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Abstract. Epidemiological studies report the association of 
diverse cardiovascular conditions with coronavirus disease 
2019 (COVID‑19), but the causality has remained to be 
established. Specific genetic factors and the extent to which 
they can explain variation in susceptibility or severity are 
largely elusive. The present study aimed to evaluate the 
link between 32 cardio‑metabolic traits and COVID‑19. A 
total of 60 participants were enrolled, who were catego‑
rized into the following 4 groups: A control group with no 
COVID‑19 or any other underlying pathologies, a group of 
patients with a certain form of dyslipidemia and predispo‑
sition to atherosclerotic disease, a COVID‑19 group with 
mild or no symptoms and a COVID‑19 group with severe 
symptomatology hospitalized at the Intensive Care Unit of 
Sotiria Hospital (Athens, Greece). Demographic, clinical 
and laboratory data were recorded and genetic material was 
isolated, followed by simultaneous analysis of the genes 
related to dyslipidemia using a custom‑made next‑generation 
sequencing panel. In the COVID‑19 group with mild or absent 
symptoms, the variant c.112C>T:p.P38S was detected in the 

sodium channel epithelial 1 subunit α (SCNN1A) gene, with 
a major allele frequency (Maf) of <0.01. In the COVID‑19 
group with severe symptoms, the variant c.786G>A:p.T262T 
was detected in the SCNN1B gene, which encodes for the 
β‑subunit of the epithelial sodium channel ENaC, with a Maf 
<0.01. None of the two rare variants were detected in the 
control or dyslipidemia groups. In conclusion, the current 
study suggests that ENaC variants are likely associated with 
genetic susceptibility to COVID‑19, supporting the rationale 
for the risk and protective genetic factors for the morbidity 
and mortality of COVID‑19.

Introduction

Severe Acute Respiratory Syndrome Coronavirus‑2 
(SARS‑CoV‑2) is a coronavirus‑related disease that has 
been spreading globally since December 2019. The disease 
is known as Coronavirus disease 2019 (COVID‑19) and its 
clinical spectrum varies significantly from asymptomatic or 
mild, common cold‑ or influenza‑like disease to a more severe 
lower respiratory tract illness, associated with acute respira‑
tory distress syndrome, pulmonary failure, septic shock and/or 
multiple organ dysfunction (1,2). Various underlying comor‑
bidities are considered risk factors for progression to severe 
COVID‑19. Thus, authoritative agencies, such as the US and 
European Centers for Disease Control and Prevention have 
issued warnings for several factors, which may contribute to 
severe outcomes in at‑risk populations, e.g. aged ≥65 years old, 
diabetes type 1 or type 2 diabetes mellitus, obesity (body mass 
index ≥35 kg/m2), pregnancy, cancer, primary or acquired 
immunodeficiency/immunosuppression, chronic tobacco 
smokers and haemoglobinopathies, as well as cardiovascular, 
pulmonary, chronic kidney and liver disease. However, 
there are also patients with no apparent co‑morbidities who 
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eventually develop severe SARS‑CoV‑2 infection with poor 
outcomes (1).

Dyslipidemia is an established risk factor for severe 
COVID‑19 infection, due to several reasons. Primarily, 
patients with dyslipidemia may have high levels of low‑density 
lipoprotein (LDL). The latter interacts with macrophages in 
atherosclerotic plaques, leading to increased inflammatory 
gene expression (3). Furthermore, excess LDL accumulation 
in macrophage cells results in cholesterol crystal deposition, 
leading to inflammasome activation and the secretion of 
proinflammatory cytokines, such as IL‑1β and IL‑18. However, 
the presence of high levels of pro‑inflammatory cytokines has 
been linked with severe outcomes via the ‘cytokine release 
syndrome’, characterized by systemic inflammation and 
multiorgan dysfunction (4). Furthermore, patients with dyslip‑
idemia may also have low levels of high‑density lipoprotein 
(HDL). This fraction itself is involved in the regulation of the 
innate immune response. HDL down regulates T‑cell activa‑
tion and inflammatory mediators' expression in macrophages 
and dendritic cells, via interaction with ATP‑binding cassette 
protein A1 (ABCA1) or ABCG1. HDL levels in the acute phase 
of coronavirus infection have also been associated with disease 
activity, as a decrease in the number of small HDL particles 
is inversely associated with the disease activity score and 
C‑reactive protein levels (5). The aforementioned alterations 
contribute to the dysregulation of the innate immune response, 
the first‑line defense against any invading pathogens (6). In 
patients with dyslipidemia, the accumulation of LDL and 
triglycerides may cause additional endothelial dysfunction (7). 
The latter is accentuated during COVID‑19 infections, as 
the SARS‑CoV‑2 receptor angiotensin 2‑converting enzyme 
(ACE2) is also expressed by endothelial cells (8). The 
combination of these risk factors leads to the development of 
cardiovascular complications associated with severe clinical 
outcomes. Beyond innate immunity, dyslipidemia is also a 
critical regulator of adaptive immunity, as it has an impact on 
the differentiation and function of CD4+ T cells, CD8+T cells 
and B‑cells (9).

