
      

      
                                                                                                 http://dx.doi.org/10.14336/AD.2023.1123  

 

*Correspondence should be addressed to: Dr. Anna Rita Bonfigli, Scientific Direction, IRCCS INRCA, Via della Montagnola, Ancona, 

Italy. E-mail: a.bonfigli@inrca.it. 
 

Copyright: © 2023 Casoli T. et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, 

which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited. 
 

ISSN: 2152-5250                                                                                                                                                                                    2665 
                  

 

  

Original Article 

 

Association of Inflammatory Mediators with 

Mitochondrial DNA Variants in Geriatric COVID-19 

Patients 

 

Tiziana Casoli1, Anna Rita Bonfigli2,*, Mirko Di Rosa3, Belinda Giorgetti1, Marta Balietti1, 

Robertina Giacconi4, Maurizio Cardelli4, Francesco Piacenza4, Francesca Marchegiani5, Fiorella 

Marcheselli5, Rina Recchioni5, Roberta Galeazzi5, Salvatore Vaiasicca2, Adrianapia Maria 

Lamedica2, Alessia Fumagalli6, Letizia Ferrara7, Fabrizia Lattanzio2  
 

1Center for Neurobiology of Aging, IRCCS INRCA, Ancona, Italy. 2Scientific Direction, IRCCS INRCA, 

Ancona, Italy. 3Centre for Biostatistics and Applied Geriatric Clinical Epidemiology, IRCCS INRCA, Ancona, 

Italy. 4Advanced Technology Center for Aging Research, IRCCS INRCA, Ancona, Italy. 5Clinic of Laboratory 

and Precision Medicine, IRCCS INRCA, Ancona, Italy. 6Pulmonary Rehabilitation Unit, IRCCS INRCA, 

Casatenovo, Italy. 7Medical Direction, IRCCS INRCA, Ancona, Italy. 
 

  [Received September 16, 2023; Revised November 16, 2023; Accepted November 23, 2023] 

 
ABSTRACT: COVID-19 remains a serious concern for elderly individuals with underlying comorbidities. 

SARS-CoV-2 can target and damage mitochondria, potentially leading to mutations in mitochondrial DNA 

(mtDNA). This study aimed to evaluate single nucleotide substitutions in mtDNA and analyze their correlation 

with inflammatory biomarkers in elderly COVID-19 patients. A total of 30 COVID-19 patients and 33 older 

adult controls without COVID-19 (aged over 65 years) were enrolled. mtDNA was extracted from buffy coat 

samples and sequenced using a chip-based resequencing system (MitoChip v2.0) which detects both 

homoplasmic and heteroplasmic mtDNA variants (40-60% heteroplasmy) and allows the assessment of low-level 

heteroplasmy (<10% heteroplasmy). Serum concentrations of IL-6, IFN-α, TNF-α and IL-10 were determined 

in patients by a high-sensitivity immunoassay. We found a higher burden of total heteroplasmic variants in 

COVID-19 patients compared to controls with a selective increment in ND1 and COIII genes. Low-level 

heteroplasmy was significantly elevated in COVID-19 patients, especially in genes of the respiratory complex I. 

Both heteroplasmic variant burden and low-level heteroplasmy were associated with increased levels of IL-6, 

TNF-α, and IFN-α. These findings suggest that SARS-CoV-2 may induce mtDNA mutations that are related to 

the degree of inflammation. 
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Although the infection by SARS-CoV-2 is no longer a 

threatening issue and COVID-19 is not lethal as in the past 

two years, there are still concerns regarding the disease 

especially in older adults. Indeed, COVID-19 might have 

important complications leading to death for the over 80s, 

particularly those with comorbidities, namely coronary 

artery disease, chronic obstructive pulmonary disease, 

hypertension, obesity, and diabetes [1].  

Recent evidence has established a direct connection 

between the outcomes of SARS-CoV-2 infection and the 

metabolic status of the host cells, with an intrinsic 

relationship between SARS-CoV-2 viral cycle and 
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mitochondria [2, 3]. Upon infection, the organelles show 

changes in shape, structure, inner cristae-matrix 

interaction, and membrane potential [4]. Viral proteins 

and RNA localize to host cell mitochondria, a 

phenomenon referred to as viral hijacking of mitochondria 

[5, 6]. These events can lead to a major damage to 

mitochondria causing the release of the organelle 

components in the cytosol or in the extracellular 

compartment where they act as alarmins against cellular 

injury, to activate immune or inflammatory responses [7, 

8]. These endogenous modulator molecules originating 

from mitochondria are collectively known as 

mitochondrial damage-associated molecular patterns 

(mtDAMP) and one of the most active in triggering 

inflammatory pathways is mitochondrial DNA (mtDNA) 

[9]. 

In elderly individuals, mitochondria exhibit notable 

functional decline characterized by reduced oxidative 

phosphorylation followed by decrease of ATP production 

along with a significant increase in the generation of 

reactive oxygen species (ROS). Additionally, there is an 

accumulation of mtDNA variants and a decrease in 

antioxidant defenses [10-12].  

 

Table 1. Demographics, comorbidities, and blood test parameters at admission of controls and COVID-19 patients.  

  
Controls 

(n=33) 

COVID-19 

(n=30) 

Age-weighted 

p-values 

Demographic characteristics    

Age (years) 76.09 ± 6.45 87.47 ± 3.00  

Sex F, n (%) 23 (69.7%) 14 (46.7%) 0.064 

Marital status, n (%)   0.221 

Single 4 (12.1%) 1 (3.3%)  

Widowed 15 (45.6%) 8 (26.7%)  

Married 14 (42.4%) 21 (70.0%)  

Impaired ADL, median [IR] 0 (0-5) 5 (2-6) 0.804 

Impaired IADL, median [IR] 1 (0-5) 5 (3-8) 0.742 

Comorbidities    

Diabetes, n (%)  7 (21.2%) 5 (16.7%) 0.296 

Stroke, n (%)  4 (12.1%) 2 (6.7%) 1.000 

Cancer, n (%)  4 (12.1%) 7 (23.3%) 1.000 

COPD, n (%)  4 (12.1%) 5 (16.7%) 0.296 

Myocardial infarction, n (%)  4 (12.1%) 2 (6.7%) 0.296 

Atrial fibrillation, n (%)  4 (12.1%) 10 (33.3%) 0.296 

Alzheimer’s disease, n (%) 2 (6.1%) 8 (26.7%) 0.121 

CKD, n (%)  11 (33.3%) 7 (23.3%) 0.221 

Laboratory parameters    

D-Dimer (ng/ml) 1350.8 ± 890.5 2289.3 ± 3556.5 0.134 

CRP (mg/l) 3.12 ± 2.69 3.99 ± 4.93 0.271 

Hgb (g/dl) 11.21 ± 1.93 11.46 ±2.21 0.574 

WBC*103/µl 7.91 ± 2.90 9.56 ± 5.16 0.522 

Neutrophils*103/µl 5.78 ± 3.30 7.48 ± 3.83 0.150 

Lymphocytes*103/µl 1.62 ± 0.74 1.15 ± 0.56 0.078 

Eosinophils*103/µl 0.23 ± 0.21 0.13 ± 0.10 0.109 

Basophils*103/µl 0.03 ± 0.02 0.01 ± 0.01 0.236 

Platelets*103/µl 255.6 ± 147.7 245.3 ± 118.9 0.078 

Ferritin (µg/l) 258.1 ± 327.1 667.1 ± 653.5 0.033 

Creatinine (mg/dl) 1.56 ± 1.55 1.16 ± 0.68 0.809 

AST (U/l) 22.08 ± 16.81 35.12 ± 25.47 0.100 

ALT (U/l) 17.54 ± 8.79 30.84 ± 24.19 0.852 

LDH (U/l) 186.0 ± 98.5 293.7 ± 108.2  0.562 
 

ADL, activities of daily living; IADL, instrumental activities of daily living COPD, chronic obstructive pulmonary disease; CKD, 

Chronic Kidney Disease; CRP, C-reactive protein; Hgb, hemoglobin; WBC, white blood cells; AST, aspartate aminotrasferase; 

ALT, alanine aminotransferase; LDH, lactate dehydrogenase. Data are expressed as mean ± SD, or n (%). Unpaired Student’s t 
test and χ2 test were used to calculate statistical significance between groups. Age-weighted p values were determined by a logistic 

regression model. Values in bold are statistically significant (p ≤ 0.05). 

The severity of COVID-19 in the elderly population 

is influenced by immunosenescence [13], an age-related 

dysfunction of the immune system that impairs its ability 

to fight infections and respond effectively to new antigens 

[14-16]. Furthermore, aging is associated with a 

proinflammatory state known as “inflammaging” [17], 
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characterized by augmented activity of NF-κB, COX-2, 

and iNOS in activated cells like macrophages and 

dendritic cells. This leads to the release of 

proinflammatory cytokines such as interleukin 6 (IL-6), 

IL-1β, and tumor necrosis factor alpha (TFN-α) [18, 19], 

even in the absence of active diseases or overt infections. 

These changes contribute to a diminished efficacy of both 

the innate and adaptive immune responses and can result 

in further damage to the mitochondria during viral 

infections [11, 20].  

Peripheral blood cells from patients with COVID-19 

showed changes indicative of oxidative stress, such as 

increase of mitochondrial ROS (mtROS), decrease of 

superoxide dismutase activity and glutathione, and of α-

ketoglutarate dehydrogenase levels [21, 22]. mtROS 

directly stimulate the production of proinflammatory 

cytokines [23] which in turn drive oxidative stress and 

ROS generation, leading to a vicious inflammatory and 

oxidation cycle in which damaged mitochondria cause 

further mitochondrial injury [24]. mtROS are the most 

recognized source of damage to mtDNA, characterized by 

single- and double-strand breaks, abasic sites, and 

oxidized bases, which are all believed to be important 

causes of mtDNA mutations [25, 26]. Therefore, it is 

plausible that the interaction between the SARS-CoV-2 

and mitochondria could lead to specific mtDNA variants, 

especially in older patients. To verify this hypothesis, we 

conducted a study to examine the presence of 

homoplasmic and heteroplasmic single nucleotide 

substitutions in mtDNA of elderly individuals with 

COVID-19 and compared them to a control group. We 

also analyzed the potential association between the 

mtDNA variants and the inflammatory biomarkers in 

COVID-19 patients. The close relationship between 

SARS-CoV-2 infection and mitochondria could 

determine specific alterations of mtDNA which may 

persist even after COVID-19 recovery since the low 

efficiency of mitochondrial DNA repair system could 

hinder the restoration of mtDNA integrity. 

 

Table 2. Clinical characteristics of COVID-19 patients. 
 

COVID-19 symptoms and course COVID-19 (n=30) 

Days of clinic stay, median (IQR) 14 (8-23) 

Respiratory insufficiency, n (%) 19 (63.3%) 

Fever, median (IQR) 36.4 (36.0-36.6) 

Cough, n (%) 10 (33.3%) 

Diarrhea, n (%) 3 (10.0%) 

Vomiting, n (%) 2 (6.7%) 

Other infections, n (%) 0 (0.0%) 

O2 saturation, median (IQR) 97 (95-98) 

Anosmia, n (%) 1 (3.3%) 

Dysgeusia, n (%) 2 (6.7%) 

Deceased, n (%) 12 (40.0%) 

Glucocorticoids, n (%) 2 (6.7%) 

NSAID, n (%) 0 (0.0%) 

Heparin, n (%)  2 (6.7%) 
 

NSAID, non-steroidal anti-inflammatory drugs 

 

MATERIALS AND METHODS 

 

Study population 

 

The study population comprised elderly COVID-19 

inpatients (n=30, experimental group) and elderly 

hospitalized patients without COVID-19 as controls 

(n=33). Blood samples were collected from individuals 

who were admitted to the IRCCS INRCA Hospital, 

Ancona, Italy, and were enrolled in either the Report-Age 

COVID (experimental patients) or Report-Age (control 

subjects) project, respectively.  

