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Abstract

Background

Infection by the SARS-Cov-2 virus produces in humans a disease of highly variable and
unpredictable severity. The presence of frequent genetic single nucleotide polymorphisms
(SNPs) in the population might lead to a greater susceptibility to infection or an exaggerated
inflammatory response. SARS-CoV-2 requires the presence of the ACE2 protein to enter in
the cell and ACE2 is a regulator of the renin-angiotensin system. Accordingly, we studied
the associations between 8 SNPs from AGTR1, ACE2 and ACE genes and the severity of
the disease produced by the SARS-Cov-2 virus.

Methods

318 (aged 59.6+17.3 years, males 62.6%) COVID-19 patients were grouped based on the
severity of symptoms: Outpatients (n = 104, 32.7%), hospitalized on the wards (n = 73,
23.0%), Intensive Care Unit (ICU) (n = 84, 26.4%) and deceased (n =57, 17.9%). Comorbid-
ity data (diabetes, hypertension, obesity, lung disease and cancer) were collected for adjust-
ment. Genotype distribution of 8 selected SNPs among the severity groups was analyzed.

Results

Four SNPs in ACE2 were associated with the severity of disease. While rs2074192
andrs1978124showed a protector effectassuming an overdominant model of inheritance
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(G/Avs. GG-AA, OR =0.32, 95%CI = 0.12-0.82; p=0.016 and A/G vs. AA-GG, OR = 0.37,
95%Cl: 0.14-0.96; p = 0.038, respectively); the SNPs rs2106809 and rs2285666were asso-
ciated with an increased risk of being hospitalized and a severity course of the disease with
recessive models of inheritance (C/C vs. T/C-T/T, OR=11.41,95% CI: 1.12-115.91;p =
0.012) and (A/Avs. GG-G/A, OR =12.61, 95% CI: 1.26-125.87; p = 0.0081). As expected,
an older age (OR = 1.47), male gender (OR = 1.98) and comorbidities (OR = 2.52) increased
the risk of being admitted to ICU or death vs more benign outpatient course. Multivariable
analysis demonstrated the role of the certain genotypes (ACE2) with the severity of COVID-
19 (OR: 0.31, OR 0.37 for rs2074192 and rs1978124, and OR = 2.67, OR = 2.70 for
rs2106809 and rs2285666, respectively). Hardy-Weinberg equilibrium in hospitalized group
for I/D SNP in ACE was not showed (p<0.05), which might be due to the association with the
disease. No association between COVID-19 disease and the different AGTR1 SNPs was
evidenced on multivariable, nevertheless the A/A genotype for rs5183 showed an higher
hospitalization risk in patients with comorbidities.

Conclusions

Different genetic variants in ACE2 were associated with a severe clinical course and death
groups of patients with COVID-19. ACE2 common SNPs in the population might modulate
severity of COVID-19 infection independently of other known markers like gender, age and
comorbidities.

Introduction

The SARS-CoV-2 virus causes a severe and fatal infection in certain patients, mostly, but not
exclusively, in elderly individuals with significant preexisting conditions. Hypertension is one
of the most consistent predictors of mortality [1, 2]. The fact that SARS-CoV-2 requires the
presence of the ACE2 protein to enter in the cell membrane [3] and the association between a
higher rate of complications in hypertensive patients, have suggested that angiotensin convert-
ing enzyme inhibitors or angiotensin II receptor blockers could facilitate the first phase of viral
infection. But perhaps these same drugs could be beneficial in the inflammatory phase of the
disease. Chronic therapy with angiotensin system agentsis known to cause changes in the
expression of ACE, ACE2, and AGTR1 [3-5].

Some authors, have suggested that blocking ACE2 as a potential strategy to reduce viral
SARS-CoV-2 load in the pneumocytes, preventing spreading into other organs [6]. On the
contrary, inhibition of ACE2 in already infected COVID-19 patients, could be deleterious via
the consequent decrease in the production of angiotensin 1-7, which has been demonstrated
to play an anti-inflammatory and antifibrotic activity through its receptor (MasR) [7-9].

