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Abstract

Background: COVID-19 severity shows marked interindividual variability, suggesting a
role for host genetic factors. Polymorphisms in genes involved in the renin-angiotensin
system and inflammatory response, such as the angiotensin-converting enzyme (ACE) and
the tumor necrosis factor-alpha (TNF-«), have been proposed as potential modulators of
disease severity. Objectives: To evaluate the association between the ACE I/D (rs4646994)
and TNF-«-308 G/ A (rs1800629) polymorphisms and COVID-19 severity in a Mexican
population. Methods: A total of 235 individuals with RT-PCR—confirmed SARS-CoV-2
infection were included. Patients were classified as hospitalized (severe, n = 155) or non-
hospitalized (asymptomatic—mild, n = 80). Genotyping was performed by PCR-RFLP.
Genotype distributions were analyzed using x? tests under dominant and recessive genetic
models, and odds ratios (ORs) with 95% confidence intervals (Cls) were calculated. Results:
The ACE I/D polymorphism showed a significant association with COVID-19 severity.
Carriers of the I allele (ID + II) had a higher risk of hospitalization compared with DD
homozygotes (OR = 2.78, 95% CI: 1.53-5.06, p = 0.001). After adjustment for sex, the
association remained significant (adjusted OR = 2.55, 95% CI: 1.38-4.70, p = 0.003). Sex-
stratified analysis revealed that this association was significant only in male patients.
The DD genotype was more frequent among non-hospitalized individuals, suggesting
a potential protective effect in this population. No significant association was observed
between the TNF-o-308 G/ A polymorphism. Conclusions: The ACE I/D polymorphism
is associated with COVID-19 severity in a Mexican population, with a stronger association
observed in males. These findings highlight the potential role of host genetic background
and sex-specific effects in COVID-19 outcomes.

Keywords: COVID-19; ACE I/D polymorphism; TNF-«-308 G/ A; disease severity; Mexi-
can population

1. Introduction

Since late 2019, coronavirus disease 2019 (COVID-19), caused by the Severe Acute
Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), has posed a major global public health
challenge [1,2]. Although most infected individuals developed mild to moderate symptoms,
a significant proportion progressed to severe disease characterized by respiratory failure,
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systemic inflammation, coagulopathy, and increased mortality [3-7]. The clinical course of
COVID-19 is highly heterogeneous and influenced by multiple factors, including advanced
age, male sex, obesity, smoking, and comorbidities such as diabetes mellitus, hypertension,
cardiovascular disease, and cancer [5,8,9]. Beyond these well-established risk factors,
host genetic variability has emerged as a key determinant of susceptibility and disease
severity [9-12].

Several studies have reported associations between genetic polymorphisms and COVID-
19 severity; in these investigations, the genetic variants influence the progression and out-
come of the subjects with SARS-CoV-2 infection [10,13,14]. Genome-wide association studies
(GWAS) and candidate gene approaches have identified several genetic associations with
severe COVID-19, including the 3p21.31 locus, with population-specific effects [10,11,15].
Among the most extensively studied genes is the ACE pathway, which plays a central role
in cardiovascular homeostasis and inflammatory regulation [13,16,17]. ACE-1 catalyzes the
conversion of angiotensin I to angiotensin II, a potent vasoconstrictor, whereas ACE-2 coun-
terbalances this effect by converting angiotensin II to angiotensin [17-19]. Importantly, ACE-2
also serves as the primary cellular receptor for SARS-CoV-2, facilitating viral entry into host
cells [18-20]. ACE-2 is expressed in multiple tissues, including lungs, intestine, and heart, and
its dysregulation during infection contributes to endothelial dysfunction, inflammation, and
thrombotic complications observed in severe COVID-19 cases [19,21]. In parallel, excessive
inflammatory responses play a critical role in COVID-19 [7,22,23]. Severe cases are often
characterized by a cytokine storm, with elevated levels of pro-inflammatory mediators such
as TNF-« and interleukins (IL-1p, IL-6, IL-8) [23-25].