The aim of the Report-Age COVID project is to 

provide a deeper understanding of COVID-19 disease in 

elderly patients (≥ 65 years). All the included subjects 

were COVID-19 positive cases as confirmed by the 

detection of SARS-CoV-2 RNA in nasal/oropharyngeal 

swabs by reverse transcription–polymerase chain 

reaction. COVID-19 patients included in this study were 

admitted to IRCCS INRCA Hospital from 16th October 

2020 to 31st December 2020. Demographic and 

anamnestic data, biochemical and hematological 

variables, information on treatments, comorbidities, and 

survival were collected in a retrospective manner and 

anonymized before release, as previously described [27]. 

The study protocol was approved by the local Ethics 

Committee (reference number CEINRCA-20008) and 

registered under the ClinicalTrials.gov database 

(reference number NCT04348396). The Report-Age 

project is a large-scale ongoing observational study 
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focusing on the health conditions of hospitalized older 

adults at IRCCS INRCA Hospital and includes a high-

level data resource of demographics, geriatric 

assessments, clinical and diagnostic information, 

comorbid health conditions, and frailty parameters, as 

well as biological samples [28]. Subjects enrolled in the 

present study were randomly selected. Control subjects 

with diagnosis of autoimmune or infectious diseases, from 

the Report-Age project, were excluded. The study 

protocol was approved by the local Ethics Committee 

(12/DSAN; 19 April 2011) and registered with Trial 

Registration no. NCT01397682. Both experimental 

patients and control subjects were not vaccinated. 

 

Table 3. Haplogroup distribution expressed as absolute number and percentage.  

  
Total (n=63) Controls  (n=33) COVID-19  (n=30) 

H 23 (36.5%) 13 (39.4%) 10 (33.3%) 

HV 3 (4.8%) 2 (6.1%) 1 (3.3%) 

I 1 (1.6%) 0 (0%) 1 (3.3%) 

J 5 (7.9%) 3 (9.1%) 2 (6.7%) 

K 5 (7.9%) 2 (6.1%) 3 (10.0%) 

N 1 (1.6%) 1 (3.0%) 0 (0.0%) 

R 1 (1.6%) 1 (3.0%) 0 (0.0%) 

T 10 (15.9%) 2 (6.1%) 8 (26.7%) 

U 13 (20.6%) 8 (24.2%) 5 (16.7%) 

V 1 (1.6%) 1 (3.0%) 0 (0.0%) 
 

mtDNA resequencing  

 

DNA was extracted from buffy coat samples collected 

within 12 hours after patient admission. Briefly, EDTA 

blood samples were centrifuged at 2,500 x g at 4°C for 15 

minutes, the buffy coat layer was removed and stored at -

80°C. Total DNA was extracted by QIAamp DNA Blood 

Mini kit (Cat# 51104, Qiagen, Germany) according to the 

manufacturer’s instructions and kept at -20°C until use. 

mtDNA was obtained from the total DNA samples by 

specific amplification with the REPLI-g mitochondrial 

DNA kit (Cat# 151023, Qiagen, Germany). After 

purification, DNA was quantified spectrophotometrically 

and the Genechip Resequencing array kit (Cat# 900447, 

Thermofisher Scientific, USA) was used for mtDNA 

fragmentation and staining. Briefly, the labeled mtDNA 

was loaded onto MitoChip v2.0 arrays (Cat# 900886, 

Thermo Fisher Scientific, USA), which underwent 

washing and staining in the Fluidics Station 450, followed 

by scanning using the Affymetrix GeneChip Scanner 

3000 7G.  

The data analysis was performed using the GeneChip 

Sequence Analysis Software (GSEQ) 4.1. For this study, 

two types of files were used: “Single Nucleotide 
Polymorphism (SNP) View”, which compared the 
obtained data with the revised Cambridge Reference 

Sequence (rCRS) to identify homoplasmic and 

heteroplasmic variants, and “Probe Intensity”, which 
provided fluorescence intensity values of the four bases 

for each nucleotide position (np) in both the sense and 

antisense strands. Heteroplasmic variants were identified 

by GSEQ 4.1 based on a range of 40-60% heteroplasmy. 

The number of homoplasmic and heteroplasmic variants 

was normalized by gene length and expressed as variant 

burden.  

The Probe Intensity files were used to calculate the 

Ratio of Expected Allele (REA), which represents the log 

ratio of the fluorescence intensity values of the reference 

nucleotide, as indicated in the rCRS, to the average signal 

intensity of the other three nucleotides. This measurement 

quantifies allelic substitutions in each np and is used for 

the assessment of low-level (< 10%) heteroplasmy [29]. 

The complete microarray data for this study can be 

accessed at Gene Expression Omnibus (GEO accession 

number: GSE235626). Free bioinformatic tools were used 

to identify missense variants (http://mitotool.kiz.ac.cn/) 

and mtDNA haplogroups (https://dna.jameslick.com/).  

 

In silico prediction of mutation pathogenicity 

 

Five online tools were used to evaluate the possible 

pathogenicity of missense variants in affected genes: 

PolyPhen 2 HumVar (http://genetics.bwh.harvard.edu/ 

pph2/), PANTHER (www.pantherdb.org/tools/), SIFT 

(http://sift-dna.org), MutPred2 (http://mutpred.mutdb. 

org/), and Align-GVGD (http://agvgd.hci.utah.edu/). 

PolyPhen 2 HumVar is a tool that predicts the possible 

impact of amino acid substitutions on protein structure 

and function by using physical and comparative analyses. 

Features such as atomic contacts and solvent accessibility 

are assessed, and empirically determined cut-offs are used 

to predict pathogenicity. PANTHER employs an 

evolutionary analysis that estimates the likelihood that a 

missense SNP determines a functional impact on the 

protein. Homologous proteins are used to reconstruct the 

likely sequences of ancestral proteins, and the history of 
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each amino acid can be traced back in time to estimate 

how long that state has been preserved, the longer the 

time, the more damaging the substitution. SIFT is an 

algorithm which predicts whether an amino acid 

substitution affects protein function based on sequence 

homology and physical properties of amino acids.  

MutPred2 is a machine learning-based method that 

integrates genetic and molecular data to predict 

probabilistically the pathogenicity of amino acid 

substitutions. This is achieved by providing a ranked list 

of specific molecular alterations potentially influencing 

the phenotype including secondary structure, signal 

peptide and transmembrane topology, catalytic activity, 

and allostery. Align-GVGD combines the biophysical 

characteristics of amino acids and multiple protein 

sequence alignments to predict the effect of missense 

substitutions. The algorithm calculates two variables that, 

together, are related to substitution severity, GV and GD. 

These are used in a formula that allows the definition of 

the predicted effect as C0, C15, C25, C35, C45, C55, or 

C65, with C65 meaning “most likely to interfere with 
function” and C0 “least likely pathogenetic”. 
 

 
Figure 1. Homoplasmic and heteroplasmic mtDNA variant burden in controls and 

COVID-19 patients. Subjects (controls, n=33; COVID-19, n=30) were divided in 

tertiles according to variant burden amount (1st tertile, low; 2nd tertile, medium; 3rd 

tertile, high). (A) Distribution of homoplasmic variant burden in control and COVID-

19 subjects. Comparison between the two groups did not result statistically significant. 

(B) The heteroplasmic variant burden in the COVID-19 group was significantly 

different from controls showing a decrease of the 1st and an increase of the 3rd tertile. 

Group differences were analyzed by age-adjusted Pearson’s χ2 test (* p ≤ 0.05). 
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Table 4. Tertile distribution of homoplasmic variant burden per gene. 

 
 Controls 

(n=33) 

COVID-19 (n=30) Age-weighted p-values 

homo_D-loop    0.002 

1 10 (30.3%) 12 (40.0%)  

2 6 (18.2%) 14 (46.7%)  

3 17 (51.5%) 4 (13.3%)  

homo_12S    1.000 

1 28 (84.8%) 18 (60.0%)  

2 0 (0.0%) 0 (0.0%)  

3 5 (15.2%) 12 (40.0%)  

homo_16S    0.393 

1 9 (27.3%) 12 (40.0%)  

2 10 (30.3%) 14 (46.7%)  

3 14 (42.4%) 4 (13.3%)  

homo_ND1    0.549 

1 17 (51.5%) 9 (30.0%)  

2 14 (42.4%) 17 (56.7%)  

3 2 (6.1%) 4 (13.3%)  

homo_ND2    0.766 

1 14 (42.4%) 11 (36.7%)  

2 14 (42.4%) 12 (40.0%)  

3 5 (15.2%) 7 (23.3%)  

homo_COI    0.558 

1 26 (78.8%) 20 (66.7%)  

2 0 (0.0%) 0 (0.0%)  

3 7 (21.2%) 10 (33.3%)  

homo_COII    1.000 

1 29 (87.9%) 26 (86.7%)  

2 0 (0.0%) 0 (0.0%)  

3 4 (12.1%) 4 (13.3%)  

homo_ATPase8    1.000 

1 32 (97.0%) 28 (93.3%)  

2 0 (0.0%) 0 (0.0%)  

3 1 (3.0%) 2 (6.7%)  

homo_ATPase6    0.400 

1 22 (66.7%) 17 (56.7%)  

2 11 (33.3%) 10 (33.3%)  

3 0 (0.0%) 3 (10.0%)  

homo_COIII    0.393 

1 24 (72.7%) 16 (53.3%)  

2 7 (21.2%) 13 (43.3%)  

3 2 (6.1%) 1 (3.3%)  

homo_ND3    0.296 

1 29 (87.9%) 25 (83.3%)  

2 0 (0.0%) 0 (0.0%)  

3 4 (12.1%) 5 (16.7%)  

homo_ND4L    0.296 

1 31 (93.9%) 28 (93.3%)  

2 0 (0.0%) 0 (0.0%)  

3 2 (6.1%) 2 (6.7%)  

homo_ND4    0.209 

1 14 (42.4%) 9 (30.0%)  

2 11 (33.3%) 11 (36.7%)  

3 8 (24.2%) 10 (33.3%)  

homo_ND5    0.264 

1 12 (36.4%) 9 (30.0%)  

2 16 (48.5%) 15 (50.0%)  

3 5 (15.2%) 6 (20.0%)  
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homo_ND6    1.000 

1 24 (72.7%) 20 (66.7%)  

2 0 (0.0%) 0 (0.0%)  

3 9 (27.3%) 10 (33.3%)  

homo_Cytb   0.788 

1 19 (57.6%) 15 (50.0%)  

2 9 (27.3%) 7 (23.3%)  

3 5 (15.2%) 8 (26.7%)  
 

Data are expressed as patient number in the single tertile (%). Data were analyzed by age-

adjusted Pearson’s χ2 test. Values in bold are statistically significant (p ≤ 0.05). 

