 p
{DNA-CN 121.75+ 15027+ 0.00 155.01+ 117.48+ 0.00 148.31=+ 9579+ 0.01 14850+ 123.13+ 0.14 14886+ 14133+ 030 14545+ 14474+ 0.73 14470+ 14535+ 0.72
m -
97.87 55.55 5 68.68 45.46 9 66.07 11.82 6 67.55 43.96 7 55.76 74.53 6 71.80 54.20 3 53.46 69.42 2
L. 0.53 0.69 0.58 0.33 0.23 0.46 <0.0
Creatinine (ng/mL) 0.87+0.21 0.83+0.18 5 0.83+£0.19 0.84+0.18 9 0.84+0.19 0.85+0.14 1 0.83+0.19 0.89 +0.20 0 0.82+0.19 0.86+0.19 0 0.82+0.18 0.86+0.20 9 1.05+0.20 0.76 +0.11 01
0.77 0.05 0.20 0.23 0.33 0.23 0.96
Calcium (ng/mL)  9.55+0.51 9.51+0.38 4 9.47 +0.43 9.63+0.32 . 9.50+0.41 9.70+0.23 5 9.50+0.42 9.62+0.24 p 9.47 £0.39 9.56 +0.42 p 9.48 +0.43 9.57 +0.36 5 9.51+0.33 9.51+0.43
Phosphorus 0.64 0.09 0.22 0.12 0.66 0.35 0.62
(ng/mL) 329+047 3.37+0.44 3 3.30+0.43 3.50 +0.44 0 3.35+0.45 3.54+0.11 . 333+046 3.54+0.23 0 3.34+040 3.38+0.48 6 3.33+£0.46 3.39+0.42 1 3.43+0.37 3.33+0.46
ng/m
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Albumin (ng/mL)

0.93 0.51 0.19 0.25 0.92 0.72 0.38
439+0.28 4.38+0.25 0 437+0.25 4.41+0.28 . 437+0.26 4.54+0.21 ) 4.37+0.26 4.47+0.19 5 438+0.27 4.39+0.25 " 439+0.24 437+0.28 s 435+0.24 4.39+0.26

iPTH (ng/mL)

74.60 + 6774+ 030 71.38+ 6217+ 036 69.78 = 56.08+ 0.27 70.65=+ 57.80+ 0.18 69.57+ 6833+ 0.67 72.06=+ 6394+ 0.17 7496+ 66.84+ 0.15

