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Abstract

Background Mitochondrial dysfunction is a hallmark of cardiometabolic diseases. Circulating mitochondrial

DNA (mtDNA) profiles could refine risk stratification, but current methods do not account for different fractions of
circulating mtDNA. We investigated whether patients with type 2 diabetes and/or heart failure (HF) have a specific
signature of the total circulating mtDNA profile, including intracellular and cell-free fractions.

Methods We performed a complete clinical assessment, including blood tests, 12-lead ECG and ultrasound at rest
and during cardiopulmonary exercise. Ultrasound congestion was defined at rest as inferior vena cava of >21 mm,
lung B-lines >4, or discontinuous renal venous flow. In fasting whole blood and plasma samples collected at rest,

we simultaneously measured the copy number of the cellular and cell-free components of mMtDNA by real-time
quantitative polymerase chain reaction (qPCR) using custom standards. We calculated the ratio of cell mtDNA to cell-
free mtDNA as an index of mitochondrial efficiency.

Results We enrolled 120 consecutive patients: 50 (42%) with HF and preserved ejection fraction (HFpEF), 40 (33%)
with HF and reduced ejection fraction (HFrEF) and 30 (25%) at risk of developing HF; 42/120 (35%) had diabetes. Cell-
free mtDNA was increased in patients with HF (with higher levels in HFrEF than HFpEF) and those with diabetes. Cell-
free mtDNA was also higher in patients with systemic inflammation (expressed by high-sensitivity C-reactive protein
[hs-CRP]>0.2 mg/dL with neutrophil-lymphocyte ratio [NLR] > 3) and more ultrasound signs of congestion. The cell/
cell-free mtDNA ratio showed opposite trends (all p <0.05), but there were no significant differences in cell mtDNA.
Cell-free mtDNA and mtDNA ratio independently predicted the presence of > 2 ultrasound signs of congestion and
effort intolerance (peak oxygen consumption < 16 mlL/kg/min) at ROC analysis and using multivariable regressions
after adjustment for age, sex, hs-CRP, NLR, high-sensitivity Troponin T and NT-proBNP.

Conclusions Patients with HF and diabetes have an altered circulating mtDNA signature characterised by higher
cell-free mtDNA and lower mtDNA ratio, whereas cellular mtDNA remains unaffected. Cell-free mtDNA and mtDNA
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ratio are associated with impaired response to exercise, higher systemic inflammation and increased congestion.
Circulating mitochondrial profile could be a new biomarker of mitochondrial status in cardiometabolic diseases.
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Introduction

Mitochondrial dysfunction is a pathogenetic hallmark of
cardiometabolic disease, characterising cardiometabolic
damage and its progression from early [1] to advanced
stages [2]. Assessing mitochondrial functional status in
cardiometabolic patients would be highly informative to
identify better individuals at higher risk of disease pro-
gression [3]. However, a gold-standard method to non-
invasively measure or estimate mitochondrial function is
still missing.

Evidence indicates a direct relationship between mito-
chondrial function and the number of mitochondrial
genomes [4]. Measurement of circulating mitochondrial
DNA (mtDNA) could, therefore, characterise mitochon-
drial status. Accordingly, some studies have attempted
to correlate circulating intracellular mtDNA copy num-
ber with cardiometabolic profile and cardiovascular risk,
albeit with controversial results [1, 5, 6]. A possible rea-
son for these inconsistencies may lie in the methodologi-
cal approach of these different observations, which do
not share a standardised method and, more critically, are
based on the measurement of intracellular mtDNA copy
number alone [7]. Indeed, mtDNA is also present in a
cell-free fraction. While intracellular mtDNA copy num-
ber reflects the activity of mitochondria within cells, cell-
free mtDNA is associated with mitochondrial overload
due to metabolic stress and mitochondrial-driven inflam-
mation [3, 8]. In the cardiometabolic context, where
low-grade systemic inflammation plays a pivotal role in

disease progression and has its major contributors in the
mitochondria [9, 10], the recognition of the circulating
cell-free mtDNA fraction when assessing the circulating
mtDNA profile may be fundamental [7].

In the present study, we aim to investigate whether the
circulating mtDNA signature is altered in cardiometa-
bolic patients with heart failure (HF) and/or type 2 dia-
betes (T2D). To this end, we characterised the circulating
mtDNA signature by simultaneously assessing intracel-
lular and cell-free mtDNA copy number. In addition, we
tested whether the circulating mtDNA profile reflects
key features of cardiometabolic damage associated with
mitochondrial dysfunction, such as response to exercise,
systemic inflammation and congestion [2].

Methods

Study population

We prospectively enrolled 191 consecutive patients
referred for dyspnoea to the University Hospital of Pisa
between January 2022 and June 2024. According to the
American College of Cardiology/American Heart Asso-
ciation HF staging system, patients fell within Stage A
(asymptomatic subjects with cardiovascular risk factors),
B (structural heart disease without signs or symptoms of
HEF), or C (clinically overt HF) [11]. All Stage C patients
had a prior diagnosis of HF or were newly diagnosed with
HF by an independent physician blinded to the study pro-
tocol. A new diagnosis of HF required at least two typi-
cal HF signs or symptoms: third heart sound, pulmonary