Measurement of inflammatory biomarkers 

 

Upon collection, serum tubes of COVID-19 patients were 

gently inverted eight times and left at room temperature 

for 60 minutes to allow clotting. Subsequently, the tubes 

were centrifuged at 2500 x g at 4°C for 15 minutes. After 

centrifugation, the top portion of the supernatant was 

carefully aspirated and stored at -80°C in aliquots of 0.5-

1 ml. The serum concentration of IL-6, IFN-α, TNF-α, and 
IL-10 was determined using Pro Quantum Immunoassays 

(Cat# A35573, A42897, A35601, A35590, Thermo Fisher 

Scientific, USA), with each molecule having a specific 

assay. Duplicate reactions were performed for each 

sample, using 2 μl of serum, and the assays were run on 

Aria Mx Real Time PCR Instrument (Agilent, USA), 

following the conditions specified by the manufacturer. 

 

Statistical analysis 

 

All the tests, comparing COVID-19 patients and controls, 

were conducted addressing the potential bias arising from 

the different mean age of the two groups by the 

application of a propensity score matching (PSM) 

method. Age-weighted matching was performed by 

estimating the propensity scores through a stepwise 

logistic regression model, with the patient's group 

(COVID-19 or control) as the dependent variable and age 

as a covariate.  
 

Table 5. Tertile distribution of heteroplasmic variant burden per gene. 
 

 Controls (n=33) COVID-19 (n=30) Age-weighted p-values 

het_ D-loop   0.513 

1 15 (45.5%) 16 (53.3%)  

2 7 (21.2%) 6 (20.0%)  

3 11 (33.3%) 8 (26.7%)  

het_12S   0.221 

1 26 (78.8%) 19 (63.3%)  

2 0 (0.0%) 0 (0.0%)  

3 7 (21.2%) 11 (36.7%)  

het_16S   0.505 

1 24 (72.7%) 23 (76.7%)  

2 0 (0.0%) 0 (0.0%)  

3 9 (27.3%) 7 (23.3%)  

het_ND1   0.003 

1 28 (84.8%) 19 (63.3%)  

2 0 (0.0%) 0 (0.0%)  

3 5 (15.2%) 11 (36.7%)  

het_ND2   0.135 

1 23 (69.7%) 17 (56.7%)  

2 5 (15.2%) 6 (20.0%)  

3 5 (15.2%) 7 (23.3%)  

het_COI   0.221 

1 24 (72.7%) 18 (60.0%)  

2 0 (0.0%) 0 (0.0%)  

3 9 (27.3%) 12 (40.0%)  

het_COII   0.296 

1 28 (84.8%) 20 (66.7%)  

2 0 (0.0%) 0 (0.0%)  

3 5 (15.2%) 10 (33.3%)  

het_ATPase8   0.296 

1 32 (97.0%) 29 (96.7%)  

2 0 (0.0%) 0 (0.0%)  



 Casoli T., et al.                                     COVID-19 and mtDNA variants in the elderly

  

Aging and Disease • Volume 15, Number 6, December 2024                                                                       2672 

 

3 1 (3.0%) 1 (3.3%)  

het_ATPase6   0.296 

1 30 (90.9%) 24 (80.0%)  

2 0 (0.0%) 0 (0.0%)  

3 3 (9.1%) 6 (20.0%)  

het_COIII   0.050 

1 24 (72.7%) 5 (16.7%)  

2 6 (18.2%) 10 (33.3%)  

3 3 (9.1%) 15 (50.0%)  

het_ND3   0.121 

1 33 (100.0%) 24 (80.0%)  

2 0 (0.0%) 0 (0.0%)  

3 0 (0.0%) 6 (20.0%)  

het_ND4L   0.121 

1 32 (97.0%) 26 (86.7%)  

2 0 (0.0%) 0 (0.0%)  

3 1 (3.0%) 4 (13.3%)  

het_ND4   0.264 

1 19 (57.6%) 11 (36.7%)  

2 9 (27.3%) 13 (43.3%)  

3 5 (15.2%) 6 (20.0%)  

het_ND5   0.076 

1 21 (63.6%) 19 (63.3%)  

2 7 (21.2%) 5 (16.7%)  

3 5 (15.2%) 6 (20.0%)  

het_ND6   0.221 

1 29 (87.9%) 22 (73.3%)  

2 0 (0.0%) 0 (0.0%)  

3 4 (12.1%) 8 (26.7%)  

het_Cytb   0.558 

1 24 (72.7%) 20 (66.7%)  

2 0 (0.0%) 0 (0.0%)  

3 9 (27.3%) 10 (33.3%)  
 

Data are expressed as patient number in the single tertile (%). Data were analyzed by age-adjusted 

Pearson’s χ2 test. Values in bold are statistically significant (p ≤ 0.05). 

Participant characteristics were reported as mean and 

standard deviation for continuous variables, after their 

normality had been assessed using the Shapiro-Wilk test, 

and as absolute frequency and percentage for categorical 

variables. The comparison of variables between groups 

was performed using unpaired Student’s t test and χ2 test 

for continuous and categorical variables, respectively. 

Tertiles of homoplasmic and heteroplasmic variant 

burden, both total and per single gene, were calculated and 

expressed as absolute number and percentages. The 

tertiles were arranged in ascending order, with the first 

tertile representing subjects with a lower value of variant 

burden, and were compared by Pearson’s χ2 test.  

REA values were calculated for each of the 16,544 np 

in every subject and averaged for each np in the two 

groups. The comparison of REA values between the 

groups was performed using an unpaired Student's t test 

or Mann-Whitney U test, depending on the data 

distribution. For both tests, np with a p ≤ 0.05 and a mean 
absolute difference ≥ 0.25 were selected. To account for 
multiple testing and control for false significant 

comparisons, the Benjamini–Hochberg correction was 

applied.  

To explore associations between mtDNA variants in 

COVID-19 patients and inflammatory biomarkers (IL-6, 

IFN-α, TNF-α, and IL-10), Spearman rank correlation 

with Bonferroni correction was employed. All data 

analyses were conducted using STATA version 15.1 

Statistical Software Package for Windows (StataCorp, 

College Station, TX). Significance level was set at p ≤ 
0.05. 

 

RESULTS 

 

Study group characteristics 

 

Demographics, comorbidities, and laboratory parameters 

of the study population are shown in Table 1. The age of 

COVID-19 and control groups differed significantly; 

therefore, all the comparisons were conducted applying 

age-adjustment. Both groups were thoroughly examined 

for comorbidities including diabetes, stroke, cancer, 

chronic obstructive pulmonary disease (COPD), 

myocardial infarction, atrial fibrillation, Alzheimer’s 
disease, and chronic kidney disease (CKD). No 

significant differences were observed. Ferritin levels 
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resulted significantly higher in COVID-19 patients, while 

all the other laboratory parameters were not statistically 

different between the two groups. Table 2 summarizes 

clinical characteristics of COVID-19 patients. They had a 

median hospitalization duration of 14 days and 40% of 

them deceased. The most common symptoms were 

respiratory insufficiency (63.3%) and cough (33.3%), 

followed by gastrointestinal symptoms (diarrhea: 10.0%; 

vomiting: 6.7%), and dysgeusia (6.7%). Treatments at 

admission included glucocorticoids and heparin. The 

clinical features of our cohort were in line with those 

reported in unvaccinated patients of the same age group 

[30, 31]. The distribution of mtDNA haplogroups is 

shown in Table 3. No difference was found between the 

two groups investigated (p = 0.504).  

 
Figure 2. Type and rate of heteroplasmic variants in ND1 and COIII genes. (A) Heteroplasmic 

variants in the control group (n=33). mtDNA is represented as two circles, the H strand and the L 

strand, reporting in color the coding genes and the D-loop region. Single nucleotide substitutions in 

ND1 and COIII genes, as well as type (missense or silent variant) and rate in the studied group are 

shown in the corresponding tables. (B) Heteroplasmic variants in the COVID-19 group (n=30) are 

reported. It can be observed the increase of variant number in comparison to control group.  M, 

missense variants; S, silent variants.  
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Table 6. Missense ND1 gene mutations in controls and COVID-19 patients, amino acid substitutions, and 

predicted pathogenicity scores. 
 

Mutation Amino 

acid 

PolyPhen-2 

HumVar 

PANTHER SIFT MutPred2 Align-GVGD 

 Controls       

A3434C Y43S Possibly damaging Probably damaging Deleterious Pathogenic C65 

A3475C T57P Probably damaging Probably damaging Deleterious Benign C35 

A3815T E170V Probably damaging Probably damaging Deleterious Pathogenic C65 

T4002A I232M Possibly damaging Probably damaging Tolerated Pathogenic C0 

C4061T P252L Possibly damaging Probably damaging Tolerated Benign C65 

A4217C Y304S Benign Probably damaging Tolerated Benign C65 

 COVID-19       

C3439A L45M Possibly damaging Probably damaging Deleterious Benign C0 

C3443T L46P Probably damaging Probably damaging Deleterious Pathogenic C65 

C3448A P48T Probably damaging Probably damaging Deleterious Benign C35 

A3482G E59G Probably damaging Probably damaging Deleterious Benign C65 

G3483C E59D Probably damaging Probably damaging Deleterious Benign C35 

T3653G I116S Probably damaging Probably damaging Deleterious Pathogenic C65 

A3719G Q138R Probably damaging Probably damaging Deleterious Pathogenic C35 

T3755C L150P Probably damaging Probably damaging Deleterious Pathogenic C65 

G3814A E170K Probably damaging Probably damaging Tolerated Benign C55 

A3994C N230H Probably damaging Probably damaging Deleterious Pathogenic C65 

C4116A F270L Possibly damaging Probably damaging Deleterious Benign C15 

T4187G L294R Probably damaging Probably damaging Deleterious Pathogenic C65 

C4189G P295A Probably damaging Probably damaging Deleterious Benign C25 

A4210G M302V Probably damaging Probably damaging Tolerated Benign C15 

A4217C Y304S Benign Probably damaging Tolerated Benign C65 
 

In bold missense mutations with the highest scores of pathogenicity in all the five tools used. Align-GVGD score should be interpreted as 

C0 = less likely pathogenic; C65 = most likely pathogenic.  

COVID-19 patients show a selective increase of 

heteroplasmic variant burden in ND1 and COIII genes  

 

The analysis of variant burden, including both 

homoplasmic and heteroplasmic ones, revealed a 

significantly higher burden of heteroplasmic variants in 

COVID-19 patients when compared to controls (Fig.1). 

Specifically, the percentage of patients in the third tertile 

showed a significant increase. We then examined the 

tertile distribution of variant burden per single gene. We 

did not include in our analysis tRNA genes and the short 

non-coding sequences. The comparisons of homoplasmic 

variant burden did not yield significant differences, except 

for the D-loop region where controls exhibited an 

increased variant burden (Table 4). As regards 

heteroplasmic variant burden, an increase was observed in 

COVID-19 patients for the NADH dehydrogenase subunit 

1 (ND1) and cytochrome c oxidase subunit III (COIII) 

genes (Table 5). The ND1 gene is part of complex I, while 

COIII belongs to complex IV of the mitochondrial 

respiratory chain. In order to delve deeper into these 

regions, we conducted a detailed analysis, examining the 

type and rate of variants, as well as the presence of any 

amino acid change in the corresponding proteins (Fig. 2).  

While ND1 gene showed isolated variants, COIII 

gene displayed repeated variants in specific np, both in 

controls and COVID-19 patients. Specifically, 94.8% and 

86.3% of the variants in the ND1 gene, and 72.7% and 

77.7% of the variants in the COIII gene led to an amino 

acid change in COVID-19 patients and controls, 

respectively. However, these differences within genes 

were not statistically significant.  

The actual number of mtDNA homoplasmic and 

heteroplasmic variants per individual and their 

distribution in different genes are reported in 

Supplementary Table 1. 