30.76 33.00 1 34.28 26.55 5 32.90 25.35 4 33.35 2491 3 31.10 34.36 7 32.63 32.26 0 31.42 3291 4
25(0OH)D:s (total) 0.39 19.35+ 0.86 1824+ 0.86 0.49 0.05 0.88 0.16
16.72 + 8.3018.85 +9.20 18.16 +8.71 18.48 +9.02 18.65+9.0817.26 +9.10 16.47 + 8.0620.57 + 9.61 18.63 +9.6818.20 + 8.03 17.00 +9.8918.99 + 8.74
(ng/mL) 1 10.06 3 10.38 9 9 1 3 3
GF (mL/min/1.73 67.04 + 7163+ 045 7142+ 69.11+ 0.64 70.89+ 6956+ 0.76 7149+ 6628+ 036 7344+ 68.05+ 0.13 7248+ 68.10+ 0.27 52.89+ 7717+  <0.0
m?) 16.55 17.13 1 17.45 16.02 7 17.35 12.06 9 17.03 17.10 4 18.32 15.29 9 17.77 15.64 3 15.21 12.56 01
Dynapenia Mobility Self-Care Daily Activities Pain/Discomfort Anxiety/Depression GFR
No Prob- No Prob- No Prob- No Prob- No Prob-
Low Not Low Problem Problem Problem Problem Problem 1 2
p lem p lem p lem p lem p lem P p
Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean +* SD Mean + SD Mean = SD Mean + SD Mean + SD Mean + SD Mean = SD Mean + SD
(b)
0.02 0.01 0.07 0.07 0.89 0.29 0.00
Age 80.56 +7.0275.90 + 6.82 5 75.92 +7.2280.80 + 5.36 1 76.79 +7.07 85.00 + 1.41 g 76.79 +7.0785.00 + 1.41 g 77.11 + 6.4876.97 +7.89 5 76.39 + 6.4879.06 + 8.68 3 80.74 +5.7475.52 + 7.11
0.58 0.84 0.26 0.26 0.18 0.07 0.17
BMI 28.22 +4.0527.59 + 3.94 9 27.65 + 3.8128.04 + 4.48 0 27.62 + 3.8731.62 + 6.05 ) 27.62 + 3.8731.62 + 6.05 ) 27.12 + 3.8828.46 + 3.96 . 28.31 +3.9526.00 + 3.49 0 28.91+4.1527.26 + 3.79
PASE 26438+ 27273+ 0.70 29424+ 19214+ 0.04 27316+ 19250+ 048 273.16+ 19250+ 0.48 320.61+ 21243+ 0.01 29681+ 190.65+ 0.02 26796+ 271.80x 0.06
132.67 182.18 9 179.77 104.97 5 171.23 166.17 7 171.23 166.17 7 182.95 135.31 1 179.45 108.43 1 190.76 163.49 86
. . 5421+ <0.0 46.56=* 43.00+ 048 4560+ 0.55 45.60 = 0.55 46.83 + 4447+ 091 4376+ 51.81+ 0.22 49.63+ 4413+ 0.19
Grip test right 19.78 +3.73 50.00 +0.00 50.00 + 0.00
21.13 01 23.00 26.56 3 24.06 4 24.06 4 25.61 21.62 1 22.80 26.09 5 20.25 25.01 4
. 4858+ <0.0 4239+ 37.63+ 031 41.02+ 50.00+ 042 41.02+ 50.00+ 042 41.19=+ 4142+ 098 39.40+ 47.09+ 020 4526+ 39.65+ 0.15
Grip test left 18.97 +5.17
20.81 01 21.90 23.91 5 22.51 14.14 4 22.51 14.14 4 2217 22.79 4 21.53 24.23 9 19.50 23.34 9
0.23 <0.0 0.00 0.00 <0.0 <0.0 0.27
EQ-5D 0.81+0.12 0.84+0.18 5 0.89+0.11 0.64+0.16 o1 0.84 +0.14 0.43+0.29 A 0.84+0.14 0.43+0.29 4 0.93+0.11 0.71+0.14 o1 0.88+0.14 0.69+0.16 o1 0.78+0.21 0.85+0.14
70.31 + 7592+ 0.13 76.50 £ 68.00+ 0.04 7548+ 0.00 7548+ 0.00 76.00 + 7283+ 037 7582+ 7063+ 0.19 7316+ 7511+ 0.70
EQ-VAS (1-100) 45.00 £ 7.07 45.00 + 7.07
13.22 13.45 7 12.79 14.24 8 12.60 6 12.60 6 13.44 13.63 4 13.00 14.71 3 15.74 12.63 7
0.03 0.00 0.09 0.09 <0.0 0.88 0.84
VAS (1-10) 3.81+£2.76 2.19+241 5 2.07 £2.22 4.33+2.99 9 249 +255 5.75+1.77 p 249 +255 5.75+1.77 P 1.03+1.38 4.42+246 o1 2.60£2.55 2.56+2.76 3 2,66 +3.11 2.57 £2.36
0.94 0.04 0.89 0.89 0.97 0.07 0.40
MNA 13.63 +2.0013.60 + 1.92 s 13.33+2.0214.53 +1.19 5 13.60 +1.9514.00 + 1.41 s 13.60 +1.9514.00 + 1.41 s 13.61 +1.9713.60 + 1.90 3 13.36 +2.0214.38 + 1.41 6 14.00 + 1.5313.45 + 2.06 3
{DNA-CN 12784+ 13151+ 0.83 134.67+ 117.06+ 046 12927+ 17280+ 021 12927+ 17280+ 0.21 136.82+ 12336+ 0.71 13696+ 111.14+ 0.07 111.65+ 13844+ 0.03
m -

