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Abstract 

Background  COVID-19 emerged in late 2019 and has occasioned more than 765 millions cumulative cases and 6.9 
millions of deaths globally. Notably, around 70% of patients with severe COVID-19 are men. Therefore, it is to be pre‑
sumed that women have a hormonal protector factor in inflammation and ACE2 expression. On the other hand, oral 
health status, and local microbiome can be key factors to respiratory viral infections control. Nevertheless, it has been 
poorly investigated. In our study 20 premenopausal, 18 postmenopausal and 22 men with COVID-19 were included. 
Oral health status, viral load, lingual ACE2 expression, as well as microbiome, estrogens and cytokines in saliva were 
analyzed.

Results  Our results showed a lower expression of ACE2 in tongue cells of postmenopausal compared with pre‑
menopausal (p = 0.05), and a strong negative correlation between saliva estrogen and viral load (r = -0.76; p = 0.001). 
Respect to IFN-γ (p = 0.05), IL-1β, TNF-α, IL-18, and IL-23 levels were increased in postmenopausal. Oral microbiome 
signature of premenopausal was characterized by Prevotella melaninogenica (Log2 = 26.68; p = 1.34e-10), Haemophilus 
(Log2 = 23.99; p = 2.96e-9), and Alloprevotella (Log2 = 7.92; p = 0.0001). On the other hand, Leptotrichia (Log2 = -18.74; 
p = 0.001), Tanerella (Log2 = -17.08; p = 0.004), and Clostridiales (Log2 = -2.88; p = 0.04) represented the poor oral health 
group compared with the adequate group which was enriched with the commensal microorganism Neisseria per-
flava (Log2 = 26.70; p = 1.74e-7). Furthermore, the high viral load group was characterized by Prevotella nanceiensis 
(Log2 = 19.60; p = 6.06e-8), Prevotella melaninogenica (Log2 = 21.45; p = 9.59e-6), Alloprevotella (Log2 = 23.50; p = 2.70e-
7) and bacteria from the red complex Porphyromonas endodentalis (Log2 = 21.97; p = 1.38e-7).

Conclusions  Postmenopausal and men have a poor oral health status which could be related to a detrimental 
progression of COVID-19 also linked to a lower expression of ACE2, lower saliva estrogen levels and oral dysbiosis. 
Nevertheless, functional studies are required for a deeper knowledge.
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Background
The pandemic of COVID-19 spread rapidly worldwide 
and caused more than 6 million deaths [1]. Reports 
described that older adults, postmenopausal, and men 
are at increased risk of developing severe symptomatol-
ogy and mortality compared to young women. As well 
obesity, high pressure, and bad general health status 
play an essential role in increasing mortality [2].  Sex 
disparity could be a key factor in the progression of 
COVID-19. Whereas incidence of SARS-CoV-2 infec-
tion are similar in men and women; on the contrary, 
men have a severe outcome disease, and a higher mor-
tality rate compared to women [3, 4]. These differences 
could be linkage to female hormone levels, sex chromo-
somes in particular X-linked genes escaping silencing 
that can influence expression of ACE2, TLR7, and TLR8 
genes [5–7].

Oral cavity is an entry pathway for SARS-CoV-2. This 
virus can enter into the cell via the Angiotensin-Convert-
ing Enzyme type 2 (ACE2) receptor, which is expressed 
in the oro-nasal mucosa, lungs, heart, kidney, and vessels. 
ACE2 is an important molecule to deactivate the detri-
mental effects of the Renin- Angiotensin System (RAS) 
as vasoconstriction, sodium retention and the increase of 
blood pressure. SARS-CoV-2 infection can downregulate 
the protective functions of ACE2 [8]. Moreover, this virus 
can lead to a cytokine storm orchestrated by the innate 
immune system and the inability to clear the infection by 
the adaptive immune system [9].

On the other hand, estrogens have a beneficial effect 
on the upper and lower airways, hence the increase of 
nasal mucus which contains lactoferrin, IgA, IgG and 
mucins that have an antimicrobial effect [2]. Estrogens 
also promote an enhancement of the innate and adap-
tive immune system increasing macrophages, dendritic 
cells and natural killer activity; as well as the diminish-
ment of inflammatory cytokines like IL-1, TNF-α, and 
IL-6; and promote interferon type 1 response [10, 11]. 
Subsequently, sex hormones, especially estrogens inter-
fere with the sexual dimorphism reported in the immune 
response and microbiota composition [12–14].

Broadly speaking, local chronic inflammatory states 
caused by a lack of oral health or periodontal disease 
could lead to deficient immune response. Furthermore, 
SARS-CoV2 infection can cause epithelial injuries and 
alter the oral microbiome in patients, increasing inflam-
mation-inducing pathobionts [15, 16], which are related 
to symptom duration and can lead to secondary bacte-
rial infections [17]. The oral epithelial cells are capable of 
synthesizing a wide variety of cytokines; hence injuries 
can result in an environment with increased oral proin-
flammatory cytokines [15] that perpetuate microbiota 
dysbiosis and mucosal injury.

The aim of this study was to evaluate the role of 
estrogen in the modulation of oral inflammatory 
cytokines,  oral microbiome and their impact in disease 
severity and oral health in premenopausal women with 
SARS-CoV-2 infection.