Polymorphisms in these genes have been associated with several diseases, like di-
abetes and hypertension, and now with the progression and severity of COVID-19 dis-
ease [21,22]. Variants within the ACE gene, especially the insertion/deletion (I/D) polymor-
phism (rs4646994), are associated with altered ACE activity and have been implicated in the
development of cardiovascular and metabolic diseases [18,21,26,27]. Several studies have
suggested a relationship between the ACE I/D polymorphism and COVID-19 severity or
mortality; however, results remain inconsistent across populations [26,27]. On the other hand,
TNF-0-308 G/ A polymorphism (rs1800629) has been associated with increased transcriptional
activity of the TNF-o gene and with susceptibility to inflammatory, metabolic, and infectious
diseases [28,29]. Recent evidence suggests that this polymorphism may influence COVID-19
severity by modulating the host’s inflammatory response. Despite growing evidence linking
ACE and TNF-« polymorphisms to COVID-19 outcomes, data regarding their combined
impact in Latin American populations, particularly in Mexico, remain scarce. Recent studies
have highlighted the importance of evaluating genetic susceptibility in diverse and admixed
populations to understand population-specific effects [30]. Therefore, this study aimed to
evaluate the association between the ACE 1/D (rs4646994) and TNF-«-308 G/ A (rs1800629)
polymorphisms and COVID-19 severity in a Mexican population. Understanding the contri-
bution of host genetic factors in admixed populations may provide valuable insights into the
biological mechanisms underlying COVID-19 severity.

2. Materials and Methods

A total of 235 subjects with confirmed SARS-CoV-2 infection by reverse transcription-
polymerase chain reaction (RT-PCR) were included in the study. Participants were recruited
between 2020 and 2021 and were all native residents of Saltillo, Coahuila, Mexico. The study
was divided into two groups according to disease severity. The severe group consisted of
155 hospitalized patients admitted to the COVID-19 unit at Hospital No. 2 of the Instituto
Mexicano del Seguro Social (IMSS). Body mass index (BMI) was calculated as weight
in kilograms divided by height in meters squared (kg/m?), and obesity was defined as
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BMI > 30 kg/m?. Hypertension was defined according to the American Heart Asso-
ciation (AHA) criteria as systolic blood pressure > 130 mmHg and/or diastolic blood
pressure > 80 mmHg, or current use of antihypertensive medication. Type 2 diabetes melli-
tus was defined according to the American Diabetes Association (ADA) criteria, including
fasting plasma glucose > 126 mg/dL, HbAlc > 6.5%, or use of antidiabetic medication.
Severity classification was based on the Mexican Clinical Guide for Treatment of COVID-19.
It included the presence of pneumonia, respiratory rate > 30 breaths per minute, oxygen
saturation below than 90%, and/or acute respiratory failure, among other criteria [31]. The
non-severe group consisted of 80 non-hospitalized individuals with asymptomatic or mild
COVID-19 who did not exhibit any of these clinical features (Figure 1). All participants
provided written informed consent to enrollment. Blood samples were collected before the
initiation of the national COVID-19 vaccination program; therefore, none of the participants
had received SARS-CoV-2 vaccination at the time of sampling. The study protocol was
approved by the Research Ethics Committee of the General Hospital Saltillo (approval
number 17/2023) and conducted in accordance with the ethical principles of the Declaration
of Helsinki.
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Figure 1. Flow diagram of participant selection and classification according to COVID-19 severity.
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2.1. DNA Extraction and Genotyping

