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Abstract: Aims: TOMM40 single nucleotide polymorphism (SNP) rs2075650 consists of allelic
variation c.275-31A > G and it has been linked to Alzheimer disease, apolipoprotein and cholesterol
levels and other risk factors. However, data on its role in cardiovascular disorders are lacking. The
first aim of the study is to evaluate mortality according to TOMM40 genotype in a cohort of selected
patients affected by advanced atherosclerosis. Second aim was to investigate the relationship between
Xg and AA alleles and the presence of conduction disorders and implantation of defibrillator (ICD)
or pacemaker (PM) in our cohort. Materials and Methods: We enrolled 276 patients (mean age
70.16 ± 7.96 years) affected by hemodynamic significant carotid stenosis and/or ischemia of the
lower limbs of II or III stadium Fontaine. We divided the population into two groups according to the
genotype (Xg and AA carriers). We evaluated several electrocardiographic and echocardiographic
parameters, including heart rate, rhythm, presence of right and left bundle branch block (LBBB and
RBBB), PR interval, QRS duration and morphology, QTc interval, and left ventricular ejection fraction
(LVEF). We clinically followed these patients for 82.53 ± 30.02 months and we evaluated the incidence
of cardiovascular events, number of deaths and PM/ICD implantations. Results: We did not find
a difference in total mortality between Xg and AA carriers (16.3 % vs. 19.4%; p = 0.62). However,
we found a higher mortality for fatal cardiovascular events in Xg carriers (8.2% vs. 4.4%; HR = 4.53,
95% CI 1.179–17.367; p = 0.04) with respect to AA carriers. We noted a higher percentage of LBBB in
Xg carriers (10.2% vs. 3.1%, p = 0.027), which was statistically significant. Presence of right bundle
branch block (RBBB) was also higher in Xg (10.2% vs. 4.4%, p = 0.10), but without reaching statistically
significant difference compared to AA patients. We did not observe significant differences in heart
rate, presence of sinus rhythm, number of device implantations, PR and QTc intervals, QRS duration
and LVEF between the two groups. At the time of enrolment, we observed a tendency for device
implant in Xg carriers at a younger age compared to AA carriers (58.50 ± 0.71 y vs. 72.14 ± 11.11 y,
p = 0.10). During the follow-up, we noted no statistical difference for new device implantations in Xg
respect to AA carriers (8.2% vs. 3.5%; HR = 2.384, 95% CI 0.718–7.922; p = 0.156). The tendency to
implant Xg at a younger age compared to AA patients was confirmed during follow-up, but without
reaching a significant difference(69.50 ± 2.89 y vs. 75.63 ± 8.35 y, p = 0.074). Finally, we pointed out
that Xg carriers underwent device implantation 7.27 ± 4.43 years before AA (65.83 ± 6.11 years vs.
73.10 ± 10.39 years) and that difference reached a statistically significant difference (p = 0.049) when
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we considered all patients, from enrollment to follow-up. Conclusions: In our study we observed
that TOMM40 Xg patients affected by advanced atherosclerosis have a higher incidence of developing
fatal cardiovascular events, higher incidence of LBBB and an earlier age of PM or ICD implantations,
as compared to AA carriers. Further studies will be needed to evaluate the genomic contribution of
TOMM40 SNPs to cardiovascular deaths and cardiac conduction diseases.

Keywords: TOMM40; rs2075650; left bundle branch block; cardiac conduction disease; cardiac
electronic device; cardiovascular death

1. Introduction

The TOMM40 gene is located on chromosome 19 codifying Tom 40 protein, localized
in the outer membrane of the mitochondria; it is the channel-forming subunit of the
translocase of the mitochondrial outer membrane (TOM) complex, essential for import of
protein precursors into mitochondria.

The most widely researched variants are rs2075650 and rs10524523, which have been
linked to Alzheimer’s disease, longevity, total cholesterol levels, apolipoprotein expression,
body mass index (BMI) and other cardiovascular risk factors [1–6]. The rs2075650 single
nucleotide polymorphism (SNP) is situated within the non-coding region of the TOMM40
gene, and it consists of an allelic variation c.275-31A > G. The minor allele frequency (MAF)
for the G allele is around 0.124. It is more prevalent in Europe and Africa (mean MAF: 0.131)
and less prevalent in East Asian people (mean MAF: 0.092). Several genome-wide associa-
tion studies (GWASs) have shown that allelic variations in the TOMM40 gene, specifically
associated to G allele, may predispose to a variety of disorders, linked to lower BMI [7]
and increased concentration of total cholesterol [3,8], worse cognitive function, altered in-
flammatory networks and higher susceptibility to vascular risk factors, whereas the A allele
appears to be linked to higher longevity; this observation is not strictly related to TOMM40
mRNA transcript quantification or protein structure, but may be linked to a more complicated
genetic regulatory network [9]. Nowadays, the clinical connection between TOMM40 genetic
variants and Alzheimer’s disease is widely accepted. Indeed, the predisposition to increased
deposition of beta-amyloid has been demonstrated [10]. Although numerous works have
found a correlation between TOMM40 SNPs and cardiovascular risk factors, specific data on
the role of TOMM40 SNPs in cardiovascular mortality and cardiac conduction disorders are
lacking. An interesting hypothesis is that connexins (Cxs), which form the gap junctions at
the cardiac cell-to-cell interface, are strongly related both to intercellular communication and
to mitochondrial function. The aims of our study were firstly to investigate the relationship
between TOMM40 genotypes and cardiovascular mortality, and secondly to evaluate the inci-
dence of cardiac conduction disorders and implantation of defibrillators (ICD) or pacemakers
(PM) in a cohort of patients with advanced atherosclerosis.