 

Predicted effect on protein function of missense 

mutations in ND1 and COIII genes  

 

The outcomes of in silico analysis of ND1 and COIII 

missense variants are reported in Table 6 and Table 7, 

respectively. Both genes showed different pathogenic 

scores according to the algorithm used, except for 

PANTHER reporting all missense mutations as “probably 
damaging”. Table 6 shows that in ND1 gene, one 

substitution in controls, and five in COVID-19 patients, 

are associated with the maximum score of pathogenicity 

in all the tools considered. Table 7 displays the results of 

the analysis for COIII: maximum scores are reported in 

two SNP in controls, and in four SNP in COVID-19 

patients. One of them, the C9556A, was common to both 

groups. 
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Table 7. Missense COIII gene mutations in controls and COVID-19 patients, amino acid substitutions, and 

predicted pathogenicity scores.   
 

Mutation Amino 

acid 

PolyPhen-2 

HumVar 

PANTHER SIFT MutPred2 Align- 

GVGD 

 Controls       

A9475C E90A Probably damaging Probably damaging Deleterious Pathogenic C65 

C9555A P117T Probably damaging Probably damaging Deleterious Pathogenic C35 

C9556A P117H Probably damaging Probably damaging Deleterious Pathogenic C65 

T9697C L164P Possibly damaging Probably damaging Tolerated Pathogenic C65 

A9699C I165L Benign Probably damaging Tolerated Benign C0 

G9715C G170A Probably damaging Probably damaging Tolerated Pathogenic C55 

T9718C L171H Possibly damaging Probably damaging Deleterious Pathogenic C65 

T9909A F235I Probably damaging Probably damaging Deleterious Pathogenic C15 

T9910A F235Y Possibly damaging Probably damaging Tolerated Benign C15 

G9918A A238T Probably damaging Probably damaging Tolerated Benign C55 

 COVID-19       

C9268A A21D Probably damaging Probably damaging Deleterious Benign C65 

G9525A A107T Probably damaging Probably damaging Tolerated Benign C55 

A9531T T109S Probably damaging Probably damaging Tolerated Benign C55 

T9541G L112W Probably damaging Probably damaging Deleterious Pathogenic C55 

C9551G H115Q Probably damaging Probably damaging Tolerated Benign C15 

C9556A P117H Probably damaging Probably damaging Deleterious Pathogenic C65 

C9562T T119M Probably damaging Probably damaging Tolerated Benign C65 

G9690T A162S Probably damaging Probably damaging Tolerated Benign C65 

A9699C I165L Benign Probably damaging Tolerated Benign C0 

A9700C I165T Benign Probably damaging Deleterious Benign C65 

A9702G T166A Probably damaging Probably damaging Deleterious Benign C55 

A9710T L168F Probably damaging Probably damaging Tolerated Benign C15 

T9718A L171H Possibly damaging Probably damaging Deleterious Pathogenic C65 

T9769C I188T Probably damaging Probably damaging Deleterious Benign C65 

A9898C H231P Probably damaging Probably damaging Deleterious Pathogenic C65 

T9909A F235I Probably damaging Probably damaging Deleterious Pathogenic C15 

T9910A F235Y Possibly damaging Probably damaging Tolerated Benign C15 

A9943G D246G Probably damaging Probably damaging Deleterious Pathogenic C65 

T9946A V247E Probably damaging Probably damaging Deleterious Pathogenic C65 
 

In bold missense mutations with the highest scores of pathogenicity in all the five tools used. Align-GVGD score should be interpreted as C0 

= less likely pathogenic; C65 = most likely pathogenic.  

mtDNA low-level heteroplasmy is increased in COVID-

19 patients 

 

Low-level heteroplasmy, defined as the presence of non-

reference alleles in less than 10% of mtDNA copies, may 

be an indicator of non-specific acquired variants 

potentially induced by environmental and pathogenetic 

factors. To assess low-level heteroplasmy in mtDNA, we 

utilized the REA index at the single np level. High REA 

values indicate a prevalence of the reference nucleotide, 

whereas low values suggest a significant contribution of 

the other three nucleotides. The REA indices were 

determined to every np and compared between controls 

and COVID-19 patients. Out of the total 16,544 

nucleotide positions analyzed, we found that 120 

positions exhibited statistically significant differences in 

REA values between the control group and COVID-19 

patients (Supplementary Table 2). REA was higher in 

controls in all of the 120 np, demonstrating, in the same 

np, a greater contribution of non-reference alleles in 

COVID-19 patients, i.e. an increase of low-level 

heteroplasmy. Among these 120 positions, 94 np 

belonged to coding genes; their relative frequency in the 

corresponding gene, after normalization by gene length, is 

illustrated in Fig. 3. Notably, the most represented genes 

are ND2 and ND3, accounting respectively for 21% and 

24% of significantly different np. 

 

Single nucleotide substitutions in mtDNA sequence 

associate with levels of inflammatory mediators in 

COVID-19 patients 

 

Potential associations within COVID-19 group between 

heteroplasmic variant burden, along with the averaged 

REA values, and inflammatory mediators such as IL-6, 

IFN-α, TNF-α, and IL-10 were analyzed by Spearman 

rank correlation analysis. We investigated mtDNA genes 

resulting significantly different from controls. To account 
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for multiple testing, we applied the Bonferroni correction. 

The results are summarized in Table 8. Analysis of the 

correlation coefficients (r scores) highlighted some 

significant correlations: positive between total and ND1 

gene heteroplasmic variant burden and IFN-α, and 
negative between REA values of many genes, and IL-6 

and TNF-α. These findings indicate that an increase in 
heteroplasmic variant burden correlates specifically with 

an increase of IFN-α, while low REA scores, suggestive 

of low-level heteroplasmy, are associated with high levels 

of IL-6 and TNF-α. 
 

DISCUSSION 

 

The main finding of this study is that elderly patients 

diagnosed with COVID-19 display higher heteroplasmic 

single nucleotide substitutions in their mtDNA compared 

to controls, both at high and low degree of heteroplasmy, 

and these mtDNA substitutions are associated with blood 

levels of inflammatory cytokines. The laboratory findings 

showed higher levels of ferritin in COVID-19 patients 

with respect to control group while other parameters 

investigated did not differ significantly. During viral 

infections, the concentration of circulating ferritin rises 

indicating viral replication and cytokine storm [32, 33]. 

Our results are in line with other laboratory test results 

showing a high variability within COVID-19 group and it 

has been demonstrated that they change according to 

disease severity and prognosis [27, 34, 35].  

The analysis of mtDNA sequences was performed by 

using MitoChips which contains tens of thousands of 

oligonucleotide sequences, each representing a part of a 

mitochondrial gene, as spots on a solid surface. This 

technique is based on hybridization while next-generation 

sequencing (NGS) relies on synthesis by DNA 

polymerase to incorporate complementary nucleotides. 

MitoChip assay is well validated and has been 

demonstrated to provide reproducible results [36, 37]. 

Comparing MitoChip to capillary electrophoresis 

sequencing showed a concordance between both methods 

of 99.9% [38]. Another important advantage of using 

MitoChip is that the sequencing of nuclear mitochondrial 

DNA segments (NUMTs) is highly unlikely due to the 

amplification of sufficiently long mtDNA fragments that 

are not duplicated in the nuclear genome [29].  

 

 
 

Figure 3. Percentage distribution in coding genes of the 94 nucleotide 

positions showing increased low-level heteroplasmy in COVID-19 patients. 

The pie graph shows that the most represented genes with increased low-level 

heteroplasmy in COVID-19 patients (n=30) vs. controls (n=33) are those of 

complex I of the respiratory chain (NADH-ubiquinone oxidoreductase) from 

ND1 to ND5. The highest frequency was found in ND2 and ND3 genes. 
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We found that total heteroplasmic variant burden was 

increased in patients compared to controls and the most 

important contribution to this increment was due to ND1 

and COIII genes. Surprisingly, the majority of observed 

variants were transversions. The empirically observed 

transition/transversion ratio is 21.97 in the mtDNA 

overall [39], but heteroplasmic changes show a higher 

proportion of transversion events [40]. In addition, the 

mtDNA analyzed in this study, deriving from middle-old 

and oldest-old individuals, might have been subjected to 

repeated events of oxidative stress, resulting in increase of 

transversions, although this issue has been strongly 

questioned in recent years, [41, 42]. Two previous 

investigations studied mtDNA variants associated with 

COVID-19 and they both demonstrated an increment in 

patient group vs. controls [43, 22]. Specifically, Dirican 

and colleagues [43] by Sanger sequencing of two specific 

genes, ATPase6 and Cytb, found that COVID-19 patients 

displayed more A8860G and G9055A substitutions in the 

ATPase6 gene and more A15326G, T15454C, and 

C15452A changes in the Cytb gene. Kumari et al., 

analyzed whole mtDNA genome by NGS and discovered 

15 highly conserved and pathogenic variants associated 

with COVID-19 in genes of mitochondrial complex I and 

complex IV [22]. Interestingly, we also found an increase 

of heteroplasmic variant burden in COVID-19 patients in 

genes of the same respiratory complexes. The presence of 

a significant number of predicted pathogenic variants 

suggests that changes in amino acids may result in change 

of charge, hydrophobicity/hydrophilicity, and 

conformation of the secondary, tertiary, or quaternary 

structure, ultimately affecting the protein function [44]. 

As these complexes are engaged in different functions 

other than electron transport, such as mitochondrial 

morphology, calcium homeostasis, regulation of 

apoptosis, and ROS production, it can be inferred that 

mitochondrial activity could be deeply perturbated by 

their modification [45, 46].  

The D-loop region, the non-coding region where 

mtDNA duplication starts, shows an increased 

homoplasmic variant burden in controls. Homoplasmic 

variants are mostly inherited and are particularly frequent 

in this region compared to ribosomal, tRNA, and coding 

mtDNA genes. They could be haplogroup markers, 

although no difference in haplogroup distribution was 

found between the two groups. It has been demonstrated 

that D-loop inherited variability plays a role in successful 

aging and longevity [47-49], however the role played by 

D-loop homoplasmic variants in COVID-19 affecting 

elderly individuals should be further evaluated. The 

increase of mtDNA low-level heteroplasmy in COVID-19 

patients, demonstrated by the low REA values found in 

this group, support further the association of the disease 

with mtDNA modifications. The analysis of the relative 

frequency showed that ND2 and ND3 genes displayed 

lower-level heteroplasmy than other genes, indicating 

again the involvement of complex I in COVID-19 

manifestations. An increase of low-level heteroplasmy 

has been demonstrated in aging and in age-associated 

neurodegenerative diseases like Alzheimer’s disease and 
Parkinson’s disease [50-52]. Currently, it is not solidly 

defined whether these variants are causal or correlative 

with aging, but strong indications suggest that they 

contribute to oxidative phosphorylation dysfunction and 

some aging phenotypes like the loss of muscle fibers and 

the replicative senescence [53].  
 

Table 8. Correlation r values between heteroplasmic mutation 

burden and REA values of genes significantly different from 

controls, and IL-6, IFN-α, TNF-α, and IL-10 levels. 
  