39.49 63.22 1 61.25 44.72 4 58.09 49.82 6 58.09 49.82 6 63.35 51.19 3 56.99 58.58 2 56.83 57.28 1

0.07 0.36 0.02 0.02 0.26 0.58 <0.0
Creatinine (ng/mL) 1.00+0.17 1.12+0.29 ) 1.08+0.28 1.13+0.23 P 1.08+0.26 1.50+0.18 9 1.08 +0.26 1.50+0.18 9 1.06 +0.27 1.13+0.27 9 1.06 +0.19 1.21+0.42 9 1.37+0.32 0.98+0.14 01
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Calcium (ng/mL)  9.33+0.32 9.41+0.27 0'57 9.39+0.29 9.39+0.27 093 9.39+0.28 9.35+0.21 0’772 9.39+0.28 9.35+0.21 072 9.38£0.27 9.40+0.30 0'572 9.40+0.27 9.38 +0.33 0'665 9.35+0.31 9.41+0.27 048
Phosphorus 0.16 0.83 0.06 0.06 0.02 0.44 0.39
(ngmL) 2.96+0.52 3.13+043 3.09+0.47 3.10+0.43 3.07+0.45 3.75+0.35 3.07+045 375£035 1319046 2984043 " 3114045 303049 3.16+0.41 3.07+0.48
Albumin (ng/mL) 4.40+0.28 4.47+0.23 036 446+0.24 443+0.23 054 446+0.24 425+0.35 038 4.46+0.24 4.25+0.35 0458 443+0.26 447 +0.22 049 446+0.23 4.44+0.27 094 4.38+0.20 4.48 +0.25 010
iPTH (ng/mL) 59.31 + 6290+ 0.83 5920+ 7141+ 0.02 60.85+ 99.62+ 0.03 60.85+ 99.62+ 0.03 59.06+ 6546+ 035 59.80+ 68.83+ 014 7442+ 56.84+ 0.03
22.09 25.33 7 23.82 25.12 9 23.87 10.44 0 23.87 10.44 0 21.37 27.58 0 2491 22.56 1 29.34 20.32 0
25(OHD: (total) 15.01 £ 4.31 2021007 19.76 £9.7716.14 £ 9.13 0.05 18.78 £ 9.7723.69 = 5.65 023 18.78 £9.7723.69 = 5.650‘23 19-97 = 17.70 £ 7.45 057 1988+ 16.00 £ 6.71 O 2179 s 6.29 088
(ng/mL) 10.60 0 5 1 1 11.25 1 10.35 7 14.90
GFR (mL/min/1.73  71.61 + 66.72+ 029 69.28 £ 6340+ 0.12 68.73+ 0.02 6873+ 0.02 69.40 + 6620+ 046 6942+ 6333+ 046 5113+ <0.0
m?) 11.46 1615 7  15.39 1406 9 1460 TPEOW g BPEOE L g 1667 5  12.53 227 9 1as 0y
SD: Standard Deviation; BMI: body mass index; PASE: Physical Activity Scale for the Elderly; EQ-5D: EuroQoL Five-Dimension Questionnaire; EQ-VAS: EQ-5D
Visual Analogue Scale; VAS: Visual Analogue Scale; MNA: Mini Nutritional Assessment; mtDNA-CN: mitochondrial DNA copy number; iPTH: intact parathyroid
hormone; 25(0OH)Ds: 25-hydroxyvitamin Ds; GFR: Glomerular Filtration Rate. Dynapenia was considered low under 16 kg for women and under 27 kg for men.
Statistically and marginally significant values are in bold.
Table 4. Association between dynapenia, quality of life dimensions, renal function and mitochondrial DNA copy number.
Dynapenia Mobility Self-Care Daily Activities Pain/Discomfort Anxiety/Depression Glomerular Filtration
OR(95%CI) p OR@©5%CI) p  OR(95%CI) P OR(95%CI) p OR(5%CD p OR(%5%CH p OR@O5%CDH p
mtDNA-CN 1.005 (1.00-1.01) 0.1640.991 (0.98-1.00) 0.017 0.993 (0.99-1.01) 0.357  0.998 (0.99-1.01) 0.625 0.997 (0.99-1.00) 0.344 0.998 (0.99-1.00) 0.477 1.004 (1.00-1.01) 0.257