2. Material and Methods

We conducted a longitudinal observational study of a cardiovascular-controlled case
series. The study protocol was approved by the Human Experimentation Ethics Commit-
tees of Casa Sollievo della Sofferenza Hospital (Ethics Committee code 150037, protocol
name TOMM40 versione 11 Gen 13 and date of approval 13 April 2013) and fulfilled the
requirements of the Declaration of Helsinki, Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) and the Guidelines for Good Clinical Practice.

We enrolled 276 patients (209 males and 67 females) from November 2009 to October
2017. Written informed consent was obtained from each patient. The inclusion criteria
were Caucasian race and the presence of advanced atherosclerosis, defined as carotid
plaques with hemodynamic significant stenosis evaluated by Doppler velocimetry mea-
surement and/or II or III stadium Leriche–Fontaine claudication. Exclusion criteria were
non-hemodynamically significant carotid atheroma, asymptomatic arterial disease (I sta-
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dium Fontaine), lower limb ischemia with gangrene (IV stadium Fontaine), and cancer
with life expectancy less than six months. We evaluated clinical documentation of patients
and collected information about history of cancer, cardiovascular disease (stroke and is-
chemic heart disease), hypertension, diabetes and dyslipidemia, according to criteria of
World Health Organization and ATP III. All patients underwent complete blood count with
cholesterol, triglycerides, glucose, homeostatic model assessment (HOMA-IR, calculated as
fasting serum insulin (mUI/mL) × fasting plasma glucose (mmol/l)/22.5), creatinine and
microalbuminuria levels. We measured blood pressure, waist and hip circumference and
body mass index (BMI). All patients underwent echocardiographic evaluation with mea-
surement of aortic bulb diameter, left atrium size, end-diastolic left ventricle dimensions,
interventricular septum thickness, posterior wall diameter and left ventricular ejection
fraction (LVEF) and ventricular mass index (LVMI). Electrocardiographic parameters, such
as heart ratio, presence of LBBB and/or RBBB, PR, QRS and QTc intervals, were obtained
by standard 12-lead electrocardiogram. Patients were clinically followed during a period of
82.53 ± 30.02 months (range 1–124). We recorded the followings: (i) major adverse cardio-
vascular events (MACE), defined as myocardial infarction, cerebral ischemia, myocardial
and/or peripheral revascularization; (ii) total mortality, cancer deaths and cardiovascular
mortality, which was defined as deaths caused by myocardial infarction, stroke or heart
failure; (iii) PM or ICD implantations.

2.1. Genetic Analysis

AQ blood sample (2 mL) was taken from each patient and collected in EDTA-containing
tubes. Genomic DNA was extracted from peripheral blood and genetic examination was
performed from 2010 to 2017 as previously described. We studied the TOMM40 rs2075650
A>g polymorphism and found the following genotypic frequencies: 82.2% of AA, 16.7%
of Ag and 1.1% of gg. No differences were observed with respect to the expected Hardy–
Weinberg frequencies. According to these genotype frequencies, the estimated allele fre-
quencies were 90.58% for the A allele and 9.42% for g allele. We divided patients in
two groups: AA (AA) and Xg (Ag + gg). As AA was the most common genotype in
the population, it was considered as “wild-type”, and patients with AA genotype were
identified as the reference group in this study.

2.2. Statistical Analysis

All statistical analyses were performed with SPSS 25.0 software (Chicago, IL, USA).
Continuous and categorical variables were presented as means ± standard deviation (SD)
and frequency (%), respectively. Pearson’s χ2 test was used to compare dichotomous
variables in the two groups. Hardy–Weinberg equilibrium was tested by χ2 test. Variance
analysis (two-tailed unpaired t test) and Kolmogorov–Smirnov test were used to compare
quantitative variables and verify normal distribution. Mann–Whitney test was used to
compare age of events. p values < 0.05 were considered statistically significant. Cox model
was applied to estimate device implantations, MACE and death incidence by hazard ratio
(HR) with 95% confidence interval (95% CI). Kaplan–Meier curves were used to show
events during follow up.

