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1 | INTRODUCTION

Cardiovascular disease (CVD) is a major cause of death and
disability worldwide.! The primary prevention of CVD re-
lies on the identification of high-risk individuals before the
manifestation of the event. Thus, the need for new methods
for accurate risk stratification is drawing attention, and sev-
eral biomarkers have been proposed to predict cardiovascular
events.” Biomarkers play a critical role in the definition, prog-
nosis, and decision-making in cardiovascular disease manage-
ment. Nevertheless, despite increasing efforts, the possibility
to identify high-risk individuals is still limited. Among the
novel candidates, trimethylamine N-oxide (TMAO) has at-
tracted a growing attention as a potential promoter of ath-
erosclerosis in humans.>” TMAO is the oxidative metabolite
of trimethylamine (TMA), which is produced by the gut mi-
crobiome from dietary precursors (ie, choline, betaine, and
carnitine). The TMA is absorbed via the intestinal epithe-
lium and it is further oxidized in the liver to TMAQO, which
is then excreted in urine. Several hypotheses have linked the
TMAUO to the development of atherosclerosis and CVD risk
via promotion of platelet hyper-reactivity,8 pro-inflammatory
changes in the artery wall,” enhanced macrophage choles-
terol accumulation and foam cell formation,3 increased levels
of pro-inflammatory monocytes.10 Nevertheless, contrasting
evidence on the association of TMAO and CVD emerged,“'
16 and a clear mechanistic explanation of this association is
still missing.

Another interesting peripheral biomarker that has been
recently proposed for CVD prediction is the mitochondrial
DNA copy number (mtDNAcn)."” Human mitochondrial
DNA (mtDNA) is a small, circular, and multi-copy genome,
located in the inner matrix of mitochondria. It incorporates
37 mitochondrial genes (13 coding for essential components
of the mitochondrial electron transport chain and of the ATP
synthase complex, 22 for mitochondrial transfer RNAs and 2
for ribosomal RNAs). Mitochondrial DNA content reflects
the energy demand of a cell'® and is disturbed by imbalanced
energy metabolism and reactive oxygen species overproduc-
tion. Thus, mtDNAcn changes have been proposed as an early
biomarker of damage and mitochondrial dysfunction.lg’zo
Remarkably, since mtDNAcn changes have been associated
with both intrinsic and extrinsic factors,zl’22 mtDNAcn has
been proposed as a potential biomarker for complex dis-
eases, which are linked to both genetics and environmental
exposures.”

Circulating mtDNAcn has been investigated in cardio-
vascular diseases,”* mainly analyzing peripheral blood cells.

Highlights

e mtDNAcn measured in whole blood is associated
to the cardiovascular health status in humans;

e mtDNAcn is reduced in CAD and hypertension,
and inversely correlates with GFR;

e mtDNA, sex, and hypertension together represent
a good predictive biomarker for CAD;

e TMA metabolism is different in healthy subjects
and CAD patients;

e TMA and TMAO are not good predictors of CAD
in our model.

Interestingly, it has been recently demonstrated that blood
also contains circulating cell-free respiratory competent
mitochondria,” suggesting that the measure of mtDNAcn
in the whole blood might better represent the health status.
Moreover, despite the involvement of TMAO in mitochon-
drial metabolism has been presente:d,26'29 none of the previ-
ous investigations examined the association between blood
mtDNAcn and TMA or TMAO levels in humans.

This study aims to investigate, in a population of 540 sub-
jects of coronary artery disease (CAD) patients and controls,
(a) if the mtDNA copy number measured in the whole blood
is a marker of CAD; (b) if any association between mtDNAcn
and TMAO or TMA levels exists; (¢) if mtDNAcn is associ-
ated with other risk factors for CVD that are linked to met-
abolic alterations (ie, hypertension,30 diabetes,3 ! glomerular
filtration rate [GFR]) or environmental exposures (ie, smok-
ing,32 BMI*%); (d) provide further insights on the effects of
TMA and TMADO levels changes in CVD. The final goal is to
identify relevant factors that can be used for CVD prognosis
through adequate prediction models.

