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ABSTRACT

Objectives: To evaluate the potential role of telomere shortening and mitochondrial dysfunction in the
development of long-term complications of COVID-19, including pulmonary fibrosis.
Methods: We analyzed 132 patients from the prospective COVID-FIBROTIC cohort 1 year after hospi-
talization for bilateral pneumonia. Leukocyte telomere length was measured and compared with that
of 78 age- and sex-matched controls. Fibrosis biomarkers and radiological findings were assessed at 2
and 12 months. In a subgroup of 44 patients, mitochondrial protein expression was evaluated 2 years
after infection using reverse-phase protein arrays. Associations among telomere length, mitochondrial
proteins, inflammatory markers, and fibrotic sequelae were analyzed.
Results: Leukocyte telomere length was significantly shorter in patients than in controls (AUC, 0.84;
P<.0001), independent of age or acute disease severity. At 12 months, 29% of patients showed fibrotic
lung changes on HRCT. Elevated periostin and IL-6 levels correlated with persistent mitochondrial protein
alterations at 2 years. Mitochondrial proteins such as ETF and PKM2 differentiated patients with fibrotic
sequelae and those with marked telomere attrition, suggesting their role as biomarkers. Moreover, in
patients with fibrosis, telomere shortening correlated inversely with ACO1 levels, a protein involved in
oxidative stress and iron metabolism.
Conclusions: SARS-CoV-2 infection induces sustained telomere shortening and long-term mitochondrial
dysfunction, both of which are associated with fibrotic sequelae. These findings support a pathogenic link
among mitochondrial dysregulation, telomere attrition, and pulmonary fibrosis, resembling mechanisms
described in idiopathic pulmonary fibrosis. Monitoring these biomarkers may help identify patients at
risk of chronic post-COVID complications.

© 2026 The Authors. Published by Elsevier Espaiia, S.L.U. on behalf of SEPAR. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

SARS-CoV-2 infection. Among these, long COVID has emerged as a
major concern, with reported prevalence ranging widely from 10%

The COVID-19 pandemic has affected more than 700 million
people worldwide to date [1], and new hospital admissions con-
tinue to be reported. As the number of survivors grows, increasing
attention has been directed toward the long-term consequences of

* Corresponding author.
E-mail address: jaime.signes-costa@uv.es (J. Signes-Costa).
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to 77% of infected individuals.

During the pandemic, older individuals were disproportionately
affected by severe COVID-19. This observation suggests that aging
may represent a key risk factor for disease severity, as occurs in
other chronic lung diseases such as idiopathic pulmonary fibro-
sis (IPF). Indeed, the incidence of severe COVID-19 and mortality
increase with age [2], supporting the involvement of aging-related
molecular pathways in the clinical course of the disease.

0300-2896/© 2026 The Authors. Published by Elsevier Espafia, S.L.U. on behalf of SEPAR. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).
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Against this background, several studies have examined telom-
ere length in patients with COVID-19 because of its close
association with biological aging. These studies consistently report
telomere shortening, particularly in severe cases, linking this alter-
ation to clinical severity [3]. Survivors of SARS-CoV-2 infection
have also been shown to exhibit signs of accelerated biological
aging, including reduced telomere length [4], suggesting a poten-
tial role for these molecular changes as biomarkers of long-term
sequelae. However, most available data derive from early postin-
fection phases, usually within weeks of hospital discharge [4], and
it remains unclear whether telomere shortening is transient or per-
sists long term.

Furthermore, mitochondrial dysfunction under conditions of
oxidative stress, such as viral infections, is well established [5].
Accelerated telomere attrition and mitochondrial T-cell dysfunc-
tion have been described in viral infections, possibly reflecting
increased cellular turnover driven by viral replication [6]. In COVID-
19, mitochondrial alterations have been reported in bronchial
epithelial cells, cell lines, and clinical samples, characterized by
reduced oxidative phosphorylation and enhanced glycolysis, favor-
ing viral replication [7]. Importantly, mitochondrial dysfunction
appears to play a role not only during the acute phase but also in
post-COVID syndrome, as these alterations may persist long after
viral clearance [8].