3. Results
3.1. Baseline Characteristics

In our outpatient clinic, we consecutively recruited 276 patients (209 males and
67 females, mean age 70.16 ± 7.96 years) affected by advanced atherosclerosis. Baseline clin-
ical characteristics of the whole cohort divided according to TOMM40 genotype are listed in
Table 1. At baseline, we observed that 17.5% of patients were normal weight (BMI between
20 and 25 kg/m2), 62% were overweight (BMI between 25 and 30 kg/m2), and 20.4% were
obese (BMI ≥ 30 kg/m2). Waist circumference and waist-to-hip ratio were 100.35 ± 10.25 cm
and 0.96 ± 0.07 cm, respectively. Compared to wild type, Xg patients had smaller waist
circumference (97.75 ± 11.12 cm vs. 100.89 ± 10.0 cm; p = 0.064), lower waist to hip ratio
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(0.95 ± 0.08 vs. 0.97 ± 0.07; p = 0.13) and were less heavy (27.79 ± 3.87 vs. 28.55 ± 3.97;
p = 0.22). In the two groups, we found no statistically significant differences in blood pres-
sure, fasting blood glucose and HOMA-IR. With respect to AA, Xg carriers showed a ten-
dency to have lower levels of triglycerides (117.21 ± 58.89 mg/dL vs. 122.27 ± 58.86 mg/dL;
p = 0.79), total cholesterol (162.92 ± 37.54 mg/dL vs. 167.29 ± 42.26 mg/dL; p = 0.51),
LDL cholesterol (90.16 ± 32.58 mg/dL vs. 94.73 ± 36.35 mg/dL; p = 0.42) and microal-
buminuria (39.18 ± 127.83 µg/min vs. 58.72 ± 127.24 µg/min; p = 0.10). We did not
observe differences in PR, QRS and QTc intervals and presence of sinus rhythm between
the two groups. The mean values of diameters of aortic bulb, left atrium, end-diastolic left
ventricle, thickness of interventricular septum and posterior wall of left ventricle, LVEF,
LVMI were not statistically different in the two groups.

Table 1. Baseline clinical characteristics of the whole cohort according to TOMM40 genotype.

All Patients TOMM40 Genotypes

AA Xg p Value

Number of subjects 276 227 49
Age (y) 70.16 ± 7.96 69.98 ± 7.80 71.0 ± 8.72 0.42
Gender (male/female) 209/67 176/33 51/16 0.13
BMI (kg/m2) 28.42 ± 3.95 28.55 ± 3.97 27.79 ± 3.87 0.22
Waist circumference (cm) 100.35 ± 10.25 100.89 ± 10.0 97.75 ± 11.12 0.064
Waist-hip ratio 0.96 ± 0.07 0.97 ± 0.07 0.95 ± 0.08 0.13
Systolic blood pressure (mmHg) 132.95 ± 17.22 133.04 ± 17.62 132.50 ± 15.36 0.87
Diastolic blood pressure (mmHg) 79.25 ± 6.64 79.39 ± 6.44 78.53 ± 7.62 0.49
Pulse pressure (mmHg) 53.71 ± 14.96 53.65 ± 15.56 53.97 ± 11.78 0.95
Fasting glucose (mg/dL) 117.22 ± 37.88 117.49 ± 36.79 116.00 ± 42.87 0.80
HOMA-IR 4.74 ± 7.17 4.81 ± 7.45 4.39 ± 5.75 0.66
Triglycerides (mg/dL) 121.36 ± 57.15 122.27 ± 58.86 117.21 ± 58.89 0.79
Total Ch (mg/dL) 166.51 ± 41.42 167.29 ± 42.26 162.92 ± 37.54 0.51
HDL-Ch (mg/dL) 49.35 ± 12.38 49.31 ± 12.56 49.52 ± 12.62 0.91
LDL-Ch (mg/dL) 93.91 ± 35.69 94.73 ± 36.35 90.16 ± 32.58 0.42
Serum creatine (mg/dL) 1.03 ± 0.58 1.03 ± 0.62 1.01 ± 0.33 0.87
Microalbuminuria (µg/min) 55.30 ± 127.30 58.72 ± 127.24 39.18 ± 127.83 0.10
Sinus rhythm (n, %) 262 (94.9%) 215 (94.7%) 47 (95.9%) 0.73
Right bundle branch block (n, %) 15 (5.4%) 10 (4.4%) 5 (10.2%) 0.10
Left bundle branch block (n, %) 12 (4.3%) 7 (3.1%) 5 (10.2%) 0.027
Implantation age of cardiac device (y) 70.96 ± 11.30 72.14 ± 11.11 58.50 ± 0.71 0.10
PR interval (ms) 162.74 ± 27.42 163.26 ± 28.44 160.32 ± 22.21 0.55
QRS interval (ms) 100.16 ± 21.20 100.05 ± 28.44 100.68 ± 21.78 0.87
QTc interval (ms) 415.58 ± 23.54 414.58 ± 23.75 414.58 ± 22.78 1.00
Aortic bulb diameter (mm) 33.07 ± 4.24 33.0 ± 4.13 33.34 ± 4.75 0.62
Left atrium diameter (mm) 35.52 ± 5.72 35.6 ± 5.74 35.19 ± 5.65 0.66
End-diastolic left ventricle (mm) 46.01 ± 6.25 45.96 ± 6.34 46.27 ± 5.86 0.75
Interventricular septum (mm) 11.76 ± 1.24 11.76 ± 1.26 11.75 ± 1.14 0.97
Posterior wall (mm) 11.13 ± 1.04 11.71 ± 1.03 11.11 ± 1.08 0.87
Heart rate (bpm) 70.0 ± 10.67 70.41 ± 10.52 68.27 ± 11.20 0.21
LVEF (%) 58.75 ± 5.61 58.64 ± 5.47 59.23 ± 6.23 0.51
LVMI (gr/m2) 76.29 ± 20.22 76.39 ± 20.71 75.84 ± 17.96 0.88