The lipid profiles of patients with COVID‑19 are quite 
variable (10,11). A likely explanation is that the genetics and 
epigenetics of dyslipidemia and other pathologic states may 
differ among patients with COVID‑19. In the context of the 
growing need to understand the pathogenic mechanisms of 
this aggressive RNA virus and its relation to dyslipidemia 
and other cardiovascular traits, the present study aimed to 
analyze a comprehensive panel of specific genes involved in 
cardio‑pulmonary, metabolic and vascular disorders associ‑
ated with COVID‑19.

Materials and methods

Subjects and genetic analysis. In the present study, 60 
consecutive cases were enrolled retrospectively (2019‑2021) 
divided into four groups, i.e.: i) The control group, volunteers 
who came for a regular check up (n=14), with an age range of 
28‑69 years (43% men and 57% women; none of the subjects in 
this group had COVID‑19 or any other underlying pathologies); 
ii) adult patients (visiting the Lipid Outpatient Departments 
through convenience sampling) with a type of dyslipidemia 
and predisposition to atherosclerotic disease (n=18), with an 

age range of 10‑56 years (72% men and 28% women), and 
none of the subjects in this group had COVID‑19; iii) patients 
with COVID‑19 and mild or no symptoms (L/NO S) (n=16) 
with an age range of 22‑67 years (38% men and 62% women); 
iv) patients with COVID‑19, who were hospitalized with 
severe COVID‑19 symptoms in the Intensive Care Unit (ICU) 
of Sotiria Hospital (Athens, Greece) (n=12) with an age range 
of 39‑91 years (50% men and 50% women). The collection of 
samples was performed by the University Research Institute of 
Maternal and Child Health and Precision Medicine, National 
and Kapodistrian University of Athens, in collaboration with 
the ICU of Sotiria Thoracic Diseases Hospital (Athens, Greece). 
All patients or their representatives/relatives consented to their 
participation in the study.

Demographic, clinical and laboratory data were recorded, 
blood was obtained by venipuncture and genetic material was 
isolated (NucleoSpin Blood; Macherey Nagel), followed by 
simultaneous analysis of the genes low density lipoprotein 
receptor (LDLR), apolipoprotein B‑100 (APOB‑100), propro‑
tein convertase subtilisin/kexin type 9, lipoprotein (LP)‑α, 
angiopoietin‑like 3 gene, APOB, microsomal triglyceride 
transfer protein, secretion associated, Ras related GTPase 
1B, ATP‑binding cassette (ABC) transporters G5 (ABCG5), 
angiotensin II type I receptor (AGTR1), 11‑β‑hydroxysteroid 
dehydrogenase type 2, epithelial sodium channel (EnaC), 
inducible nitric oxide synthases chromosome 17 (NOS2), 
APOE, LP lipase, APOA5, APOC3, cholesteryl ester transfer 
protein, scavenger receptor class B type 1, phospholipid 
transfer protein, NPC intracellular cholesterol transporter 1 
(NPC1), NPC2 (NIEMANN‑Pick C), sphingomyelin phos‑
phodiesterase 1 (SMPD1), fat mass and obesity‑associated 
gene (FTO), dual specificity tyrosine phosphorylation regu‑
lated kinase 1B, melanocortin 4 receptor and chymase 1, using 
a custom‑made next‑generation sequencing panel, designed 
by the correspondent author and manufactured by SOPHiA 
GENETICS. The exon and adjacent intrinsic/exon regions of 
the above‑mentioned genes were sequenced on the Illumina 
MiSeq platform (Illumina, Inc.), followed by bioinformatics 
analyses of the sequencing files from the validated platform of 
the company Sophia Genetics DDM and the Varaft annotation 
tool (https://bio.tools/varaft).

Statistical analysis. Values are expressed as the mean and 
stand ard deviation or the median and interquartile range. 
Differences between independent samples were assessed with 
Student's t‑test or the Mann‑Whitney U‑test considering the 
assumption of normality, which was checked through kurtosis, 
skewness and the Shapiro‑Wilk test. Statistical analysis was 
performed using SPSS version 26.0 (IBM Corp). P≤0.05 was 
considered to indicate a statistically significant difference.

Results

Patient data. In the current study, 60 participants were 
included, divided into four groups, i.e. i) The non‑Covid 
Control group, ii) non‑Covid dyslipidemic patients, 
iii) Covid‑19 L/NO symptoms group, and iv) the Covid‑19 
ICU group. Available demographic data and biomedical 
parameters are shown in Tables I and II. The median age 
was significantly different among the four groups (non‑Covid 
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Controls vs. non‑Covid dyslipid and ICU, non‑Covid dyslipid 
vs. Controls, L/NO and ICU, L/NO vs. dyslipid and ICU, 
ICU vs. non‑Covid Controls, non‑Covid dyslipid and L/NO; 
P<0.001), but there were no significant differences in gender. 
Glucose levels, serum glutamic‑oxaloacetic transaminase, 
serum glutamic‑pyruvic transaminase and γ‑glutamyl 
transferase levels were significantly higher in the ICU group 

compared to the L/NO S group (P<0.05). Of note, total 
cholesterol (TC) and LDL cholesterol levels were lower in 
the ICU group compared with the L/NO S group, whereas 
triglycerides (TGs) were higher.