Results
Demographic, clinical characteristics and oral health status
Sixty subjects were included in the study and were 
divided into three groups, premenopausal (n = 20), post-
menopausal (n = 18) and men (n = 22). Demographic and 
clinical data are described in Table  1. Significant differ-
ences were found in age (p = 0.0001), weight (p = 0.0004), 
height (p = 0.0001), and serum estradiol levels between 
groups (p = 0.0001). In contrast, salivary estradiol levels 
only showed a tendency to decrease in postmenopausal 
and men groups (p = 0.1630). On the other hand, when 
we analyzed comorbidities, we observed that postmeno-
pausal women had a higher prevalence of hypertension, 
diabetes and obesity (p = 0.0238). Body mass index and 
SARS-CoV-2 viral load did not show statistical differ-
ences (Table 1). Oral health status was evaluated through 
DMF-T and Oral Hygiene Index. The postmenopausal 
group had the worst oral health status (p = 0.01) accord-
ing to the DMF-T index (7.61 ± 3.27) compared with the 
premenopausal (4.61 ± 4.03) and men groups (4.5 ± 3). 
However, when the presence of caries was evaluated 
alone among the groups, men had the poorest oral sta-
tus compared with the premenopausal and postmeno-
pausal groups (p = 0.0483). According to the oral hygiene 
index (OHI-S), the three groups presented moderate oral 
hygiene. Nonetheless, when the Modified Gingival Index 
was evaluated, the postmenopausal women presented 
higher gingival inflammation compared to the premen-
opausal and men groups. No difference was observed 
among the number of patients that referred to bleeding 
when toothbrushing (Table 1). Symptoms are enlisted in 
Table S1.

Lingual ACE2 expression
In order to analyze ACE2 expression in the oral cavity, we 
performed a lingual swab, and studied cells by Immuno-
fluorescence. In Fig.  1a we show representative images 
of cells stained and visualized by a confocal microscope, 
as well as, the relative light units analysis (Fig. 1b). As we 
expected, ACE2 expression was at the cell surface, but 
also in an intracellular way. Interestingly, cells from pre-
menopausal women had the highest expression of ACE2, 
in comparison to postmenopausal (p = 0.05), and men 
groups. Additionally, we performed correlation analy-
sis of ACE2 with OHI-S, DMF-T, viral load, and estro-
gen levels in serum and saliva. Were found  as expected 
a positive correlation between OHI-S and DMF-T 
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Table 1  Demographic, clinical and oral health status data

Comparison by groups: + premenopausal women vs postmenopausal women

The Chi square test, ⤒ one-way ANOVA and *Kruskal–Wallis tests were employed for statistical analysis
a Patients “No detected” had a positive SARS-CoV-2 antigen test

Variables Premenopausal n = 20 Postmenopausal n = 18 Men n = 22 P value

Age 33.55 ± 7.14 56.56 ± 10.25 37.55 ± 10.96 0.0001*

Weight (kg) 73.45 ± 15.95 67.94 ± 13.83 88.95 ± 18.38 0.0004*

Height (m) 1.62 ± 0.06 1.55 ± 0.05 1.75 ± 0.06 0.0001*

Serum estrogen (pg/mL) 88 ± 84 46 ± 56 25 ± 8 0.0001*

Saliva estrogen (pg/mL) 1.19 ± 0.49 0.98 ± 0.42 0.92 ± 0.33 0.1630

Comorbidities
  Yes (%) 7 (35) 14 (77.8) 10 (45.5) 0.0238 + 

  No (%) 13 (65) 4 (22.2) 12 (54.5)

  Hypertension - 4 (28.6) 2 (20)

  Diabetes 1 (14.3) 3 (21.4) 1 (10)

  Obesity 6 (85.7) 7 (50) 7 (70)

Body Mass Index (%)
  Normal Weight 7 (35) 4 (22.2) 3(13.6) 0.4459

  Overweight 7 (35) 7 (38.8) 12 (54.5)

  Obesity 6 (30) 7 (38.8) 7 (31.9)

SARS-CoV-2
  Viral Load (copies/mL) 8.24 × 106 ± 16 × 106 10.4 × 106 ± 14 × 106 4.9 × 106 ± 10 × 107 0.7225

  High (> 100,000 copies/mL) 15(75%) 11(61.1%) 15(68.2%)

  Moderate (10,000 -100,000 copies/mL) 2(10%) 5(27.8%) 4(18.2%)

  No detecteda 3(15%) 2(11.1) 3(13.6%)

Oral Health
  DMF-T 4.6 ± 4.03 7.6 ± 3.27 4.45 ± 3 0.01⤒
  CAVITY CARIES (D component) 1.4 ± 2 0.88 ± 1.77 2.09 ± 1.84 0.0483

  OHI-S 1.12 ± 0.88 1.52 ± 1.21 1.55 ± 0.79 0.2983

Fig. 1  Lingual ACE2 expression and correlations. a representative images of ACE2 expression in tongue cells of premenopausal, postmenopausal 
and men by immunofluorescence. b Relative light units analysis of ACE2 expression. c Spearman correlation heatmap of ACE2, OHI-S, DMF-T, viral 
load, saliva estrogen, and serum estrogen levels. p values ≤ 0.05 were considered significant and r = 0.4 cut off. ACE2: Angiotensin converting enzyme 2; 
OHI: oral hygiene index; DMF: Decay missing filled 
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(r = 0.48; p = 0.035); and an interesting negative correla-
tion between estrogen saliva levels and ACE2 expression 
(r = 0.76; p = 0.001) (Fig. 1c).