Genomic DNA was extracted from peripheral blood samples using the phenol-
chloroform method and precipitated with ethanol. DNA pellets were resuspended in
sterile distilled water at a final concentration of 100 ng/uL and stored at —20 °C until
analysis. Genotyping of the ACE insertion/deletion (I/D) polymorphisms (rs4646994)
was performed using polymerase chain reaction-restriction fragment length polymor-
phism (PCR-RFLP) analysis, following a previously described protocol with minor mod-
ifications [32]. PCR amplification was carried out in a final reaction volume of 25 pL
containing 500 ng of genomic DNA, 0.2 mM dNTPs, 2 mM MgCl2, 0.5 uM primers
(IDT, Coralville, IA, USA), 25U Taq DNA Polymerase (Invitrogen TM, Sao Paulo,
Brazil), and reaction buffer. The primer sequences were as follows: forward primers 5’-
CTGGAGACCACTCCCATCCTTTCT-3' and reverse 5'-ATCTGACGAATGTGATGGCCAC-
3’. PCR conditions consisted of 35 cycles at 94 °C for 1 min, 58 °C for 1 min, and 72 °C for
1 min. PCR products were separated by electrophoresis on a 1.5% agarose gel stained with
ethidium bromide and visualized under ultraviolet light using UVP 2UV High-Performance
Transilluminator (Upland, CA, USA) coupled to a KODAK Gel Logic 112/212 Imaging
Systems using the Carestream Molecular Imaging software (version 5.3.4) [33].

Genotyping of the TNF-x-308 G/A polymorphism (rs1800629) was performed by
PCR-RFLP as previously described with modifications [34]. PCR reaction (25 pL) contained
500 ng of genomic DNA, 0.2 mM dNTPs, 1.5 mM MgCl2, 0.5 uM of each primer (IDT,
Coralville, IA, USA), and 2.5 U Taq DNA Polymerase (Invitrogen TM, Brazil). Primers
sequences were forward primers 5-GGGACACACAAGCATCAAGG-3’ and reverse 5'-
AATAGGTTTTGAGGGCCATG-3'. Amplification conditions consisted of 35 cycles at 94 °C
for 30 s, 61 °C for 30 s, and 72 °C for 30 s. Approximately 0.5 pug of PCR product was
digested overnight with Ncol (New England Biolabs, Ipswich, MA, USA) at 37 °C. Digested
fragments were separated on 2.5% agarose gel electrophoresis, stained with ethidium
bromide, and visualized under ultraviolet light using a UVP 2UV High-Performance
Transilluminator (Upland, CA, USA) coupled to a KODAK Gel Logic 112/212 Imaging
Systems using the Carestream Molecular Imaging software [35].

2.2. Statistical Analysis

Continuous variables are presented as mean + standard deviation (SD) and were com-
pared between hospitalized and non-hospitalized groups using Student’s t-test. Categorical
variables are presented as counts and percentages and were compared using the chi-square
(x?) test when expected cell frequencies were >5. Fisher’s exact test was applied when
expected frequencies were <5 or when sample sizes were small. Genotype distributions
were tested for Hardy—Weinberg equilibrium (HWE) in the non-hospitalized group for
both polymorphisms using the x? test. Genotype models were coded as follows: dominant
model (ID + II vs. DD) and recessive model (Il vs. ID + DD). Dominant and recessive
genetic models were used to evaluate potential inheritance patterns of the polymorphisms.
The dominant model assesses the effect of carrying at least one variant allele, whereas
the recessive model evaluates the effect of homozygosity for the variant allele. Allelic
frequencies between groups were also compared using the x? test, and odds ratios (ORs)
with 95% confidence intervals (Cls) were calculated from 2 x 2 contingency tables. A
p-value < 0.05 was considered statistically significant. A binary logistic regression analysis
was performed to evaluate the independent association between the ACE 1/D polymor-
phism and COVID-19 severity. Hospitalization status (hospitalized vs. non-hospitalized)
was used as the dependent variable, and sex was included as a covariate in the model.
Additional clinical variables, including age, obesity, hypertension, and diabetes, were not

https:/ /doi.org/10.3390/biochem6020011


https://doi.org/10.3390/biochem6020011

BioChem 2026, 6, 11

50f12

included in the model due to the limited sample size and the high prevalence of these
comorbidities in both study groups.