IL-6 IFN-α TNF-α IL-10 

het_mtDNA 0.3056 0.4249 -0.0341 -0.1417 

het_ND1 0.0549 0.4004 0.0323 -0.1808 

het_COIII 0.0458 0.3154 0.1100 -0.2879 

REA_ND1 -0.3428 -0.0782 -0.2697 -0.1395 

REA_ND2 -0.3673 -0.1626 -0.163 -0.0078 

REA_COI -0.3709 0.0435 -0.3025 -0.2187 

REA_ATPase8 -0.4154 -0.2528 -0.0895 -0.0042 

REA_ATPase6 -0.4256 -0.0580 -0.3838 -0.2058 

REA_ND3 -0.3299 -0.1919 -0.1945 -0.0176 

REA_ND4L -0.4772 -0.2149 -0.2653 -0.1493 

REA_ND4 -0.3477 -0.0449 -0.3363 -0.2040 

REA_ND5 -0.4532 -0.0440 -0.2949 -0.1706 

REA_Cytb -0.3473 -0.0092 -0.2987 -0.1746 
 

Data were analyzed by Spearman rank correlation with Bonferroni 

correction (n=30). Values in bold are statistically significant (p ≤ 
0.05). 
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The association of IL-6, TNF-α, and IFN-α levels 
with mtDNA variants, at different degree of 

heteroplasmy, suggests a possible link between 

inflammation and mtDNA damage. Medications or 

concomitant infections could directly influence 

inflammatory mediator levels and their association with 

mtDNA variants. In this study, only 2/30 subjects took 

glucocorticoids or heparin, and none of them took 

NSAID. No one had coexisting infections. However, the 

influence of other possible factors on the association of 

inflammatory mediators with mtDNA variants should be 

evaluated. Thus, further large-scale studies are required to 

elucidate the role of inflammation on mtDNA variant 

increase in COVID-19, with better adjustment of 

confounding factors. 

A highly proinflammatory microenvironment has 

been correlated with mitochondrial mutagenesis in 

synovial tissue of patients with arthritis [54]. Synovial 

tissue mtDNA mutation frequency significantly 

correlated with synovial fluid expression of TNF-α and 
IFN-γ demonstrating a strong relationship between 
mitochondrial instability and proinflammatory pathways. 

Another condition characterized by high levels of 

inflammation, caused by a dysregulated host response to 

infection, is sepsis. Park and colleagues demonstrated, by 

NGS of the complete mitochondrial genome, that PBMC 

from pediatric patients with severe sepsis or septic shock 

had a high incidence of mtDNA mutations [55]. In this 

regard, also COVID-19 is a condition characterized by 

high levels of pro-inflammatory cytokines and 

chemokines, which can promote not only local tissue 

inflammation but also a systemic inflammatory response, 

especially in older individuals [56]. The association of 

circulating cytokines with mtDNA single nucleotide 

substitutions suggests that there may exist a link between 

the inflammatory response elicited by Sars-CoV-2 

infection and mitochondria. Indeed, interactions of the 

SARS-CoV-2 proteins such as open reading frames 

(ORF) and virus non-structural proteins (NSP) with host 

cell mitochondrial proteins lead to loss of membrane 

integrity and cause dysfunction in the bioenergetics of the 

mitochondria [3, 57]. What follows is a secondary 

damaging event with the release of mtDNA, elevated 

ROS, activation of the NF-κB pathway, inflammasomes, 

and hyper-inflammatory state and cytokine storm [58, 

59]. Although the production of ROS in inflammatory 

conditions provides a host protective role, evidence 

suggests that their increase leads to the destruction of 

extracellular matrix components and oxidative damage of 

DNA molecules, especially the highly susceptible 

mtDNA [60]. Exposure to nitric oxide and peroxynitrite 

causes mtDNA damage and results in decreased cellular 

ATP levels and mitochondrial redox function [61]. In 

chronic liver inflammation, ROS overproduction directly 

caused mtDNA mutations [62]. Since expression of the 

entire mitochondrial genome is necessary for the 

maintenance of mitochondrial functions, including 

electron transport, small changes in mtDNA sequence can 

result in profound impairment of such functions, thereby 

enhancing generation of free radicals, which in turn 

accelerates the rate of mutation.  

Mitochondrial dysfunction can be part of the post-

acute sequelae of COVID-19 [63]. Several studies have 

indicated that patients with post-COVID complications, 

showing chronic fatigue, neuropsychiatric and 

neurometabolic disturbances, could be affected by 

disorders of mitochondrial metabolic pathways [64-66]. 

An earlier study has shown that the mitochondrial 

membrane potential, a parameter used to evaluate the 

mitochondrial function, is decreased in leukocytes of 

subjects both after one and eleven months from COVID-

19 recovery compared to healthy controls [67].  

This study has some limitations that should be 

mentioned. First, the population analyzed is not 

vaccinated and a comparison with vaccinated individuals 

is missing. At this point of pandemic evolution there is a 

considerable part of the world population that has 

received at least one dose of a COVID-19 vaccine; 

therefore, it would be interesting to evaluate the 

consequences of the disease on mtDNA sequence also in 

vaccinated patients and analyze the possible differences 

with unvaccinated ones. Second, the validation from 

technical replicates or the use of another approach to 

verify findings from MitoChip analysis is lacking. 

Therefore, further confirmation using a more sensitive 

sequencing method would greatly enhance the reach of 

the present results especially those concerning 

heteroplasmy. Third, the mean age difference between 

COVID-19 patients and controls, with patients being 

significantly older than controls, could be a serious 

problem in interpreting the significance of the statistical 

analysis due to the increase of mtDNA heteroplasmic 

variants with age. To address this issue, we applied a PSM 

approach to all the statistical tests involving the 

comparison of the two groups, so as to control the age 

difference influence on test outcome. Finally, the small 

sample size limits the generalizability of our results that 

need to be confirmed in a larger cohort.  

In conclusion, our findings suggest that mitochondria, 

particularly mtDNA, could be crucial targets of Sars-

CoV-2 and might play an important role in the extent of 

viral invasiveness and pathogenicity. Although our study 

is cross sectional and direct causality between Sars-CoV-

2 invasion and increase of damaging variants cannot be 

established, it can be argued that the effects of an 

inefficient oxidative phosphorylation in COVID-19 

elderly patients could critically worsen an already 

compromised clinical status, with unpredictable 
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consequences. Damage to mitochondria in COVID-19 

could be long-lasting and affect general health conditions 

after recovery. 

 

CONCLUSIONS 

 

Among the devastating effects of COVID-19, damage to 

mitochondria and mtDNA could have wide-ranging 

consequences and strongly weaken several metabolic 

pathways. Based on the emerging evidence, it is tempting 

to speculate that mitochondrial dysfunction may be the 

primary event in COVID-19 pathogenesis. In this 

perspective, elderly population, already suffering from 

mitochondrial dysfunction, represent the most exposed 

group. This suggests that COVID-19 may be targeted, in 

addition to antiviral strategies, by approaches that target 

oxidative phosphorylation, mitochondrial-mediated 

apoptosis, mitochondrial dynamics as well as the aging 

process. 

 

Acknowledgments 

 

This work was supported by IRCCS INRCA (“Current 
Research” fund of the Italian Ministry of Health). The 
authors wish to thank Beatrice Bartozzi, Denise Quinzi, 

Elisabetta Farnocchia, and Pierpaolo Stripoli for their 

work in the detection of SARSCoV-2 infection by 

performing real-time reverse transcriptase-polymerase 

chain reaction assays in nasal/oro-pharyngeal swab 

samples. The authors wish also to thank the biologists and 

the laboratory technicians of the Clinical Laboratory of 

the IRCCS INRCA Hospital for the collection of serum 

samples and for the routine clinical laboratory data. We 

also thank BioGer, the IRCCS INRCA institutional 

biobank, for providing the biological samples. The 

authors are grateful to Marzio Marcellini for his help with 

figures.  

 

Competing interests  

 

The authors declare that they have no competing interests. 

 

Supplementary Materials  

  

The Supplementary data can be found online at: 

www.aginganddisease.org/EN/10.14336/AD.2023.1123. 

     

References 
 

[1] Ciarambino T, Crispino P, Minervini G, Giordano M 

(2023). COVID-19 and Frailty. Vaccines 

(Basel),11:606.  

[2] Targhetta VP, Amaral MA, Camara NOS (2021). 

Through DNA sensors and hidden mitochondrial 

effects of SARS-CoV-2. J Venom Anim Toxins Incl 

Trop Dis, 27:e20200183.  

[3] Mahmoodpoor A, Sanaie S, Ostadi Z, Eskandari M, 

Behrouzi N, Asghari R, et al. (2022). Roles of 

mitochondrial DNA in dynamics of the immune 

response to COVID-19. Gene, 836:146681.  

[4] Bhowal C, Ghosh S, Ghatak D, De R (2022). 

Pathophysiological involvement of host mitochondria 

in SARS-CoV-2 infection that causes COVID-19: a 

comprehensive evidential insight. Mol Cell Biochem, 

29:1-19.  

[5] Gatti P, Ilamathi HS, Todkar K, Germain M (2020). 

Mitochondria targeted viral replication and survival 

strategies-prospective on SARS-CoV-2. Front 

Pharmacol,11:578599.  

[6] Shang C, Liu Z, Zhu Y, Lu J, Ge C, Zhang C, et al. 

(2021). SARS-CoV-2 causes mitochondrial 

dysfunction and mitophagy impairment. Front 

Microbiol, 12:780768.  

[7] Nakahira K, Hisata S, Choi AMK (2015). The roles of 

mitochondrial damage associated molecular patterns in 

diseases. Antioxid Redox Signal, 23:1329-50. 

[8] Grazioli S, Pugin J (2018). Mitochondrial damage-

associated molecular patterns: from inflammatory 

signaling to human diseases. Front Immunol, 9:832.  

[9] Fang C, Wei X, Wei Y (2016). Mitochondrial DNA in 

the regulation of innate immune responses. Protein 

Cell, 7:11-16.  

[10] Chistiakov DA, Sobenin IA, Revin VV, Orekhov AN, 

Bobryshev YV (2014). Mitochondrial aging and age-

related dysfunction of mitochondria. Biomed Res Int, 

2014:238463.  

[11] Son JM, Lee C (2021). Aging: All roads lead to 

mitochondria. Semin Cell Dev Biol, 116:160-168.  

[12] Larsson NG (2010). Somatic mitochondrial DNA 

mutations in mammalian aging. Annu Rev Biochem, 

79:683-706.  

[13] Currie MS (1992). Immunosenescence. Compr Ther, 

18:26-34. 

[14] De Martinis M, Franceschi C, Monti D, Ginaldi L 

(2007). Apoptosis remodeling in immunosenescence: 

implications for strategies to delay ageing. Curr Med 

Chem, 14:1389-1397.  

[15] Oh SJ, Lee JK, Shin OS (2019). Aging and the immune 

system: The impact of immunosenescence on viral 

infection, immunity and vaccine immunogenicity. 

Immune Netw, 19:e37. 

[16] Pangrazzi L, Weinberger B (2020). T cells, aging and 

senescence. Exp Gerontol, 134:110887. 

[17] Franceschi C, Garagnani P, Vitale G, Capri M, Salvioli 

S (2017). Inflammaging and ’Garb-aging’. Trends 
Endocrinol Metab, 28:199-212.  

[18] Dantzer R, O'Connor JC, Freund GG, Johnson RW, 

Kelley KW (2008). From inflammation to sickness and 

depression: when the immune system subjugates the 

brain. Nat Rev Neurosci, 9:46-56.  

[19] Agostinho P, Cunha RA, Oliveira C (2010). 

Neuroinflammation, oxidative stress and the 

pathogenesis of Alzheimer’s disease. Curr Pharm Des, 
16:2766-2778.  



 Casoli T., et al.                                     COVID-19 and mtDNA variants in the elderly

  

Aging and Disease • Volume 15, Number 6, December 2024                                                                       2680 

 

[20] Moreno Fernández-Ayala DJ, Navas P, López-Lluch G 

(2020). Age-related mitochondrial dysfunction as a key 

factor in COVID-19 disease. Exp Gerontol, 

142:111147.  