Proinflammatory cytokines in saliva
Key salivary proinflammatory cytokines were measured 
to evaluate the inflammatory environment of the oral 
cavity of premenopausal, postmenopausal and male sub-
jects (Fig.  2a-i). Only levels of IFN-γ were significantly 
higher (p = 0.05) in the postmenopausal group compared 
with the premenopausal and men groups. A similar pat-
tern was observed in IL-1β, TNF-α, IL-18, and IL-23 
levels where postmenopausal women had higher levels 
compared with men and premenopausal but no signifi-
cance was obtained. In contrast, IL-6 and MCP-1 were 
slightly higher in men compared with the other groups, 
with no significance obtained. Overall, this panel reflects 
a clear tendency of a higher oral proinflammatory state in 
postmenopausal women (Fig. 2i).

Oral microbiome signature
In order to describe oral microbiome composition in pre-
menopausal, postmenopausal and men; we performed a 
metagenome analysis of 16S ribosomal subunit. Alpha 
diversity was carried out with the Chao1 index, no sig-
nificant differences were found between the groups. Beta 
diversity was obtained with nonmetric multidimensional 
scaling (NMDS) of Bray–Curtis distances; similarly, no 
significant differences were found between the stud-
ied groups (Fig.  3a, b). The tool DESeq2 was employed 
for the differential abundance analysis, the results were 
represented in a volcano plot, oral pathogenic bacte-
ria Prevotella melaninogenica (Log2 = 26.68; p = 1.34e-
10), Haemophilus (Log2 = 23.99; p = 2.96e-9), and 

Alloprevotella (Log2 = 7.92; p = 0.0001) characterized the 
oral microbiome of premenopausal respect to postmeno-
pausal women (Fig. 3c).

Oral health status can modify the microenviron-
ment; therefore, we re-classify the subjects of the study 
into Poor, Moderate, and Adequate oral health groups. 
Strikingly, no differences were found in the alpha and 
beta indices. Meanwhile, the DESeq2 analysis showed 
that potential pathogenic bacteria such as Leptotrichia 
(Log2 = -18.74; and p = 0.001), Tannerella (Log2 = -17.08; 
p = 0.004), and Clostridiales (Log2 = -2.88; p = 0.04) rep-
resented the poor oral health group compared with the 
adequate group which was enriched with the commensal 
microorganism Neisseria perflava (Log2 = 26.70; p = 1.74 
e-7) (Fig. 3d-f ).

Subsequently, we grouped the subjects of the study into 
high and moderate SARS-CoV-2 viral load to evaluate the 
influence of the viral infection in the oral microbiome. In 
parallel to the other classifications made, no significant 
differences were observed in the alpha and beta indices 
between the groups. As to the differential abundance 
analysis, only the high viral load group was character-
ized by Prevotella nanceiensis (Log2 = 19.60; p = 6.06e-
8), Prevotella melaninogenica (Log2 = 21.45; p = 9.59e-6), 
Alloprevotella (Log2 = 23.50; p = 2.70e-7), and bacte-
ria from the red complex Porphyromonas endodentalis 
(Log2 = 21.97; p = 1.38e-7) (Fig. 3g-i).

Oral cavity correlations network linkages
Correlation network linkages, for microbiota in saliva 
with specific key salivary cytokines, estrogen, COVID-19 
symptoms, and oral health indices between premenopau-
sal, postmenopausal and men groups are shown in Fig. 4. 
These correlation networks demonstrated an important 

Fig. 2  Proinflammatory cytokines in saliva. a IL-1β, b IL-6, c MCP-1, d TNF-α, e IFN-α, f IFN-γ, g IL-18 e, h IL-23 in saliva samples of premenopausal, 
postmenopausal and male subjects. i Heatmap with normalized data of saliva cytokines. Kruskal–Wallis test and Dunn’s multiple comparisons test 
were performed, p value less or equal to 0.05 was considered significant. * p ≤ 0.05
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interrelation among the studied variables, neither of the 
groups showed a clear role of salivary estrogens in oral 
health however oral health indices showed valuable link-
ages with salivary cytokines and oral bacteria in all of the 
studied groups.

In the premenopausal group, Prevotella and Veillonella 
played a central role in oral health as they were posi-
tively correlated with DMF-T (r = 0.69; p = 0.004; r = 0.65; 
p = 0.008, respectively); interestingly, salivary estrogen 
in this group had a negative correlation with Prevotella 

Fig. 3  Alpha, beta diversity, and differential abundance of the oral microbiome. a Chao1 index, c Bray Curtis distance in NMDS plot, d Volcano plot 
based on Deseq2 results of microbiome differential abundance of premenopausal, postmenopausal and male subjects. d Chao1 index, e Bray curtis 
distance in NMDS plot, f Volcano plot based on Deseq2 results of microbiome differential abundance grouped by oral health status (adequate vs 
poor). g Chao1 index, h Bray curtis distance in NMDS plot, i Volcano plot based on Deseq2 results of microbiome differential abundance grouped 
by viral load (high vs moderate). p value less or equal to 0.05 was considered significant, and a fold change of 2
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(r = -0.5; p = 0.036), which might indicate an indirect hor-
monal modulation of some proinflammatory oral bac-
teria. Furthermore, the caries and OHI-S index showed 
positive correlation (r = 0.69; p = 0.006), and a nega-
tive correlation of IL-10 with the latter and Veillonella 
(r = -0.68; p = 0.009) (Fig. 4a).