3. Results

Demographic analysis revealed a higher proportion of males in the hospitalized
group compared to the non-hospitalized group (63.9% vs. 41.3%). Male sex was signifi-
cantly associated with an increased risk of hospitalization (OR = 2.51, 95% CI: 1.43—4.41,
p = 0.001) (Table 1). Hypertension was significantly more frequent among hospitalized pa-
tients (83.2% vs. 56.3%, p < 0.001), whereas no significant differences were observed for age
or diabetes. Genotype distributions for ACE deviated from HWE in the non-hospitalized
group (p = 0.011), whereas TNF-a was in equilibrium (p = 0.82) (Table 2).

Table 1. Baseline characteristics of the study population.

Non-Hospitalized

Variable Hospitalized (1 = 155) (1 = 80) p-Value
Sex 0.001 *
Male, n (%) 99 (63.9) 33 (41.3)

Female, n (%) 56 (36.1) 47 (58.7)

Age (years), mean £ SD 62, £3.5 58, £1.8 0.09
Hypertension, n (%) <0.001 *
Yes 129 (83.2) 45 (56.3)

No 26 (16.8) 35 (43.7)

Diabetes, 11 (%) 0.27
Yes 135 (87.1) 63 (78.8)

No 20 (12.9) 17 (21.2)

Obesity, 1 (%) 0.09

Yes 119 (76.8) 62 (77.5)

No 36 (23.2) 18 (22.5)

Smoking status, 1 (%) 0.13

Yes 48 (31.0) 12 (15.0)

No 107 (69.0) 68 (85.0)

Obesity was defined as BMI > 30 kg/ m? according to World Health Organization criteria. Hypertension was
defined according to American Heart Association (AHA) guidelines. Type 2 diabetes mellitus was defined
according to American Diabetes Association (ADA) criteria. Data are presented as mean =+ standard deviation or
as counts and percentages. Continuous variables were compared using Student’s ¢-test, and categorical variables
were compared using the chi-square test or Fisher’s exact test when appropriate. * A p-value < 0.05 was considered
statistically significant.

Regarding the ACE genotype, the I/D genotype was the most frequent in the overall
population (104/235, 44.3%). In the hospitalized group, the I/D genotype was the most
prevalent, followed by the I/I genotype, whereas in the non-hospitalized group, the D/D
genotype was the most frequent (Table 2). A significant difference in genotype distribution
between hospitalized and non-hospitalized subjects was observed (x? = 11.65, p = 0.003)
(Table 3). Under a dominant genetic model, individuals carrying at least one I allele (ID + II)
showed a significantly increased risk of hospitalization compared with those with the DD
genotype (OR = 2.78, 95% CI: 1.53-5.06, p = 0.001). Under the recessive model (Il vs. ID + DD),
the association was weaker and did not reach statistical significance (OR = 1.39, 95% CIL:
0.75-2.57, p = 0.29) (Table 4). Logistic regression analysis adjusted for sex confirmed the
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association between the ACE I/D polymorphism and hospitalization (adjusted OR = 2.55,
95% CI: 1.38-4.70, p = 0.003) (Table 4).

Table 2. Genetic characteristics and HWE.

i o Allele HWE
Polymorphism Group Genotype n (%) Frequency  p-Value
ACE Non-

154646994 hospitalized - 32(400)  D=0575 0011
ID 28 (35.0) 1=0.425
I 20 (25.0)

ACE o

54646994 Hospitalized DD 30 (19.4) D =0.439 —
ID 76 (49.0) 1=0.561
I 49 (31.6)

TNF-« Non-

151800629 hospitalized ~ CC 76 (95) G=0975 082
AG 4 (5) A =0.025

TNF-a o

51800629 Hospitalized GG 142 (91.6) G =0.961 —
AG 13 (8.4) A =0.042

Data are presented as counts and percentages. Allele frequencies are shown for each study group. Hardy-
Weinberg equilibrium (HWE) was evaluated in the non-hospitalized group using the chi-square (x?) test.

Table 3. Genotype and allele frequencies of the ACE I/D polymorphism in hospitalized and non-
hospitalized COVID-19 patients.