Genetic analysis. None of the subjects in Group 1 (control) 
had a mutation or pathogenic variant in the studied genes.

Table I. Demographic data.

Item Control (n=14) Dyslipidemic (n‑18) Covid‑ICU (n=12) Covid‑L/NO S (n=16) P‑value

Gender     0.189a

  Female 8 (57) 5 (28) 6 (50) 10 (62) 
  Male 6 (43) 13 (72) 6 (50) 6 (38) 
Age, years     <0.001b

  Range 26‑72  8‑66 39‑91 21‑54 
  Mean 44 22 28 40 
  Median 49 36 65 38 
Ethnicity     0.485c

  Greek (Caucasians) 14 16 (89) 11 (92) 16 (100) 
  Other ‑ 2 (11) 1 (8) ‑ 

aChi‑square test, banalysis of variance, cMonte Carlo simulation. Values are expressed as n (%). ICU, intensive care unit; L/NO S, L/NO S, low 
or no symptomatology. Differences in age were found between controls vs. dyslipidemic and Covid‑L/NO, dyslipidemic vs. Covid‑ICU and 
Covid‑L/NO, Covid‑ICU vs. Covid‑L/NO group.

Table II. Differences in laboratory parameters between Group 4 (ICU) vs. Group 3 (L/NO S).

Parameter (normal range) ICU L/NO S P‑value

HCT, % (females, 37‑47; males, 42‑50) 38.30 (3.80) 41.00 (3.00) 0.030
PLTs, K/µl (152‑433) 190.50 (146.50) 236.00 (57.00) 0.235
INR 1.15±0.19 0.95±0.07 0.204
PT, sec (11‑13) 14.20 (1.60) 19.45 (18.30) >0.999
CRP, mg/dl (low risk, <0.1; average risk, 0.1‑0.3; high risk, >0.3) 6.85 (7.06) 2.70 (1.70) 0.019
GLU, mg/dl (70‑99) 197.10±86.27 94.31±9.95 0.004
CREA, mg/dl (female: 0.5‑1.1; male: 0.70‑1.30) 0.77±0.23 0.91±0.15 0.091
SGOT, IU/l (10‑48) 50.00 (45.00) 18.00 (9.00) 0.001
SGPT, IU/l (10‑40) 57.00 (65.00) 19.00 (7.00) <0.001
γ‑GT, IU/l (females, 8‑40; males, 9‑50) 77.00 (156.00) 19.00 (9.00) <0.001
K, mmol/l (3.5‑5.0) 4.08±0.40 4.41±0.34 0.044
Na, mmol/l (136‑145) 138.00 (4.00) 143.00 (5.00) 0.042
TBIL, mg/dl (0.3‑1.0) 0.73±0.34 1.19±0.79 0.333
Ferr, ng/ml (females, 24‑307; males, 24‑336) 498.00 (889.90) 48.00 (22.00) <0.001
TC, mg/dl (<200) 129.82±28.33 215.38±46.01 <0.001
LDL, mg/dl (<100) 75.45±23.14 133.46±36.49 <0.001
HDL, mg/dl (females, >50; males, >40 mg/dl) 33.00 (12.00) 55.00 (10.00) 0.001

Values are expressed as the mean ± standard deviation (comparison performed using the T‑test or median (interquartile range) (comparison 
with the Mann‑Whitney U‑test). HCT, hematocrit; PTLs, platelets; INR, international normalized ratio; PT, prothrombin time; CRP, C‑reactive 
protein; GLU, glucose; CREA, creatinine; SGOT, serum glutamic‑oxaloacetic transaminase; SGPT, serum glutamic‑pyruvic transaminase; 
γ‑GT, γ‑glutamyl transferase; K, potassium; Na, sodium; Cl, chloride; TBIL, total bilirubin; Ferr, ferritin; TC, total cholesterol; LDL, 
low‑density lipoprotein cholesterol; HDL, high‑density lipoprotein cholesterol; TG, triglycerides; ICU, intensive care units; L/NO S, low or 
no symptomatology.

https://www.spandidos-publications.com/10.3892/br.2024.1864
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Table III. Variants detected in the four study groups.

A, Group 1: Control

  FREQ  FREQ    
  HET/ HOM/  UMD 
Gene AA change 500 500 SNP 150 prediction Gnomad

PCSK9 ΝΜ 174936 Exon5:c.709C>T:p.R237W 0 0 rs148195424 US 0.0007
APOB ΝΜ 000384 Exon29:c.12382G>A:p.V4128M 6 0 rs1801703 P 0.0063
 Exon26:c.10131G>A:p.L3377L 6 0 rs1799812 P 0.0063
 Exon26:c.9075delA:p.L3025fs 0 0 ‑ NA ‑
 Exon26:c.4449A>G:p.E1483E 2 0 rs151018874 P 0.0022
 Exon22:c.3337G>C:p.D1113H 16 1 rs12713844 P 0.0068

B, Group 2: Dyslipidemic

  FREQ  FREQ    
  HET/ HOM/  UMD Gnomad
Gene AA change 500 500 Av SNP 150 prediction (P‑values)