Mengozzi et al. Cardiovascular Diabetology (2025) 24:106

rales, jugular venous distention, hepatomegaly, periph-
eral oedema, or lung congestion on lung ultrasound or
chest X-ray. HFrEF was defined by a LVEF <50%, while
HFpEF required a LVEF>50%, N-terminal pro-B-type
natriuretic peptide (NT-proBNP)>125 pg/mL and the
additional presence of relevant structural heart disease
or diastolic dysfunction [12]. All patients were hemo-
dynamically stable at recruitment, without acute myo-
cardial ischemia at rest or during exercise, severe renal
dysfunction (i.e., estimated glomerular filtration rate <30
mL/min/1.73 m?), acute infections or significant autoim-
mune comorbidities. No one had a regular workout rou-
tine. A clinical diagnosis of T2D was based on the ESC/
EASD criteria [13]. All patients underwent spirometry,
and those with more than moderate airflow obstruc-
tion (forced expiratory volume in 1s [FEV1]/forced vital
capacity [FVC] <0.70 and FEV1 <50% of predicted FEV1)
and/or restrictive pattern (<80% of predicted FVC) were
excluded (#=11). Other exclusion criteria were a more
than moderate left-sided valve disease at rest or during
exercise (1=>52) and a significant lower extremity artery
disease and/or inability to perform exercise due to mobil-
ity limitations (#=8). The final study population com-
prised 120 patients (Stages AB, n=30; Stage C-HFrEF,
n=40; Stage C-HFpEF, n=50), of whom 42/120 (35%)
had T2DM.

The study fulfilled the requirements in the Declaration
of Helsinki. The local ethics committee approved the pro-
tocol (number 19204), and written informed consent was
obtained from all patients. All authors had full access to
the data, took responsibility for its integrity, contributed
to the manuscript, and agreed to this report as written.

Study protocol

The study protocol is part of a standardised workup in a
dedicated dyspnoea clinic in Pisa [14]. All measurements
were performed in a quiet room with a stable room tem-
perature. No meal, caffeine, or smoking was allowed
three hours before the evaluation. Therapy remained
unchanged during the whole protocol. Resting evaluation
included a complete clinical assessment, blood tests, a
12-lead ECG, and an ultrasound evaluation.

Laboratory evaluation

Patients were instructed to fast overnight and not to
take any medications before blood and urine sampling
on the morning of the tests. Blood samples were drawn
after a 30-min supine rest. The estimated glomerular
filtration rate (eGFR) was calculated using the Chronic
Kidney Disease Epidemiology Collaboration formula
[15]. Plasma norepinephrine was evaluated using high-
performance liquid chromatography with the electro-
chemical detector CLC 100 (Chromsystems, Munchen,
Germany). Direct renin and aldosterone were assayed
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using a chemiluminescence immunoassay (LIASON,
DiaSorin, Saluggia, Italy). NT-proBNP was measured
with the ECLIA monoclonal assay using the Cobas e411
platform (Roche Diagnostics Italia, Monza, Italy). We
measured urinary albumin (Cobas-8000 analyser, Roche
Diagnostics, Basel, Switzerland) to estimate the urinary
albumin-to-creatinine ratio (UACR); we defined micro-
albuminuria and macro-albuminuria as UACR > 30 mg/g
and >300 mg/g, respectively. We defined the presence of
a persistent proinflammatory response as a high-sensi-
tivity C-reactive protein (hs-CRP) level 20.2 mg/dL with
neutrophil-lymphocyte ratio (NLR) > 3 [16, 17].

Mitochondrial DNA measurement

The circulating mtDNA profile was assessed according
to a previously published protocol [7]. Briefly, for each
patient, we extracted total DNA using commercial kits
according to the manufacturer’s instructions (Qiagen
QIAamp® DNA Mini Kit, Qiagen, Milano, Italy; QIAamp
MinElute Virus Spin Kit, Qiagen, Milano, Italy) and then
measured mtDNA copy number in a whole blood sam-
ple for the intracellular mtDNA fraction (cell mtDNA)
and in a plasma sample for the cell-free mtDNA fraction
(cell-free mtDNA). Both samples were collected simulta-
neously during the resting evaluation. mtDNA quantifi-
cation was assessed by quantitative real-time polymerase
chain reaction (qQPCR) using a calibration curve obtained
by custom mtDNA copy number standards. Cell mtDNA
was normalised to a housekeeping gene (HB2M), while
cell-free mtDNA was normalised to a standard volume.
We then calculated an index of mitochondrial efficiency
using the cell mtDNA to cell-free mtDNA ratio, reflect-
ing the activation of intracellular mitochondrial path-
ways standardised to mitochondrial overload (per nL
of serum). The complete measurement protocol can be
found in the supplementary appendix (comprehensive of
Supplemental Tables 1-2, Supplemental Fig. 1).

Baseline echocardiography

All patients underwent a comprehensive transthoracic
echocardiography examination using LISENDO 880
(Hitachi Medical Systems Tokyo, Japan) in Pisa accord-
ing to international recommendations [18, 19]. The echo-
cardiographic protocol is provided in the supplementary
appendix.

Lung ultrasound (LUS)

B-lines were measured with a linear transducer in par-
allel orientation (transverse) to the ribs at an imaging
depth of ~15-18 cm using an eight-region scan [20].
In each region, B-lines were counted one by one if dis-
tinguishable; if confluent, we estimated their number by
the percentage of space occupied on the screen, divided
by 10 (up to a max of 10 B-lines/region). As previously
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validated, the sum of B-lines from the eight scanning
regions yielded a score denoting the extent of the extra-
vascular lung water [21, 22].