[21] Codo AC, Davanzo GG, Monteiro LB, de Souza GF, 

Muraro SP, Virgilio-da-Silva JV, et al. (2021). Elevated 

Glucose Levels Favor SARS-CoV-2 Infection and 

Monocyte Response through a HIF-1α/Glycolysis-

Dependent Axis. Cell Metab, 32:437-446.e5. 

[22] Kumari D, Singh Y, Singh S, Dogra V, Srivastava AK, 

Srivastava S, et al. (2023). Mitochondrial pathogenic 

mutations and metabolic alterations associated with 

COVID-19 disease severity. J Med Virol, 95:e28553.  

[23] Bulua AC, Simon A, Maddipati R, Pelletier M, Park H, 

Kim KY, et al. (2011). Mitochondrial reactive oxygen 

species promote production of proinflammatory 

cytokines and are elevated in TNFR1-associated 

periodic syndrome (TRAPS). J Exp Med, 208:519-533.  

[24] Naik E, Dixit VM (2011). Mitochondrial reactive 

oxygen species drive proinflammatory cytokine 

production. J Exp Med, 208:417-420.  

[25] Beckman KB, Ames BN (1997). Oxidative decay of 

DNA. J Biol Chem, 272:19633-19636.  

[26] Kreutzer DA, Essigmann JM (1998). Oxidized, 

deaminated cytosines are a source of C --> T transitions 

in vivo. Proc Natl Acad Sci U S A, 95:3578-3582.  

[27] Olivieri F, Sabbatinelli J, Bonfigli AR, Sarzani R, 

Giordano P, Cherubini A, et al. (2022). Routine 

laboratory parameters, including complete blood count, 

predict COVID-19 in-hospital mortality in geriatric 

patients. Mech Ageing Dev, 204:111674.  

[28] Bustacchini S, Abbatecola AM, Bonfigli AR, Chiatti C, 

Corsonello A, Di Stefano G, et al. (2015). The Report-

AGE project: a permanent epidemiological observatory 

to identify clinical and biological markers of health 

outcomes in elderly hospitalized patients in Italy. Aging 

Clin Exp Res, 27:893-901.  

[29] Coon KD, Valla J, Szelinger S, Schneider LE, 

Niedzielko TL, Brown KM, et al. (2006). Quantitation 

of heteroplasmy of mtDNA sequence variants identified 

in a population of AD patients and controls by array-

based resequencing. Mitochondrion, 6:194-210.  

[30] Vrillon A, Hourregue C, Azuar J, Grosset L, Boutelier 

A, Tan S, et al. (2020). COVID-19 in Older Adults: A 

Series of 76 Patients Aged 85 Years and Older with 

COVID-19. J Am Geriatr Soc, 68:2735-2743.  

[31] ISARIC Clinical Characterisation Group (2021). 

COVID-19 symptoms at hospital admission vary with 

age and sex: results from the ISARIC prospective 

multinational observational study. Infection, 49:889-

905.  

[32] Li Y, Hu Y, Yu J, Ma T (2020). Retrospective analysis 

of laboratory testing in 54 patients with severe- or 

critical-type 2019 novel coronavirus pneumonia. Lab 

Investig, 100:794-800.  

[33] Jia J, Wang M, Meng J, Ma Y, Wang Y, Miao N, et al. 

(2022). Ferritin triggers neutrophil extracellular trap-

mediated cytokine storm through Msr1 contributing to 

adult-onset Still's disease pathogenesis. Nat Commun, 

13:6804.  

[34] Henry BM, de Oliveira MHS, Benoit S, Plebani M, 

Lippi G (2020). Hematologic, biochemical and immune 

biomarker abnormalities associated with severe illness 

and mortality in coronavirus disease 2019 (COVID-19): 

a meta-analysis. Clin Chem Lab Med, 58:1021-1028.  

[35] Cardelli M, Pierpaoli E, Marchegiani F, Marcheselli F, 

Piacenza F, Giacconi R, et al. (2022). Biomarkers of 

cell damage, neutrophil and macrophage activation 

associated with in-hospital mortality in geriatric 

COVID-19 patients. Immun Ageing, 19:65.  

[36] Xie HM, Perin JC, Schurr TG, Dulik MC, Zhadanov SI, 

Baur JA, et al. (2011). Mitochondrial genome sequence 

analysis: a custom bioinformatics pipeline substantially 

improves Affymetrix MitoChip v2.0 call rate and 

accuracy. BMC Bioinformatics, 12:402. 

[37] Zamzami MA, Price GR, Taylor RW, Blakely EL, 

Oancea I, Bowling F, et al. (2011). Insights into N-calls 

of mitochondrial DNA sequencing using MitoChip 

v2.0. BMC Res Notes, 4:426. 

[38] Jakupciak JP, Maggrah A, Maragh S, Maki J, Reguly B, 

Maki K, et al. (2008). Facile whole mitochondrial 

genome resequencing from nipple aspirate fluid using 

MitoChip v2.0. BMC Cancer, 8:95. 

[39] Levinstein Hallak K, Tzur S, Rosset S (2018). Big data 

analysis of human mitochondrial DNA substitution 

models: a regression approach. BMC Genomics, 

19:759. 

[40] Kosanke M, Davenport C, Szepes M, Wiehlmann L, 

Kohrn T, Dorda M, et al (2021). iPSC culture expansion 

selects against putatively actionable mutations in the 

mitochondrial genome. Stem Cell Reports, 16:2488-

2502.  

[41] Waneka G, Svendsen JM, Havird JC, Sloan DB (2021). 

Mitochondrial mutations in Caenorhabditis elegans 

show signatures of oxidative damage and an AT-bias. 

Genetics, 219:iyab116. 

[42] Zsurka G, Peeva V, Kotlyar A, Kunz WS (2018). Is 

There Still Any Role for Oxidative Stress in 

Mitochondrial DNA-Dependent Aging? Genes (Basel), 

9:175.  

[43] Dirican E, Savrun ŞT, Aydın İE, Gülbay G, Karaman Ü 
(2022).  Analysis of mitochondrial DNA cytochrome-b 

(CYB) and ATPase-6 gene mutations in COVID-19 

patients. J Med Virol, 94:3138-3146.  

[44] Moilanen JS, Majamaa K (2003). Phylogenetic network 

and physicochemical properties of nonsynonymous 

mutations in the protein-coding genes of human 

mitochondrial DNA. Mol Biol Evol, 20:1195-1210. 

[45] Rodenburg RJ (2016). Mitochondrial complex I-linked 

disease. Biochim Biophys Acta, 1857:938-945.  

[46] Fornuskova D, Stiburek L, Wenchich L, Vinsova K, 

Hansikova H, Zeman J (2010). Novel insights into the 

assembly and function of human nuclear-encoded 

cytochrome c oxidase subunits 4, 5a, 6a, 7a and 7b. 

Biochem J, 428:363-374. 

[47] Tanaka M, Gong JS, Znang J, Yonada M, Yagi K 

(1998). Mitochondrial genotype associated with 

longevity. Lancet, 351:185-186. 

[48] Rose G, Passarino G, Carrieri G, Altomare K, Greco V, 

Bertolini S, et al. (2001). Paradoxes in longevity: 



 Casoli T., et al.                                     COVID-19 and mtDNA variants in the elderly

  

Aging and Disease • Volume 15, Number 6, December 2024                                                                       2681 

 

sequence analysis of mtDNA haplogroup J in 

centenarians. Eur J Hum Genet, 9:701-707.  

[49] Zhang J, Asin-Cayuela J, Fish J, Michikawa Y, Bonafe 

M, Olivieri F, et al. (2003). Strikingly higher frequency 

in centenarians and twins of mtDNA mutation causing 

remodeling of replication origin in leukocytes. Proc 

Natl Acad Sci USA, 100:1116-1121.  

[50] Lima T, Li TY, Mottis A, Auwerx J (2022). Pleiotropic 

effects of mitochondria in aging. Nat Aging, 2:199-213.  

[51] Casoli T, Di Stefano G, Spazzafumo L, Balietti M, 

Giorgetti B, Giuli C, et al. (2014). Contribution of non-

reference alleles in mtDNA of Alzheimer's disease 

patients. Ann Clin Transl Neurol, 1:284-289.  

[52] Casoli T, Lisa R, Fabbietti P, Conti F (2020). Analysis 

of mitochondrial DNA allelic changes in Parkinson's 

disease: a preliminary study. Aging Clin Exp Res, 

32:345-349.  

[53] Payne BAI, Chinnery PF (2015). Mitochondrial 

dysfunction in aging: much progress but many 

unresolved questions. Biochim Biophys Acta, 

1847:1347-1353.  

[54] Harty LC, Biniecka M, O'Sullivan J, Fox E, Mulhall K, 

Veale DJ, et al. (2012). Mitochondrial mutagenesis 

correlates with the local inflammatory environment in 

arthritis. Ann Rheum Dis, 71:582-588.  

[55] Park J, Kang E, Kang S, Kim D, Kim D, Park SJ, et al. 

(2021). Mitochondrial gene mutations in pediatric 

septic shock. Pediatr Res, 90:1016-1022.  

[56] Sabbatinelli J, Matacchione G, Giuliani A, Ramini D, 

Rippo MR, Procopio AD, et al. (2022). Circulating 

biomarkers of inflammaging as potential predictors of 

COVID-19 severe outcomes. Mech Ageing Dev, 

204:111667.  

[57] Elesela S, Lukacs NW (2021). Role of Mitochondria in 

Viral Infections. Life (Basel), 11:232.  

[58] Shenoy S (2020). Coronavirus (Covid-19) sepsis: 

revisiting mitochondrial dysfunction in pathogenesis, 

aging, inflammation, and mortality. Inflamm Res, 

69:1077-1085.  

[59] Archer SL, Dasgupta A, Chen KH, Wu D, Baid K, 

Mamatis JE, et al. (2022). SARS-CoV-2 

mitochondriopathy in COVID-19 pneumonia 

exacerbates hypoxemia. Redox Biol, 58:102508.  

[60] Roberts RA, Smith RA, Safe S, Szabo C, Tjalkens RB, 

Robertson FM (2010). Toxicological and 

pathophysiological roles of reactive oxygen and 

nitrogen species. Toxicology, 276:85-94.  

[61] Ballinger SW, Patterson C, Yan CN, Doan R, Burow 

DL, Young CG, et al. (2000). Hydrogen peroxide- and 

peroxynitrite-induced mitochondrial DNA damage and 

dysfunction in vascular endothelial and smooth muscle 

cells. Circ Res, 86:960-966. 

[62] Tamori A, Nishiguchi S, Nishikawa M, Kubo S, Koh N, 

Hirohashi K, et al. (2004). Correlation between clinical 

characteristics and mitochondrial D-loop DNA 

mutations in hepatocellular carcinoma. J Gastroenterol, 

39:1063-1068. 

[63] Prasada Kabekkodu S, Chakrabarty S, Jayaram P, 

Mallya S, Thangaraj K, Singh KK, et al. (2023). Severe 

acute respiratory syndrome coronaviruses contributing 

to mitochondrial dysfunction: Implications for post-

COVID complications. Mitochondrion, 69:43-56.  

[64] Kedor C, Freitag H, Meyer-Arndt L, Wittke K, 

Hanitsch LG, Zoller T, et al. (2022). A prospective 

observational study of post-COVID-19 chronic fatigue 

syndrome following the first pandemic wave in 

Germany and biomarkers associated with symptom 

severity. Nat Commun, 13:5104. 