Univariate Age 0.940 (0.89-1.00) 0.0321.053 (1.00-1.11) 0.057 0.994 (0.89-1.11) 0.916  1.021(0.94-1.11) 0.610 1.011 (0.97-1.06) 0.652 1.038 (0.99-1.09) 0.134 0.894 (0.85-0.95) <0.001
Total PASE 1.000 (0.99-1.00) 0.6860.994 (0.99-1.00) <0.001 0.997 (0.99-1.00) 0.249  0.997 (0.99-1.00) 0.210 0.996 (0.99-1.00) <0.001 0.995 (0.99-1.00) <0.001 1.001 (0.99-1.00) 0.375
mtDNA-CN 1.005 (1.00-1.01) 0.2060.991 (0.98-1.00) 0.022 0.994 (0.98-1.01) 0.392  0.998 (0.99-1.01) 0.691 0.998 (0.99-1.00) 0.458 0.999 (0.99-1.01) 0.655 1.003 (1.00-1.01) 0.398
Multivariate Age 0.942 (0.89-1.00) 0.0391.055 (1.00-1.12) 0.069 0.992 (0.89-1.10) 0.877  1.018 (0.94-1.10) 0.665 1.004 (0.96-1.05) 0.856 1.036 (0.98-1.09) 0.180 0.896 (0.85-0.95) <0.001
PASE 0.999 (0.99-1.00) 0.5530.993 (0.99-1.00) <0.001 0.997 (0.99-1.00) 0.268  0.997 (0.99-1.00) 0.224 0.996 (0.99-1.00) <0.001 0.995 (0.99-1.00) <0.001 1.001 (0.99-1.00) 0.490
mtDNA-CN 1.009 (0.99-1.02) 0.1240.987 (0.98-1.00) 0.022 0.976 (0.95-1.00) 0.068 0.992 (0.98-1.01) 0.226 0.998 (0.99-1.01) 0.596 1.000 (0.99-1.01) 0.961 1.000 (0.99-1.01) 0.967
Univariate Age 0.973 (0.90-1.05) 0.4961.021 (0.95-1.09) 0.547 0.922 (0.79-1.07) 0.292  1.003 (0.92-1.10) 0.944 1.023 (0.96-1.09) 0.472 1.037 (0.97-1.10) 0.262 0.896 (0.83-0.97) 0.004
Women PASE 0.999 (0.99-1.00) 0.4230.992 (0.99-1.00) 0.001 0.997 (0.99-1.00) 0.319  0.997 (0.99-1.00) 0.230 0.996 (0.99-1.00) 0.008 0.995 (0.99-1.00) 0.003 1.002 (1.00-1.01) 0.271
mtDNA-CN 1.009 (1.00-1.02) 0.1380.983 (0.97-1.00) 0.009 0.970 (0.94-1.00) 0.067 0.992 (0.98-1.00) 0.203 0.998 (0.99-1.00) 0.537 1.000 (0.99-1.00) 0.909 1.000 (0.99-1.01) 0.918
Multivariate Age 0.975 (0.90-1.06) 0.5241.022 (0.95-1.10) 0.579 0.904 (0.77-1.07) 0.232  1.000 (0.91-1.09) 0.993 1.020 (0.96-1.09) 0.550 1.036 (0.97-1.01) 0.298 0.896 (0.83-0.97) 0.005
PASE 0.999 (0.99-1.00) 0.4450.991 (0.99-1.00) <0.001 0.996 (0.99-1.00) 0.239  0.997 (0.99-1.00) 0.206 0.996 (0.99-1.00) 0.008 0.995 (0.99-1.00) 0.003 1.002 (1.00-1.01) 0.316
Men Univariate mtDNA-CN 1.001 (0.99-1.01) 0.8250.994 (0.98-1.01) 0.304 1.011 (0.99-1.03) 0.310 1.011 (0.99-1.03) 0.310 0.996 (0.99-1.01) 0.351 0.991 (0.98-1.00) 0.127 1.009 (1.00-1.02) 0.096
Age 0.906 (0.83-0.99) 0.0281.110 (1.01-1.22) 0.025 1.202 (0.94-1.53) 0.140 1.202 (0.94-1.53) 0.140 0.997 (0.93-1.07) 0.933 1.056 (0.97-1.15) 0.194 0.893 (0.82-0.97) 0.010
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PASE 1.000 (0.99-1.00) 0.8640.995 (0.99-1.00) 0.050 0.996 (0.99-1.01) 0.516  0.996 (0.99-1.01) 0.516 0996 (0.99-1.00) 0.015 0.995 (0.99-1.00) 0.038 1.000 (0.99-1.00) 0.934