Continuous data are presented as means ± standard deviation (SD); categorical data are presented as number and
frequency (%). BMI: body mass index; bpm: beats per minute; Ch: cholesterol; HOMA-IR: homeostatic model
assessment; LVEF: left ventricular ejection fraction; LVMI: ventricular mass index; y: years.

We present a description of comorbidities and medical treatments at baseline in Table 2.
In our cohort, patients had 86.6% hypertension, 80.9% dyslipidemia, 44.2% diabetes, 37.9%
ischemic heart disease and 14.5% stroke. They presented a smoking habit in 21.4% of
cases and had a history of neoplasia in 14.5% of cases. According to TOMM40 genotype,
no significant differences of hypertension, dyslipidemia, type 2 diabetes, smoking habit,
ischemic heart disease, stroke and cancer were observed between the two groups at the
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baseline. Furthermore, no significant differences in medical treatments were observed
between the two groups. Concerning cardiac conduction diseases, Xg carriers showed
a higher incidence of LBBB compared to wild type (10.2% vs. 3.1%; p = 0.027), and this
difference was statistically significant. The incidence of right bundle branch block (RBBB)
also appeared more prevalent in Xg carriers (10.2% vs. 4.4%; p = 0.10), but this was not
statistically significant.

Table 2. Description of comorbidities and medical treatments at baseline of the whole cohort according
to TOMM40 genotype.

All Patients TOMM40 Genotypes

AA Xg p Value

Comorbidities
Hypertension 239 (86.6%) 197 (86.8%) 42 (85.7%) 0.84
Dyslipidemia 220 (80.9%) 180 (80.7%) 40 (81.6%) 0.88
Type 2 diabetes 122 (44.2%) 103 (45.4%) 19 (38.8%) 0.40
Smoking 59 (21.4%) 49 (21.6%) 10 (20.4%) 0.88
Cardiac device implantation 23 (8.7%) 21 (9.6%) 2 (4.4%) 0.27
Ischemic heart disease 102 (37.9%) 86 (37.9%) 16 (32.7%) 0.49
Stroke 40 (14.5%) 31 (13.7%) 9 (18.4%) 0.39
Cancer 40 (14.5%) 35 (15.4%) 5 (10.2%) 0.35
Medical treatments
ARBs 105 (38.0%) 86 (37.9%) 19 (38.8%) 0.91
ACE inhibitors 103 (37.3%) 86 (37.9%) 17 (34.7%) 0.67
Calcium channel blockers 72 (26.1%) 58 (25.6%) 14 (28.6%) 0.66
β-blockers 77 (26.4%) 60 (26.4%) 17 (27.9%) 0.26
Diuretics 120 (43.5%) 100 (44.1%) 20 (40.8%) 0.68
Antiplatelet 246 (89.1%) 205 (90.3%) 41 (83.7%) 0.18
Lipid-lowering drugs 2242 (87.7%) 197 (86.8%) 45 (91.8%) 0.33
Antidiabetic therapy 90 (32.6%) 75 (33.0%) 15 (30.6%) 0.74

Data are presented as number (%) of subjects. ACE inhibitors: angiotensin converting enzyme inhibitors; ARBs:
angiotensin receptor blockers.