2 | MATERIALS AND METHODS
2.1 | Study cohort recruitment and sample
collection

CAD patients were consecutively recruited in Wejherowo
Cardiovascular Center with angiographically confirmed CAD
or with angina referred to elective or urgent coronary angiogra-
phy as inclusion criteria. To characterize the severity of CAD,
all patients were classified into 1-, 2- or 3-vessel disease groups
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based on the presence of stenosis in major coronary arteries or
their branches. CAD patients were further divided in subgroups
based on severity of disease: mild severity (1 vessel involved)
(MS) or high severity (two or three vessels involved) (HS).
Moreover, CAD patients were divided into stable angina (SA),
and acute coronary syndrome (ACS) patients. SA patients were
treated with statins for a secondary prevention of cardiovascu-
lar morbidity. For this reason, despite dyslipidemia being an
established risk factor for CAD, blood lipid measurements
(Table S1) were excluded from the analysis. Control subjects
without a self-reported medical history of CVD were recruited
in the same region. The study was approved by the Regional
Bioethical Committee (RBC) in Gdansk (KB-27/16 and KB
32-17) and registered at clinicaltrials.gov (NCT03899389). All
methods were carried out in accordance with relevant guide-
lines and regulations approved by RBC. Informed consent was
obtained from all subjects.

Venous blood samples were collected in EDTA-containing
tubes. The plasma samples were prepared by centrifugation
at 1300 g for 10 min at 18-25°C, and were kept frozen at
—80°C.

2.2 | Assessment of variables related to
cardiovascular risk

Plasma TMA and TMAO were determined by the Ultra-
Performance Liquid Chromatography (UHPLC) tandem mass
spectrometry method, as previously described.** Troponin,
as an established biomarker of ACS,35 3% was determined in
hospital diagnostic laboratory on Dimension EXL with LOCI
Module Integrated Chemistry System (Siemens Healthcare
GmbH, Erlangen, Germany) using high sensitivity cardiac
troponin I test (Dimension EXL hs-cTnl assay, Siemens
Healthcare GmbH, Erlangen, Germany).37

Body mass index (BMI) was calculated as weight in ki-
lograms divided by height in meters squared. Hypertension
and diabetes were diagnosed by medical doctors in diagnostic
processes and were reported by subjects, as well as smoking
habits (present or past), in self-reported questionnaires. GFR
was calculated by Cockcroft-Gault Equation.™

2.3 | MtDNAcn assessment

Genomic DNA was extracted from whole blood using the
kit for genomic DNA purification (A&A Biotechnology,
Gdynia, Poland). All samples have been processed under the
same conditions and with the same DNA extraction method
because variation of the DNA extraction method might affect
the evaluation of mtDNAcn.*’ Relative mtDNAcn quantifica-
tion* (consideringnDNA as anormalizer), whichis the current
method of choice for mtDNAcn assessment,'? was performed
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by real-time PCR (Biorad CFX96). Briefly, the cycle thresh-
old (C) values of a mitochondrial-specific and nuclear-
specific target were determined in triplicate for each sample.
The difference in C; values (AC,) between the mitochondrial
and nuclear gene for each sample is calculated and P rep-
resents a relative measure of mtDNAcn. The following genes
have been amplified for the detection of mitochondrial and
nuclear DNA, respectively, using the listed primers: mtDNA-
tRNALeu (fw: 5-CACCCAAGAACAGGGTTTGT-3;
rv:  5-TGGCCATGGGTATGTTGTTA-3') for mito-
chondrial DNA, and beta-2-microglobulin (B2M) (fw:
5'-TGCTGTCTCCATGTTTGATGTATCT-3"; rv:
5'-TCTCTGCTCCCCACCTCTAAGT-3") for the nuclear
DNA. These primers have been verified by Fazzini and
colleagues39 for their specificity (unique amplification of
mtDNA) and for the absence of co-amplified nuclear inser-
tions of mitochondrial origin (NUMTS). An inter-run cali-
brator sample was used to adjust the results obtained from
different amplification plates. All samples were anonymized
for laboratory personnel.