Infection by the SARS-Cov-2 virus produces in humans a highly variable disease of unpre-
dictable severity. Some individuals are completely asymptomatic while others end up, after a
chain series of infection and inflammatory processes, going through distress, microvascular-
thrombosis, multi-organ failure to death [10]. Despite the identified prognostic factors, there
is great unexplained variability [11].

It is possible that the differences in the activity of certain proteins, conditioned by the pres-
ence of frequent polymorphic genetic variants in the population, might lead to a greater sus-
ceptibility to infection, a greater efficiency of viral replication, or to an exaggerated

PLOS ONE | https://doi.org/10.1371/journal.pone.0263140 February 4, 2022

2/14


https://doi.org/10.1371/journal.pone.0263140

PLOS ONE

Polymorphisms in ACE, ACE2, AGTR1 genes and COVID-19 disease

inflammatory response [12]. It is reasonable to speculate that the presence of several polymor-
phisms of the ACE (I/D), ACE2 (rs2074192, rs1978124, rs2074809, rs2074666) and AGTR1
(rs5183, rs5185, rs5186) genes could explain both, the propensity to infection, the extension to
different organs and the degree of the severity of the COVID-19 clinical presentations [13, 14].

Accordingly, we aimed to study the associations between eight AGTR1, ACE2 and ACE
gene polymorphisms and the severity of the disease produced by the SARS-Cov-2 virus.

Methods
Research ethics considerations

This study was conducted in accordance with the principles of the 1975 Declaration of Hel-
sinki and approved by the Ethics and Scientific Committees of each participating institutions
[Hospital UniversitarioVirgen de la Arrixaca and, BIOBANC-MUR (Murcia), Biobank Hospi-
tal Universitario y Politécnico la Fe (Valencia), Biobank Hospital Universitario de A Corufia
(A Coruia), Biobank Hospital Universitario Puerta de Hierro Majadahonda (Madrid), Bio-
bank Hospital Clinico San Carlos (Madrid)]. Informed written consent was obtained from all
patientsor their relatives.

Study subjects

A total of 318COVID-19 subjects with positive polymerase chain reaction (PCR) test for
SARS-Cov-2 virus were included in the study. The kit used for PCR test was Novel Coronavi-
rus (2019-nCoV) Real Time Multiplex RT-PCR kit (Detection for 3 Genes), manufactured by
Shanghai Z] Bio-Tech Co., Ltd. (Liferiver) and the CFX96 Touch Real-Time PCR Detection
System (BioRad). The participants were grouped into 4 groups: outpatients cured, hospitalized
on the wards, admitted to the Intensive Care Unit (ICU) and deceased as a result of the infec-
tion or its complications. Patients were selected consecutively from those with available sam-
ples from the 5 participating centers’ biobanks, with the aim to achieve a minimum of 50 cases
per group.

To carry out the study of polymorphisms and haplotypes, DNA was extracted from 400 ul
of peripheral blood samples using the Maxwell® 16 Blood DNA Purification Kit (Promega).
The study of the I/D polymorphism in ACE was carried out by PCR protocol using an initial
denaturation at 94°C for 5 min; 30 cycles of denaturation at 94°C for 1 min, annealing at 64°C
for 45 sec, and elongation at 72°C for 1 min. The final cycle was followed by extension at 72°C
for 5 min and electrophoresis in agarose (2%) gel. The remaining selected single nucleotide
polimorphisms (SNPs) in ACE2 and AGTR1 genes were analyzed by Sanger sequencing pro-
cedures. PCR reactions were performed in a final volume of 25 uL containing 2 uL. of DNA
and using a touchdown PCR protocol: initial denaturation at 94°C for 5 min, followed by 10
touchdown cycles (0.2°C decrease of annealing temperature every cycle) and 35 standard
cycles: denaturation for 1 min at 94°C, primer annealing for 35 sec at 62°C, and primer exten-
sion for 30 sec at 72°C. The last cycle was followed by 5 min incubation at primer extension
temperature of 72°C. After they were purified and sequenced on a DNA 3500XL Genetic Ana-
lyzer (Applied Biosystems).