mtDNA-CN 1.000 (0.99-1.01) 0.9950.995 (0.98-1.00) 0.463 1.036 (0.98-1.10) 0.236  1.036 (0.98-1.10) 0.236 0.998 (0.99-1.01) 0.612 0.992 (0.98-1.01) 0.218 1.010 (1.00-1.02) 0.114

Multivariate Age 0.906 (0.83-0.99) 0.0291.118 (1.01-1.23) 0.025 1.520 (0.77-2.98) 0.224  1.520 (0.77-2.98) 0.224 0.988 (0.92-1.06) 0.744 1.059 (0.97-1.16) 0.202 0.892 (0.82-0.98) 0.013
)

PASE 1.000 (0.99-1.00) 0.9770.995 (0.99-1.00) 0.055 0.994 (0.98-1.01) 0.421  0.994 (0.98-1.01) 0.421 0.996 (0.99-1.00) 0.018 0.995 (0.99-1.00) 0.052 1.000 (0.99-1.00) 0.807
OR: Odds Ratio; CI: Confidence Interval; mtDNA-CN: mitochondrial DNA copy number; PASE: Physical Activity Scale for the Elderly. Dynapenia was considered

low under 16 kg for women and under 27 kg for men. Statistically and marginally significant values are in bold.
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4. Discussion

The aging process is characterized by a series of interrelated cellular mechanisms,
notably chronic low-grade inflammation and mitochondrial dysfunction [34]. These foun-
dational processes are hypothesized to play a significant role in the etiology and progres-
sion of age-related alterations, including sarcopenia. However, given the multifactorial
complexity of this condition, the precise contribution of each underlying factor remains
to be fully elucidated. The mtDNA integrity, encompassing both quality and mtDNA-CN,
is directly relevant to two established hallmarks of aging: genomic instability and mito-
chondrial dysfunction. Specifically, mtDNA-CN may serve as a quantitative biomarker
reflecting mitochondrial function and content [7]. Cellular aging is intrinsically linked to
an increase in oxidative stress, a state that subjects the unprotected mitochondrial genome
to substantial damage from reactive oxygen species (ROS). The chronic accumulation of
this mtDNA damage, and the resultant decline in mtDNA-CN, is strongly associated with
the aging process. This reduction is not only a marker of aging but may also be causally
linked to the development of age-related chronic diseases and the variability in health
status observed within the elderly population [16,17]. Consequently, it is plausible to hy-
pothesize that mtDNA-CN is inversely associated with chronological age, although cur-
rent literature on this direct correlation remains inconclusive.

In our cohort, we did not find any correlation between mtDNA-CN and age, proba-
bly because we only included older adults and did not include any young participants for
comparison. Our cohort was composed of individuals aged 65 to 94. Additionally, most
previous studies indicating an age-related decline in mtDNA were either longitudinal or
analyzed different generations within the same family [35,36].