AGTR1 NM_009585 exon2:c.30T>C:p.G10G 0 0 rs747843312 FH 0
APOB NM_000384 exon26:c.11354C>T:p.T3785I 2 0 rs143710616 ‑ 0
 exon26:c.5652C>T:p.N1884N 0 0 rs766106302 ‑ 0
 exon22:c.3426G>A:p.S1142S 1 0 rs142448733 FH/HYP 0.0005
 exon9:c.1088T>C:p.V363A 1 0 rs751259935 ‑ 0
 exon16:c.2412C>T:p.R804R 0 0 rs755974543 ‑ 0
FTO NM_001363897 exon3:c.778G>T:p.A260S 0 0 ‑ ‑ ‑
LMF1 NM_001352018 exon4:c.115+1G>A 3 0 rs72759474 ‑ 0.0011
LDLR NM_001195799 exon3:c.394T>C:p.C132R 0 0 rs879254558 FH ‑
 exon4:c.354C>A:p.S118R 1 0 rs140241383 FH 0
 exon7:r.spl 3 ‑ ‑ ‑ ‑
 exon9:c.1142G>A:p.G381D 0 0 rs28941776 FH 0
 exon12:c.1706‑10G>A 15 0 rs17248882 FH 0.0002
 exon12:c.1550C>T:p.P517L 0 0 rs28942084 FH 0.00616
LMF1 NM_001352019 exon9:c.964G>A:p.A322T 0 0 rs186247027 ‑ 0
 exon8:c.758T>G:p.V253G 0 0 rs368408082 ‑ 0
LPA NM_005577 exon16:c.2490T>C:p.N830N 0 0 ‑ ‑ 0
 exon8:c.1161T>A:p.T387T 27 1 rs4709450 ‑ 0.0222
 exon8:c.1122T>C:p.N374N 0 0 ‑ ‑ 0
MTTP NM_001300785 exon17:c.2514G>C:p.L838F 0 0 rs144590904 ABETA 0.0004
 exon26:c.3173A>G:p.D1058G 0 0 rs371929273 ‑ 0
NOS2 NM_000625 exon3:c.135G>A:p.Q45Q 2 0 rs201239372 ‑ 0
PLTP NM_000625 exon7:c.447G>A:p.R149R 6 0 rs141035863 ‑ 0.0002
SAR1b NM_016103 NM_016103:exon6:c.480+3A>‑ 1 0 ‑ ‑ ‑
SCARB1 NM_001367987 exon10:c.1243G>A:p.G415R 6 0 rs144985120 ‑ 0
SCNN1A NM_001159576 exon5:c.1250A>G:p.E417G 0 0 rs569195112 PHA 0
 exon1:c.111G>A:p.P37P 2 0 rs573341191 ‑ 0
SCNN1B NM_000336 exon2:c.245C>G:p.S82C 6 6 rs35731153 BR 0.0012
 exon13:c.1782G>A:p.T594T 2 0 rs13306628 PYA 0.0002
SCNN1D NM_001130413 exon3:c.129G>T:p.L43L 0 0 rs778315388 ‑ 0
 exon5:c.450G>C:p.G150G 3 0 rs199854533 ‑ 0
 exon12:c.1621G>C:p.V541L 3 0 rs202246275 ‑ 0.001
SMPD1 NM_000543 exon2:c.729C>T:p.A243A 0 0 rs149476159 SCL 0
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The investigation of the patients in Group 2 of dyslipidemic 
patients revealed, as predicted, mutations in the genes LDLR, 
MTTP, NOS2, FTO, APOB and AGTR1, compatible with the 
underlying dyslipidemia.

In Group 3 of patients with L/NO S COVID‑19, the 
variant NM_001038:exon2:c.112C>T:p.P38S was detected in 
the sodium channel epithelial 1 subunit α (SCNN1A) gene, 
which encodes the α subunit of the ENaC, with a minor allele 
frequency (Maf) <0.01, which is characterized as a variant of 
uncertain significance according to the National Center for 
Biotechnology Information (NCBI; https://www.ncbi.nlm.nih.
gov/snp/rs3764873#clinical_significance).

In the COVID‑19 Group 4 of patients with severe symp‑
toms, the variant NM_000336:exon5:c.786G>A:p.T262T was 
detected in the SCNN1B gene, which encodes for the β subunit 
of ENaC, with a Maf <0.01 (Table III).

The P38S and T262T variants were further evaluated 
for their allele frequency in the in‑house Exome Sequencing 
Database of the Laboratory of Medical Genetics of the St. 
Sophia's Children's Hospital, NKUA (Athens, Greece). Exome 
Sequencing (ES) data from 500 unrelated individuals, origi‑
nally referred due to a clinically suspected genetic condition, 

were also used. The cohort included a wide range of age 
groups, but 80% were children and adolescents up to the age 
of 18 years (12). Specifically, the allele frequency of these vari‑
ants was evaluated in 500 randomly selected samples using the 
variant annotation and filter tool VarAFT (13,14).

The structure of the ENaC protein was retrieved by the 
Research Collaboratory for Structural Bioinformatics Protein 
Data Bank (ID no. 6WTH) at a resolution of 3.06 Å (15). An 
initial structural study was performed using the Molecular 
Operating Environment (MOE; version 2013.08; 2016; 
Chemical Computing Group Inc.; https://www.chemcomp.
com/en/Products.htm) platform for the optimization of the 
three‑dimensional protein structure and energy minimizations 

Table III. Continued.