Our objective was to evaluate the potential role of telomere
shortening and mitochondrial dysfunction in the development of
long-term complications of COVID-19, including pulmonary fibro-
sis.

Methods
Study design and participants

This study is based on a subcohort of the COVID-FIBROTIC study
(Study of the Appearance of Lung Fibrotic Changes Associated with
SARS-CoV-2 Infection; ClinicalTrials.gov identifier: NCT04409275;
June 1, 2020), a prospective, observational, multicenter study
aimed at evaluating pulmonary sequelae in patients admitted for
bilateral COVID-19 pneumonia. The present cohort consisted of 132
patients from 5 hospitals in Spain who participated in the study.

Procedures

Patients were followed up after COVID-19 in outpatient clinics
and were invited to participate in the study provided that they met
no exclusion criteria. All included patients were scheduled for a
first visit (V1) and a second visit (V2) at 2 and 12 months after
hospital discharge, respectively. A third visit (V3) was conducted
in 44 participants for mitochondrial analyses. During these visits,
baseline data and current clinical status were collected.

At 2 months (V1), all 132 patients underwent blood sam-
pling, pulmonary function testing, chest radiography, and high-
resolution computed tomography (HRCT). At 12 months (V2),
pulmonary function testing and blood analysis were repeated in all
patients. Blood analysis included assessment of fibrosis biomarkers
and extraction of DNA for telomere length evaluation. Only patients
with persistent abnormalities on HRCT at 2 months underwent
follow-up HRCT. At 24 months (V3), mitochondrial protein levels
were evaluated in a subset of 44 patients from the original cohort
as part of a dedicated mitochondrial study.

The use of different time points reflects both the distinct tem-
poral dynamics of the biological processes studied and logistical
constraints related to sample availability during the COVID-19 pan-
demic, with mitochondrial analyses incorporated as an exploratory
extension of the original study protocol. The mitochondrial analy-

Archivos de Bronconeumologia Xxx (XXXX) XXX—-XXX

ses were conducted in a limited subgroup of patients with a small
number of controls, which should be considered a methodological
limitation of the study.

Patients were classified into two groups according to severity
based on the World Health Organization (WHO) scale:

1. Group 1: hospitalized mild disease (WHO scale 4): acute respi-
ratory failure requiring conventional supplemental oxygen.
2. Group 2: hospitalized severe and critical disease (WHO scales
5-7):
a. WHO scale 5: acute respiratory failure requiring noninvasive
mechanical ventilation (NIV) or high-flow nasal oxygen.
b. WHO scale 6: intubation and invasive mechanical ventilation
(IMV).
c. WHO scale 7: IMV and additional organ support.

Radiological assessment

HRCT images were evaluated by chest radiologists with exten-
sive expertise in interstitial lung disease, following the Fleischner
Society glossary of terms [9]. Fibrotic-like changes were defined as
the presence of traction bronchiectasis, parenchymal bands, and/or
reticular pattern. Readings were performed independently, and any
discrepancies were resolved by consensus. Given the high level
of expertise of both readers and the consensus-based approach,
a formal interobserver agreement analysis was not performed.

Statistical analysis

Qualitative variables were described using frequencies and per-
centages, and quantitative variables were described using means
and SD. Normality of continuous variables was assessed using the
Shapiro-Wilk test. Mean comparisons were performed using the
Student t test when normality assumptions were met; otherwise,
the Mann-Whitney test was used. For qualitative variables, com-
parisons of percentages between groups were carried out using
Fisher exact test for dichotomous variables or the x?2 test for con-
tingency tables with more than two categories. Correlation analysis
was also performed to study the relationship between variables.
All analyses were conducted using SPSS version 25. Statistical tests
with P<.05 were considered significant.

Results

This study analyzed leukocyte samples from 132 patients in the
COVID-FIBROTIC cohort [10], collected 1 year after acute SARS-CoV-
2 infection. Patients were recruited between May 1 and July 31,
2020, a period characterized by circulation of early SARS-CoV-2
lineages in Spain. The baseline characteristics of the patients are
shown in Table 1.