2.4 | Statistical analysis

Power analysis for studying mtDNAcn in this population was
performed according to the effect size reported by the meta-
analysis from Yue and colleagues24 and revealed a power
>0.99. The Shapiro-Wilk test was used for the analysis of
the normality of data distribution. Spearman correlation or
linear regression (adjusting for confounding variables) was
used for testing the correlation among continuous variables.
Bonferroni's correction was applied to confirm statistical sig-
nificance in multiple correlations. Chi-square test, Kruskal-
Wallis test, and Generalized Linear Model (GLM) were used
to test differences in the analyzed variables among groups
adjusting for covariates. A stepwise logistic regression model
was applied to identify (according to Wald statistics) which
of the variables predicted the cardiovascular risk. Precision-
Recall (PR) curves were used to evaluate the performance
of the prediction model when considering a database with
unbalanced classes, while Receiver Operating Characteristic
(ROC) curves were considered when classes were numeri-
cally balanced. For completeness of information, we reported
both the models in the figures.

For testing the predictive biomarkers, the dataset has been
divided into two parts: the training set and the testing set. The
former contains 75% of the whole dataset while the latter con-
tains the remaining 25%. We used the training set for training
the logistic classifier (discovery stage) and then the testing set
to evaluate it by computing the PR curve (validation stage).
Precision and recall have been calculated as follows:

Precision = TP/ (TP + FP)
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Recall = TP/ (TP + FN)

where TP, True Positives; FN, False Negatives.

Technical replicates are described in each specific ma-
terial and methods section and are not considered for the
inference statistics (no inflation of units of analysis was per-
formed). Two-sided p values have been calculated, and sig-
nificant differences were attributed to P < .05.

3 | RESULTS

3.1 | Descriptive statistics
Five hundred and forty recruited subjects (65.7% male, 34.3%
female) were analyzed in this study. Mean age of the popu-
lation was 65 (£10) years old. Among the subjects, 46.7%
(n = 252) were smokers, 66.5% (n = 359) were diagnosed
with hypertension, and 25.4% (n = 137) were diagnosed with
diabetes. Among the recruited subjects, 151 were controls
(28%), 389 were CAD patients (72%). Descriptive statistics
for BMI, TMA, TMAO, TMAO/TMA ratio, and GFR in the
total population are shown in Table 1. A detailed comparison
of TMA, TMAO, BMI, and GFR in the CAD population vs
controls in this population has been previously published34
and summarized in Table S2.

As expected, smoking (Pearson's chi-square = 4.86;
P = .028), hypertension (Pearson's chi-square = 60.79;
P = 6.3*10’15), and diabetes (Pearson's chi-square = 14.55;
P = 1.3*10™) are confirmed as risk factors for CAD devel-
opment (Figure S1). An increased BMI was also measured in
CAD patients with respect to controls (controls: 27.8 + 4.1;
CAD: 28.8 +4.5; P = .023).

3.2 | Association between mtDNAcn,
CAD, and CVD risk factors

In the studied population, blood mtDNAcn decreased with
age (Spearman's Rho = —0.101; P = .019) (Figure S2). A sig-
nificantly lower level of mtDNAcn was measured in the CAD
group compared to controls (median values in controls vs CAD:

TABLE 1
whole population (n = 540) for the analyzed variables

Descriptive statistics. Descriptive statistics on the
n Min Max Mean SD

45.00 28.50 4.40
37.50 5.37 4.50

BMI (kg/m®) 540 18.00
TMAO (M) 540 0.01

TMA (M) 540 0.34 1.15 0.60 0.11

TMAO/TMA 540 0.01 64.87 8.86 7.35

GFR (mL/ 540 9.71 28996  88.17  33.76
min/1.73 m%)

Abbreviation: SD, standard deviation

76.9 vs 51.5; P = 2.6%10™'%) (Figure 1). Analysis of covariates
(age, sex, TMA, TMAO, GFR) revealed that this association is
modulated by TMA (P =.0001) and GFR (P = .026).