C, Group 3: COVID‑19 (L/NO S)

  FREQ  FREQ   UMD  Gnomad
Gene AA change HET/500 HOM/500 Av SNP 150 prediction (P‑values)

APOB NM_000384 exon29:c.12382G>A:p.V4128M 6 0 rs1801703 P 0.0063
 exon26:c.10131G>A:p.L3377L 6 0 rs1799812 P 0.0063
 exon26:c.9321C>T:p.N3107N 0 0 rs72653101 P 0.0001
 exon26:c.4825T>C:p.L1609L 1 0 rs72653083 P 0.0019
 exon22:c.3383G>A:p.R1128H 0 0 rs12713843 P 0.0041
 exon22:c.3337G>C:p.D1113H 16 1 rs12713844 P 0.0068
 exon16:c.2258G>A:p.G753E 2 0 rs148502464 P 0.0002
SCNN1A NM_001038 exon2: c.112C> T: p.P38S 0 0 ‑ ‑ ‑

D, Group 4: COVID‑19 (ICU)

  FREQ FREQ  UMD Gnomad
Gene AA change HET/500 HOM/500 Av SNP 150 prediction (P‑values)

APOB NM_000384 exon26:c.9736T>C:p.F3246L 0 0 ‑ PP ‑
 exon26:c.9294C>T:p.Y3098Y 1 0 rs145777339 P 0.0016
 exon26:c.6093T>C:p.S2031S 0 0 ‑ P ‑
 exon22:c.3337G>C:p.D1113H 16 1 rs12713844 P 0.0067
 exon16:c.2258G>A:p.G753E 2 0  PP 0.0002
SCNN1B NM_000336 exon5:c.786G>A:p.T262T 0 0 rs150781093 P 0.000028
LDLR  exon7:r.spl 3 0 ‑ NA ‑
NM_000527 exon10:c.1332C>T:p.A444A, 0 0 rs143872778 P 0.0002
 exon14:c.2140+5G>A 13 0 rs72658867 NA 0.0074

L, low; S, symptomatology; ICU, intensive care unit; AA, amino acid; US, uncertain significance, NA, not available; FH, familial hypercholester‑
olemia; P, polymorphism; PP, probable polymorphism; PHA, pseudohyperaldosteronism; BR, briochioectasis; SCL, sphingomyelin/cholesterol 
lipidosis; PYA, pseudohypoaldestoronism; Abeta, abetalipoproteinemia; Av SNP, average single nucleotide polymorphism.

Figure 1. Logo representation of multiple sequence alignment of the sodium 
channel epithelial 1 subunit β protein and the conserved residue T262.

https://www.spandidos-publications.com/10.3892/br.2024.1864
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and dynamic simulations under the CHARMM27 force 
field (16).

Amongst all retrieved sequences, the threonine residue in 
position 262 was 96.95% conserved (Fig. 1).

The human ENaC protein is comprised of the three subunits, 
α, β and γ. Each subunit consists of two transmembrane helices 
of 25‑30 amino‑acid length and a short intracellular region 
at the N‑ and C‑terminus, whereas the large extracellular 
region of the protein encompasses multiple domains. Residue 
T262‑SCNN1B is exposed on the extracellular space and no 
known mutations have been reported so far (Fig. 2).

The structural analysis of the SCNN1B protein in the 
present study revealed an overall rigid conformation. The 
crystallographic structure of the ENaC β subunit was fixed to 
remove geometric restraints using the ‘Structure Preparation’ 
module of the MOE platform. Energy minimization and 
molecular dynamic simulations resulted in a stable confor‑
mation with T262 located on the surface of the extracellular 
domain. In addition, computational mutation analysis in 
position 262 did not reveal any conformational changes in the 
overall structure.

Genetic networks and codon bias usage. The recovered 
genes were further analyzed for their ranking and function 
via GeneMania network (http://www.genemania.org). The 
constructed genetic network for SCNN1A and SCNN1B 
resulted in multiple interactions (Fig. 3). A total of 20 genes, 
including ENaC subunits α β and γ, with‑no‑lysine kinases 
and serum and glucocorticoid‑induced protein kinase, were 
revealed due to their physical interactions, i.e., the overall 
tertiary structure of ENaC, as well as the ENaC‑specific 
kinases.

To explore codon usage bias in the identified SCNN1B 
variant, a statistical analysis was performed based on the 

retrieved homologous sequences of SCNN1B. Multiple 
sequence alignments result in a 99.6% identity of threonine 
residues in position 262, and thus, a codon bias usage analysis 
was performed to calculate the frequency of threonine codon 
ACA against codon ACG. The analysis of the corresponding 
data for T262 codon usage of all the retrieved sequences 
revealed a high frequency of ~72,3% for the ACA codon and 
12,1% for the ACG codon. The frequency of occurrence for 
the human ENaC‑b subunit of the ACA and ACG codon for 
threonine was also calculated and was found to be 39 vs. 7%, 
respectively.