Renal venous flow (RVF)

Doppler assessment of RVF was performed using the
same phased array transducer to obtain a longitudinal
view of the right kidney. The flow scale of color Doppler
imaging was adjusted to low-flow velocities (<20 cm/s)
to optimise the identification of the interlobar veins. The
best-aligned vein was then sampled with pulsed-wave
Doppler during an end-expiratory breath hold. The scale
was adjusted to maximise the signal amplitude (usually
around ~20 cm/s), and the electrocardiographic signal
was used to synchronise the RVF signal with the cardiac
cycle. As previously validated, we used a semi-quantita-
tive assessment, distinguishing continuous (normal con-
ditions), discontinuous pulsatile or biphasic (worsening
congestion) and monophasic (most severe cases) RVF
[21, 22].

We defined congestion by ultrasound as the evidence
of a discontinuous RVE, a dilated inferior vena cava
(221 mm), or B-lines above or equal to the lower bound-
ary of the highest tertile (>4) [21]. The reproducibility of
congestion assessment by ultrasound has been previously
published [21].

Cardiopulmonary-exercise stress echocardiography (CPET-
ESE) evaluation

The following working day after the resting evaluation, a
combined CPET-ESE protocol was performed [14, 23].
Briefly, a symptom-limited graded ramp bicycle exercise
test was conducted in the semi-supine position on a tilt-
ing cycle ergometer (Ergoline ergoselect 1200 GmbH,
Germany). ESE was performed concurrently with breath-
by-breath gas exchange measurements using the same
ultrasound system used at baseline. All images were
stored for offline analysis. The protocol is summarised
in the Supplemental Appendix [24, 25]. We defined the
presence of at least moderate effort intolerance as peak
oxygen consumption (VO,) < 16 mL/kg/min [26].

Statistical analysis

Categorical data are presented as numbers and percent-
ages and were compared using Pearson’s Chi-square test
or the Fisher exact test. Continuous data are reported
as median and interquartile range (IQR) and were com-
pared using the Kruskal-Wallis test; post-hoc tests were
performed with Bonferroni corrections (p-value for sig-
nificance < 0.01 for p-values <0.05 on the Kruskal-Wallis
test). Based on previous literature [27], we calculated that
a minimum sample size of n=30 for each group would
have been able to detect statistically significant differ-
ences between two groups with a two-sided o of 0.05 and
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a power of 88% using non-parametric tests. Correlations
among markers were assessed using Spearman’s rank cor-
relation coefficients, with log-transformed data for cell
mtDNA, cell-free mtDNA, mtDNA ratio, NT-proBNP,
hs-Troponin T (hs-TnT) and aldosterone. Receiver oper-
ating characteristic (ROC) analysis was used to calculate
the area under the curve (AUC). We used multivari-
able logistic and linear regression models to predict>2
US signs of congestion and peak VO,, respectively. We
included in the models independent variables (namely,
age, sex, hs-CRP, NLR, hs-TnT and NT-proBNP) selected
on prior knowledge and pathophysiology [12] while using
forward stepwise selection (entry and removal value of
p<0.01 and p<0.10, respectively) to prevent overfitting.
Variance inflation factor>5 was used to exclude multi-
collinearity between selected variables. Bootstrap valida-
tion was performed across 5000 bootstrapped replicates
to evaluate the stability of the prediction model. Then,
calibration plots were generated to determine the agree-
ment between the observed and model-predicted peak
VO, with and without bootstrap (bias-corrected and
apparent curve, respectively). The bias-corrected curve
showed good overall calibration and an almost linear
relationship (mean absolute error=0.99 mL/kg/min vs.
ideal model). Missing data were not included in the mod-
els. All tests were two-sided, with a p-value of <0.05 con-
sidered significant. Data were analysed with SPSS version
25.0 (IBM Corp., Armonk, NY).

Results

Study population

Demographic and clinical characteristics of the study
population are shown in Table 1. Patients with HFpEF
and HFrEF were older than those in HF Stages AB; also,
HFpEF patients were more likely to be women with dia-
betes, hypertension and atrial fibrillation (AF). The eGFR,
NT-proBNP and hs-Troponin T were similarly impaired
in patients with HF, irrespective of LVEFE. However,
micro- and macro-albuminuria were more common, and
hs-CRP levels were significantly higher in HFpEF than in
HEFrEE