SNPs in genes of renin-angiotensin system included in the study

Different SNPs were selected in base to previous studies where they were related with mortality
in acute respiratory distress syndrome or pneumonia as the case of the I/D polymorphism in
ACE [15, 16]. Several SNPs in ACE2 have been investigated as risk factors for hypertension
and heart failure, such as rs2106809, an important predictive factor of the response to
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Table 1. Different SNPs of renin-angiotensin system included in this study.

Chr Gen Locus Variant Type MAF (gnomAD)
X ACE2 NG_012575 rs2074192 2.42403G>A Intron 0.42428
rs1978124 g.7130A>T Intron 0.37498
rs2106809 g.7132T>C Intron 0.19141
1s2285666 2.14845G>A Intron 0.280049
3 AGTR1 NG_008468 rs5183 NG_008468.1:g.49227A>G NM_000685.4:c.1062A>G Synonymous Variant 0.061514
rs5185 NG_008468.1:g.49315T>G 3’ UTR 0.026048
NM_000685.4:c.*70 =
rs5186 NG_008468.1:g.49331A>C 3’ UTR 0.227483
NM_000685.4:c.86 =
17 ACE NG_011648 rs4646994° Intron 16 Intron ® 11 48.1%
1/D 287 pb ID 40.5%
DD 11.5%

Chr: Chromosome.

“rs number for this polimorphism was not found in dbSNP and therefore no reported allele frequencies were available for comparison.
PFrequencies were obtained from Kiigiikarabaci B, 2008 [23] and Bellone M, 2020 [24]. MAF: Minor allele frequency.

https://doi.org/10.1371/journal.pone.0263140.t001

antihypertensive treatment with ACE inhibitors [17] or rs2074192 and rs2106809 were also
associated with risk for left ventricular hypertrophy [18]. In addition, rs2285666 SNP, has been
recently related to a lower COVID-19 infection as well as case-fatality rate among Indian pop-
ulations [19]. The rs5186 (C) allele in AGTRI1 is associated with increased risk for essential
hypertension [20, 21]. Age and gender may also influence risk of AGTR1 SNPs and their role
in hypertension and related disorders [22].

The Table 1 shows the frequencies of the different SNPs from renin-angiotensin system
(RAS) included in this study.

Statistical and bioinformatics analysis

Hardy-Weinberg equilibrium (HWE) was assessed by the %2 test. I/D polymorphism in ACE
failed HWE and it was removed from analysis. The level of significance adopted was p>0.05 in
outpatients group. For SNPs from ACE2 females and males were analyzed separately since the
ACE2 gene is located on the X chromosome. Allele frequencies were calculated according to
the genotypes of all patients.

Using Pearson chi-square test or Fisher’s exact probability (for categorical variables), the
variations in frequency distribution of genotypes and demographic characteristics (gender, age
and comorbidities) were assessed. The association strength was calculated applying odds ratios
(ORs) and 95% confidence intervals (Cls). All genetic models were evaluated, including domi-
nant, recessive, co-dominant, overdominant, and log additive models of inheritance for seven
SNPs with SNPStats software (https://www.snpstats.net/start.htm). Each model provides dif-
ferent assumptions regarding the genetic effect. Using the SNPStats, haplotype frequencies
were also obtained for ACE2 and AGTR1 according to the expectation maximization algo-
rithm [25]. Statistical analyses were done by SPSS version 23.0 (IBM, Chicago, USA). The for-
est-plot was performed by multivariable analysis including age, gender and comorbidities with
each one of the SNPs.

The statistical tests were assumed significant for p<0.05. The potential impact of each SNP
on the functional protein was analyzed using the in silico software Mutation Taster [26].
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Results

General characteristics of the study subjects

318 patients with documented COVID-19 positive PCR were classified based on the severity of
symptoms: Outpatients (n = 104. 32.7%); hospitalized on the wards (n = 73, 23.0%), admitted
to ICU (n = 84, 26.4%) and deceased (n = 57, 17.9%). Sex, age and comorbidities data are pre-
sented in Table 2.