At baseline, twenty-three patients had cardiac devices (16 pacemakers and 7 defibrilla-
tors), particularly, 2 Xg carriers and 21 AA carriers (4.4% vs. 9.6%). In this case, we did not
register a statistically significant difference (p = 0.27). Instead, we observed a tendency for
device implantation in Xg carriers at a younger age compared to AA carriers (58.50 ± 0.71 y
vs. 72.14 ± 11.11 y, p = 0.10).

3.2. Outcomes

After a follow-up of 82.53 ± 30.02 months, we evaluated total combined incidence of
deaths, MACE and PM/ICD implantations, as presented in Table 3. During the follow-up
we recorded 65 (23.6%) MACE. We did not observe a statistically significant difference
between the Xg and AA group (22.4% vs. 23.8%, HR = 0.94, 95% CI 0.493–1.802; p = 0.86).
We also recorded 52 deaths, including 14 by cardiovascular events, 17 by cancers and 21
by other causes. We did not observe a statistically significant difference in deaths from
all causes between the two groups (16.3% in Xg group vs. 19.4% in AA group, HR = 0.84,
95% CI 0.395–1.784; p = 0.62). The mean age of death was 78.46 ± 9.92 years, in detail
79.38 ± 5.04 years in Xg group and 78.30 ± 7.25 years in AA group (p = 0.63). Woth respect
to AA, we found a higher mortality, statistically significant, from cardiovascular events in
Xg carriers (8.2% vs. 4.4%; HR = 4.53, 95% CI 1.179–17.367; p = 0.04) with no difference of
age (82.0 ± 5.29 y vs. 81.90 ± 8.34 y, p = 0.84). In Figure 1, Kaplan–Meier’s survival curves
for cardiovascular deaths according to TOMM40 genotype were shown.
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Table 3. Cardiovascular events (MACE and device implantations) and fatal events at follow-up
according to TOMM40 genotype.

All Patients TOMM40 Genotypes

AA Xg HR (95% CI) p Value

Cardiovascular events

MACE 65
(23.6%)

54
(23.8%)

11
(22.4%)

0.94
(0.493–1.802) 0.86

Cardiac device implantation 12
(4.3%)

8
(3.5%)

4
(8.2%)

2.384
(0.718–7.922) 0.156

Fatal events

Total death 52
(18.8%)

44
(19.4%)

8
(16.3%)

0.84
(0.395–1.784) 0.62

Cardiovascular death 14
(5.1%)

10
(4.4%)

4
(8.2%)

4.53
(1.179–17.367) 0.04

Cancer death 17
(6.2%)

15
(6.6%)

2
(4.1%)

1.79
(0.387–8.265) 0.46

Data are presented as number (%) of subjects. MACE: Major adverse cardiovascular events.

J. Clin. Med. 2024, 13, x FOR PEER REVIEW  6  of  14 
 

 

between the Xg and AA group (22.4% vs. 23.8%, HR = 0.94, 95% CI 0.493–1.802; p = 0.86). 

We also recorded 52 deaths, including 14 by cardiovascular events, 17 by cancers and 21 

by other causes. We did not observe a statistically significant difference in deaths from all 

causes between the two groups (16.3% in Xg group vs. 19.4% in AA group, HR = 0.84, 95% 

CI 0.395–1.784; p = 0.62). The mean age of death was 78.46 ± 9.92 years, in detail 79.38 ± 

5.04 years in Xg group and 78.30 ± 7.25 years in AA group (p = 0.63). Woth respect to AA, 

we found a higher mortality, statistically significant, from cardiovascular events in Xg car-

riers (8.2% vs. 4.4%; HR = 4.53, 95% CI 1.179–17.367; p = 0.04) with no difference of age 

(82.0 ± 5.29 y vs. 81.90 ± 8.34 y, p = 0.84). In Figure 1, Kaplan–Meier’s survival curves for 

cardiovascular deaths according to TOMM40 genotype were shown. 

Table 3. Cardiovascular events (MACE and device implantations) and fatal events at follow-up ac-

cording to TOMM40 genotype. 

All Patients  TOMM40 Genotypes 
  AA  Xg  HR (95% CI)  p Value 

Cardiovascular events 

MACE 
65 

(23.6%) 

54 

(23.8%) 

11 

(22.4%) 

0.94 

(0.493–1.802) 
0.86 

Cardiac device implantation 
12 

(4.3%) 

8 

(3.5%) 

4 

(8.2%) 

2.384 

(0.718–7.922) 
0.156 

Fatal events 

Total death 
52 

(18.8%) 

44 

(19.4%) 

8 

(16.3%) 

0.84 

(0.395–1.784) 
0.62 

Cardiovascular death 
14 

(5.1%) 

10 

(4.4%) 

4 

(8.2%) 

4.53 

(1.179–17.367) 
0.04 

Cancer death 
17 

(6.2%) 

15 

(6.6%) 

2 

(4.1%) 

1.79 

(0.387–8.265) 
0.46 

Data are presented as number (%) of subjects. MACE: Major adverse cardiovascular events. 