Leukocyte long-term telomere shortening after COVID-19

Telomere length analysis was performed in 131 leukocyte sam-
ples (1 sample was excluded because of quality issues). The mean
age was 60 years, and 61.8% of patients were men.

Relative telomere length (RTL) was measured 1 year after hos-
pitalization and compared with that of age- and sex-matched
controls. Patients were stratified into three age groups (30-49,
50-69, and >70 years). RTL was significantly shorter in patients
than in controls, confirming long-term telomere shortening after
SARS-CoV-2 infection (Fig. 1).

To further assess the potential of RTL as a biomarker of long-term
SARS-CoV-2 infection, we generated a receiver operating charac-
teristic (ROC) curve, which demonstrated notable differences in
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Fig. 1. Leukocyte telomere shortening in patients versus controls of the same age and sex 1 year after SARS-CoV-2 infection. Mean comparisons were performed using the
Student ¢ test. Telomere shortening was observed in all age groups in patients after COVID-19 compared with matched controls. Pat indicates patients; ctrl, controls.

Table 1
Patient characteristics.
Variable Value
Age, years 60 (SD, 11.8)
Male sex 81(61.8%)
Body mass index, kg/m? 27. 52 (SD, 4.01)
Never smokers 80 (61.1%)
Comorbidities
Lung disease? 22 (16.8%)
Hypertension 47 (35.9%)
Diabetes 28 (21.4%)
Cardiovascular disease 6(12.2%)
Chronic kidney disease 2 (1.5%)
Length of hospital stay, days 15.9(SD, 14.46)
ICU stay, days 4.35 (SD, 9.97)

Severity groups®
Group 1 (milder disease, WHO scale 4)
Group 2 (more severe disease, WHO scale 5-7)

91 (69.5%)
40 (30.5%)

Lung function tests at 1 year after admission
Forced vital capacity, %
Diffusing capacity of the lungs for carbon monoxide, %
Fibrotic changes on HRCT at 1 year after admission

104.17% (SD, 15.25)
83.84% (SD, 16.33)
38 (29%)

Data are presented as n (%) or mean (SD). BMI, body mass index; ICU, intensive care
unit; FVC, forced vital capacity; DLCO, diffusing capacity of the lungs for carbon
monoxide; HRCT, high-resolution computed tomography.

2 Lung disease includes asthma, obstructive sleep apnea, and other conditions.

b 'WHO scale.

RTL levels between patients with COVID-19 and healthy controls.
The optimal cutoff value for RTL was 2.230. Sensitivity and speci-
ficity were 84.7% and 76.0%, respectively, and the AUC was 0.84
(P<.0001) (Fig. 2A). When patients were divided into groups based
on clinical characteristics and infection severity (group 1: patients
who required, at most, respiratory support with nasal cannula;
group 2: patients who required NIV and/or high-flow nasal oxygen,
as well as patients who required intubation and IMV), no differ-
ences in telomere shortening at 1 year were found between the 2
groups (Fig. 2B).

Impact of COVID-19 on mitochondrial protein expression

Given the established role of mitochondrial dysfunction in
premature pulmonary epithelial aging, particularly in angiotensin-
converting enzyme 2 (ACE2)-expressing cells [11], we conducted a
mitochondrial analysis in a subgroup of post-COVID patients.

Two years after infection, blood samples were collected from
a subgroup of patients (n=44) from the previously analyzed
series to obtain leukocytes, and proteins related to mitochon-
drial function were measured. Expression levels of proteins were
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Fig. 2. (A) Receiver operating characteristic (ROC) curve and corresponding area
under the curve (AUC) for RTL. (B) Telomere shortening according to severity groups.
A similar RTL distribution was observed in both severity groups. Therefore, severity
at admission does not determine greater telomere shortening.

compared with those in controls, revealing significant differ-
ences in glycolysis-related proteins, enolase 1 (ENO1); Krebs
cycle proteins, succinate dehydrogenase subunit A and mito-
chondrial malate dehydrogenase (SDHA and MDH2); oxidative
damage-related proteins, nitrotyrosine (NyTyr); reducing power
generation-related proteins, glucose-6-phosphate dehydrogenase
and isocitrate dehydrogenase 1 (G6PDH and IDH1); and oxida-
tive phosphorylation-related proteins, the alpha regulatory subunit
of mitochondrial F1-ATPase and cytochrome c oxidase subunit IV
(ALFA-F1 and COX IV) (Fig. 3).