Genetic Distribution

Hospitalized Non-Hospitalized

Genotype 1t (%) 0 (%) OR 95%CI  x* p-Value
DD 30 (19.4) 32 (40.0) Ref.
ID 76 (49.0) 28 (35.0) 2.89 1.48-5.64
I 49 (31.6) 20 (25.0) 261 1.25-538 11.65 0.003*
Allele Hospitalized Non-hospitalized n
n (%) (%)
I 174 (56.1) 68 (42.5) 175 119-251 825  0.004*
D 136 (43.9) 92 (57.5) Ref.

Data are presented as counts and percentages. Odds ratios (ORs) and 95% confidence intervals (CIs) were
calculated using 2 x 2 contingency tables. Statistical significance was assessed using the chi-square test or Fisher’s
exact test when appropriate. * A p-value < 0.05 was considered statistically significant.

Sex-stratified analysis revealed that male patients primarily drove the association
between ACE genotypes and disease severity. Among males, the dominant model (ID + II
vs. DD), male carriers of the I allele showed a significantly increased risk of hospitalization
(OR =3.96, 95% CI: 1.63-9.58, p = 0.002). No significant associations were observed among
female participants under any genetic model (Table 5). In the hospitalized group, males
represented 63.87% of cases, whereas females accounted for 36.12%.
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Table 4. Genetics models. Odds ratios for COVID-19 hospitalization according to dominant and
recessive genetic models for ACE I/D and TNF-« polymorphisms.

Genetic Models

Model Comparison Hospitalized Non-Hospitalized  OR 95% CI p-Value
Dominant ID + I vs. DD 125/30 48/32 2.78 1.53-5.06 0.001 *
Recessive II'vs. ID + DD 49/106 20/60 1.39 0.75-2.55 0.29
Adjusted Dominant

logistic model (adjusted - - 2.55 1.38-4.70 0.003 *
regression for sex)

Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated for dominant and recessive genetic models.
Statistical significance was assessed using the chi-square test or logistic regression analysis adjusted for sex. * A
p-value < 0.05 was considered statistically significant.

Table 5. Sex-stratified analysis of ACE polymorphism.

Male

Model Comparison Hospitalized Non-Hospitalized = OR 95% CI p-Value
Dominant ID + II'vs. DD 80/19 17/16 396  1.63-9.58 0.002 *
Recessive IIvs. ID + DD 32/67 7/26 177  0.67-4.63 0.25

Female

Model Comparison Hospitalized Non-Hospitalized = OR 95% CI p-Value
Dominant ID + I vs. DD 43/13 31/16 171  0.73-4.01 0.21
Recessive II'vs. ID + DD 15/41 13/34 096  0.39-2.36 0.93

Sex-stratified analyses were performed separately for male and female participants. Odds ratios (ORs) and 95%
confidence intervals (Cls) were calculated using 2 x 2 contingency tables. Statistical significance was assessed using
the chi-square test or Fisher’s exact test when appropriate. * A p-value < 0.05 was considered statistically significant.

For the TNF-o-308 G/ A polymorphism (rs1800629), genotype distribution in the non-
hospitalized group was consistent with HWE (p = 0.82) (Table 1). The GG genotype was
the most frequent in both hospitalized (91.6%) and non-hospitalized (95%) groups, while
the AA genotype was not observed. Although a higher frequency of the AG genotype was
observed among hospitalized patients (8.4%) compared to non-hospitalized individuals
(5%), this difference was not statistically significant (OR = 1.74, 95% CI: 0.55-5.52, p = 0.38)
(Table 6).

Table 6. Genotype frequencies of TNF-a V308G/ A rs1800629 polymorphisms in COVID-19 hospital-
ized and non-hospitalized patients.