In contrast, postmenopausal was the group with the 
worst oral health status and was represented by a strong 
linkage among key proinflammatory oral cytokines. 
Of note, the oral health index OHI-S showed a positive 

correlation with the potential oral pathogen Prevotella 
(r = 0.52; p = 0.049) which along with the caries associ-
ated bacteria Stomatobaculum had a positive correla-
tion with IL-1β (r = 0.61; p = 0.023). Stomatobaculum was 
part of a pathogenic triad as it had positive correlation 
with the pathogens Fusobacterium (r = 0.59; p = 0.016) 
and Campylobacter (r = 0.62; p = 0.011). Similarly, the 
cytokines linkages showed positive correlation among 
each other specially. IFNγ and IL-23 had a positive corre-
lation (r = 0.54; p = 0.044); as well as between TNF-ɑ and 

Fig. 4  Oral cavity correlations network linkages. a premenopausal b postmenopausal, c Men. Pearson correlation coefficient shows if there 
exists a positive correlation (red line) or negative correlation (blue line) between variables. p value less or equal to 0.05 was considered significant 
and r = 0.4 cut off
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IFNγ (r = 0.7; p = 0.007). On the other hand, IL-23 had a 
negative correlation with Bergeyella (r = -0.54; p = 0.048), 
Porphyromonas (r = -0.59; p = 0.027), and Candida-
tus Saccarimonas (r = -0.54; p = 0.044), indicative of an 
immune response and bacterial control (Fig. 4b).

On the other hand, the men group had a reduced 
number of linkages, however the DMF-T index showed 
negative correlation with the oral bacterias Bacteroi-
detes oral taxon str. F0058 (r = -0.54; p = 0.042), Simon-
siella (r = -0.6; p = 0.02), Saccharimonadales (r = -0.68; 
p = 0.007), Bergeyella (r = -0.55; p = 0.038), and Kingella 
(r = -0.63; p = 0.013) from which only the last two have 
been linked with oral disease (Fig. 4c).

Discussion
There is sexual dimorphism driven by estrogen in 
immune responses, as well as in the expression of specific 
cell receptors such as ACE2, which fluctuate through-
out life and is influenced by age, reproductive status, and 
environmental factors, including the microbiome in the 
individual [18]. Hence, the oral microbiota, inflammatory 
response, and clinical effects may be divergent among 
premenopausal and postmenopausal women and men 
with SARS-CoV2 infection.

COVID-19 most prevalent oral manifestations 
reported are dysgeusia and xerostomia; however, mucosal 
lesions are present in 20% of COVID-19 patients [19]. 
Poor oral health found in postmenopausal women and 
men subjects might indicate higher cell damage com-
pared with the premenopausal group. Oral lesions due to 
SARS-CoV2 infection can be direct or indirect, the latter 
is related to oral cavity local immune responses, micro-
bial infections, drug side effects among others [19, 20].

ACE2 receptor is highly expressed in the oral mucosa, 
mainly in the gingival sulcus and the epithelial cells [21, 
22], its expression is downregulated in the oral cavity of 
SARS-CoV2 infected subjects [23]. Here we show that 
SARS-CoV2-infected postmenopausal and male subjects 
have lower ACE2 levels; ACE2 downregulation leads to 
critical inflammatory lesions in the respiratory tract [24]. 
This downregulation is mirrored in the oral mucosal and 
partially explains the poor oral health status observed in 
postmenopausal and male groups compared to premeno-
pausal women.

Oral estrogen decrease impacts the oral mucosa, as it 
makes it more vulnerable to lesions and infections; addi-
tionally, changes the immune system [25] and upregu-
lates ACE2 expression [26]; therefore, representing a 
protective factor against oral lesions at the onset of the 
disease [27]. As presumed, we found a negative correla-
tion of viral load with salivary estrogen, which, along with 
a lower ACE2 level, further denotes the shielding effect of 
estrogen in the oral cavity in SARS-CoV2 infection.

Salivary proinflammatory cytokines concentrations are 
increased in COVID-19 [28]; interestingly, in this study, 
the postmenopausal group had the worst oral health 
along with a high salivary proinflammatory cytokine pro-
file. A similar pattern was observed in the men group, 
this effect could be related to the estrogen levels [29]; 
nevertheless, we could not evaluate this due to the nature 
of the study.

Oral cytokines and estrogen play a key role in oral 
microbiome modulation [30, 31]. Oral Prevotella species 
are generally considered pathogenic [32], the premeno-
pausal group was characterized by Prevotella melanino-
genica, a commensal with potential pathobiont activity 
[33]. This commensal oral specie has been observed in 
high proportions in saliva and at the dorsum and lateral 
sites of the tongue [34]; interestingly, P. melaninogenica is 
able to use estradiol and progesterone as growth factors 
[35], which could contribute to microbiological homeo-
stasis of the oral niche in the premenopausal women.

Furthermore, postmenopausal correlation linkages 
show a positive correlation of Prevotella with the OHI-S 
index, indicating a worse oral health status as oral Prevo-
tella species increase. Nevertheless, further studies will 
be needed to elucidate which Prevotella species modulate 
de oral health in postmenopausal women.