To assess how the degree of telomere shortening could affect
long-term mitochondrial protein expression, patients were divided
according to the degree of shortening, selecting those with short-
ening above the 90th percentile for age and sex. In the group with
greater shortening, decreased levels of electron transfer flavopro-
tein subunit beta (ETF(3) and pyruvate kinase M2 isoform (PKM2)
proteins were observed. ETFf3 is a mitochondrial protein involved
in fatty acid and amino acid oxidation, transferring electrons to
the electron transport chain. Mitochondrial dysfunction, induced
by oxidative stress and inefficient cellular respiration, increases
DNA damage and accelerates telomere shortening. In aged cells,
decreased ETF3 may contribute to reactive oxygen species accu-
mulation, promoting telomere damage and cellular senescence
[12].

On the other hand, PKM2 is an isoform of pyruvate kinase, a
key enzyme in glycolysis that regulates energy metabolism and
cell growth. In cancer and proliferative cells, PKM2 favors aerobic
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Fig. 3. Mitochondrial protein levels (expressed in arbitrary units [a.u.]) in patients versus controls. Normality was assessed before analysis; comparisons were performed
using the Student t test or Mann-Whitney U test, as appropriate. Increased expression of several of these proteins was observed in patients compared with controls. COXIV
indicates cytochrome c oxidase subunit IV; ENO1, enolase 1; MDH2, malate dehydrogenase 2; NyTyr, nitrotyrosine; G6PDH, glucose-6-phosphate dehydrogenase; IDH1,
isocitrate dehydrogenase 1; ALFAF1, ATP synthase subunit alpha F1; SDHA, succinate dehydrogenase subunit A; and SOD1, superoxide dismutase.

metabolism/glycolysis over mitochondrial respiration, which can
alter redox homeostasis and affect DNA stability, including telom-
eres [13]. PKM2 has been observed to regulate the expression of
genes involved in telomere maintenance by modulating the activ-
ity of factors such as c-Myc and HIF-1a. In certain contexts, PKM2
can translocate to the nucleus and affect transcription of genes
associated with telomere replication [14].

Inflammatory markers and persistent mitochondrial damage

As our group had previously identified an association between
blood periostin levels at 2 months after hospital discharge and pul-
monary fibrotic changes at 12 months [15], we investigated the
potential relationship between periostin levels and mitochondrial
function in long-term post-COVID-19 patients. We observed a pos-
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Fig. 4. (A) Comparison of peak IL-6 concentrations (pg/mL) during hospitalization between severity groups. Normality was assessed before analysis; comparisons were
performed using the Student ¢ test. Higher values were observed in more severely ill patients. (B and C) Correlation in leukocytes between IL-6 and PKM2 or ENO1 levels
in COVID-19 patients classified according to maximum respiratory support required during hospitalization. Bivariate correlation was performed using Pearson coefficient.
An inverse correlation between IL-6 and both PKM2 and ENO1 was observed across groups; however, only the association between PKM2 and IL-6 in group 2 approached

statistical significance (P=.05).

itive correlation between periostin and leukocyte COX-IV levels
2 years after infection (P=.012; r=0.38). The COX-IV subunit of
Complex IV is a regulatory component, and its increase does not
necessarily imply improved mitochondrial respiratory capacity. It
has been reported that under conditions of oxidative stress, func-
tional hypoxia [16], and chronic inflammation [17], compensatory
transcriptional programs are activated, leading to increased expres-
sion of mitochondrial components.