A few epidemiologic studies have examined the association between mtDNA-CN
and mineral metabolism markers [23,37]. The status of vitamin D could influence the oxi-
dative capacity of mitochondria in skeletal muscle. Vitamin D supplementation and reg-
ular exercise training may increase mitochondrial fusion and total antioxidant capacity,
thereby controlling oxidative stress [12]. Our findings of a marginally significant positive
correlation between 25(OH)Ds levels and mtDNA-CN in PBMCs and are consistent with
previous studies. Both Kim and Lee (2012) and Kim et al. (2012) reported similar positive
associations between serum 25(OH)Ds and mtDNA-CN measured in circulating cells
[23,37]. In the first study, higher mtDNA-CN and vitamin D levels were associated with
increased femoral neck bone mineral density (BMD), and mtDNA-CN remained inde-
pendently associated with osteoporosis after adjusting for vitamin D [37]. In the second,
women with metabolic syndrome had significantly lower mtDNA-CN and lower vitamin
D levels, and mtDNA-CN retained an independent association with the presence of the syn-
drome [23]. These findings support the physiological relevance of vitamin D in regulating
mitochondrial homeostasis in circulating cells. Future studies should validate this associa-
tion in larger, independent cohorts with adequate power to detect modest correlations, us-
ing pre-specified subgroup analyses by sex and modern multiple-testing corrections.

In humans, inadequate or deficient vitamin D status and skeletal muscle mitochon-
drial dysfunction are co-associated with compromised muscle strength. Beyond its estab-
lished role in calcium and phosphorus homeostasis and the maintenance of skeletal
health, vitamin D is increasingly recognized for its pleiotropic effects during the aging
process [38]. Specifically, the active vitamin Ds metabolite is essential for these classic en-
docrine functions. While vitamin Ds and its metabolites exert significant clinical effects on
muscle function, the precise biochemical mechanisms underlying this relationship remain
to be fully elucidated [39].

The existence of crosstalk between mineral metabolism and mitochondrial dysfunc-
tion in muscle wasting represents a novel and potentially relevant field of research. Lim-
ited published literature has investigated the direct relationship between perceived health
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status and mtDNA-CN. However, existing evidence suggests an association between
lower mtDNA-CN and poorer health outcomes, including diminished self-rated health,
reduced lean muscle mass, and compromised physical performance [16,40-42].

The current study supports that women with dynapenia, defined as the age-related
decline in muscle strength independent of muscle mass, exhibit significantly lower
mtDNA-CN in peripheral blood. This finding aligns with established literature, which has
consistently linked reduced mtDNA-CN (a biomarker of mitochondrial quantity and ge-
nomic stability) with sarcopenia and decreased muscle strength [41,42]. Mitochondrial
dysfunction has been proposed to play a central role in the development of dynapenia,
given that mitochondria are the primary producers of ATP, which is vital for muscle con-
traction. Furthermore, a key finding within our female cohort was the significant associa-
tion between lower mtDNA-CN and reported problems in the “mobility” and “self-care”
dimensions of the EQ-5D questionnaire. The EQ-5D is a validated instrument used to
measure perceived health status, with these two dimensions specifically assessing an in-
dividual’s ability to move around and perform personal hygiene and daily tasks [25]. To
our knowledge, this is the first study to use a validated health-related quality of life tool,
such as the EQ-5D, to quantify the relationship with mtDNA-CN. Dynapenia and reduced
muscle strength significantly limit an individual’s ability to perform daily activities and
compromise their autonomy and independence. Numerous studies have conclusively
demonstrated that sarcopenia and muscle weakness are associated with poorer QoL, im-
pacting key areas such as mobility, daily activities, and the perception of pain and dis-
comfort [43,44]. Consequently, the relationship observed between lower mtDNA-CN and
a worse EQ-5D score may be interpreted as the result of a mitochondrial dysfunction that
precipitates a decline in muscle strength, which ultimately translates into a less favorable
perceived health experience.