Mean age was significantly different between groups, being higher in the deceased. The gen-
der was significantly different between groups being the proportion of males higher than females
in the ICU but not in the deceased. Regarding comorbidities, the proportion of hypertension,
diabetes and obesity showed significant differences between groups. The percentage of patients
with hypertension was lower in outpatients compared with the rest of groups, particularly with
deceased group (20.4% vs 49.1%). Diabetes was more prevalent within ICU and deceased
patients. Percentage of obesity was higher in hospitalized on the wards group (26.4%).

In order to analyze genotype distributions of different SNPs, all patients were grouped in
two: outpatients (n = 104) and hospitalized patients (n = 214, which included hospitalized on
the wards, ICU and deceased patients) (Table 2).

The p values for the HWE are showed in S1 Table. It should be taken into account that the
HWE might not be met in the case sample, which could be indicative that the SNP may be
associated with the disease, such in case of I/D polymorphism in ACE.

Prediction of functional impacts of SNPs on protein function and stability

The rs1978124 and rs2106809 are located at the beginning of the intron 2; rs2285666 is located
in intron 3 and rs2074192 in the intron 16. Analysis of these four SNPs in ACE2 gene by in sil-
ico software Mutation Taster [26] to explore their impacts on splicing process, and conse-
quently ACE2 function have demonstrated that rs2074192 leads to increased donor site and
protein features might be affected. Correspondingly, rs1978124 and rs2285666 lead to creation
of new donor splice site. No potential effect on splicing was showed by rs2106809.

Table 2. Characteristics of each group of patients included in the study.

Total Outpatients Onthe |Intensive Care| Deceased | Pvalue | Hospitalized® | P value ICU P value
(n=318) (n=104) wards Unit (n = 84) (n=57) (n=214) + deceased
(n=73) (n=141)
Age (mean 59.6+17.3 52.7+17.5 60.1+16.4 57.6+13.5 74.6x14.0 | <0.0001 63.1+£16.2 <0.0001 64.6+16.0 <0.0001
+SD)
Gender® Male 198 59 (56.7%) 43 (58.9%) 65 (77.4%) 31 (54.4%) 0.007 139 (65.0%) 0.175 96 (68.6%) 0.080
(62.3%)
Female 119 45 (433%) | 30 (41.1%) | 18 (21.4%) | 26 (45.6%) 74 (34.6%) 44 (31.4%)
(37.4%)
Comorbidities 196 48 (50.5%) 49 (67.1%) 52 (62.7%) 47 (82.5%) 0.001 148 (69.5%) 0.002 99 (70.7%) 0.002
(63.6%)
Hypertension 105 19 (20.4%) 31 (43.1%) 27 (32.5%) 28 (49.1%) 0.001 86 (40.4%) <0.0001 55 (39.3%) 0.003
(34.1%)
Diabetes 44 (14.3%) 4 (4.3%) 11 (15.3%) | 17(20.5%) | 12 (21.1%) | 0.005 40 (18.8%) <0.0001 | 29(20.7%) | <0.0001
Obesity 40 (13.0%) 5 (5.4%) 19 (26.4%) 8 (9.6%) 8 (14.0%) | 0.001 35 (16.4%) 0.006 16 (11.4%) 0.161
Chronic lung disease | 27 (8.8%) 5 (5.4%) 10 (13.9%) 9 (10.8%) 3 (5.3%) 0.172 22 (10.3%) 0.191 12 (8.6%) 0.444
Cancer 29 (9.4%) 7 (7.5%) 8 (11.1%) 5 (6.0%) 9(15.8%) | 0.212 22 (10.4%) 0.528 14 (10.0%) 0.642
n = 1 missing gender.
PHospitalized = hospitalized on the wards + ICU + deceased patients. ICU: intensive care unit.
https://doi.org/10.1371/journal.pone.0263140.t002
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Rs5183, rs5185 and rs5186 SNPs also might affect the AGTR1 function. Rs5185 and rs5186
SNPs are located in the region 3’'UTR and result in two and one, respectively, new donor splice
sites, and increased acceptor and donor splice sites. Rs5183 is located at the end of codifying
region with no aminoacid change and leads to increased acceptor splice site.