Cardiopulmonary function at rest and during exercise

In HErEF, we observed worse indexes of systolic func-
tion both at rest and during exercise, while cardiac out-
put (CO), diastolic function and mean pulmonary artery
pressure (mPAP)/CO slope were similarly impaired in
HFpEF and HFrEF cohorts. HFpEF patients had more
dilated left atria and showed the worse right ventricle-
pulmonary artery coupling (expressed by lower values
of tricuspid annular plane systolic excursion/systolic
pulmonary artery pressure [TAPSE/sPAP]). Congestion
assessment by US revealed a higher prevalence of discon-
tinuous RVF and more B-lines in HF patients (Table 2).
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Table 1 Population characteristics
Variable HF Stages AB HFpEF HFrEF p-value
(n=30) (n=50) (n=40)
Demographics
Age, years 69 (54-73) 77.5(72-83)* 76 (67-81.5)* <0.0001
Male 22(73) 24 (48) 30 (75) 0.013
BMI, Kg/mz 26 (23-27) 26 (23-28) 26 (23-30) 0.728
Waist circumference, cm 86 (82.5-93) 97 (89-118.5)* 97 (91.5-111)* 0.007
Body surface area, m? 1.79 (1.71-2.01) 1.83 (1.67-2.03) 1.93 (1.76-2.08) 0272
Current smoker 3(10) 14 (28) 10 (25) 0.267
Clinical evaluation
Arterial hypertension 13 (43) 40 (80) 15 (45) <0.0001
Dyslipidaemia# 4(13) 32 (64) 26 (65) <0.0001
Diabetes mellitus 2(7) 28 (56) 12 (30) <0.0001
History of atrial fibrillation 3(10) 29 (58) 19 (48) <0.0001
Stroke/TIA 0 4(10) 1(3) 0.230
CAD 0 10 (20) 18 (45) <0.0001
Coronary revascularization 0 9(18) 15 (38) <0.0001
Previous Ml 0 5(10) 12 (30) 0.001
Pacemaker 2(7) 6(12) 17 (43) <0.0001
ICD 0 0 16 (40) <0.0001
CRT 0 0 10 (25) <0.0001
ECG
Atrial fibrillation 2(7) 24 (48) 12 (30) 0.005
Atrial paced rhythm 0 3(6) 3(8) 0.331
Ventricular paced rhythm 0 6(12) 14 (35) 0.001
Left bundle branch block 0 4(8) 6(15) 0.080
Therapy
Beta-Blocker 8(27) 41 (52) 36 (90) <0.0001
DHP CCB 0 18 (36) 4(10) <0.0001
Non-DHP CCB 103) 2 (4) 0 0456
ACEi or ARB 13 (43) 29 (58) 50 (50) 0431
MRA 6 (20) 15 (30) 26 (65) <0.0001
ARNI 0 1(2) 16 (40) <0.0001
ASA 103) 8(16) 10 (25) <0.0001
Oral anticoagulant 3(10) 25 (50) 16 (40) 0.001
Statins 2(7) 31(62) 24 (60) <0.0001
Thiazides/thiazide-like diuretics 2(7) 5(10) 0 0.129
Furosemide 0 34 (68) 31(78) <0.0001
Insulin 0 5(10) 2(5) 0.175
Oral hypoglycaemic drugs 3(10) 24 (48) 24 (60) <0.0001
Blood tests
Haemoglobin, g/dL 133 (12.3-14.1) 12.2(10.6-13.8) 13.3(12.6-14.2) 0.012
Na*, mEg/L 140 (137-142) 141 (137-142) 141 (139-143) 0.823
K*, mEg/L 4.3 (4.0-44) 4.2 (41-4.8) 4.3 (3.9-4.6) 0.696
Total cholesterol, mg/dL 180 (151-192) 148 (124-176) 159 (140-168) 0.032
LDL, mg/dL 97 (75-129) 81 (60-108) 88 (69-109) 0.035
HDL, mg/dL 61 (46-71) 47 (39-64) 44 (40-54) 0.021
Triglycerides, mg/dL (62—85) 86 (61-142) 89 (76-128)* 0.007
Creatinine, mg/dL .81 (0.70-0.91) 1.06 (0.85-1.62)* 1.02 (0.90-1.33)* <0.0001
eGFR, mL/min/1.73 m? 87 (80 106) 57 (41-81)* 60 (53-78)* <0.0001
Fasting blood sugar, mg/dL 91 (84-97) 98 (82-135) 93 (83-122) 0474
HbA1c, mmol/mol 38 (37-40) 42 (39-51)* 40 (37-44) 0.005
UACR, mg/g 7 (5-14) 24 (10-105)% 23 (5-65) 0.007
Micro-albuminuria® 3(10) 7(18) 9 (25) 0.285
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Variable HF Stages AB HFpEF HFrEF p-value
(n=30) (n=50) (n=40)
Macro-albuminuria® 0 10 (20) 4(10) 0.024
Uric acid, mg/dL 5.7 (4.7-6.1) 5.7 (44-67) 54(44-62) 0912
hs-CRP, mg/L 0.11 (0.06-0.30) 0.31(0.11-0.75)* 022 (0.10-0.61) 0.005
Neutrophil-Lymphocyte Ratio 2.0(1.5-2.5) 2.9(2.0-3.9)* 2.8 (2.1-3.5)* 0.001
NT-proBNP, pg/mL 153 (62-257) 1229 (446-3167)* 1758 (599-3541)* <0.0001
hs-Troponin T, pg/mL 9(6-12) 22 (13-42)* 26 (16-48)* <0.0001
Mitochondrial DNA
Cell mtDNA, copies/cell 31.2(17.5-60.7) 42.1(22.2-61.7) 474 (31.2-59.4) 0472
Cell-free mtDNA, copies/nL 6.2 (2.7-16.6) 21.1 (44-83.1)* 101.6 (9.6-206.9)*+ <0.0001
mtDNA ratio 59(3.5-9.7) 1.5(0.5-6.2)* 0.6 (0.1-3.7)% 0.0001

Values are n (%), or median (25th quartile, 75th quartile)

ACEi: angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor blocker; ARNI: angiotensin receptor neprilysin inhibitor; ASA: acetylsalicylic acid; BMI:
body mass index; BSA: body surface area; CAD: coronary artery disease; COPD: chronic obstructive pulmonary disease; CRT: cardiac resynchronization therapy; DHP
CCB: dihydropyridine calcium channel blocker; eGFR: estimated glomerular filtration rate; HbAlc: glycated haemoglobin (available only in patients with diabetes
mellitus); HDL: high-density lipoprotein; HF: heart failure; HFpEF: heart failure with preserved ejection fraction; HFrEF: heart failure with reduced ejection fraction; hs-
CRP: high sensitivity C-reactive protein; ICD: implantable cardioverter-defibrillator; LDL: low-density lipoprotein; MI: myocardial infarction; MRA: mineralocorticoid
receptor antagonist; mtDNA: mitochondrial DNA; NT-proBNP: N-terminal prohormone of brain natriuretic peptide; PCl: percutaneous coronary intervention; TIA:

transient ischemic attack; UACR, urine albumin-to-creatinine ratio
*p<0.01 vs. HF Stages AB; ¥ p<0.01 vs. HFpEF
# total cholesterol > 200 mg/dL or LDL > 130 mg/dL or on lipid-lowering therapy

#Micro-albuminuria and macro-albuminuria were defined as UACR>30 mg/g and > 300 mg/g, respectively

All patients who underwent CPET-ESE performed a
maximal exercise (peak respiratory exchange ratio > 1.00);
no data was missing. Despite a similar time of effort,
peak VO,, VE/VCO, and VO,/work slope were signifi-
cantly more impaired in HF patients than in HF Stages
AB (Table 3).