Moreover, mtDNAcn was significantly lower in hyperten-
sive than in normotensive individuals (median values, control
=59.8; CAD = 53.6; P = .002) (Figure 2A). This association
was modulated by TMA (P = .0001) and GFR (P = .002),
but not by TMAO (P = .549), sex (P =.987), BMI (P = .821)
or age (P = .231). However, it was no more significant when
adjusting the analysis for CVD status (P = .830), suggesting
that CAD is the major driver of this association. Adjusting
the analysis for age, sex, BMI, GFR, TMA and TMAO, the
mtDNAcn did not differ in individuals diagnosed with dia-
betes (P = .795) (Figure 2C), nor in smokers with respect
to controls (P = .082) (Figure 2B). However, the association
with smoking was significant (P = .006) when adjusting
the analysis for CAD, that contribute to explain the model
(P =.002), as well as GFR (P = .016) and TMA (P = .0001).
MtDNAcn was directly correlated with GFR (Spearman's
Rho = 0.103; P = .017), suggesting that higher mtDNAcn
can be associated with a better glomerular filtration capacity
(Figure 2D). Adjusting the analysis for age, sex and BMI, the
correlation is even stronger (B = 0.216; P = .001). It remains
significant also after adjusting the analysis for CAD status
(B =0.155; P = .010). No significant direct association was
measured between mtDNAcn and BMI in the whole popula-
tion (Spearman's Rho = 0.044; P = .304), neither adjusting
the analysis for sex and age (P = .310).

3.3 | MtDNAcn correlates with TMA
but not TMAO

A direct correlation between mtDNAcn and TMA levels was
measured (Spearman's Rho = 0.166; P = .0004) (Figure 3A).
Linear regression adjusting the analysis for age, sex, GFR,
and BMI confirmed a strong association between TMA and
mtDNAcn (B = 0.227; P = 6.5%107), with GFR (B = 0.206;
P = .002) contributing to explain the mtDNAcn variance. This
association remains significant even adjusting the analysis for the
CAD status (P = 2.3*10°). No significant associations were de-
tected between mtDNAcn and TMAO (Spearman's Rho = 0.020;
P =.643) (Figure 3B), neither adjusting the analysis for the previ-
ously mentioned variables (P = .928). Similarly, no significant
association was measured with TMAO/TMA (Spearman's Rho =
—0.033; P = .441) (Figure 3C), neither adjusting the analysis for
confounding variables (P = .598).

3.4 | MtDNAcn, TMA, TMAO and troponin
levels in CAD groups

Troponin, a marker of acute myocardial injury, was higher in
HS than MS (P = .003) (Figure S3A) and in ACS than in SA
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FIGURE 1 Relative mtDNAcn in

controls and CAD group
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P = 1.7*10’6) (Figure S3B). On the other hand, mtDNAcn
decreased with respect to controls in both MS (P = .0001)
and HS (P = .0001), but did not significantly differ between
MS and HS groups (P = .666) (Figure S3C). Moreover, mtD-
NAcn was lower in both SA (P = .0001) and ACS groups
(P = .0001) compared to controls, but no significant differ-
ences were measured between ACS and SC (P = .186) for this
biomarker (Figure S3D). Interestingly, a significant inverse
correlation between mtDNAcn and troponin was measured in
the CAD group (Spearman's Rho = —0.218; P = 1.5%107)
(Figure S4). This association was confirmed also after ad-
justing the analysis for sex and age (B = —0.451 + 0.218;
P = .039) and can be considered reliable among acute cases
(that are those that display higher troponin levels). No signifi-
cant correlations were detected between troponin and TMA
(P =.554), TMAO (P = .946), or TMA/TMAO (P = .985) in
the CAD group.