The association between ACE2 and AGTR1 SNPs and hospitalization risk

Three SNPs of ACE2 rs2074192, rs2106809 and rs2285666 were associated with hospitalization
in females (Table 3 and S2 Table); while rs2106809 and rs2285666 were associated with an
increased risk of being hospitalized in the log-additive and recessive models of inheritance
[(OR =2.12,95% CI: 1.00-4.52; p = 0.039) and (OR = 6.56, 95% CI: 0.71-60.20; p = 0.048)],
respectively, it was found that rs2074192 showed a protector effect, assuming an overdominant
model of inheritance. Rs2074192 G/A genotype was significantly associated with a lower risk
of hospitalization (G/A vs. GG-AA, OR = 0.40, 95%CI: 0.17-0.92; p = 0.029).

No association between COVID-19 patent setting (outpatient vs hospitalized) disease and
the different AGTR1 SNPs was demonstrated.

The association between ACE2 and AGTR1 SNPs and severity of the
disease (outpatiens vs ICU+deceased)

Considering that the reason for hospitalization on the words in some patients might not be
due only to the severity of the COVID-19 disease, as rather to the expected “a priori” risk of

Table 3. Genotype and allele frequencies of ACE2 and AGTR1 SNPs in hospitalized and non-hospitalized COVID-19 cases.

Locus

rs2074192

rs1978124

rs2106809

rs2285666

rs2074192

rs1978124

rs2106809

rs2285666

rs5183

rs5185

rs5186

Model Genotype Outpatients (n = 104) Hospitalized (n = 214) 0Odds Ratio p-value
ACE2 FEMALE (n = 119, adjusted by age + comorbidities)
Overdominant G/G-A/A 14 (31.1%) 41 (56.2%) 1.00 0.029
G/A 31 (68.9%) 32 (43.8%) 0.40 (0.17-0.92)
Overdominant A/A-G/G 22 (48.9%) 45 (61.6%) 1.00 0.13
A/G 23 (51.1%) 28 (38.4%) 0.53 (0.23-1.21)
Log-additive 2.12 (1.00-4.52) 0.039
Recessive G/G-G/A 43 (97.7%) 66 (89.2%) 1.00 0.048
A/A 1(2.3%) 8 (10.8%) 6.56 (0.71-60.20)
ACE2 MALE (n = 190, adjusted by age + comorbidities)
GIG 33 (64.7%) 87 (62.6%) 1.00 0.86
A/A 18 (35.3%) 52 (37.4%) 1.06 (0.52-2.17)
- G/G 26 (51%) 74 (53.2%) 1.00 0.68
A/A 25 (49%) 65 (46.8%) 0.87 (0.44-1.71)
- T/T 43 (84.3%) 103 (74.1%) 1.00 0.24
C/C 8 (15.7%) 36 (25.9%) 1.68 (0.70-4.05)
- G/G 44 (86.3%) 108 (77.7%) 1.00 0.29
A/A 7 (13.7%) 31 (22.3%) 1.62 (0.64-4.10)
AGTR1 (n = 309, adjusted by age + gender + comorbidities)
Recessive A/A-A/G 96 (100%) 212 (99.5%) 1.00 0.21
G/G 0 (0%) 1 (0.5%) NA (0.00-NA)
/T 95 (99.0%) 210 (98.6%) 1.00 0.7
T/G 1(1%) 3 (1.4%) 1.59 (0.14-17.53)
Log-additive 0.72 (0.48-1.08) 0.12

Genotype- and allele type-specific risks obtained in the best model of inheritance based in Akaike information criterion (AIC). OR, odds ratio; CI, confidence interval;

SNPs, single nucleotide polymorphisms.