[65] Paul BD, Lemle MD, Komaroff AL, Snyder SH (2021). 

Redox imbalance links COVID-19 and myalgic 

encephalomyelitis/chronic fatigue syndrome. Proc Natl 

Acad Sci USA, 118:e2024358118.  

[66] Nunn AVW, Guy GW, Brysch W, Bell JD (2022). 

Understanding Long COVID; Mitochondrial Health 

and Adaptation-Old Pathways, New Problems. 

Biomedicines, 10:3113.  

[67] Díaz-Resendiz KJG, Benitez-Trinidad AB, Covantes-

Rosales CE, Toledo-Ibarra GA, Ortiz-Lazareno PC, 

Girón-Pérez DA, et al. (2022). Loss of mitochondrial 

membrane potential (ΔΨm) in leucocytes as post-
COVID-19 sequelae. J Leukoc Biol, 112:23-29. 

 



SUPPLEMENTARY DATA 
 

© 2023. Casoli T et al. Published online at http://www.aginganddisease.org/EN/10.14336/AD.2023.1123     

 

Association of Inflammatory Mediators with 

Mitochondrial DNA Variants in Geriatric COVID-19 

Patients 

 

 

Tiziana Casoli, Anna Rita Bonfigli, Mirko Di Rosa, Belinda Giorgetti, Marta Balietti, Robertina 

Giacconi, Maurizio Cardelli, Francesco Piacenza, Francesca Marchegiani, Fiorella Marcheselli, 

Rina Recchioni, Roberta Galeazzi, Salvatore Vaiasicca, Adrianapia Maria Lamedica, Alessia 

Fumagalli, Letizia Ferrara, Fabrizia Lattanzio 
  

http://www.aginganddisease.org/EN/10.14336/AD.2023.1123


SUPPLEMENTARY DATA 
 

© 2023. Casoli T et al. Published online at http://www.aginganddisease.org/EN/10.14336/AD.2023.1123     

Supplementary Table 1.  Number of homoplasmic and heteroplasmic variants per individual. 

Homoplasmic variants COVID-19 
 

  
503 505 506 507 511 513 514 517 531 552 592 605 607 647 658 

D-loop 7 8 9 5 7 2 10 7 10 8 7 5 2 4 2 

12S 2 3 3 2 2 2 4 2 3 4 2 2 2 3 2 

16S 3 2 2 2 2 1 2 2 2 2 2 1   1 

ND1 2 1 1    1 1 1 1 1  1 1 1 

ND2 5 2 3 2 1 2 2 2 2 2 1 2 1 1 2 

COI 3 1 1 2 1  1 3 1 1 2 3  1  

COII     1   1  1      

ATPase8              1  

ATPase6 1 3 2 1 1 1 2 1 2 2 1 1 1 1 1 

COIII   1  1  1  1 1  1    

ND3        1   1     

ND4L                

ND4 3 2 3 2 3  2 2 2 1 2 3    

ND5 2 3 2 2 2  1 1 2 2 2  1   

ND6     1      1    1 

Cytb 2 6 5 3 2 1 5 3 5 5 3 1 1 2 1 

 

Homoplasmic variants Controls 
  

1C 2C 3C 4C 5C 6C 7C 8C 9C 10C 11C 12C 13C 14C 15C 

D-loop 9 3 9 2 8 2 3 2 7 3 3 7 6 5 6 

12S 4 2 2 1 2 2 2 2 2 2 2 2 2 3 2 

16S 2 1 1  1 1   3  1 3 2 2 3 

ND1 1   1     1    1 1 2 

ND2 3 2 1  2 2 1 1 1 1 2 3 1 2 2 

COI 3 1 2  2  1 1 1  1 2 1 2 1 

COII            1  1  

ATPase8                

ATPase6 2 2 1 1 2 1 2 2 1 1 1 2 1 1 1 

COIII              2  

ND3   2      1    1   

ND4L                

ND4 3  3 1 3    2   3 2 3 2 

ND5 3  2  1 1   2   2 2 1 2 

ND6     1         1  

Cytb 3 1 4 2 3 1 1 1 3 1 1 3 3 4 4 

 
339 352 384 415 416 419 429 437 448 449 453 464 475 484 495 

D-loop 5 4 5 3 4 5 5 1 4 2 2 5 7 4 9 

12S 1 2 2 3 2 3 3 2 1 2 2 3 4 3 2 

16S 1 
 

3 2 
 

3 3 
  

2 1 2 2 
 

2 

ND1 
  

1 2 
 

1 1 1 1 2 
 

1 1 
 

2 

ND2 1 2 3 1 1 4 3 1 
 

3 1 2 3 
 

2 

COI 
 

2 1 2 
 

2 1 1 
 

2 
 

1 1 1 2 

COII 
              

1 

ATPase8 1 
              

ATPase6 2 1 2 2 1 3 2 1 1 1 1 2 3 1 2 

COIII 1 1 1 1 
 

3 1 
  

1 
    

1 

ND3 1 
  

1 
          

2 

ND4L 
   

1 
 

2 
         

ND4 3 
 

2 5 
 

3 4 
 

1 2 
 

4 5 
 

2 

ND5 
 

1 3 3 3 2 2 
  

4 
 

2 1 
 

3 

ND6 2 
  

1 
 

1 1 
  

1 
 

1 2 
  

Cytb 2 2 2 3 1 3 5 3 2 2 1 4 4 1 3 
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16C 17C 18C 19C 20C 21C 22C 23C 24C 25C 26C 27C 28C 29C 30C 

D-loop 3 3 3 7 5 4 7 3 6 9 4 4 1 7 5 

12S 2 2 2 2 2 2 3 2 2 2 2 2 3 2 1 

16S   1 2 1  2 1 3 1 3 1 2 2  

ND1 1   1   1   3 1 1 1  1 

ND2 1 2 1 2 1 1 1 5 2 2 2 2 2 2  

COI  1 1  1 1   1 1 1   2 1 

COII   1       1      

ATPase8      1          

ATPase6 1 1 1 1 1 1 2 1 1 1 2 2 2 1 1 

COIII    1  1 1    2 1    

ND3       1         

ND4L       1    2     

ND4    1   5 1 2  3 2 2 2  

ND5  2    1 2 1 4  2 1 4 4 1 

ND6    1   1  1 2 1   1  

Cytb 1 2 1 2 1 1 3 2 2 1 3 1 5 3 2 

  
31C 32C 33C 

D-loop 5 7 6 

12S 4 2 2 

16S 2  2 

ND1 1  1 

ND2 3 1 3 

COI  2  

COII    

ATPase8    

ATPase6 1 1 2 

COIII 1 1 1 

ND3    

ND4L    

ND4 4  2 

ND5 1  3 

ND6 1   

Cytb 5 1 3 
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339 352 384 415 416 419 429 437 448 449 453 464 475 484 495 

D-loop 12 1 1  1 4 1 2 2 1  3   3 

12S 4  1  1 1 1     1 1   

16S 3  3   1          

ND1 6  1 1  4   1 1  1    

ND2 7  1  2 3 2 1  2   1   

COI 10 1 1 1 1 11 1 2        

COII     1 2 1 4      1  

ATPase8                

ATPase6 4       1     1   

COIII 6 1 3 3 3 8 1 3 3 3  3 3 2 3 

ND3 2     3         2 

ND4L 2     3  2        

ND4 2  1 1  4 3 1 1 1   3  1 

ND5 9 2   1 7 2 1        

ND6 5  1   1 2   2  1 2   

Cytb 3   1  1 5 1 1      1 

  
503 505 506 507 511 513 514 517 531 552 592 605 607 647 658 

D-loop 3 4 2 1   2 4 2 2 1 1  4  

12S  1      2 1     1  

16S    1    2    1   1 

ND1 2       2      2 1 

ND2 1 1 1   2  4        

COI  1  1    4   1     

COII     1 1  2   1   1  

ATPase8              1  

ATPase6  2      1   1     

COIII 2 3 3 1 2 2 4 2 2 2 2 1 2 2 3 

ND3        2   1 1    

ND4L           1     

ND4 1 1 1 1 2   3  1 1 1    

ND5     1 1  4   2   1  

ND6     1           

Cytb  1      2   1     

 
Heteroplasmic variants Controls 
  

1C 2C 3C 4C 5C 6C 7C 8C 9C 10C 11C 12C 13C 14C 15C 

D-loop 2 2 5  3 1   4 1 1 4 1 1 3 

12S 1  1           1  

16S     1 1      1    

ND1         1      1 

ND2 1  1  2 2          

COI   1         1 1   

COII      1        1  

ATPase8                

ATPase6      1          

COIII 1 1 1 1 1  1 1 1 1 1 1 1  1 

ND3                

ND4L                

ND4 1  1  2       1  1 2 

ND5 1             3 2 

ND6     1           

Cytb   2 1     1      1 

  
16C 17C 18C 19C 20C 21C 22C 23C 24C 25C 26C 27C 28C 29C 30C 
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D-loop 3  1 7 5 4 7 3 6 9 4 4 1 7 5 

12S     1      1 1    

16S       1 1  3 2   1  

ND1          3  3   1 

ND2     2   2  3 1 1    

COI       1 1   2 1  1 1 

COII          1     2 

ATPase8      1          

ATPase6          1 1     

COIII 1  1 1 1 1 2 2 3 2 5 4 1 2 1 

ND3                

ND4L          1      

ND4 3      1   2 2  1 1 1 

ND5  1      1  1 1 2 1  4 

ND6     1  1         

Cytb     1 1 1        3 

  
31C 32C 33C 

D-loop 5 7 6 

12S 2   

16S   1 

ND1    

ND2   1 

COI    

COII   1 

ATPase8    

ATPase6    

COIII 2 2 1 

ND3    

ND4L    

ND4   1 

ND5 1  2 

ND6 1   

Cytb 1   
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Supplementary Table 2.  List of np which resulted significantly different in the comparison of the REA values between controls and COVID-19 patients. The position 

in the Mitochip v.2 (Probe set), GenBank, and corresponding genes are indicated, as well as the reference base, REA mean values, and age-weighted p values. 