3.5 | Correlations between TMA, TMAO,
GFR, and mtDNAcn in controls and
CAD patients

To clarify the role of TMA in this complex picture, an ex-
ploratory analysis was performed to evaluate the correlations
between TMA and TMAO in the control and CAD groups
separately. Results showed that high TMA levels were not ac-
companied by increased TMAO in controls (Spearman's Rho
= 0.065; P = .429), but high TMA levels were associated with
high TMAO levels in CAD patients (Spearman's Rho = 0.338;
P =72%10" ) (Figure 4A). This correlation is even more sig-
nificant adjusting the analysis for sex, age, BMI and GFR
(B = 0.246; P = 1.4*10%) in the CAD group, but not in the

controls

control group (P = .964). This evidence corroborates the hy-
pothesis that TMA levels are not per se linked to high TMAO.

Higher TMA levels are positively correlated to GFR in
controls (Spearman's Rho = 0.257; P = .001), while TMA
is negatively associated to GFR levels in the CAD group
(Spearman's Rho = —0.260; P = 2.1%¥10”) (Figure 4B). By
adjusting the analysis for sex, age and BMI, only the inverse
correlation between GFR and TMA in the CAD group was
confirmed (B = —0.454; P = 7.8%107) after Bonferroni
correction. This suggests a different metabolism of TMA
and TMAO in the presence of cardiovascular disease, with
respect to healthy conditions. Moreover, increased TMA
levels correlated to higher mtDNAcn only in the controls
(Spearman's Rho = 0.280, P = 7.8*10'5), and not in the CAD
group (Spearman's Rho = 0.076, P = .133). However, this
correlation between TMA and mtDNAcn in the controls was
not significant when adjusting the analysis for sex, age and
GFR (P =.707).

By observing the TMAO/TMA ratio in the population
divided by the cardiovascular health status in respect to mtD-
NAcn and GFR, we found that the TMAQO/TMA ratio shows
a significant inverse correlation with GFR in the CAD group
(Spearman's Rho = —0.307; P = 5.8*10"6), which, on the
other hand, is not significant in controls (Spearman's Rho =
—0.176; P = .180) after Bonferroni correction (Figure 4C).
This inverse correlation in the CAD group was confirmed
also adjusting the analysis for sex and age (B = —1.032;
P =.0001). Additionally, the TMAO/TMA ratio was inversely
correlated to mtDNAcn in the control group (Spearman's Rho
= —0.161; P = .049), but not in the CAD group (Spearman's
Rho = —0.019; P = .712). However, this correlation was not
significant when adjusting the analysis for sex, age and GFR
(P =.292).
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FIGURE 2 Relative mtDNAcn and CAD risk factors exposures in the analyzed population: hypertension (A), smoking (B), diabetes (C), GFR
(D). Row P values are shown in the figures. Adjusted analysis and covariates are described in the main text

3.6 | Identification of CAD prediction
models and comparison with troponin

A stepwise logistic regression analysis was applied to iden-
tify significant predictors of CAD. The following variables,
all potential risk factors for CAD, were tested: age, sex, mtD-
NAcn, TMA, TMAQO, diagnosis of hypertension and diabetes,
smoking habits, GFR. A forward selection criterion was ap-
plied and Wald statistics was used to identify significant pre-
dictors. The variables that emerged as significant predictors of
CAD are the following: mtDNAcn (OR = 0.972; 95% CI =
[0.965-0.979]; P = 7.6*10’9); hypertension (OR =4.131; 95%
CI = [2.582-6.609]; P = 6.3%10°°); sex (OR = 0.574; 95% CI
= [0.355-0.929]; P = .024); smoking (OR = 1.754; 95% CI
= [1.083-2.841]; P = .022); diabetes (OR = 1.861; 95% CI
= [1.011-3.425]; P = .045). This 5-step model correctly cat-
egorized 81.7% of cases. Good performances were obtained
also by a 3-step model (including mtDNAcn, hypertension,

and sex), that successfully categorized 80.3% of cases. TMAO
and TMA are not significant CAD predictors according to this
model. On the contrary, mtDNAcn is the first element to enter
in the stepwise forward analysis, thus affecting the goodness
of the prediction and the information carried by the other vari-
ables. This evidence suggests that mtDNAcn might signifi-
cantly improve the population risk stratification for CAD, in
addition to other known risk factors.