Leptotrichia and Tannerella characterized the poor oral 
health group; Leptotrichia has been isolated and recov-
ered from patients with varying levels of gingivitis [36]. 
Tannerella stimulates the colonization and proliferation 
of Porphyromonas gingivalis, a predominant factor in 
chronic periodontitis [37]. As a whole, the strong linkage 
among the proinflammatory species Tannerella, Porphy-
romonas, Leptotrichia, Fusobacterium, and Stomatobacu-
lum found in postmenopausal women might indicate a 
growth support symbiosis net that promotes worse oral 
health status in this group.

High viral load was mainly distinguished by Porphy-
romonas endodentalis, Prevotella nanceiensis, and Lep-
totrichia, reinforcing the hypothesis that viral load is 
related to a worse oral status and pathogenic pro-inflam-
matory bacteria colonization. Finally, there is bidirec-
tional communication between oral microbes and the 
local immune system [30]; this was primarily observed 
in the postmenopausal group, where pro-inflammatory 
cytokines clustered together, had strong positive corre-
lations among each other and with keystone pathogenic 
bacteria such as Stomatobaculum and Prevotella. Nota-
bly, hormonal status during SARS-CoV-2 infection allows 
us to connect some missing dots to understand oral alter-
ations in the course of COVID-19.

Nevertheless, we are aware that our cross-sectional 
study has some limitations, like the low number of partic-
ipants, superficial oral examination, and missing clinical 
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information. Nonetheless, considering the conditions of 
the COVID-19 pandemic, it was performed in the best 
possible way. Taking all of these into consideration, our 
results showed valuable associations, but those cannot 
reflect causality. Therefore, further functional studies will 
be needed to deeply understand the role of estrogens in 
the shaping of oral microbiome, bacterial metabolites 
and SARS-CoV-2 infection control.

Materials and methods
Study population
Sixty non-vaccinated subjects positive to SARS-CoV-2 
divided into three groups, premenopausal (n = 20), post-
menopausal (n = 18), and men (n = 22) were included 
in this study. RT-PCR diagnosis was performed by the 
Laboratorio de Diagnóstico de Enfermedades Emergen-
tes y Reemergentes (LaDEER), Centro Universitario de 
Ciencias de la Salud (CUCS) Universidad de Guadalajara 
from april 2021 to january 2022. All participants under-
went a questionnaire (S2), oral cavity examination, and 
blood and saliva sample collection. Inclusion criteria for 
premenopausal women were age between 18 to 45 years 
old, and a regular menstrual cycle; in contrast, post-
menopausal women were over 45  years old, minimum 
of six months after the menopausal phase without estro-
gen replacement therapy. On the other hand, male sub-
jects were over 18 years old. In order to avoid potential 
sources of bias, all subjects with cancer, autoimmune dis-
ease, viral infections (such HIV, HBV, and HCV), hormo-
nal therapy, chronic smokers (more than 5 cigarettes per 
week), immunomodulatory therapy, oral surgery, antibi-
otics, prebiotic and probiotics therapy in the last 30 days 
were excluded from the study.

Oral status evaluation
Oral indexes were performed to evaluate the oral health 
status. For the Simplified oral hygiene index (Green and 
Vermillion index) and Modified Gingival index [38] the 
evaluated teeth were usually numbered as “16”, “21”, “24”, 
“36”, “41” and, “44”. To evaluate the presence of caries 
and the caries history the DMF-T index was used, and 
it was asked to the patient if there gingival bleeding dur-
ing toothbrushing. For future analysis the oral status was 
classified as adequate, moderate and poor. Adequate 
when there were no cavities hygiene index between 
0–1.7 gingival inflammation between 0–1 and no bleed-
ing at toothbrush; moderate when there was 1–2 caries, 
hygiene index 1.8–2.4 gingival inflammation between 
1–2 and no bleeding at toothbrush; finally poor when 
there were more than two caries, hygiene index higher 
than 2.5, gingival inflammation between 2–3 and bleed-
ing when toothbrushing.

Fluorescent immunocytochemistry
Lingual swabs preserved in viral media were realized. 
Cells extended on slides were performed using shan-
don clips (cat. 15260, Sigma) at 2,000 rpm in the Cito-
Sigma 2.7 (Sigma). Subsequently, cells were fixed with 
acetone for 5 min, and three PBS washes were realized. 
PBS-Tween 20 0.2% solution was used for cell permea-
bilization during 10  min at room temperature. Slides 
were incubated with BFS 10% solution at 37 ℃ for 1 h, 
and three PBS washes were realized. Anti-ACE2 (cat. 
ab282118, Abcam) 1:100 solution was added to slides 
and incubated in a wet chamber at 4 ℃ overnight. After, 
three PBS washes were performed, and Alexa fluor 488 
(cat. A-11001, Invitrogen) 1:1000 solution was added 
and incubated at room temperature, protected from 
light for 2  h. Next to, Vector® TrueVIEW® Autofluo-
rescence Quenching Kit (cat. SP-8400-15, Vector) was 
added. Subsequently, nucleus stains were done using 
DAPI (cat. D1306, Invitrogen) 1:5000 solution. Finally, 
we added Vectashield, all slides were covered with cov-
erslip and sealed with glaze for viewing under the con-
focal microscope Axio Imager 2 (Carl Zeiss). We used 
a suspension of endometrial cells as a positive control 
of ACE2 expression treated with the same protocol that 
lingual cells. In contrast, the negative control was per-
formed with PBS (without anti-ACE2 antibody) and 
secondary antibody (Alexa Fluor 488).