https://doi.org/10.1371/journal.pone.0263140.t003
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complications based on medical history and comorbidities, or availability of hospital beds, etc,
in this section of the paper we present genotype distributions of different SNPs in the “outpa-
tients” (n = 104) versus “ICU + deceased” groups (n = 141). Table 2 shows the clinical charac-
teristics of these two groups of patients. Age and proportion of patients with comorbidities
were significantly higher in the ICU + deceased combined group, being hypertension and dia-
betes the main comorbidities associated with the risk of admission to the ICU or deceased.
There was an association of the different ACE2 SNPs with the severity of the disease when
the female group of outpatients and the female group of greater severity (ICU + deceased)
were compared (Fig 1, Table 4 and S3 Table). Genotype G/A of rs2074192 and genotype A/G
of the rs1978124 SNPs in the overdominant model were overrepresented in the outpatient
group with an OR = 0.32 (0.12-0.82), p = 0.016 and OR = 0.37 (0.14-0.96), p = 0.038, respec-
tively. On the contrary, the risk of being admitted in the ICU or dying was higher in COVID-
19 patients who presented the C/C for the rs2106809 SNP (OR = 11.41, 95%IC: 1.12-115.91,
p =0.012) and A/A genotype for rs2285666 SNP (OR = 12.61, 95%IC: 1.26-125.87,
p = 0.0081), both in the recessive models. The distribution of different genotypes of the
AGTRI1 SNPs did not show significant differences between the disease severity groups.

Interaction analysis with comorbidities

As expected, comorbidities increased the risk of belonging to the hospitalization group; never-
theless, the interaction analysis showed that particular genotypes modulated the magnitude of
this association. Some genotypes in selected SNPs were overrepresented in the more severe
group while others were more prevalent in the milder outpatient group (S4 Table).

The interaction analysis of comorbidities and genotypes of SNPs in ACE2, showed the G/A
genotype from rs2074192 in females conferred a protective factor for those patients without
comorbidities (OR = 0.13, 95% CI: 0.03-0.52, p: 0.019) (S4 Table). On the other hand, those
females with G/A genotype for rs2074192 and comorbidities had higher risk of hospitalization
(OR =1.27,95%CI: 0.22-7.19, p<0.0001).

These interactions between comorbidities and the genotype in rs2074192 of ACE2 were
more evident when female outpatients vs ICU + deceased groups were compared (p = 0.0074)
(S5 Table).

Model Variables OR95% IC P-value
Recessive ACE2 rs2285666 A/A o 0.028
Recessive ACE2 rs2106809 C/C ® 0.025
Overdominant ACE2rs1978124A/G ~—e——— 0.043
Overdominant ACE2rs2074192 G/A ~—e—— 0.018
Comorbidities ° 0.004
Male ® 0.025

Agel0 — <0.0001

0 1 2 3 4 5 6 7

Fig 1. Forest plot of different covariates included in the association study of selected SNPs for estimation of OR of ICU+deceased vs outpatient
individuals. The horizontal lines correspond to the study specific OR and 95% CI. Each of the SNPs were included separately in different models with age(10),
gender and comorbidities as covariates. Age(10) represents OR per 10 years increase.

https://doi.org/10.1371/journal.pone.0263140.9001
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Table 4. Genotype and allele frequencies of ACE2

and AGTRI1 SNPs in outpatients and ICU+deceased COVID-19 cases.

Locus Model Genotype Outpatients (n = 104) ICU+deceased (n = 141) OR (95% CI) P-value
ACE2 FEMALE (n = 88, adjusted by age + comorbidities)
rs2074192 Overdominant G/G-A/A 14 (31.8%) 26 (59.1%) 1.00 0.016
G/A 30 (68.2%) 18 (40.9%) 0.32 (0.12-0.82)
rs1978124 Overdominant A/A-G/G 20 (46.5%) 30 (68.2%) 1.00 0.038
A/G 23 (53.5%) 14 (31.8%) 0.37 (0.14-0.96)
rs2106809 Recessive T/T-T/C 42 (97.7%) 37 (84.1%) 1.00 0.012
c/C 1(2.3%) 7 (15.9%) 11.41 (1.12-115.91)
rs2285666 Recessive G/G-G/A 43 (97.7%) 37 (84.1%) 1.00 0.0081
A/A 1(2.3%) 7 (15.9%) 12.61 (1.26-125.87)
ACE2 MALE (n = 147, adjusted by age + comorbidities)
rs2074192 | --- GIG 33 (64.7%) 63 (65.6%) 1.00 0.91
A/A 18 (35.3%) 33 (34.4%) 0.96 (0.43-2.10)
rs1978124 A/A 26 (51%) 50 (52.1%) 1.00 0.68
GIG 25 (49%) 46 (47.9%) 0.86 (0.41-1.81)
rs2106809 --- T/T 43 (84.3%) 70 (72.9%) 1.00 0.16
C/C 8(15.7%) 26 (27.1%) 1.93 (0.75-4.96)
rs2285666 --- G/G 44 (86.3%) 73 (76%) 1.00 0.22
A/A 7 (13.7%) 23 (24%) 1.82 (0.68-4.86)
AGTRI (n = 235, adjusted by age + gender + comorbidities)
rs5183 --- A/A 87 (90.6%) 122 (87.8%) 1.00 0.67
A/G 9 (9.4%) 17 (12.2%) 1.24 (0.46-3.32)
rs5185 --- T/T 95 (99%) 138 (99.3%) 1.00 0.83
T/G 1(1.1%) 1(0.7%) 0.71 (0.03-17.17)
rs5186 Log-additive 0.73 (0.47-1.15) 0.17