 

Probe Set GenBank Gene Ref. Control REA Mean (n=33) COVID-19 REA Mean (n=30) Age-weighted 

p-value 

human_mtDNA_RCRS-14103 14105 ND5 c 0.68117 0.28584 3.73012E-10 

human_mtDNA_RCRS-14101 14103 ND5 c 0.72382 0.33493 4.75351E-08 

human_mtDNA_RCRS-10457 10459 tRNA arginine a 0.64105 0.25417 8.0627E-06 

human_mtDNA_RCRS-2142 2143 16S g 0.97764 0.60216 3.60632E-12 

human_mtDNA_RCRS-15453 15455 Cytb c 0.68564 0.32483 4.44418E-07 

human_mtDNA_RCRS-1444 1445 12S g 0.94755 0.58717 3.27718E-07 

human_mtDNA_RCRS-14105 14107 ND5 t 0.66454 0.30519 4.64461E-12 

human_mtDNA_RCRS-2110 2111 16S c 0.86238 0.50602 3.66971E-05 

human_mtDNA_RCRS-15451 15453 Cytb t 0.62558 0.27345 2.24187E-06 

human_mtDNA_RCRS-11111 11113 ND4 t 0.92050 0.56979 2.86389E-08 

human_mtDNA_RCRS-10456 10458 tRNA arginine c 0.69321 0.34328 0.000135811 

human_mtDNA_RCRS-14107 14109 ND5 c 0.70807 0.35815 3.13763E-10 

human_mtDNA_RCRS-1441 1442 12S g 0.84128 0.49326 1.64063E-08 

human_mtDNA_RCRS-14104 14106 ND5 t 0.59498 0.24799 8.51934E-13 

human_mtDNA_RCRS-10454 10456 tRNA arginine a 0.51774 0.17120 1.63056E-05 

human_mtDNA_RCRS-5491 5493 ND2 t 0.96486 0.61886 8.21792E-06 

human_mtDNA_RCRS-2148 2149 16S g 1.13194 0.78613 6.10614E-11 

human_mtDNA_RCRS-1443 1444 12S a 0.54098 0.19697 6.09526E-10 

human_mtDNA_RCRS-14097 14099 ND5 t 0.82222 0.48056 1.44476E-08 

human_mtDNA_RCRS-15459 15461 Cytb t 0.80147 0.46711 7.72504E-07 

human_mtDNA_RCRS-1442 1443 12S t 0.57330 0.24051 1.74098E-09 

human_mtDNA_RCRS-15449 15451 Cytb c 0.56356 0.23121 6.21723E-08 

human_mtDNA_RCRS-1435 1436 12S c 0.52062 0.18830 1.63376E-06 

human_mtDNA_RCRS-8330 8332 tRNA lysine a 0.85322 0.52217 3.07989E-05 

human_mtDNA_RCRS-2109 2110 16S a 0.79766 0.46696 1.39555E-05 

human_mtDNA_RCRS-14106 14108 ND5 t 0.57319 0.24332 3.56187E-13 

human_mtDNA_RCRS-7529 7531 tRNA aspartic acid a 0.94860 0.62223 9.17374E-05 

human_mtDNA_RCRS-15448 15450 Cytb t 0.58945 0.26538 6.86061E-08 

human_mtDNA_RCRS-1445 1446 12S a 0.95871 0.63645 1.37214E-06 

human_mtDNA_RCRS-1446 1447 12S g 1.14627 0.82499 7.48604E-07 

human_mtDNA_RCRS-16015 16017 tRNA proline t 0.90059 0.57973 3.69956E-08 

human_mtDNA_RCRS-11380 11382 ND4 c 0.83174 0.51137 0.000108117 

human_mtDNA_RCRS-5515 5517 tRNA tryptophan t 0.73943 0.42092 4.00785E-05 

human_mtDNA_RCRS-9996 9998 tRNA glycine t 0.81644 0.49980 5.52919E-05 

human_mtDNA_RCRS-14095 14097 ND5 c 1.00994 0.69331 1.35386E-05 

human_mtDNA_RCRS-5492 5494 ND2 t 0.86553 0.55007 8.95026E-06 

human_mtDNA_RCRS-5513 5515 ND2 a 0.93973 0.62771 0.000106993 

human_mtDNA_RCRS-4776 4778 ND2 a 1.10826 0.79664 2.82703E-05 

human_mtDNA_RCRS-4775 4777 ND2 c 0.97044 0.66007 5.28305E-05 

human_mtDNA_RCRS-10453 10455 tRNA arginine a 0.47121 0.16201 3.77605E-05 

human_mtDNA_RCRS-11110 11112 ND4 t 0.79629 0.48942 5.92719E-07 

human_mtDNA_RCRS-5514 5516 tRNA tryptophan a 0.88585 0.58163 7.97506E-05 

human_mtDNA_RCRS-1434 1435 12S a 0.54036 0.23772 1.72954E-06 

human_mtDNA_RCRS-14108 14110 ND5 t 0.70726 0.40488 8.58931E-09 

human_mtDNA_RCRS-4212 4214 ND1 g 1.00025 0.69807 0.000541805 

human_mtDNA_RCRS-8741 8743 ATPase6 g 0.87103 0.57079 2.18943E-05 

human_mtDNA_RCRS-14098 14100 ND5 c 0.77648 0.47681 1.66482E-06 

human_mtDNA_RCRS-2296 2297 16S a 1.00871 0.70978 0.000112314 

human_mtDNA_RCRS-12138 12140 tRNA histidine a 0.96296 0.66461 2.24259E-06 

human_mtDNA_RCRS-5516 5518 tRNA tryptophan t 0.95758 0.65977 0.000142556 

human_mtDNA_RCRS-2299 2300 16S g 1.20655 0.90908 0.000129414 

human_mtDNA_RCRS-9998 10000 tRNA glycine g 0.77613 0.47917 0.000613666 

human_mtDNA_RCRS-5499 5501 ND2 a 0.61906 0.32312 7.98154E-05 

human_mtDNA_RCRS-15452 15454 Cytb t 0.56812 0.27243 2.48427E-05 

human_mtDNA_RCRS-14099 14100 ND5 c 0.79844 0.50364 8.36083E-06 

human_mtDNA_RCRS-16012 16014 D-loop c 1.09843 0.80632 1.86758E-05 

human_mtDNA_RCRS-14109 14111 ND5 t 0.72920 0.43833 8.65213E-08 

human_mtDNA_RCRS-7527 7529 tRNA aspartic acid a 0.89955 0.60951 0.000195722 

human_mtDNA_RCRS-2307 2309 16S a 0.71968 0.43108 0.000136718 

human_mtDNA_RCRS-7567 7569 tRNA aspartic acid a 0.70991 0.42187 0.000537533 

human_mtDNA_RCRS-7306 7308 COI a 0.77941 0.49260 0.000264886 
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human_mtDNA_RCRS-2108 2110 16S a 0.90855 0.62264 0.000118478 

human_mtDNA_RCRS-15458 15460 Cytb c 0.77941 0.49355 9.90068E-07 

human_mtDNA_RCRS-15331 15333 Cytb a 0.65074 0.36514 2.4354E-08 

human_mtDNA_RCRS-10235 10237 ND3 t 1.16580 0.88025 3.20631E-06 

human_mtDNA_RCRS-9997 9999 tRNA glycine a 0.48930 0.20379 7.08146E-06 

human_mtDNA_RCRS-10450 10452 tRNA arginine g 0.54479 0.25942 0.000196543 

human_mtDNA_RCRS-8494 8496 ATPase8 t 0.85591 0.57224 1.06746E-05 

human_mtDNA_RCRS-7569 7571 tRNA aspartic acid a 0.87793 0.59461 0.000443221 

human_mtDNA_RCRS-15330 15332 Cytb c 0.69095 0.40844 3.10417E-07 

human_mtDNA_RCRS-9995 9997 tRNA glycine t 0.95569 0.67368 0.000116079 

human_mtDNA_RCRS-2308 2310 16S a 0.78581 0.50405 0.000155348 

human_mtDNA_RCRS-10234 10236 ND3 a 0.98009 0.69974 1.60993E-06 

human_mtDNA_RCRS-10458 10460 tRNA arginine t 0.71402 0.43428 0.000178425 

human_mtDNA_RCRS-2294 2295 16S c 1.04448 0.77061 0.000342245 

human_mtDNA_RCRS-5088 5090 ND2 t 0.66298 0.38976 0.000136946 

human_mtDNA_RCRS-1440 1441 12S a 0.72136 0.44908 2.89053E-07 

human_mtDNA_RCRS-2295 2296 16S t 0.88872 0.61644 0.000364765 

human_mtDNA_RCRS-14775 14777 Cytb a 0.84760 0.57637 9.82412E-05 

human_mtDNA_RCRS-7528 7530 tRNA aspartic acid a 0.90658 0.63539 0.000548359 

human_mtDNA_RCRS-2144 2145 16S g 0.94360 0.67241 6.47458E-09 

human_mtDNA_RCRS-4213 4215 ND1 a 0.83967 0.56942 0.000794312 

human_mtDNA_RCRS-5078 5080 ND2 a 0.96566 0.69696 7.11885E-05 

human_mtDNA_RCRS-15455 15457 Cytb c 0.68710 0.41873 4.77058E-06 

human_mtDNA_RCRS-10231 10233 ND3 g 0.98032 0.71312 2.87575E-05 

human_mtDNA_RCRS-5512 5514 tRNA tryptophan a 0.88755 0.62147 0.000282906 

human_mtDNA_RCRS-4756 4758 ND2 a 0.87073 0.60476 0.000276658 

human_mtDNA_RCRS-6362 6364 COI g 0.65008 0.38518 3.92963E-05 

human_mtDNA_RCRS-10238 10240 ND3 c 1.18575 0.92098 7.13502E-05 

human_mtDNA_RCRS-5093 5095 ND2 t 0.87895 0.61469 5.81499E-05 

human_mtDNA_RCRS-7517 7519 tRNA aspartic acid a 0.71535 0.45170 0.000524756 

human_mtDNA_RCRS-10217 10219 ND3 a 1.17188 0.90842 4.53913E-07 

human_mtDNA_RCRS-4774 4776 ND2 g 0.64809 0.38464 0.000455623 

human_mtDNA_RCRS-1433 1434 12S a 0.55668 0.29346 9.26815E-05 

human_mtDNA_RCRS-5092 5094 ND2 a 0.66520 0.40287 1.39763E-05 

human_mtDNA_RCRS-6227 6229 COI t 0.43395 0.17217 7.09846E-08 

human_mtDNA_RCRS-4290 4291 tRNA isoleucine g 1.21505 0.95370 3.33475E-05 

human_mtDNA_RCRS-6224 6226 COI c 0.49451 0.23320 3.32481E-09 

human_mtDNA_RCRS-6228 6230 COI c 0.49178 0.23085 5.63862E-09 

human_mtDNA_RCRS-237 238 D-loop a 0.98973 0.72918 0.000333001 

human_mtDNA_RCRS-5506 5508 ND2 t 0.51040 0.24989 0.000171665 

human_mtDNA_RCRS-6226 6228 COI c 0.51670 0.25676 6.93672E-09 

human_mtDNA_RCRS-14096 14098 ND5 t 0.83077 0.57124 2.2191E-05 

human_mtDNA_RCRS-5075 5077 ND2 t 0.86846 0.60918 3.39309E-05 

human_mtDNA_RCRS-14094 14096 ND5 a 0.74387 0.48532 1.31646E-05 

human_mtDNA_RCRS-10111 10113 ND3 a 0.48499 0.22714 9.57269E-05 

human_mtDNA_RCRS-2297 2298 16S a 1.08742 0.82978 3.96069E-05 

human_mtDNA_RCRS-6361 6363 COI g 0.59802 0.34116 2.63637E-05 

human_mtDNA_RCRS-10455 10457 tRNA arginine t 0.52504 0.26825 5.9007E-05 

human_mtDNA_RCRS-4292 4293 tRNA isoleucine t 0.92783 0.67202 1.82727E-06 

human_mtDNA_RCRS-10487 10489 ND4L a 0.85489 0.59924 0.000379206 

human_mtDNA_RCRS-4217 4218 ND1 g 0.98548 0.73000 0.00054503 

human_mtDNA_RCRS-8745 8747 ATPase6 c 1.14948 0.89451 0.00044838 

human_mtDNA_RCRS-4777 4779 ND2 a 1.18547 0.93066 0.000201927 

human_mtDNA_RCRS-11113 11115 ND4 a 0.82781 0.57320 7.60966E-06 

human_mtDNA_RCRS-5497 5499 ND2 c 0.79188 0.53732 0.000661548 

human_mtDNA_RCRS-14102 14104 ND5 t 0.53583 0.28267 1.89363E-09 

human_mtDNA_RCRS-10007 10009 tRNA glycine g 1.24436 0.99237 0.000165092 

human_mtDNA_RCRS-9994 9996 tRNA glycine t 1.01878 0.76695 0.000100888 

human_mtDNA_RCRS-11115 11117 ND4 a 0.89578 0.64407 2.01528E-05 
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