Serum and saliva measurements
Estradiol levels in serum were determined by the 
chemiluminescent microparticle immunoassay in 
the ARCHITECT – 1000SR equipment (cat. B7K720, 
Abbott) following the manufacturing instructions. On 
the other hand, estradiol in saliva were measured with 
a high sensitivity Salivary 17-β estradiol ELISA kit 
(cat. 1–3702, Salimetrics) following the manufacturing 
instructions, and employing the Multiskan Go micro-
plate spectrophotometer (Thermo Fisher Scientific). 
Cytokines levels in saliva and serum were performed 
using a pearl immune assay multiplex (1-Human 
Inflammation panel 1 [3-plex], LegendPlex cat. 74118, 
Biolegend) following the manufacturing instructions 
and reading samples in the Attune NXT Flow Cytom-
eter (Thermo Fisher Scientific).

16S rRNA metagenomics
Non-stimulated saliva was collected and mixed with 
DNA/RNA-Shield (Zymo Research) 1:3 and stored at 
-80° C. The DNA was isolated with GenElute™ Bacterial 
Genomic DNA Kit (cat. NA2110, Sigma Aldrich) fol-
lowing the manufacturing instructions. Libraries (V3-
V4 16S) were constructed following the workflow of 
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the 16S Metagenomic Sequencing Library Preparation 
from illumina.

Raw sequencing reads were analyzed on QIIME 2 2023.2 
pipeline [39]. The denoise was performed with DADA2 
using a quality score of Q20, truncated forward read in 265 
nt, reverse reads in 220 nt, and employed a depth of 11,200 
reads per sample. Subsequently, sequences were classified 
in Amplicon Variant Sequence (ASVs) using Silva rRNA 
Database Project [40]. Shannon and Chao1 indices were 
used to determine alpha diversity. Bray Curtis distance 
and PERMANOVA analysis were applied to beta diversity 
measured. Graphics and statistical analysis were performed 
with microbiome analyst platform, and Prism.

Statistical analysis
The online calculator Open-epi was employed, the sam-
ple size for comparing two means formula was selected 
and the calculation was based on the levels of oral estro-
gen in premenopausal and postmenopausal women. 
Assuming the reported values we needed 20 subjects for 
each group with an 80% power and 95% confidence inter-
val. D’ Agostino and Pearson analysis were performed to 
evaluate the parametric or nonparametric distribution 
of the data. After that, a Kruskal–Wallis, Chi Square or 
ANOVA test was performed when appropriate. IF images 
were obtained from FIJI software version 2.14.0/1.54f. We 
considered fluorescence intensity sum from 5 Z-stacks 
per field of analyzed cells. The Prism Graph Pad v. 9.0 
program was used for statistical and graphical analysis.

Abbreviations
ACE2	� Angiotensin Converting Enzyme type 2
IFN-γ	� Interferon gamma
IL-1β	� Interleukin 1 beta
TNF-α	� Tumor Necrosis Factor alpha
IL-18	� Interleukin 18
IL-23	� Interleukin 23
IL-10	� Interleukin 10
MCP-1	� Monocyte chemoattractant protein-1
rRNA	� Ribosomal ribonucleic acid
PBS	� Phosphate Buffered Saline
HIV	� Human Immunodeficiency Virus
HBV	� Hepatitis B Virus
HCV	� Hepatitis C Virus
OHI-S	� Simplified Oral Hygiene Index
RT-PCR	� Reverse Transcription Polymerase Chain Reaction
DNA	� Deoxyribonucleic acid
DMF-T	� Decayed, Missing, and Filled primary Teeth

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12866-​023-​03149-5.

Additional file 1: S1. Table of symptoms. S2. Questionnaire for demo‑
graphic and clinical data. S3. Table accession numbers to sequences NCBI 
repository.

Acknowledgements
We are grateful for the technical support given by Cecilia Gutierrez-Iñiguez, 
and the staff of Laboratorio de Diagnóstico de Enfermedades Emergentes 
y Reemergentes (LaDEER, CUCS, Universidad de Guadalajara). As well as, to 
CONAHCyT for the scholarship of Bayardo- González.

Authors’ contributions
B-G R contributed to acquisition, analysis, and interpretation of data, drafted 
the manuscript; P-R M, contributed to analysis, and interpretation, drafted the 
manuscript; critically revised the manuscript; P-S A, contributed to conception 
and design, critically revised the manuscript; R-S AX, contributed to acquisi‑
tion, and analysis, drafted the manuscript; G-C M, contributed to acquisition, 
and analysis, critically revised the manuscript; V–O D, contributed to acquisi‑
tion, and analysis, drafted the manuscript; L–T M, contributed to acquisition, 
and analysis, drafted the manuscript; M-M J, contributed to acquisition, and 
analysis, drafted the manuscript; V-M N, contributed to conception and 
design, contributed to analysis, and interpretation, drafted the manuscript; 
critically revised the manuscript. All authors gave their final approval and 
agreed to be accountable for all aspects of the work. All authors declare no 
conflict of interest.