Genotype- and allele type-specific risks obtained in

the best model of inheritance based in Akaike information criterion (AIC). OR, odds ratio; CI, confidence interval;

ICU, intensive care unit; SNPs, single nucleotide polymorphisms.

https://doi.org/10.1371/journal.pone.0263140.t004

The A/A genotype for rs5183 showed a higher hospitalization risk in patients with comor-
bidities than without comorbidities patients (p<0.0001). The study of the interactions between
the rest of SNPs in ACE2 or AGTR1 genes did not show statistical differences.

The association of haplotype in the genes with hospitalization risk

None of the haplotypes of the four ACE2 tagSNPs or three AGTR1 tagSNPs were associated
with the risk of hospitalization (p>0.05) or the severity of disease.

Discussion

This study shows that comorbidities, older age and male gender were correlated with poor out-
come in COVID-19 disease, as it has been previously reported [27]. Recently, Kouhpayeh HR
etal. (2021) showed a significantly higher age and prevalence of diabetes and hypertension in
COVID-19 patients with severe disease than a non-severe disease [28].

Different groups of severity were defined for comparisons, from outpatients, hospitaliza-
tion, ICU admissions to death. Analysis of polymorphisms in the ACE2 and AGTR1 genes
provided interesting associations with disease severity with potential for clinical stratification.
Our study aimed to investigate if common genetic variants in key RAS genes impact clinical
outcomes in COVID-19 infection.
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Our study demonstrated that some SNPs in ACE2 were associated with COVID-19 disease.
The genotype frequencies of rs2074192 and rs1978124 SNPs seen for heterozygosity in woman
suggest a protective effect. It is noteworthy that the ACE2 is located on the X chromosome,
causing the impossibility of heterozygosity in men. Therefore SNPs in their single copy could
be related to the worst outcomes observed in males [29].

In addition, the association of the different ACE2 SNPs with the severity of the disease
increased respect to the risk of hospitalization (Table 3) when the group of outpatients and the
group of greater severity (ICU + deceased) were compared (Table 4).

ACE is involved in the balance of a system in which malfunctioning has been linked to a
number of conditions including hypertension, myocardial infarction, heart failure, acute lung
injury and diabetes mellitus [30]. In humans, several studies have shown a strong association
of ACE2 polymorphisms with hypertension in female Chinese patients with metabolic syn-
drome [30] or essential hypertension [31, 32]. Thus, together with the biochemical data that
has identified ACE2 as a negative regulator component of the RAS (ie, degrading Angiotensin
IT to generate Angiotensin 1-7), ACE2 can be thought to play a profound role in controlling
blood pressure. Which suggests that those hypertensive women or with comorbidities related
to COVID-19 are more susceptible to the changes produced by certain SNPs in the compo-
nents of the RAS such as ACE2.

The level and expression pattern of ACE2 in different tissues and cells due to age, disease,
or pharmacological therapy can be critical to the susceptibility and symptoms resulting from
SARS-CoV-2 infection [14]. Zhou and collaborators [33] showed in heart failure disease an
increased ACE2 expression, in which viral infection was related to a higher risk of myocardial
infarction and worse outcome. On the other hand, a low expression of ACE2 leads to increased
production of Angiotensin II, which can facilitate lung disease [34]. ACE2 genetic variations
could be crucial to the susceptibility and course of COVID-19.