Discussion

Patients with SARS‑CoV‑2 infection may experience a wide 
range of clinical manifestations, from being asymptomatic to 
critical illness and even death. Several studies have suggested 
that variability in the genotype distribution of diverse gene 
polymorphisms may explain the variability in disease preva‑
lence, morbidity and mortality of patients with COVID‑19 
among different regions of the world (17). In the current study, 
which aimed to identify a possible association of the genetic 
profile predisposing to cardiovascular diseases in patients with 
COVID‑19, several findings have emerged: i) There was a posi‑
tive genetic confirmation of inherited dyslipidemia in patients 
without COVID‑19; ii) the ICU‑COVID‑19 participants 
exhibited significantly lower cholesterol levels; and iii) among 
all the observed variants in the present study, the rare variant 
P38S of the ENaC‑α subunit in the group of patients with 
L/NO S COVID‑19 and the rare variant T262T in the ENaC‑β 
subunit were identified only in the ICU patients.

Lipid disorders may increase the risk of a severe course 
of COVID‑19, but also the infection itself may alter the 
patient's metabolic profile, mainly by impairing the function 

Figure 2. Left panel: The three‑dimensional structure of epithelial sodium channel ENaC in cartoon representation assembled by the three subunits α (purple), 
β (blue) and γ (yellow), consisting of six helices that span the cell membrane and a large extracellular domain. Right panel: Threonine residue T262 of sodium 
channel epithelial 1 subunit β exposed on the surface.
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of HDLs (18). However, our genetically confirmed dyslipid‑
emic patients appeared to not be vulnerable to severe or mild 
COVID‑19 disease. Data from a study support the same impact 
of dyslipidemia in 5,279 patients. It was demonstrated that its 
occurrence was not associated with an increased risk of hospi‑
talization (P=0.51) or mortality in patients with COVID‑19 
(P=0.79) (19). Similarly, another retrospective study of 
211 patients failed to reveal any association of dyslipidemia 
with an increased risk of progression to severe COVID‑19 
disease (P=0.940) (20).

Another important observation was the low TC, LDL 
and HDL levels between patients in the ICU‑COVID‑19 and 
L/NO S groups (129.82±28.33 vs. 215.38±46.01, P<0.001; 

75.45±23.14 vs. 133.46±36.49, P<0.001; and 33.00±12.00 
vs. 55.00±10.00, P=0.001). A recent prospective study of 
108 patients with SARS‑CoV‑2, which evaluated their lipid 
profiles in a long‑term follow‑up, showed significantly lower 
TCs (140 vs. 175 mg/dl; P<0.001) and LDL cholesterol levels 
(71.3 vs. 98 mg/dl; P=0.002) (21).

Furthermore, in another observational cross‑sectional 
study, which included 1,411 hospitalized patients with 
COVID‑19, the usefulness of serum TC, LDL, non‑HDL, 
HDL cholesterol and TGs in the prognosis was assessed. 
Similar to the present results, they observed that low 
HDL and high TGs before or during hospitalization were 
strong predictors of severe COVID‑19. The researchers 

Figure 3. GeneMANIA genetic network for the SCNN1A‑SCNN1B genes. SCNN1A, sodium channel epithelial 1 subunit α (related to the genes SCNN1G, 
SFTPB, ACE2, KDM3, TMPRSS2, ASIC1, ASIC2, ASIC3, SGK1, SGK2, C8ORF44, WWP1, NEDD4, NEDD4L, TSC22D3, WNK2, WNK1, WNK4, 
WNK3, PSAP and PSAPL1).

https://www.spandidos-publications.com/10.3892/br.2024.1864
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emphasized the notion that the lipid profile should be 
considered a sensitive marker of inflammation in patients 
with COVID‑19. A possible explanation for the afore‑
mentioned outcomes is that patients with acute infections 
experience a hypercatabolic status combined with malnu‑
trition; however, the contradiction of increased TG levels 
remains an issue (22).

The detected ENaC gene variants in the patients with 
COVID‑19 were in two of the three homologous subunits 
(α, β and γ) of the heterotrimeric functional channels, which 
are selectively permeable to ions of sodium (Na+) (23,24). 
These channels are constitutively active, allowing sodium 
reabsorption from the lumen into the apical cell membrane 
across epithelial cells, thus regulating the volume of the 
extracellular fluid and influencing arterial blood pressure. 
Aldosterone regulates their activity in the renal tubules 
and the distal colon, while atrial natriuretic peptide nega‑
tively modulates their function, leading to natriuresis and 
diuresis (25‑30). Of note, ENaC channels are also expressed 
in the lingual epithelium and taste receptors, implicated in 
salt‑taste perception and in non‑epithelial cells, such as endo‑
thelial cells and vascular smooth muscle cells, where they act 
as mechanosensors (24,27,31).

Channels lacking the α subunit are completely nonfunc‑
tional, whereas channels lacking the β or γ subunits are 
hypofunctional (32). Human airways express a lesser‑studied 
ENaC δ subunit, which is phylogenetically close to the ENaC‑α 
subunit (33). Inactivating the α‑ENaC subunit in mice leads 
to defective lung liquid clearance and premature death (34). 
Inactivating the β‑ and γ‑subunits of ENaC also leads to early 
death in newborn mice due to fluid and electrolyte imbalances, 
suggesting that ENaC expression is critical for fetal lung fluid 
absorption.