 

Figure 1. Kaplan-Meier curves comparing cardiovascular death stratified by TOMM40 genotype. 

The test comparing the two groups was based on the log-rank test. The curves showed that Xg group 

Figure 1. Kaplan-Meier curves comparing cardiovascular death stratified by TOMM40 genotype. The
test comparing the two groups was based on the log-rank test. The curves showed that Xg group (red
line) had significantly higher mortality from cardiovascular events respect to AA group (blue line).

With respect to wild type, in Xg carriers we no found difference of cancer death (4.1%
vs. 6.6%; HR = 1.79, 95% CI 0.387–8.265; p = 0.46) and age of death (74.50 ± 0.71 y vs.
74.80 ± 5.44 y, p = 0.76), as shown in Table 3.

On the other hand, during the follow up, we observed that twelve patients underwent
device implantation (8 PM and 4 ICD). Prospective analysis showed no statistically signifi-
cant difference in the incidence of PM and ICD implants between Xg and AA carriers (8.2%
of Xg vs. 3.5% of AA; HR = 2.384, 95% CI 0.718–7.922; p = 0.156), although we can observe
a tendency in Xg group (Figure 2).
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Table 4 showed the number and the age of PM/ICD implants at baseline, during
the follow-up and the full amount according to TOMM40 genotype. At the end of the
observational period, the total sum of patients with a cardiac device (previously implanted
and during the follow-up) was 35 (12.7%), particularly 6 Xg (12.2%) and 29 AA carri-
ers (12.8%), and that difference was not statistically significant. On the other hand, the
tendency observed at the baseline to implant Xg at a younger age with respect to AA
carriers was confirmed during follow-up (69.50 ± 2.89 y vs. 75.63 ± 8.35 y, p = 0.074).
However, this tendency reached statistical significance when we considered all patients
who had the device already implanted at enrolment and during the follow-up. Indeed,
we recorded a mean implant age of 72.22 ± 10.22 years, but we also observed that Xg
carriers underwent implantation 7.27 ± 4.43 years before AA carriers (65.83 ± 6.11 years
vs. 73.10 ± 10.39 years) and that this difference was statistically significant (p = 0.049), as
shown by the representation of difference of the age of PM/ICD implantations according
to TOMM40 genotype in Table 4.

Table 4. Number and age of device implantation at baseline, during follow-up and total of the whole
cohort according to TOMM40 genotype.

All Patients TOMM40 Genotypes

AA Xg p Value

T0 (time of enrollment)
Number of implants 21 (9.6) 2 (4.4%) 0.27
Age of implantation 72.14 ± 11.11 58.50 ± 0.71 0.10

During follow-up Number of implants 8 (3.5%) 4 (8.2%) 0.156
Age of implantation 75.63 ± 8.35 69.50 ± 2.89 0.074

Total
Number of implants 29 (12.8) 6 (12.2) 0.919
Age of implantation 73.10 ± 10.39 65.83 ± 6.11 0.049
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4. Discussion

According to our knowledge, this is the first observational clinical study that attempted
to investigate the TOMM40 genetic variants in cardiovascular and cardiac conduction
disorders. Our results showed that haplotypes in the TOMM40 rs2075650 chromosomal
region might play an interesting role in cardiovascular death, higher incidence of LBBB
and device implantations.

It is well known that mitochondria represent the energy cellular base because one of
their main functions is to produce ATP [11]. However, several studies show that mitochon-
dria are also important in regulating cellular metabolism and signaling through apoptosis
processes [12–16]. Appropriate function of mitochondria is crucial for cardiovascular sys-
tem cells (including cardiomyocytes, smooth muscle cells, fibroblasts and endothelial cells),
which depends on elevated oxygen and metabolic supply to function properly.

Currently, the role of mitochondrial dynamics and protein import networks represents
a key determinant for respiratory chain malfunction and mitochondrial reactive oxygen
species (ROS), suggesting potential novel routes in cardiovascular disorders.

In this context, the TOM complex plays a fundamental role because it represents the
major import system of pre-proteins within mitochondria [17–19].

The central pore of the TOM complex is formed by TOMM40, TOMM22 and the
associated subunits TOM5, TOM6 and TOM7. Tom40 is a 19-stranded beta-barrel protein
with largely negatively charged regions and one positively charged area close to the
intermembrane space [20–24].