Alongside mitochondrial remodeling, the age-related decrease in steroid sex hor-
mone levels in both women and men has been suggested as a key driver of sarcopenia
[45,46]. Indeed, these hormones can modulate distinct signaling pathways in skeletal mus-
cle via their receptors, but the precise outcomes and sex disparities are not fully under-
stood, particularly with regard to skeletal muscle aging [47]. This sex specificity also ap-
pears to be present in the mitochondria, with evidence suggesting that older females have
lower OXPHOS complex function than older males [48,49]. The mechanisms behind the
effect of sex on the development of sarcopenia and age-related mitochondrial remodeling
in skeletal muscle remain to be fully uncovered [50].

In recent years, research on the relationship between mitochondrial function and kid-
ney disease has increased gradually. Observational studies have reported controversial re-
sults regarding the association between the mtDNA-CN and renal function [13]. We found
a marginally significant association between mtDNA-CN and problems in GF in males.

The exact pathophysiological mechanisms linking mitochondrial dysfunction to re-
nal impairment remain unclear. However, the kidney’s prodigious metabolic demand
strongly implicates mitochondria, as it ranks second only to the heart in mitochondrial
density and oxygen consumption [51], consuming approximately 7% of the body’s daily
ATP expenditure [52]. Mitochondria are fundamental for sustaining the homeostatic func-
tions of crucial cell types, notably renal tubular epithelial cells and podocytes. A reduction
in mtDNA-CN, which serves as a metric of mitochondrial integrity, compromises the ca-
pacity for OXPHOS and subsequent ATP synthesis [53]. Furthermore, mitochondrial
damage exacerbates renal pathology by fostering conditions of chronic oxidative stress,
promoting inflammation, and disrupting cellular quality control mechanisms like autoph-
agy. Therefore, in view of the association between mtDNA-CN and GFR, predicting the
progression of kidney injury by detecting changes in blood mtDNA-CN could be a prom-
ising approach to assess renal function loss.
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The existing discrepancies observed across studies regarding mtDNA-CN and its
health correlates may be attributed to several methodological and demographic factors.
These include geographic origins (ethnic features) that are correlated with specificities in
mtDNA variants, limited sample sizes, variations in environmental conditions, differ-
ences in cohort stratification, and the inclusion of a narrow age range of elderly partici-
pants. Furthermore, reported associations may differ based on the biological material in-
vestigated (e.g., specific tissues or cell types) or the technical variability introduced by the
methods used to determine mtDNA-CN, particularly concerning the efficiency of mtDNA
extraction and recovery.

It is important to acknowledge several methodological limitations in the current
study. Firstly, the cross-sectional design restricts our ability to establish causal relation-
ships or determine the temporal sequence of the observed associations between mtDNA-
CN and dynapenia. Secondly, the use of PBMCs as an alternative cellular source, rather than
obtaining mtDNA-CN measurements directly from muscle tissue via biopsy, means that
our measurements may serve as a proxy for functional mitochondria and may not reflect
the mtDNA status in the target skeletal muscle. Thirdly, while the overall cohort (N = 149)
was adequately powered to detect an effect of r = 0.25, the lack of significant findings in the
sex-specific analyses may be attributed to a significant loss of statistical power.

Finally, another key limitation of our cross-sectional design is reverse causality,
whereby poorer health status or dynapenia may precede and cause lower mtDNA-CN
rather than mtDNA-CN driving functional decline. Existing findings suggest a potential
decline in mtDNA replication with age, which may be associated with age-related physi-
ological changes. In the evolving field of personalized medicine and precision therapy,
identifying individual differences in mtDNA-CN could enable the early detection of dis-
ease and the development of personalized treatment strategies. Furthermore, investigat-
ing mtDNA-CN variation as a prospective therapeutic intervention for specific conditions
is set to become an innovative future strategy. Changes in mtDNA-CN have the capacity
to function as both a consequence of and a driver for disease progression, encapsulating
a complex biological principle that encompasses fundamental cellular processes and a
wide array of clinical ramifications [54]. Prospective evidence supports the idea that lower
mtDNA-CN predicts mortality, but baseline inflammation and co-morbidities explain
much of this association. This suggests that health status influences mtDNA damage as
the primary pathway [55]. Nevertheless, longitudinal studies measuring mtDNA-CN tra-
jectories are essential to establish temporality and quantify bidirectional contributions.