Hospitalized Non-Hospitalized n

Genotype (%) (%) OR 95% CI p-Value
GG 142 (91.6) 76 (95) Ref. — —
AG 13 (8.4) 4 (5) 1.74 0.55-5.52 0.38

Data are presented as counts and percentages. Odds ratios (ORs) and 95% confidence intervals (Cls) were
calculated using 2 x 2 contingency tables. Statistical significance was assessed using the chi-square test or Fisher’s
exact test according to expected cell frequencies. A p-value < 0.05 was considered statistically significant.

4. Discussion

In this study, we investigated the association between the ACE I/D (rs4646994) and
TNF--308 G/ A (rs1800629) polymorphisms and COVID-19 severity in a Mexican popula-
tion. Our findings indicate that carriers of the I allele of the ACE polymorphism (ID + II
genotypes) had a significantly higher likelihood of hospitalization compared with individ-
uals with the DD genotype. The DD genotype was more frequent among non-hospitalized
individuals in our cohort, suggesting a potential protective effect. This observation con-
trasts with several European studies reporting an association between the DD genotype
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and increased severity of COVID-19. These findings suggest that the relationship between
ACE polymorphism and COVID-19 severity may vary across populations, particularly in
genetically admixed populations such as the Mexican population. COVID-19 has resulted
in substantial morbidity and mortality worldwide. According to the World Health Organi-
zation (WHO), millions of cases and deaths have been reported globally, underscoring the
need to understand the factors that contribute to disease severity [1]. While several clinical
risk factors, including age, sex, and comorbidities, have been well established, increasing
evidence supports a role for host genetic variability in modulating disease outcomes. These
findings are consistent with recent large-scale genetic studies highlighting the contribution
of host genetic factors to COVID-19 severity [11,12]. In this context, genetic polymorphisms
in pathways involved in the renin-angiotensin system and inflammatory response have
been proposed as potential contributors to interindividual variability in COVID-19 severity.

The ACE I/D polymorphism has been widely studied due to its functional relevance
in the renin-angiotensin system. Variations in the ACE gene may influence circulating ACE
levels, which in turn affect angiotensin II production and downstream inflammatory and
vasoconstrictive pathways. During SARS-CoV-2 infection, dysregulation of this system has
been associated with endothelial dysfunction, pulmonary inflammation, and progression
to severe COVID-19. Therefore, genetic variation in ACE may contribute to interindividual
differences in disease severity. This observation contrasts with several European studies
reporting an association between the DD genotype and increased severity of COVID-19.
The ACE I/D polymorphism influences circulating ACE levels, which may modulate an-
giotensin II activity and downstream inflammatory and vasoconstrictive pathways implicated
in COVID-19 pathophysiology [28]. Dysregulation of this system has been associated with
lung injury, endothelial dysfunction, and hyperinflammation, all of which are key features of
severe COVID-19. Previous studies investigating the association between the ACE 1/D poly-
morphism and coronavirus-related diseases have reported heterogeneous results. However,
previous studies have reported no significant association between this polymorphism and
susceptibility to SARS-CoV infection or the development of ARDS [32,35]. More recent studies
on COVID-19 have also yielded inconsistent findings, with some reporting no association [36],
while others, including meta-analyses in European and Asian populations, have suggested
that the DD genotype is associated with increased disease severity [18,36-38]. The contrasting
pattern observed in our study may reflect population-specific genetic backgrounds, differences
in linkage disequilibrium patterns, or gene—environment interactions. This is particularly
relevant in admixed populations such as the Mexican population, where genetic diversity may
influence allele distribution and disease associations, as previously suggested [26,30,38—40].
Although deviation from HWE in the non-hospitalized group may raise concerns, several
factors may explain this finding. Therefore, this finding does not necessarily invalidate the
observed association but should be interpreted with caution. The relatively small sample size
may contribute to random deviations. In addition, the Mexican population is characterized by
a high degree of genetic admixture, which may lead to population stratification and departure
from equilibrium expectations. Furthermore, deviation from HWE has been reported in asso-
ciation studies when a genetic variant is related to disease susceptibility or severity. Therefore,
this finding does not necessarily invalidate the observed association but should be interpreted
with caution, as deviations from HWE may occur in genetic association studies due to factors
such as population stratification, sampling variation, or true disease association [41,42].