Circulating mitochondrial DNA signature in
cardiometabolic patients

Cell mtDNA levels were similar across HF groups, while
cell-free mtDNA levels were higher in HFpEF than Stages
AB and the highest values were observed in HFrEF (all
p<0.01, Table 1). Conversely, the cell/cell-free mtDNA
ratio was significantly lower in HFpEF and HFrEF than
in Stages AB. Cell-free mtDNA levels were higher in
patients with diabetes, while the mtDNA ratio was lower
(Fig. 1A, B). Likewise, cell-free mtDNA levels were
higher in patients with persistent inflammation, while
the mtDNA ratio was lower (Fig. 1C, D). With increas-
ing US signs of congestion, we observed higher cell-free
mtDNA levels and a lower mtDNA ratio (Fig. 1E, F). The
same analyses were non-significant when considering cell
mtDNA levels.

Circulating mitochondrial DNA and cardiometabolic risk
markers

Cell-free mtDNA had a mild direct correlation with
cell mtDNA levels, NT-proBNP, hs-TnT and aldoste-
rone while showing a moderate correlation with peak
VO, (inverse) and VE/VCO, (direct). The opposite

relationships were observed when considering the
mtDNA ratio (Fig. 2).

Circulating mitochondrial DNA and congestion

Cell-free mtDNA (optimal cut-off: >6.1 copies/nL, 100%
sensitivity, 40%specificity) and mtDNA ratio (optimal
cut-off: 0.5, 65% sensitivity, 77% specificity) indepen-
dently predicted >2 US signs of congestion at ROC anal-
ysis (Fig. 3). The difference between AUCs of cell-free
mtDNA vs. mtDNA ratio was 0.026, 95% CI -0.079-0.140
(p=0.586). We also tested conventional cardiometabolic
biomarkers to predict multi-organ congestion (Supple-
mental Table 3). NT-proBNP and HBA1lc had the high-
est AUC for predicting>2 ultrasound (US) signs of
congestion (0.753, 95% CI 0.630-0.869 and 0.751, 95%
CI 0.636-0.866), followed by triglycerides (0.668, 95% CI
0.546—0.790). Conversely, hs-CRP, LDL and HDL were
not independently associated with multi-organ conges-
tion. Pairwise comparison of ROC curves of the previous
significant conventional biomarkers vs. cell-free mtDNA
and mtDNA ratio showed no significant differences
between AUCs (Supplemental Table 4).

In a multivariable logistic regression adjusted for age,
sex, hs-CRP, NLR, hs-TnT and NT-proBNP, both cell-free
mtDNA (coefficient 1.203, odds ratio [OR] 3.329, 95%
confidence interval [CI] 1.017-10.902) and mtDNA ratio
(coefficient —1.196, OR 0.302, 95% CI 0.101 to 0.903)
independently predicted >2 US signs of congestion, while
cell mtDNA did not (coefficient —0.430, OR 0.650, 95%
CI0.167 to 2.539).
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Table 2 Baseline and exercise stress echocardiography
Variable HF Stages AB HFpEF HFrEF p-value
(n=30) (n=50) (n=40)
Left ventricle and VAC
LVM;, g/m27 118 (99-138) 123 (82-146) 138 (121-166)*+ 0.002
RWT 0.37 (0.33-040) 040 (0.36-0.44) 031 (0.26-0.36)*+ <0.0001
Mitral E/A @rest 1.0 (0.8-1.6) 0.8 (0.7-1.5) 0.8 (0.6-1.5) 0.064
Average E/€e’ @rest 10 (8-14) 2 (9- 18) 1(10-13) 0.587
Average E/e’ @peak 9(8-11) 5011-18)* 13 (10-18)* 0.004
SV, mL/beat @rest 58 (45-76) 9 (48-81) 53 (39-69) 0.210
SV, mL/beat @peak 78 (66-94) 71 (60-88) 7 (56-82) 0.039
CO, L/min @rest 44 (34-6.3) 43(3.2-5.6) 4.0(3.2-5.6) 0277
CO, L/min @peak 11.1 (8.1-11.6) 7.9 (6.3-9.8)* 7.3 (6.0-9.4)* 0.001
LVEDVi, mL/m? @rest 73(51-93) 65 (55-79) 99 (83-125)*+ <0.0001
LV ejection fraction, % @rest 66 (62-69) 63 (57-68) 37 (30-42)*+ <0.0001
LV ejection fraction, % @peak 75 (70-78) 70 (66-74)* 42 (35—46)*¢ <0.0001
WMSI @rest 1.0 (1.0-1.0) 0(1.0-1.0) 0(2.0-22)*+ <0.0001
WMSI @peak 1.0 (1.0-1.0) 1.0 (1.0-1.0) 0 (1.5-2.00)*+ <0.0001
Average S, cm/s @rest 8.5 (7.0-9.5) 6.5 (5.5-7.5)* 5(4.5-6.5)*+ <0.0001
Average S, cm/s @peak 12.5(11.0-13.8) 8.5 (7.0-9.5)% 0 (6.0-9.0)*+ <0.0001
LVGLS, % @rest 20 (17-24) 14 (12-18)* 8 (74 0)*+ <0.0001
LVGLS, % @low-load effort 21 (20-26) 7 (13-20)* 9(8-12)*+ <0.0001
Left atrium
LAVi, mL/m? 37 (23-47) 44 (37-52)* 40 (36-60) 0.001
LA reservoir strain, % @rest 34 (21-35) 18 (13-25)* 16 (10-25)* <0.0001
LA booster strain @rest (SR only) 13 (11-20) 10 (8-14) 1(6-15) 0.033
Right ventricle and pulmonary circulation
TAPSE, mm @rest 23 (21-26) 1(18-23) 7 (15=-21)* 0.001
TAPSE, mm @peak (25 31) 24 (22-37)* 22 (19-26)* <0.0001
SPAP mmHg @rest 0 (24-40) 3 (33-53)* 6 (25-48) 0.007
SPAP, mmHg @peak 40 (45-50) 58 (45-70)* 50 (45-60)* <0.0001
TAPSE/sPAP, mm/mmHg @rest 0.70 (0.50-1.00) 045 (0.39-0.65)* 0.48 (0.34-0.70)* 0.001
TAPSE/SPAP, mm/mmHg @peak 0.58 (0.48-0.70) 0.39(0.31-0.51)% 043 (0.33-0.52)% <0.0001
mPAP/CO slope 14(0.7-2.2) 2.8 (1.9-44)* 2.7 (2.1-4.0)* <0.0001
Congestion assessment
IVC, mm 15 (15-20) 18 (15-21) 18 (15-21) 0.190
IVC collapse >50% 29 (97) 45 (90) 32(80) 0.088
RVF continuous/discontinuous 30(100)/0 41(82)/9(18) 32 (80)/8 (20) 0.035
B-lines @rest 0(0-3) 3(2-9) 4(1-7) 0.012
B-lines @peak 3(2-7) 11 (6-24)* 10 (5-18)* 0.002
AB-lines 3(0-4) 8 (3-13)% 6 (3-9)* 0.001