Funding
This work was financially supported by Universidad de Guadalajara (PROINPEP 
Project number 265214 and PROSNI Project number 254496).

Availability of data and materials
The datasets generated and analysed during the current study are avail‑
able in the NCBI repository, Submission ID: SUB13844734; BioProject ID: 
PRJNA1018105, accession numbers are in Table S3.

Declarations

Ethics approval and consent to participate
This study was performed in line with the principles of the Declaration of Hel‑
sinki. Ethics, Research and biosafety Committees of the Centro Universitario de 
Ciencias de la Salud, Universidad de Guadalajara, gave the approval with the 
following number CI-03321. All the participants were volunteers and signed 
an informed consent to participate in this study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Programa de Doctorado en Microbiología Médica, Centro Universitario 
de Ciencias de La Salud (CUCS) Universidad de Guadalajara, Guadalajara, 
Jalisco, México. 2 Laboratorio de Diagnóstico de Enfermedades Emergentes 
y Reemergentes (LaDEER), CUCS, Universidad de Guadalajara, Guadalajara, 
Jalisco, México. 3 Instituto de Investigación en Ciencias Biomédicas (IICB), 
CUCS, Universidad de Guadalajara, Sierra Mojada 950, Colonia Independencia 
Oriente, Guadalajara, Jalisco CP. 44340, México. 4 Programa de Maestría en 
Microbiología Médica, CUCS, Universidad de Guadalajara, Guadalajara, Jalisco, 
México. 5 Programa de Licenciatura en Cirujano Dentista, CUCS, Universidad de 
Guadalajara, Guadalajara, Jalisco, México. 

Received: 12 September 2023   Accepted: 11 December 2023

References
	1.	 WHO Coronavirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19) 

dashboard with vaccination data. https://​covid​19.​who.​int/. Accessed 20 
Oct 2023.

	2.	 Viveiros A, Rasmuson J, Vu J, Mulvagh SL, Yip CYY, Norris CM, et al. Sex 
differences in COVID-19: candidate pathways, genetics of ACE2, and sex 
hormones. Am J Physiol Heart Circ Physiol. 2021;320:H296-304.

https://doi.org/10.1186/s12866-023-03149-5
https://doi.org/10.1186/s12866-023-03149-5
https://covid19.who.int/


Page 10 of 10Bayardo‑González et al. BMC Microbiology           (2024) 24:32 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	3.	 Takahashi T, Ellingson MK, Wong P, Israelow B, Lucas C, Klein J, et al. Sex 
differences in immune responses that underlie COVID-19 disease out‑
comes. Nature. 2020;588(7837):315–20.

	4.	 Scully EP, Haverfield J, Ursin RL, Tannenbaum C, Klein SL. Considering how 
biological sex impacts immune responses and COVID-19 outcomes. Nat 
Rev Immunol. 2020;20(7):442–7.

	5.	 Robinson DP, Lorenzo ME, Jian W, Klein SL. Elevated 17β-estradiol protects 
females from influenza a virus pathogenesis by suppressing inflamma‑
tory responses. PLoS Pathog. 2011;7:e1002149.

	6.	 Tukiainen T, Villani AC, Yen A, Rivas MA, Marshall JL, Satija R, et al. 
Landscape of X chromosome inactivation across human tissues. Nature. 
2017;550(7675):244–8.

	7.	 Schurz H, Salie M, Tromp G, Hoal EG, Kinnear CJ, Möller M. The X chromo‑
some and sex-specific effects in infectious disease susceptibility. Hum 
Genomics. 2019;13:2.

	8.	 Pringle KG, Philp LK. Impact of ACE2 on the susceptibility and vulnerabil‑
ity to COVID-19 a narrative review. J Endocrinol. 2023;258:e220262.

	9.	 Wang F, Hou H, Luo Y, Tang G, Wu S, Huang M, et al. The laboratory tests 
and host immunity of COVID-19 patients with different severity of illness. 
JCI Insight. 2020;5:e137799.

	10.	 Kovats S. Estrogen receptors regulate innate immune cells and signaling 
pathways. Cell Immunol. 2015;294:63–9.

	11.	 Ramírez-de-Arellano A, Gutiérrez-Franco J, Sierra-Diaz E, Pereira-Suárez 
AL. The role of estradiol in the immune response against COVID-19. 
Hormones (Athens). 2021;20:657–67.

	12.	 Quatrini L, Ricci B, Ciancaglini C, Tumino N, Moretta L. Regulation of the 
immune system development by glucocorticoids and sex hormones. 
Front Immunol. 2021;12:672853.

	13.	 Grabowski Ł, Pierzynowska K, Kosznik-Kwaśnicka K, Stasiłojć M, Jer‑
zemowska G, Węgrzyn A, et al. Sex-dependent differences in behavioral 
and immunological responses to antibiotic and bacteriophage adminis‑
tration in mice. Front Immunol. 2023;14:1133358.

	14.	 Brettle H, Tran V, Drummond GR, Franks AE, Petrovski S, Vinh A, et al. 
Sex hormones, intestinal inflammation, and the gut microbiome: major 
influencers of the sexual dimorphisms in obesity. Front Immunol. 
2022;13:971048.

	15.	 Atukorallaya DS, Ratnayake RK. Oral mucosa, saliva, and COVID-19 infec‑
tion in oral health care. Front Med (Lausanne). 2021;8:656926.