To further explore potential sex-related differences in genetic susceptibility, a sex-
stratified analysis was performed. Sex-stratified analysis revealed that male patients pri-
marily drove the association between the ACE polymorphism and COVID-19 severity. Male
carriers of the I allele exhibited a significantly increased risk of hospitalization, whereas
no significant associations were observed among female participants. These findings are
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consistent with previous reports indicating that males are at higher risk of severe COVID-19
outcomes [43,44]. Furthermore, the association between the ACE I/D polymorphism and
disease severity remained significant in males after sex stratification, whereas no significant
associations were observed among females. These results are consistent with previous
studies reporting sex-specific genetic effects and suggest that hormonal, immunological,
or behavioral factors may modulate the impact of ACE polymorphisms on COVID-19
outcomes. Although ACE I/D polymorphisms have been extensively studied in relation
to hypertension in Mexican populations, no consistent associations have been established,
underscoring the complexity of ACE-related phenotypes [33].

The inflammatory response plays a central role in COVID-19 severity, particularly
through the development of a cytokine storm in critically ill patients [24]. Elevated levels
of pro-inflammatory cytokines, including TNF-«, have been associated with poor progno-
sis [38]. In the present study, the TNF-x-308 G/ A (rs1800629) polymorphism showed geno-
type frequencies consistent with those previously reported in Mexican populations [35,38].
The GG genotype was predominant in both hospitalized and non-hospitalized groups,
and the AA genotype was not detected. A non-significant association between TNF-x-308
G/ A polymorphism and COVID-19 severity was observed. Although a slightly higher
frequency of the AG genotypes was found among hospitalized patients, this difference did
not reach statistical significance. Previous studies have suggested that carriers of the A
allele may have a worse prognosis due to increased TNF-o expression [45]. However, the
low frequency of the A allele and the absence of the AA genotype in our cohort may have
limited the ability to detect such an association. Similar findings have been reported in stud-
ies comparing severe and asymptomatic or mildly symptomatic COVID-19 patients [46].
Rokni et al. demonstrated that the TNF-ox A allele is associated with greater disease severity,
particularly in AA homozygotes, whereas other cytokine-related polymorphisms were not
significantly associated [47]. Taken together, our findings suggest that genetic variation
in the ACE pathway may contribute to interindividual differences in COVID-19 severity,
particularly among male patients.

Several limitations of this study should be acknowledged. First, the logistic regression
analysis was limited to adjustment for sex, as this variable was significantly associated with
hospitalization in our cohort. Additional clinical covariates, including age, smoking status,
hypertension, diabetes, and obesity, were not included because the limited sample size and
high prevalence of some comorbidities could compromise model stability and increase the
risk of overfitting. Therefore, residual confounding cannot be excluded, and the observed
associations should be interpreted with caution. Second, the relatively small sample size,
particularly in the non-hospitalized group, may have reduced the statistical power to
detect modest genetic effects, especially for low-frequency alleles such as TNF-«-308 A. In
addition, subgroup analyses, particularly those stratified by sex, may have limited statistical
power due to reduced sample sizes, as reflected by the relatively wide confidence intervals
observed. Furthermore, the absence of a healthy control group precludes differentiation
between genetic susceptibility to SARS-CoV-2 infection and determinants of disease severity.
Future studies incorporating larger cohorts, more comprehensive clinical data, and fully
adjusted multivariable models are needed to validate and extend these findings.

5. Conclusions

The ACE I/D polymorphism is associated with COVID-19 severity in a Mexican popu-
lation, with a stronger association observed in males. In contrast, no significant association
was identified for the TNF-«-308 G/A polymorphism. These findings support the role of host
genetic factors in modulating disease severity and underscore the importance of consider-
ing sex-specific effects and population genetic background in COVID-19 research. Further
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studies with larger sample sizes, inclusion of healthy controls, and multivariable analyses are
warranted to confirm these associations and to clarify their potential clinical implications.
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