To confirm this hypothesis, the PR curves were calculated
(Figure 5) to evaluate the performance of both prediction
models previously identified by the stepwise forward logistic
regression. PR curve is used to evaluate the performance of a
classifier (to compare classifiers, too) for unbalanced classes
through the computation of the area under the curve (AUC).
This value is a number between 0 and 1: the bigger the value,
the better the model. PR curve, as the name suggests, is ob-
tained using precision and recall, two evaluation metrics that
are able to deal with unbalanced classes*' as in this case.
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PR shows an AUC equal to 0.894 for the 3-step model, with
mtDNAcn, hypertension and sex applied as predictors. For
the 5-step model (with mtDNAcn, hypertension, sex, smok-
ing, and diabetes applied as predictors), the resulting AUC
was 0.901. Figure 5 shows the PR curves and the confusion
matrices for both models, concluding that their performances
are good and similar.

In addition, we tested the ability of these two mod-
els to distinguish between acute or stable CAD patients
(Figure 6), or between different degrees of CAD severity
(Figure 7), and we compared them to the performance
of troponin. Results confirmed that troponin can distin-
guish between stable and acute cases (ROC AUC = 0.79),
while none of the new proposed biomarkers (3-steps, ROC
AUC = 0.58; 5-steps, ROC AUC = 0.53) were able to
confidently predict the acute or stable status of the dis-
ease (Figure 6D-F respectively). Remarkably, our 5-step
(PR AUC = 0.703), and 3-step model (PR AUC = 0.778)

showed to be better predictors of severity than troponin
(PR AUC = 0.667). (Figure 7A-C respectively). Therefore,
the proposed 3-step model, including mtDNAcn, sex, and
hypertension, was confirmed as an interesting predictor of
cardiovascular health in this population.

4 | DISCUSSION

Alterations in TMAO metabolism** and mitochondrial dy-
namics* have been previously independently identified as
risk factors for cardiovascular disease development. We have
found that mtDNA copy number, measured in the whole
blood, is lower in CAD patients than in controls. This is co-
herent with previous investigations reviewed by Yue et al,?*
although the reported studies had determined mtDNAcn in
buffy coat/circulating leukocytes. Recently, it has been dem-
onstrated that blood contains circulating cell-free respiratory
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competent mitochondria,25 and a reduction of mtDNAcn was
also detected in the whole blood of peripheral arterial disease
male patients compared to controls.** Therefore, our findings
about the reduction of mtDNAcn in the whole blood of CAD
patients support the interest towards mtDNAcn measurement
as an easy-accessible biomarker for cardiovascular disease
risk stratification.

To explain the observed decrease of mtDNAcn in CAD
patients, we tested the correlation of this biomarker with
other established risk factors for CVD. In our population,
mtDNAcn decreased with age, according to previous ev-
idence examining mtDNAcn in blood cells.* In addition,
we found a correlation between mtDNAcn, hypertension
and GFR, which are established risk factors for CVD. 4048
In particular, mtDNAcn was decreased in hypertensive
subjects. Even if the presence of CAD is a confounder

for this association in our population, previous hypoth-
esis linked mtDNAcn and hypertension,49
interesting considering the role of mitochondrial oxida-
tive stress in CAD.”” Nevertheless, only a few data on this
topic have been collected until now, and a clear mecha-
nistic explanation is missing. Lei et al’' measured mtD-
NAcn in white blood cells of a coal mining group located
in northern China, and reported no differences between
hypertensive and healthy controls. An elevated urinary
mtDNAcn was detected in hypertensive patients, and it
was correlated with markers of renal injury and dysfunc-
tion.”>> The authors explained this observation consider-
ing that fragments of the mitochondrial genome released
from dying cells might be considered surrogate markers
of mitochondrial injury. Prestes et al*® also suggested that
alterations of mtDNAcn in a cell can impair mitochondrial

which is also
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model: including mtDNAcn, hypertension, sex, smoking, diabetes). Panel C and D show the confusion matrices for the two models (5-step and 3-
step model, respectively). 5-step model, Accuracy: 0.837; Sensitivity: 0.526; Specificity: 0.959. 3-step model, Accuracy: 0.807; Sensitivity: 0.474;