It is known that mitochondrial DNA mutations can lead to a variety of genetic dis-
orders that may be systemic or cardio-specific, even if the real mechanism still remains
unclear; In any case, data regarding the role of mitochondrial outer and/or inner membrane
proteins in cardiovascular diseases are lacking.

To this point, the TOMM40 SNP rs2075650 has been studied in several works high-
lighting its critical role in mitochondrial dysfunction in Alzheimer’s disease and cardiac
preconditioning, by both impairing mitochondrial Ca2+ signaling and mtPTP (mitochon-
drial permeability transition pore) opening [25–31].It is known that different cells of the
cardiovascular system (cardiomyocytes, smooth muscle cells, fibroblasts and endothelial
cells) depend on the proper functioning of the mitochondrial chain machinery [32]. The
heart requires high energy levels to function properly, thus it is clear that mitochondrial
protein import disfunction may result in cardiovascular disorders.

However, only few studies have investigated the role of the TOM complex subunits
in cardiac diseases; Boengler pointed out the first findings from an in vivo model in
2006 that demonstrated reduced TOMM20 expression after ischemia damage in isolated
mitochondria from pig hearts, highlighting the important role of this protein in mechanisms
of ischemic pre-conditioning [33].

Further, Zhang et al. recently showed that TOMM22 interact with mitochondrial
calcium-activated potassium (BKCa) cardiac channels; this might imply that the TOM
complex has a physiological role in Ca2+ import by cardiac mitochondria, therefore a
TOM22 deficiency may compromise cardiac cell physiology [34,35].

On the other hand, the TOMM40 SNPrs2075650 A and G alleles are the most commonly
analyzed variations. A recent review from Chen et al. [9] reported that the major allele A
has a prediction of survival over 90 years in Chinese, European, white, black and Hispanic
populations [36–40], whereas the minor allele G is linked to impaired cognitive performance,
altered inflammatory networks and higher predisposition to vascular risk factors and lower
BMI [7,41–45].

In our study, we demonstrated for the first time a clinical correlation between TOMM40
Xg carriers and an increased risk of cardiovascular disease, expressed in terms of higher
cardiovascular mortality and higher incidence of cardiac conduction diseases, represented
by greater incidence of LBBB and earlier age of PM/ICD implantation.

Several pathophysiological mechanisms can be hypothesized to explain these results.
Firstly, we found that the G allele predisposes to higher cardiovascular mortality with
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respect to A carriers. Patients with G variant had a lower BMI with respect to A variant,
in line with the analysis of Chen et al. However, this finding did not reach statistical
significance in our patient cohort, most likely due to a lower sample size. Furthermore, we
did not observe a difference in all-cause mortality between the two groups, but we found
that Xg patients had a higher incidence of cardiovascular death with respect to A carriers.
It has already been demonstrated that rs2075650-g is associated with lower BMI, higher
total cholesterol, apolipoprotein B and E concentration [3,7,8,46,47]. Additionally, Gui
et al. [45] reported that cardiovascular risk factors, including current smoking, drinking,
inactivity, obesity, total cholesterol, triglycerides, high lipoprotein cholesterol, low-density
lipoprotein cholesterol, diabetes and hypertension, may work synergistically with the
rs2075650-gvariant. These findings may explain the higher cardiovascular mortality, rein-
forcing the hypothesis that the Xg allele variant plays a role in increased predisposition
to cardiovascular diseases and higher susceptibility to cardiac risk factors, even in a very
high-risk population like that of our patients, suggesting a new role of TOMM40 variant
determining residual cardiovascular risk. Cardiac mortality may be worsened by impaired
ischemic preconditioning and subsequent increased myocardial infarction extension after
coronary occlusion.

On the other hand, we showed an association between TOMM40 Xg polymorphism
and higher LBBB incidence, suggesting a role of mitochondria machinery in cardiac conduc-
tion diseases. Cardiomyocytes’ synchronized contraction requires fast electrical excitation
propagation. Thus, cardiac action potential moves across the cardiomyocytes through
low-resistance channels at the cell-to-cell interfaces, represented by the gap junctions [48].
Cardiac gap junctions are composed of connexins (Cxs), that enable electrical coupling
by intercellular electrical and metabolic communication [49–52]. Indeed, they guarantee
proper cardiac rhythm maintenance, control of vascular tone, endothelial function and
metabolic exchange between nearby cells [53]. In the normal adult heart, three main iso-
forms are expressed: Cx40, Cx43 and Cx45. Defects in the expression of cardiac connexins
may lead to aberrant activation of the cardiac fibers and result in conduction diseases.
The role of cardiac Cxs in cardiac conduction block was confirmed for the first time by
Makita et al. [54], which underlined the importance of Cx40 in the correct propagation
of the electrical impulse, since the heterologous expression of Cx40-Q58L mutations may
cause familial heart block. Particularly, Cx43 is most expressed in the atrial and ventricular
myocytes [55]. In neo-natal rat heart cells, pharmacological blockade of gap junctional
channels with octanol or palmitoleic acid decreased ventricular conduction velocity [56],
whereas octanol treatment in pig papillary muscles caused a slower propagation of action
potentials before complete conduction block [57].