Each of the ENaC subunits have a similar structure: A 
cytoplasmic N‑terminus, an extracellular loop, two short 
hydrophobic segments (transmembrane domains 1 and 2) and 
a cytoplasmic C‑terminus. The N‑ and C‑termini are turned 
to the cytoplasmic surface, whereas the extracellular loop is 
turned to the extracellular space. The C‑terminus of all ENaC 
subunits has a highly conserved sequence ‑ the proline tyro‑
sine motif (29). Cleavage of the extracellular domains renders 
ENaC constitutively active, whereas intracellular conditions 
and signaling involving the N‑ and C‑termini of the ENac 
subunits modulate the ‘open’ vs. ‘closed’ probability (Po) of 
active channels (35). Point mutations at a highly conserved 
glycine residue in the N termini of any of the three subunits 

Figure 4. Potential role of ENaC in the pathogenesis of Coronavirus disease 2019. ENAC, epithelial sodium channel; S1, substrate 1; S protein, spike protein; 
α/β/γ, alpha/beta/gamma subunits.
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markedly decrease the Po via alterations in channel open and 
closed times (36).

Also, ENaC‑mediated Na+ conductance is controlled 
by internalization and proteasomal degradation following 
ubiquitination of the intracellular N‑termini of the ENaC 
subunits (37). The latter process regulates the accessibility of 
cleavage sites in the extracellular domain to channel‑activating 
proteases through conformational changes. Knight et al (38) 
demonstrated that intracellular sodium regulates the proteo‑
lytic activation of ENaC possibly by altering the accessibility 
of protease cleavage sites. Although these observations indi‑
cate that intracellular signaling or conditions can significantly 
influence extracellular cleavage and activation of ENaC, the 
molecular mechanism of such transmembrane allosteric regu‑
lation of ENaC remains elusive. The present observation of the 
N‑terminal P38S may have a similar impact in decreasing the 
Po affecting ENaC channel activity, whereas the extracellular 
T262T may have a regulatory role, given that extracellular 
domains of ENaC act as receptors for regulators controlling 
the activity of the channel (Fig. 4).

The expression and activity of ENaC are regulated by 
the RAAS member aldosterone and furin (37). SARS‑CoV‑2 
spike protein harbors a furin cleavage site, which is similar 
to the ENaC furin‑cleavable peptide. More specifically, the 
SARS‑CoV‑2 Spike (S) protein contains a putative furin 
recognition motif (680SPRRAR↓SV687) on the S1/S2 site, 
which is similar to the PRSVRSV motif of Middle Eastern 
respiratory syndrome coronavirus and serves as a protease 
recognition site. Similar sequence patterns have been identified 
in certain members of Alphacoronavirus, Betacoronavirus and 
Gammacoronavirus, whereas they are absent in Coronaviruses 
of zoonotic origin (Pangolin‑CoV and Bat‑CoV RaTG13) (39). 
This motif may represent an evolutionary advantage of 
SARS‑CoV‑2, facilitating its entry into host cells. Of note, when 
examining >10 million peptides of ~20,000 human proteins 
from UniProtKB, peptide PRRARSV is present solely in the 
human ENaC‑α subunit. Proteolytic activation by the protease 
furin is a prerequisite for ENaC‑α activation. However, 
proteolytic activation of S protein by cleavage at S1/S2 is also 
important for efficient viral entry into host target cells and 
plays a role in host species selectivity and infectivity (39,40). 
These findings suggest that SARS‑CoV‑2 has developed a 
mimicry mechanism of a human protease substrate of furin, 
thus hijacking protease pathways of ENaC‑α for its activation 
in SARS‑CoV‑2‑infected cells, compromising at the same 
time ENaC‑a activation (41).

In addition, the present results showed that the ENaC‑α 
gene is co‑expressed with the transmembrane protease 
serine 2 (TMPRSS2) gene. ENaC‑α exerts its function by 
binding to ACE2 and is recognized by TMPRSS2. The site 
at which TMPRSS2 cuts ENaC‑α is identical to a small part 
of the SARS‑CoV‑2 S‑protein. Given the high structural 
similarity between the S‑protein and ENaC‑α, neither ACE2 
nor TMPRSS2 can discriminate between the virus and these 
molecules, allowing viral particles to enter host cells (41,42).

In the present study, it was also observed that ENaC‑β is 
co‑expressed and interacts genetically with NEDD4 like E3 
ubiquitin protein ligase (NEDD4L). Nedd4L regulates the 
trafficking of membrane receptors, transporters and ion chan‑
nels, such as the ENaC and as a member of HECT domain E3 

ubiquitin protein ligase, has been implicated in the cell egress 
phase of certain RNA viruses, possibly high jacking the endo‑
somal sorting complexes required for the transport known 
as ESCRT‑0, ESCRT‑I, ESCRT‑II, and ESCRT‑III. Together 
with a number of accessory proteins, these ESCRT complexes 
enable a unique mode of membrane remodeling that results 
in membranes bending/budding away from the cytoplasm. 
Novelli et al (43) identified the HECT family members of E3 
ligases as likely novel biomarkers for COVID‑19.