Given the close interplay between inflammation and mitochon-
drial function, we evaluated another key inflammatory marker,
IL-6. This cytokine plays a central role in SARS-CoV-2 infection, with
markedly elevated levels during the acute phase of the disease [18].
Consistent with these findings, we also observed statistically sig-
nificant differences between groups according to disease severity
(Fig. 4A).

We then correlated IL-6 levels at admission with mitochondrial
protein levels at 2 years and found significant associations between
elevated IL-6 levels and increased ENO1 (P=.022; r=0.52) and
PKM2 (P<.005; r=0.77) levels 2 years after infection (Fig. 4B and
C). This relationship is biologically plausible, as IL-6 is a key proin-
flammatory cytokine involved in immune response and chronic
inflammation. Enolase, particularly neuron-specific enolase and
a-enolase, may act as an autoantigen and participate in inflamma-
tory diseases [19]. Under inflammatory conditions, IL-6 can induce
changes in the expression of metabolic enzymes, including enolase.
ENOT1 has been shown to induce high levels of proinflammatory
cytokines. Choi et al. [20] reported that ENO1 induces high levels
of proinflammatory cytokines in concanavalin A-activated periph-
eral blood mononuclear cells and ENO1-expressing monocytes in
healthy individuals, as well as in macrophages from patients with
rheumatoid arthritis. Similarly, Bie et al. [21] demonstrated that
PKM2 forms aggregates that impair its enzymatic activity and gly-
colytic flux, driving cells into senescence. Because PKM2 is the
rate-limiting enzyme in the final step of glycolysis, it regulates
the Warburg effect, which provides energy for inflammatory cells;
PKM2 has been shown to promote dendritic cell activation [22].
Indeed, PKM2 has been proposed as a clinical marker of inflamma-
tion in vasculitis [23].

Mitochondrial signature in COVID-related pulmonary fibrosis

Our primary endpoint was to identify biomarkers capable of
predicting progression to pulmonary fibrosis following COVID-19.
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Fig. 5. Comparison of ETF(3 and PKM2 concentrations among patients who devel-
oped fibrotic changes at 1 year, those who did not, and controls. Comparisons were
performed using the Student t test. Higher levels of both ETF3 and PKM2 were
observed in patients with fibrosis compared with those without fibrotic changes
and with controls. ETF indicates electron transfer flavoprotein (3; PKM2, pyruvate
kinase M2.

Although no significant differences in telomere shortening were
observed between patients who developed fibrosis and those who
did not, we explored potential differences in mitochondrial pro-
tein expression. Accordingly, we investigated whether leukocyte
mitochondrial proteins altered in association with disease markers
were also linked to the development of fibrotic lung sequelae.

To differentiate patients with and without fibrotic sequelae,
mitochondrial protein levels were analyzed in both groups. Sig-
nificant differences were observed in ETF3 and PKM2 expression:
patients without fibrotic sequelae showed no differences com-
pared with controls, whereas those with fibrotic sequelae exhibited
increased levels of both mitochondrial proteins (Fig. 5). This find-
ing indicates that elevations in ETF3 and PKM2 are specific to
patients with fibrotic sequelae. Notably, these proteins were also
altered in patients with greater telomere shortening, reinforcing
the hypothesis that telomere attrition and pulmonary fibrosis are
closely linked and may share common underlying mechanisms.

276



277
278
279
280
281
282
283
284
285
286
287
288
289
290

291

292

293

294
295
296
297
298
299
300

302
303
304
305
306
307
308
309
310
311
312

313
314

315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335

336

G Model
ARBRES4005 1-8

A. Mulet, . Signes-Costa, E. Ferndndez-Fabrellas et al.

To further investigate the relationship between leukocyte
telomere shortening and pulmonary fibrosis, mitochondrial pro-
tein alterations were evaluated exclusively in patients with fibrotic
sequelae. Patients were stratified according to whether telomere
shortening exceeded the 90th percentile for age and sex.