Despite certain limitations, the current study possesses several significant strengths
that enhance the robustness and novelty of its findings. Crucially, our analysis employed
stratification by sex, which allowed us to identify unique and clinically relevant associa-
tions specifically within the female cohort. Furthermore, the inclusion of a well-character-
ized population aged 65 to 94 years provides valuable data focused on the critical elderly
demographic. A key methodological strength lies in being the first study, to our
knowledge, to use a validated, standardized instrument, the EQ-5D questionnaire, to
quantify the association between mtDNA-CN and self-reported health-related QoL di-
mensions, providing an objective measure for interpreting the functional consequences of
mitochondrial integrity.

Research increasingly underscores the significant role of sex disparities in skeletal
muscle aging, highlighting that mitochondrial aging is a sex-specific process possibly me-
diated by mitochondrial estrogen receptor signaling. This necessity has led Moreira-Pais
and colleagues to emphasize the urgent need for including both sexes in aging research.
Such inclusion is vital to fully understand the spectrum of age-induced alterations and to
enable sex-specific diagnostic and management strategies for skeletal muscle diseases like
sarcopenia [50].
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5. Conclusions

In conclusion, the findings of this study identified a marginally statistically signifi-
cant positive correlation between circulating 25(OH)Ds levels and mtDNA-CN in periph-
eral blood cells within the elderly population. This association highlights a relevant phys-
iological link between mineral metabolism and mitochondrial homeostasis during aging.
Furthermore, within the female cohort, we demonstrate a trend toward an inverse rela-
tionship between mtDNA-CN and the clinical manifestation of dynapenia, alongside self-
reported problems in the mobility and self-care dimensions of the EQ-5D questionnaire.
Multivariate analysis confirmed an independent association with increased mobility im-
pairment risk. To our knowledge, this is the first study to quantitatively link mtDNA-CN
with health-related QoL assessed via a validated instrument. Specifically, the sex-specific
association between lower mtDNA-CN, dynapenia, and diminished QoL (mobility/self-
care) in women but not men can be supported by compelling scientific literature focusing
on mitochondrial sex differences and the distinct roles of hormones in muscle aging. The
recognition of sex-specific players involved in age-related skeletal muscle impairment will
enable the development of preventive and therapeutic interventions tailored to the sex of
each patient towards improved chances of survival and QoL. These results suggest that
mtDNA-CN may serve as an integrated biomarker reflecting the collective impact of com-
promised mineral status, muscle strength decline, and resulting functional limitation on
overall QoL in older adults. Future longitudinal studies are warranted to establish the
causal direction of these relationships and to explore the therapeutic potential of interven-
tions targeting vitamin D status or mitochondrial integrity to mitigate age-related func-
tional decline.
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Abbreviations

The following abbreviations are used in this manuscript:

25(OH)Ds  25-hydroxyvitmin Ds

Alb Albumin

BMD Bone mineral density

CGR Clinical group risk

CI Confidence interval

CKD-EPI  Chronic Kidney Disease Epidemiology Collaboration
CVD Cardiovascular disease

ECLIA Electrochemiluminescent immunoassay
EQ-5D EuroQoL 5-dimension questionnaire
EQ-VAS EQ-5D visual analogue scale

GFR Glomerular filtration rate

HGS Hand grip strength

iPTH Intact parathyroid hormone

MNA Mini Nutritional Assessment

mtDNA Mitochondrial DNA

mtDNA-CN Mitochondrial DNA copy number
OR Odds ratio

OXPHOS  Oxidative phosphorylation

PASE Physical Activity Scale for the Elderly
PBMCs Peripheral blood mononuclear cells
QoL Quality of life

qPCR Quantitative real-time PCR

ROS Reactive oxygen species

SACyL Castilla y Leén National Health System
SD Standard deviation

VAS Visual analogue scale

VDR Vitamin D receptor

X2 test Chi-square test
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