Specificity: 0.938

respiration and a reduction of mtDNAcn might represent
a surrogate measure for reduced mitochondrial function,
which is coherent with what we observed in our CAD
group. In addition, elevation of mtDNAcn in urine sam-
ples has been shown in progressive acute kidney injury
patients,54 and this parameter has been associated with glo-
merular hyperfiltration in obese African American hyper-
tensive patients.53 All these data support the involvement
of mitochondrial dynamics in both the alteration of kidney

functions and hypertension. In our population, mtDNAcn
decreased proportionally with GFR, in accordance with
previous evidence, suggesting that a higher blood mtDNA
copy number is associated with a lower risk of incident
chronic kidney disease.” The reduction of mtDNAcn in
individuals with lower GFR might be explained by the
mitochondrial dysfunctions in kidney cells implicated in
the pathogenesis of chronic kidney diseases, ®>® and by
the exposure to reactive oxygen species that can damage
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the mitochondrial DNA replication enzyme (polymerase
v), leading to a reduction in mtDNA copy number.”® On
the other hand, diabetes, that has been previously related
to both the increase and decrease of mtDNAcn,f’O’61 was
not directly associated with mtDNAcn in our study. This
evidence cannot definitely exclude an influence of dia-
betes on mtDNAcn levels, but the findings are still in-
conclusive to demonstrate a direct association between

these two variables. Recently, a meta-analysis has shown

that metabolic parameters (waist circumference, BMI and
triglycerides) are major mediators of this association.®
Nevertheless, the diagnosis of diabetes is still informative
in this context, as it was one of the significant predictors
of CAD in our precision-recall analysis if considered to-
gether with mtDNAcn, sex, hypertension, and smoking.
Dyslipidemia, which is also an established risk factor for
CVD, was not considered in this study because CAD pa-
tients were treated with statins for secondary prevention
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of cardiovascular events. Thus, data on blood lipids were
not considered reliable in this population. Interestingly,
mtDNAcn showed an inverse correlation with troponin
levels, corroborating the hypothesis that lower mtDNAcn
is predictive of worse cardiovascular health. Troponin
was confirmed as a good biomarker of CAD in the acute
phase. On the contrary, mtDNAcn increases both in acute
and stable conditions and was predictive of disease sever-
ity when considered with sex and hypertension diagnosis.

This is in accordance with recent evidence suggesting
that mtDNAcn is linked to cardiovascular disease patient
phenotypes.63

In addition to classical risk factors for CVD, for the first
time, we also tested correlations between mtDNAcn and
TMAO metabolism. While no associations with TMAO
were measured, mtDNAcn correlated with TMA levels in
the whole population. This finding suggests that a reduc-
tion of mitochondrial functions might occur in individuals
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that display lower TMA. This is in accordance with our
previously published data describing a subtle but signif-
icant reduction of TMA in CAD patients with respect to
controls,* while no significant differences were measured
for TMAO between the two groups. A definite explanation
of this phenomenon is still to be identified. In our cohort,
a direct correlation between TMA and TMAO can be mea-
sured only in the CAD group, while we did not observe
a proportional increase of TMAO in controls with higher
TMA levels. Preliminary evidence suggested that TMA
might have a role per se in CVD.*%® Jaworska et al showed
that TMA was inversely correlated with the estimated glo-
merular filtration rate in humans; moreover, TMA reduced
cardiomyocyte viability in vitro, while TMAO was even
protective against TMA-induced cytotoxicity.64 The au-
thors hypothesized a detrimental effect of TMA due to its
role in triggering the degradation of protein structures (ie,
albumin). The possibility of stable protein-TMA complexes
(especially in the condition of increased oxidative stress,
as occurring in inflammatory conditions®”%), together
with the increased ratio of conversion of TMA into TMAO
might provide a possible explanation for the low TMA lev-
els measured in CAD patients and suggest a different fate
and metabolism of TMA in CVD respect to healthy people.
Studies further investigating this hypothesis are ongoing in
our laboratories.