Recently, controversial results have been published on the role of different ACE2 SNPs in
COVID-19 disease. Karakas et al. (2021) failed to show any association between rs2106809 and
rs2285666 and the clinical course of COVID-19 in a cohort of 155 patients [35]. On the other
hand, Srivastava et al. (2020) published a positive correlation between rs2285666 and a lower
infection rate as well as case-fatality rate among Indian populations [19]. In addition, it has
been reported allele A of rs2285666 affect splice site which leads to an increase in the level of
ACE2 protein in serum [36]. In keeping with the later, our results are consistent with an asso-
ciation of this variant with severity of COVID-19 manifestations in women (OR = 12.61, 95%
CI: 1.26-125.87, p = 0.0081).

AGTRI encodes the angiotensin type 1 receptor and is located in chromosome 3q24.
Angiotensine II is a vasopressor hormone that regulates hypertrophy/hyperplasia, vascular
cell migration, and the expression of pro-inflammatory genes. It acts mainly through
AGTRI1 to promote vascular muscle constriction. It is an important regulator of blood
pressure and homeostasis in the cardiovascular system. Elevated tissue levels of Angioten-
sine IT have been described in various pathological conditions, suggesting an important
role in the pathogenesis of hypertension, cardiovascular diseases (myocardial infarction
and arteriosclerosis) and kidney disease [37, 38]. Our results did not show significant dif-
ferences between genotypes frequencies in AGTR1 SNPs and no association was identified
in the hospitalized group regarding severity of the disease. Nevertheless, significant differ-
ences in A/A genotype frequencies in AGTR1 rs5183 were found between the groups with
and without comorbidities regarding hospitalization risk, this suggest that hypertension or
diabetes in patients with an specific genotype could increase the severity of COVID-19
disease.
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Angiotensin II, the main effector of RAS, was shown to promote vascular senescence onset
and progression, leading to age-related vascular diseases [39]. The AGTRI receptor mediates
its detrimental effects. Two SNPs (rs422858 and rs275653) in the AGTR1 promoter associated
to reduced protein level, were significantly associated with the ability to attain extreme old age,
that suggest their role in aging and age-related diseases [40].

The ACE I/D polymorphism has been associated with higher serum ACE levels [41], obe-
sity [42], hypertension [43], increased cardiovascular risk [44], and thrombophilia [45]; all
clinical conditions related with more aggressive COVID-19 disease [45].

In our study I/D polymorphism in ACE failed HWE in hospitalized group, which might be
due to the association with the disease. The Covid-19 patients with comorbidities and DD
genotype in ACE had a higher risk to be hospitalized (OR = 2.97, 95% CI: 1.23-7.17; p<0.05).
In addition, when we analyzed the four severity groups independently, it was remarkable the
association of the D/D with the deceased group. According with this, Delanghe et al (2020)
reported the COVID-19-associated mortality correlated with D-allele of ACE [46] and the I
allele decreased the risk of COVID-19 infection in other cohort of 504 subjects [28]. D/I poly-
morphism in ACE was also associated with ACE2 protein levels in lung tissue, thereby poten-
tially affecting infectivity by SARS-CoV-2 [47].

Despite subgroup analysis suggested an association between some polymorphisms in ACE
and AGTRI and severity, multivariable analysis did not revealed consistent findings. Further
studies with larger cohorts would be needed to definitively state the role of ACE and AGTR1
polymorphisms in COVID-19 disease and outcomes.

Conclusions

Heterozygosity of rs2074192 and rs1978124 SNPs in ACE?2 is associated with the disease sever-
ity caused by SARS-CoV-2 being a protection factor in women. On the other hand, the C/C
genotype of rs2106809 and the allele A of rs2285666 in ACE2 are risk factors in patients with
COVID-19. The different SNPs of ACE2 and rs5183 AGTR1 showed an association with sever-
ity and death in patients with COVID-19 and comorbidities.
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