Values are mean +standard deviation, n (%), or median [25th quartile, 75th quartile]

CO: cardiac output; EDV: end-diastolic volume; HFpEF: heart failure with preserved ejection fraction; HFpEF: heart failure with reduced ejection fraction; IVC: inferior
vena cava; LA: left atrium; LAVi: left atrial volume index; LV: left ventricle; LVEDVi: left ventricle end-diastolic volume index; LVGLS: left ventricle global longitudinal
strain; LVMi: left ventricle mass index; MR: mitral regurgitation; RVF: renal venous flow; RWT: relative wall thickness; sPAP: systolic pulmonary artery pressure; SV:
stroke volume; TAPSE: tricuspid annular plane systolic excursion; WMSI: wall motion score index

Aparameters @peak were obtained only 147 patients with HFpEF and 138 patients with ASpEF

*p <0.01 vs. Controls; ¥ p<0.01 vs. HFpEF

Circulating mitochondrial DNA and cardiopulmonary
performance

Cell-free mtDNA (optimal cut-off: <43.9 copies/nL, 83%
sensitivity, 50% specificity) and mtDNA ratio (optimal
cut-off: >1.3, sensitivity 80%, specificity 60%) indepen-
dently predicted low peak VO, (<16 mL/kg/min) at ROC
analysis (Fig. 3). The difference between AUCs of cell-free

mtDNA vs. mtDNA ratio was 0.040, 95% CI -0.007-0.115
(p=0.092). We also tested conventional cardiometabolic
biomarkers to predict impaired response to exercise
(Supplemental Table 5). NT-proBNP had the highest
AUC for predicting peak VO,<16 mL/kg/min (0.795,
95% CI 0.684-0.905), followed by HBAlc (0.667, 95%
CI 0.551-0.793), LDL (0.665, 95% CI 0.540-0.790) and
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Table 3 Cardiopulmonary exercise test

Variable HF HFpEF HFrEF  p-value
Stages (n=50) (n=40)
AB
(n=30)

HR, beats/min @rest 75 75 82 0.241
(70-80) (65-85) (65-90)

HR, beats/min @peak 140 110 105 0.004
(121- (105- (95—
150) 135)% 135)%

Chronotropic incompetence’ 8 (27) 27 (54) 24 (60) 0.015

SBP. mmHg @rest 130 130 118 0.054
(120- (118- (100-
149) 141) 135)

DBP, mmHg @rest 80 70 70 0.052
(75-90) (65-85) (67-80)

SBP, mmHg @peak 195 165 150 <0.0001
(176- (146 (140-
205) 185)* 167)*

DBP, mmHg @peak 85 75 78 0.066
(80-103) (70-90) (65-90)

Workload, W 125 65 70 (60- <0.0001
(100- (46-89)* 110)*
150)

Time of effort, min 10 9(8-10) 9(8-10) 0.071
(9-11)

RER @peak 1.1 1.1 1.1 0.298
(1.1-12) (1.1-12) (1.0-1.2)

VO,, mL/kg/min @peak 212 12.7 13.8 <0.0001
(17.5- 9.5- (10.2-
22.5) 14.5)* 15.5)%

VE/NVCO, slope 28 38 40 <0.0001
(26-32) (33-42)* (34-44)