ACO1 (cytosolic aconitase 1) levels differed significantly and
showed an inverse correlation with relative telomere length,
a finding not observed in nonfibrotic patients (Supplementary
Fig. 1). Although ACO1 does not directly participate in telomere
maintenance, its dysregulation may reflect an unfavorable cellu-
lar environment characterized by oxidative stress, mitochondrial
dysfunction, and iron dysmetabolism, all of which contribute to
telomere shortening. Therefore, our findings suggest that decreased
ACOT1 levels in this context may represent a cellular adaptation
associated with the progression of pulmonary fibrosis.

Discussion
Severe SARS-CoV-2 infection and telomere attrition

The most common sequelae after COVID-19 include persistent
radiological abnormalities [24], and in our cohort, 29% of patients
exhibited fibrotic changes 1 year after infection. Age-related fac-
tors, particularly telomere shortening and oxidative stress, are
increasingly recognized as key determinants of COVID-19 severity
and potential biomarkers of long-term outcomes [35]. In parallel,
mitochondrial dysfunction - closely linked to aging and telomere
biology - also contributes to both acute and postacute COVID-19
[26].

We observed significant leukocyte telomere shortening in all
patients 1 year after hospitalization, regardless of age, baseline
characteristics, or disease severity. Unlike earlier reports [27],
our findings indicate that telomere shortening persists over time
rather than being limited to the acute phase or inflammatory
response. Clinically, this may reflect accelerated biological aging,
with implications including increased risk of chronic disease,
immune dysfunction, and persistent post-COVID-19 symptoms.
Therefore, telomere monitoring may provide prognostic value in
post-COVID-19 recovery.

Relationship between telomere length alteration and fibrotic
sequelae

Several studies have demonstrated that patients with COVID-19
may develop fibrotic pulmonary sequelae, which in some cases per-
sist long term. Additionally, telomere shortening has been linked
to fibrotic diseases, particularly idiopathic pulmonary fibrosis (IPF),
the most extensively studied condition [28].

In this context, we evaluated telomere length evolution in
patients hospitalized for COVID-19 and its relationship with radio-
logical fibrotic lung sequelae at 12 months.

Our findings demonstrate that SARS-CoV-2 infection induces
significant leukocyte telomere shortening 1 year after infection and
suggest that this process may be associated with the development
of long-term sequelae. Although our cohort consisted primarily of
patients with severe disease, these results provide a strong basis
for future studies in larger and more heterogeneous populations.

Studies assessing leukocyte telomere length could play a key
role in long-term follow-up strategies for patients recovering from
COVID-19, particularly those with severe disease. Telomere short-
ening in type Il alveolar epithelial cells has been shown to correlate
with telomere length in circulating monocytes. Several studies have
demonstrated a strong correlation between these cell types, sup-
porting the use of monocytes as a reliable surrogate for telomere
assessment [29]. This approach facilitates longitudinal monitoring
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in clinical practice and may serve as a prognostic biomarker for
personalized follow-up.

Our findings support the concept that COVID-19 not only trig-
gers anacute inflammatory response but may also leave a persistent
molecular imprint that contributes to cellular aging and tissue dys-
function. We demonstrate that telomere length assessment using
accessible methods such as peripheral blood analysis is valuable
in both research and clinical settings. Although further valida-
tion in larger cohorts is required, our study provides a robust
and reproducible methodological framework for characterizing the
long-term molecular impact of SARS-CoV-2 infection.

Chronic mitochondrial dysfunction as a driver of post-COVID-19
pulmonary fibrosis

Anincreased inflammatory response, oxidative stress, and mito-
chondrial damage have been observed postmortem in the lungs of
patients who died of COVID-19 [30]. In our study, we demonstrate
similar findings in mitochondrial proteins derived from leukocytes
2 years after acute infection. This supports the use of peripheral
blood as a practical tool for monitoring long-term mitochondrial
effects. Notably, we observed increased expression of certain mito-
chondrial proteins, consistent with previous studies showing that
oxidative stress and chronic inflammation can alter cellular tran-
scriptional capacity [17]. It is important to note that increased
levels of proteins such as COX-IV may occur without a correspond-
ing increase in mitochondrial respiratory capacity. This increase
likely reflects a compensatory response to persistent mitochon-
drial damage rather than a functional enhancement of oxidative
phosphorylation (OXPHOS) [16].