In addition, SCNN1B is co‑expressed with the gene 
NEDD4L, which is involved in the regulation of insulin and 
insulin‑like growth factor (IGF‑1) signaling by regulating 
the amount of insulin receptor and IGF‑1 receptor on the cell 
surface. The deletion of NEDD4 in mice leads to a reduced 
number of effector T‑cells and a slower T‑cell response to 
antigens, suggesting that NEDD4 may be implicated in the 
conversion of native T‑cells into activated T‑cells. Of note, 
both genes are co‑expressed with the SFTPB gene, which 
encodes the pulmonary‑associated surfactant B protein, an 
amphipathic surfactant protein essential for lung function 
and homeostasis. The latter genes encode the apolipoproteins 
that form ~8% of the surfactant fluid (consisting of surfactant 
protein A (SP‑A; 5.5%, comprising of SP‑A1 and SP‑A2), 
SP‑B (1%), SP‑C (1%) and SP‑D (0.5%) (44). Pulmonary 
Surfactant Metabolism Dysfunction comprises a genetically 
heterogeneous group of disorders that result in severe respira‑
tory insufficiency or failure in full‑term neonates or infants. 
These disorders are associated with various pathologic enti‑
ties, including pulmonary alveolar proteinosis, desquamative 
interstitial pneumonitis or cellular nonspecific interstitial 
pneumonitis. Thus, the co‑expression of the EAaC‑α and 
ENaC‑β genes with SFTPB may reveal the same transcrip‑
tional regulatory program, a functional relation and a common 
biological process (43,44).

The surface of SARS‑CoV‑2 viral bodies is covered by 
numerous glycosylated S proteins. These proteins bind to the 
membrane‑bound ACE2 as a first step in the entry of viral 
particles into the host cell. Their entry into the cell depends 
on the cleavage of protein S (in Arg‑667/Ser‑668) by a serine 
protease. Anand et al (41) showed that this cleavage site has a 
sequence pattern that is homologous to the furin cleavage site 
in the ENaC channel. Gentzsch and Rossier (45) reported that 
the virus compromises the function of almost all organs by 
infecting the endothelium of blood vessels, where ENaC also 
plays an important role, causing inflammation and the release 
of cytokines (46).

As seen by the multiple sequence analysis, T262, as well as 
other amino acid residues in its proximity, are highly conserved 
(Fig. 1). In an effort to reveal a specific mechanism that may 
result in the association of the SCNN1B variant and the severe 
pathological phenotype in patients with SARS‑CoV‑2, a 
statistical analysis of the codon usage bias of this synonymous 
mutation was performed in the present study. The codons that 
correspond to the detected variant are ACA for ‘wild‑type’ 
threonine and ACG for the ‘mutated’ threonine. The analysis 
of the corresponding data for T262 codon usage of all the 
retrieved sequences reveals a high frequency of ~72.3% for 
the ACA codon and 12.1% for the ACG codon. The frequency 
of occurrence for the human ENaC‑β subunit of the ACA and 
ACG codon for threonine was also calculated and was found 
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to be 39 vs. 7%, respectively. At an intra‑species level, codon 
usage for threonine in Homo sapiens corresponds to 15.1% 
(ACA) against 6.1% (ACG), also revealing the preference for 
ACA usage (47). Codon usage bias is well established and 
plays a crucial role in regulating gene expression. Not only 
synonymous codons and their corresponding tRNA avail‑
ability are a way of fine‑tuning the expression of genes; it has 
also been shown that synonymous codons cluster in the coding 
sequence, resulting in co‑occurrence bias that mediates high 
expression levels.

The analysis of the ENaC structure and the SCNN1B 
T262T variant revealed a stable conformation of the extra‑
cellular domain and the neighboring region of T262 that is 
highly conserved. No structural feature was identified that 
could indicate a mechanism linked to SARS‑CoV‑2 infec‑
tion, particularly for position 262. However, the codon usage 
bias for this synonymous mutation could point to a regula‑
tory mechanism in terms of gene expression. The detected 
NM_000336:exon5:c.786G>A variant is most likely to result 
in a lack of tRNA availability for the alternative codon, leading 
to deficient SCNN1B expression.

In conclusion, a dysfunctional lipid profile due to the genetic 
phenotype or underlying diseases may be considered a predic‑
tion tool for COVID‑19 severity. In addition, the identification of 
the two rare ENaC variants in ICU and L/NO S patients in the 
coding region may be predictive of whether the ENaC channel is 
involved in ENaC‑mediated SARS‑CoV‑2 entry. Therefore, the 
effect of SARS‑CoV‑2 infection on ENaC function in different 
cells of the upper and lower respiratory tract and at different 
stages of the disease should be studied in a larger population to 
reinforce this hypothesis and further clarify its possible patho‑
physiologic role in COVID‑19 severity and progression.

Physicians should also be engaged in close monitoring of 
dyslipidemia patients with suspected COVID‑19, for detecting 
signs of disease progression in a timely fashion. Finally, the 
presence of dyslipidemia may be an important factor in future 
risk stratification models for COVID‑19.
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