V/Vr (%) 20 23 24 0.001
(16-23) (20-26)* (22-27)*

O, pulse, mL/beat @peak 11.2 8.1 8.3 0.002
(8.6 (6.3- (7.2-
12.8) 10.6)* 10.1)

VO,/work slope, mL/min/W 10 74 7.5 <0.0001
(9-105) (6-86)* (6.2-

9.3)*
VO,/work flattening 0 6(12) 5(13) 0.132
EOV 0 10Q2) 103) 0.701

Values are n (%), or median (25th quartile, 75th quartile)

DBP: diastolic blood pressure; EOV: exercise oscillatory ventilation; HFpEF:
heart failure with preserved ejection fraction; HFrEF: heart failure with reduced
ejection fraction; HR: heart rate; MBP: mean blood pressure; RER: respiratory
exchange ratio; SBP: systolic blood pressure; VCO,: carbon dioxide production;
Vp: Physiologic dead space; VE: minute ventilation; VO,: oxygen consumption;
Vy: Tidal volume

*p <0.01 vs. Controls; ¥ p<0.01 vs. HFpEF

*Failure to achieve = 80% of the difference between age-predicted maximal HR
and resting HR (HR reserve) during exercise

triglycerides (0.664, 95% CI 0.537-0.791). Conversely, hs-
CRP and HDL were not independently associated with
impaired response to exercise. Pairwise comparison of
ROC curves of the previous significant conventional bio-
markers vs. cell-free mtDNA and mtDNA ratio showed
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no significant differences between AUCs (Supplemental
Table 6).

In a multivariable linear regression adjusted for age,
sex, hs-CRP, NLR, hs-TnT and NT-proBNP, both cell-free
mtDNA (coeflicient —1.413, 1,y —0.249, p=0.025) and
mtDNA ratio (coefficient 1.099, rp, ., 0.292, p=0.021)
independently predicted peak VO,<16 mL/kg/min,
while cell mtDNA did not (coefficient 0.064, 1,5 0.009,
p=0.943).

Discussion

Accurate assessment of mitochondrial dysfunction
could implement risk stratification strategies in cardio-
metabolic diseases such as HF and T2D, where mito-
chondrial homeostasis is directly involved in disease
pathogenesis. However, convincing evidence in this set-
ting remains elusive. In the present study, we report for
the first time that patients with different HF phenotypes
and/or T2D exhibit an altered circulating mtDNA sig-
nature, characterised by higher cell-free mtDNA and
lower mtDNA ratio. Furthermore, we report that higher
cell-free mtDNA levels and lower mtDNA ratios are
present in patients with an unfavourable cardiometa-
bolic phenotype, characterised by an impaired response
to exercise, multi-organ congestion and higher levels of
inflammation.

Effective and early risk stratification is challenging
in cardiometabolic patients due to the cumulative bur-
den of comorbidities [28]. Therefore, there is an urgent
unmet need for novel circulating biomarkers [29]. Cir-
culating mitochondrial (dys)function signature may pro-
vide a central pathogenetic hallmark of cardiometabolic
damage [30]. However, assessing human mitochondrial
function is a major challenge [3]. In our study, we simul-
taneously measured the intracellular and free fractions of
circulating mtDNA to address both the major mitochon-
dria-driven processes altered in cardiometabolic disease
(i.e., metabolic dysfunction/insufficiency) and systemic
mitochondrial inflammation.

We observed that circulating cellular mtDNA is not
altered in HF and T2D, while conflicting results have
been reported in the literature. A Mendelian ran-
domisation (MR) study showed an inverse association
between mtDNA and HF [7]. Likewise, a recent meta-
analysis showed a negative association between leuko-
cyte mtDNA copy number and incident HF risk [31].
Noteworthy, one of the studies extracted the number of
mtDNA copies from bufty coat [32], another from whole
blood [33] and a third performed Mendelian randomi-
sation (MR) based on mtDNA abundance [5]. Interest-
ingly, a later MR analysis on the same cohort using an
updated assessment of mtDNA abundance reported con-
flicting results, showing no association between mtDNA
copy number and cardiometabolic damage, except for
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F). Inflammation was defined as the co-presence of C-Reactive Protein > 0.2 mg/dL and Neutrophil-Lymphocyte Ratio >3
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Fig. 2 Univariate correlation matrix using Spearman’s rank correlation. *P<0.01, **P<0.001, ***P<0.0001. Red shading indicates positive correlations,
and blue shading indicates inverse correlations. White boxes are non-significant (P> 0.05). eGFR: estimated glomerular filtration rate; VE: ventilation; VOC2:

carbon dioxide production; VO,: oxygen consumption

dyslipidaemia [1]. Another MR analysis confirmed these
data [6]. A compensatory mechanism may explain why
circulating cellular mtDNA levels are not altered in HF
and T2D since cellular mitochondria try to meet the
exaggerated metabolic demand by over-activating them-
selves. This hypothesis is consistent with recent findings
in an experimental aged HFpEF mouse model [34]. Simi-
larly, a pilot analysis found increased levels of circulating
mtDNA in patients with HF, although not normalised to
nuclear DNA. However, in the same study, HF patients
with lower cellular mtDNA had higher mortality. This
aligns with another study, which showed that circulating
cellular mtDNA is higher in patients with stable HF than
controls but significantly lower in patients with acute
decompensated HF [35]. Thus, normal/higher mtDNA in
HF and T2D may underline an overcompensatory mech-
anism that, when exhausted, leads to decompensated car-
diometabolic disease.