Studies using co-immunoprecipitation have revealed a connection between Cx43 and
TOMM20, which is an important component of the TOM complex. This could explain
that TOMM40, paired to TOMM20, may lead to TOM complex impairment affecting Cx43
ability to work properly. Although the Cx43 physiological function has not been fully
explored, new studies indicate that it regulates K+ inflow to the mitochondrial matrix,
mitochondrial respiration, and the production of reactive oxygen species (ROS) [58]. It
has been demonstrated that cardiac conduction velocity decreases by 50% when Cx43
expression is reduced by around 90%, and this observation supports the hypothesis of
our data [59]. It has also been shown that a reduction in excitability by sodium current
amplitude results from loss of Cx43 expression, thus resulting in disruption of the cell-to-
cell signaling pathway and reduction in the differential voltage produced by stimulated
cells [60].

All these experimental studies open an interesting scenario about the role of TOM
complex in connexins regulation, supporting the hypothesis of a “connexin connection”
and suggesting a plausible role for TOMM40 SNP in cardiac conduction disease in our
study; since Cx43, among other functions, regulates the correct propagation of cardiac
impulse, and the Cx43 concentration depends on correct import into mitochondria through
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TOM23, we can speculate that TOMM40 deficiency may induce a dysfunction of the entire
TOM complex with Cx43 downregulation.

Currently, it is clear that several physio-pathological events induce atrial and intraven-
tricular conduction abnormalities. These phenomena are not just age-related but they are
often molecularly linked. The control of the electrical signal is governed by a large number
of genes and proteins, and only a small subset of genetic variants has been identified. In
this observational study, we showed a link between the allelic variation of TOMM40 and
a clinical evidence of higher prevalence of LBBB and PM/ICD implantation at younger
age. Future research will be needed, based on both new cellular models and larger popu-
lation study, in order to establish the direct cause-effect relationship between the genetic
variations and the impact of cardiac conduction disorders, moving from our results linking
TOMM40 SNP to higher cardiovascular mortality.

Based on our data, we believe that TOMM40 should be included in the polygenic risk
score (PRS) factor for cardiovascular disease prevention in the future.

Different patient management and treatment models may be improved, allowing a
better personalized care approach oriented to improving mortality and quality of life.

Firstly, we observed a residual cardiovascular risk in Xg population, even in a very
high-risk population; this assumption may imply a more aggressive treatment (e.g., lipid
lowering therapy) and a closer follow up. Secondly, the conduction disease, possibly associ-
ated also with ventricular arrhythmia, based on conduction delay caused by more fibrosis
and scar channel reentry induced by connexin dysfunction, may lead to a different disease
management, through loop recorder implantation for adequate and early arrhythmias de-
tection. Lastly, a worse ischemic preconditioning may lead to a greater scar after myocardial
infarction in Xg carriers, leading to heart failure and cardiac arrhythmias; further studies
need to explore the role of pharmacological preconditioning in this higher risk population.

5. Study Limitation

Although our study contains many suggestions regarding the role of TOMM40 varia-
tion in cardiac conduction disease and MACE, the sample size may represent a limit; at
the same time, our particular population, constituted of very high-risk old patients, may
limit the result extension to the general population. Furthermore, the evaluated popula-
tion origins from a specific region, in North Apulia (Southern Italy), characterized by the
Mediterranean diet and low level of physical activity, yet we did not collect specific daily
activity amounts and data on detailed diet; these may represent confounding factors.

6. Conclusions

In our study, we showed that TOMM40 Xg patients with advanced atherosclerosis
have a higher incidence of LBBB, an earlier age of PM or ICD implantation and a higher
percentage of fatal cardiovascular deaths with respect to AA carriers. Currently, only few
studies have examined the cardiac effects associated with this allelic variant. Our result opens
up a fascinating scenario on the relationship between TOMM40 SNPs and conduction disease,
ischemic preconditioning and arrhythmia burden, beyond the classic cardiovascular risk
factors. Understanding the TOM complex machinery and its impact on cardiac diseases may
help physicians to develop specific genetic drugs that target the TOM40 complex. Of note,
further research will elucidate this issue and help us to better understand the complexity of
genetic interaction of the TOM complex in cardiovascular diseases.
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BMI body mass index
Cx connexin
ICD implantable cardiac defibrillator
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RBBB right bundle branch block
SNP single nucleotide polymorphism
TOMM40 translocase of outer mitochondrial membrane 40
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