A limitation of this study is the absence of data on urinary
TMA and TMAO excretion. Moreover, although a positive
correlation between the number of mitochondria and mtD-
NAcn has been demons.trated,70 mtDNAcn is not always a
reliable predictor for mitochondrial abundance,””"* proba-
bly because of the existence of compensatory effects. Thus,
our study supports a potential involvement of TMA (but not
TMAO) in CVD pathogenesis; nonetheless, further mecha-
nistic investigations are necessary to clarify the real role of
this metabolite in CVD and its usage as a clinical biomarker.

In this regard, we tested the possibility to predict CAD
by using all measured variables, including mtDNAcn and
other classical CVD risk factors. A logistic regression
model identified decreased mtDNAcn, male gender, diag-
nosis of hypertension, smoke habits, and diagnosis of di-
abetes as significant risk factors for CAD development in
this population; conversely, neither TMA nor TMAO have
been included as significant predictors. The precision-recall
analysis showed that it is possible to have a good prediction
of CAD by including information limited to mtDNAcn,
sex, and hypertension diagnosis. Indeed, our 3-step predic-
tion model (including mtDNAcn, sex, and hypertensions)
displayed the best performance in distinguishing not only
healthy subjects from CAD patients (even in stable condi-
tions and with a very high true negative rate), but also pa-
tients with different degrees of disease. This confirms the

hypothesis that mtDNAcn (considered together with other
risk factors for CVD) could be an informative parameter
describing cardiovascular health. Thus, validation in other
cohorts of these 3 easy-to-measure parameters could pro-
mote their usage in the risk stratification for CVD at pop-
ulation level.

In conclusion, although we cannot infer any causal di-
rection of the relationship between mtDNAcn and CAD, we
consider unlikely that mtDNAcn has a direct role in increas-
ing the risk for cardiovascular events (despite some animal
studies have detected mtDNA damage before arterial wall
lesions occurred’>’®). The precise mechanism underlying
the association between mtDNA damage and atherosclero-
sis is still poorly understood. However, it is well-known that
mtDNA is a major target of oxidative stressors>? and mito-
chondrial dysfunctions promote the development of patho-
logical conditions; on the other hand, caloric restriction and
physical activity have been shown to limit mtDNA dam-
age.77’78 Indeed, this biomarker appears to vary in accor-
dance with several risk factors for CVD. Thus, mtDNAcn
reduction might represent an alarm signal for impaired
mitochondrial homeostasis. Of note, cardiometabolic risk
factors such as high blood pressure, obesity, and dyslipid-
emia have been previously shown to modify mtDNAcn.”**
Thus, the hypothesis that environment and lifestyle factors
might have major effects on mtDNAcn has been raised.
Several pollutants (eg, benzene,81 particulate matter,82 and
polycyclic aromatic hydrocarbons“) have been associated
with changes in mtDNAcn. In addition, dietary fact01rs,84’85
especially salt intake, might modify the mtDNAcn in
blood. This is particularly interesting in the context of CVD
prevention. Thus, mtDNAcn appears as a plastic biomarker
that might change in response to environmental and dietetic
factors. Further research on modifiable CVD risk factors
influencing mtDNA copy number may improve the preven-
tion and treatment of this multifactorial pathology, making
mtDNAcn a new tool to monitor complex disorders related
to both metabolic imbalances and environmental insults at

the molecular level.”!
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