In the present research, cell-free mtDNA was increased
in patients with HF and/or T2D, with levels significantly

higher in the HFrEF cohort than HFpEF. Cell-free
mtDNA is associated with a higher inflammatory state, as
demonstrated in vitro [3] and reported in several human
studies in neurological [8], autoimmune [36], age-related
[37] and acute [38] and chronic infectious diseases [39].
Advanced cardiometabolic diseases, such as HF and
T2D, are characterised by persistent systemic inflam-
mation [40—43] that is strongly driven by mitochondrial
dysfunction [42, 44, 45], which is in agreement with our
results. The potential role of cell-free mtDNA has begun
to be explored in patients with T2D, where its levels are
higher and associated with microvascular complications
and inflammatory signature [46, 47]. However, there is
no data on HEF, except for a recent report showing that
higher cell-free mtDNA is associated with a higher rate
of heart transplant failure [48].

We characterised the circulating mtDNA profile by
exploring its relationship with cardiopulmonary func-
tion during exercise, congestion and inflammation,
three landmarks of HF associated with mitochondrial
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Fig. 3 Receiver-operator characteristic (ROC) curves illustrating the accuracy of cell mtDNA, cell-free mtDNA and mtDNA ratio in predicting > 2 ultra-
sound (US) signs of congestion and peak oxygen consumption (VO,) < 16 mL/kg/min. AUC: area under the curve

dysfunction [2, 30, 49]. Higher cell-free mtDNA was
associated with a worse profile for all three conditions. A
recent translational investigation on SARS-CoV-2 myo-
cardial injury showed that circulating cell-free mtDNA
may be a hallmark of inflammation-induced cardiac dys-
function. Consistent with this, we report a correlation
between cell-free mtDNA and NLR, a well-established
marker of inflammatory cardiovascular risk [50], and hs-
TnT. The capacity of the mtDNA profile to predict con-
gestion and cardiopulmonary response to exercise, which
are key pathogenetic elements of HF [51-53], has impli-
cations in the context of the need for circulating bio-
markers for cardiovascular risk stratification [54].

To further explore the potential of simultaneous assess-
ment of cell and cell-free mtDNA in the same patient, we
decided to calculate the ratio of circulating intracellular
mtDNA (standardised per cell) to circulating cell-free
mtDNA (standardised to one nL of plasma) as an index
of mitochondrial efficiency [2]. In particular, the mtDNA
ratio consistently showed the opposite behaviour of cell-
free mtDNA. Noteworthy, the discriminatory power of
the mtDNA ratio consistently outperformed cell-free
mtDNA, albeit slightly and non-significantly. Taken
together, our exploratory findings show that the circulat-
ing mtDNA profile has a specific signature in cardiomet-
abolic patients with HF and/or T2DM, recapitulating key
cardiometabolic features associated with mitochondrial
dysfunction. Larger and prospective studies are needed to
analyse the patterns of circulating mtDNA components

across the broad spectrum of cardiometabolic diseases,
including, for example, atherosclerosis, coronary artery
disease, obesity and nephropathy since these features
often co-exist [10, 43]. In this context, implementing
artificial intelligence techniques may help better under-
stand the role of mtDNA profile as a risk stratification
biomarker to identify individuals at higher risk of cardio-
metabolic progression [55]. Albeit its incremental value
compared to conventional biomarkers needs still to be
demonstrated, circulating mtDNA has the advantage of
requiring a rapid and blood-based measurement, which
can be quantified using qPCR machines that are widely
available in diagnostic laboratories and not limited to
highly specialised diagnostic centres. Ideally, its imple-
mentation could be relatively rapid in the current health-
care landscape and allow earlier intensive intervention by
identifying the patients with a worse trajectory across the
cardiometabolic spectrum.

Study limitations

The cross-sectional design of the study does not allow for
causal inference. However, the comprehensive charac-
terisation of the cardiorespiratory profile of our patients
allows reliable speculation on the role of the circulat-
ing profile of mtDNA in the context of HF and T2D. We
measured cellular mtDNA in whole blood samples rather
than peripheral blood mononuclear cells (PBMCs), but
both approaches are reliable [27]. The rationale behind
this choice was to avoid the sample processing required
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for PBMC extraction, which, in terms of time and facil-
ity dependency, could hinder the diffusion of a biomarker
that is otherwise easy to measure in blood samples col-
lected during clinical routine and does not require rapid
access to a specialised laboratory [56]. The relatively
small sample size does not allow detailed subgroup
analysis or the application of machine learning analysis
to build specific disease-prediction models [55]. Finally,
there is a lack of a large group of healthy subjects with-
out cardiovascular disease or exposure to cardiovascular
risk factors, which would be needed to define the true
normality of the different parameters of the circulating
mtDNA profile. Given the above limitations, our results
should be considered exploratory and further validation
will be required to generalise our findings. However, this
should be regarded as a pilot study, and the consistency
of our results with a modest sample size strengthens the
relevance of our main findings, supporting the need to
explore the added value of assessing both components
of circulating mtDNA ratio in larger patient cohorts to
establish the clinical relevance and cost-effectiveness in
comparison to conventional cardiometabolic biomarkers
(3, 27].

Conclusions

Our exploratory results highlight the promising role
of circulating mtDNA in assessing the overall profile
of patients with HF and T2D. Cell-free mtDNA and
mtDNA ratio are altered in patients with cardiometa-
bolic disease and recapitulate important cardiometabolic
features associated with mitochondrial dysfunction. If
our results are confirmed in larger independent cohorts,
the circulating mitochondrial profile might represent a
potential new cardiometabolic biomarker that can be
easily measured in routinely collected blood samples by
qPCR, which is ubiquitous in diagnostic laboratories and
requires no more than standard processing.
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