Oxidative stress plays a key role in viral infections and specif-
ically in COVID-19 [31]. We observed mitochondrial protein
alterations associated with oxidative stress, disrupted fatty acid
metabolism, and hyperglycolysis, a pattern described in post-
COVID-19 syndrome [32]. Interestingly, this hyperglycolytic state
has been linked to increased production of cytokines and reac-
tive oxygen species (ROS) [33]. Furthermore, the coexistence of
enhanced glycolysis and elevated mitochondrial protein expres-
sion has been previously reported in chronic inflammation, cellular
senescence, and fibrosis, where it reflects uncoupled metabolic dys-
function rather than efficient metabolic adaptation [34].

Additionally, we observed increased levels of NADPH-
generating enzymes, such as glucose-6-phosphate dehydrogenase
(G6PDH). Indirect mitochondrial damage induced by SARS-CoV-2
has been linked to the angiotensin-converting enzyme 2 (ACE2)
receptor. Viral infection reduces ACE2 expression, leading to
upregulation of angiotensin II. Binding of angiotensin II to its
receptor stimulates NADPH oxidase activity, resulting in increased
ROS production [8].

Elevated plasma interleukin-6 (IL-6) levels are a hallmark of
severe COVID-19 and were also observed in our cohort; these levels
have been used to guide treatment [35]. High IL-6 levels may induce
oxidative stress through ROS generation, contributing to mitochon-
drial dysfunction and sustained inflammation [36]. Consistent with
this, we found that elevated IL-6 levels during hospitalization were
associated with long-term alterations in mitochondrial proteins.
Moreover, acute-phase inflammatory markers, including IL-6 and
periostin, correlated with persistent mitochondrial dysfunction,
suggesting a transition from acute inflammation to chronic oxida-
tive stress that may contribute to fibrotic progression, as described
in other chronic lung diseases [26].

Our results indicate that SARS-CoV-2-induced mitochondrial
dysfunction, together with telomere shortening, underlies per-
sistent fibrotic changes. Mitochondrial damage promotes the
production of mitokines, cellular stress response molecules whose
dysregulation has been linked to accelerated aging processes [38].
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Altered proteins such as ETF and PKM2 differentiated patients
with fibrosis and severe telomere attrition (above the 90th per-
centile), and these same proteins also distinguished between
patients with and without radiological fibrotic changes, suggesting
their potential role as differential biomarkers.

Pulmonary fibrosis, telomere shortening, and mitochondrial
dysfunction are interconnected within a pathological cycle that
exacerbates the progression of lung disease [39]. Mitochondrial
dysfunction leads to excessive ROS production, which contributes
to chronic inflammation and tissue damage, thereby perpetuating
fibrosis and pulmonary deterioration.

In this context, our findings suggest a shared pathophysiological
model between post-COVID-19 pulmonary fibrosis and intersti-
tial lung diseases such as idiopathic pulmonary fibrosis (IPF), as
both entities share risk factors including advanced age, male sex,
and comorbidities [40]. Additionally, we observed a correlation
between low levels of ACO1 - a protein sensitive to oxidative stress
and involved in iron metabolism - and increased telomere short-
ening. This observation is consistent with experimental studies
demonstrating a significant role of ACO1 in the pathophysiology
of IPF [41].

Mitochondrial dysfunction has been shown to persist after viral
clearance and may contribute to prolonged symptoms in long
COVID. Therefore, biomarkers of mitochondrial dysfunction could
be useful for early identification and monitoring of chronic post-
COVID-19 sequelae and for identifying patients at higher risk of
developing long COVID.

Conclusions

SARS-CoV-2 infection is associated with persistent telomere
shortening and mitochondrial dysfunction, independent of age,
lasting for at least 1 year after infection. The association between
inflammatory markers, mitochondrial impairment, and shorter
telomere length - particularly in patients with fibrosis - suggests a
shared pathogenic axis that may contribute to chronic post-COVID-
19 lung damage.
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