	16.	 Haran JP, Bradley E, Zeamer AL, Cincotta L, Salive MC, Dutta P, et al. Inflam‑
mation-type dysbiosis of the oral microbiome associates with the dura‑
tion of COVID-19 symptoms and long COVID. JCI Insight. 2021;6:e152346.

	17.	 Tan L, Zhong MM, Liu Q, Chen Y, Zhao YQ, Zhao J, et al. Potential interac‑
tion between the oral microbiota and COVID-19: a meta-analysis and 
bioinformatics prediction. Front Cell Infect Microbiol. 2023;13:1193340.

	18.	 Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev 
Immunol. 2016;16(10):626–38.

	19.	 Lin W, Gao F, Wang X, Qin N, Chen X, Tam KY, et al. The oral manifestations 
and related mechanisms of COVID-19 caused by SARS-CoV-2 infection. 
Front Cell Neurosci. 2023;16:1006977.

	20.	 Gutierrez-Camacho JR, Avila-Carrasco L, Martinez-Vazquez MC, Garza-
Veloz I, Zorrilla-Alfaro SM, Gutierrez-Camacho V, et al. Oral lesions associ‑
ated with COVID-19 and the participation of the buccal cavity as a key 
player for establishment of immunity against SARS-CoV-2. Int J Environ 
Res Public Health. 2022;19:11383.

	21.	 Okui T, Matsuda Y, Karino M, Hideshima K, Kanno T. Oral mucosa could be 
an infectious target of SARS-CoV-2. Healthcare (Basel). 2021;9:1068.

	22.	 Peng J, Sun J, Zhao J, Deng X, Guo F, Chen L. Age and gender differences 
in ACE2 and TMPRSS2 expressions in oral epithelial cells. J Transl Med. 
2021;19:1–11.

	23.	 Diamond G, Figgins EL, Robinson T, Senitko M, Abraham GE, Williams HB, 
et al. Examination of gene expression in saliva samples from COVID-19 
patients to study the host defense response against SARS-CoV-2 in the 
oral cavity. Mol Oral Microbiol. 2021;36:157–8.

	24.	 Salamanna F, Maglio M, Landini MP, Fini M. Body localization of ACE-2: 
on the trail of the keyhole of SARS-CoV-2. Front Med (Lausanne). 
2020;7:594495.

	25.	 Kim OY, Chae JS, Paik JK, Seo HS, Jang Y, Cavaillon JM, et al. Effects of 
aging and menopause on serum interleukin-6 levels and peripheral 
blood mononuclear cell cytokine production in healthy nonobese 
women. Age (Dordr). 2012;34:415–25.

	26.	 Gagliardi MC, Tieri P, Ortona E, Ruggieri A. ACE2 expression and sex 
disparity in COVID-19. Cell Death Discov. 2020;6:1–2.

	27.	 Foresta C, Rocca MS, Di Nisio A. Gender susceptibility to COVID-19: a 
review of the putative role of sex hormones and X chromosome. J Endo‑
crinol Invest. 2021;44:951–6.

	28.	 Iebba V, Zanotta N, Campisciano G, Zerbato V, Di Bella S, Cason C, et al. 
Profiling of oral microbiota and cytokines in COVID-19 patients. Front 
Microbiol. 2021;12:671813.

	29.	 Grover C, More V, Singh N, Grover S. Crosstalk between hormones and 
oral health in the mid-life of women: a comprehensive review. J Int Soc 
Prev Community Dent. 2014;4(Suppl 1):S5-10.

	30.	 Kleinstein SE, Nelson KE, Freire M. Inflammatory networks link‑
ing oral microbiome with systemic health and disease. J Dent Res. 
2020;99:1131–9.

	31.	 Tramice A, Paris D, Manca A, Guevara Agudelo FA, Petrosino S, Siracusa 
L, et al. Analysis of the oral microbiome during hormonal cycle and 
its alterations in menopausal women: the “AMICA” project. Sci Rep. 
2022;12(1):1–15.

	32.	 Yamazaki A, Ogura K, Minami K, Ogai K, Horiguchi T, Okamoto S, et al. 
Oral microbiome changes associated with the menstrual cycle in healthy 
young adult females. Front Cell Infect Microbiol. 2023;13:1119602.

	33.	 Könönen E, Gursoy UK. Oral prevotella species and their connection to 
events of clinical relevance in gastrointestinal and respiratory tracts. Front 
Microbiol. 2021;12:798.

	34.	 Mager DL, Ximenez-Fyvie LA, Haffajee AD, Socransky SS. Distribution 
of selected bacterial species on intraoral surfaces. J Clin Periodontol. 
2003;30:644–54.

	35.	 Kornman KS, Loesche WJ. Effects of estradiol and progesterone on 
Bacteroides melaninogenicus and Bacteroides gingivalis. Infect Immun. 
1982;35:256–63.

	36.	 Morrison AG, Sarkar S, Umar S, Lee STM, Thomas SM. The contribution of 
the human oral microbiome to oral disease: a review. Microorganisms. 
2023;11:318.

	37.	 Amodini Rajakaruna G, Negi M, Uchida K, Sekine M, Furukawa A, Ito T, 
et al. Localization and density of Porphyromonas gingivalis and Tannerella 
forsythia in gingival and subgingival granulation tissues affected by 
chronic or aggressive periodontitis. Sci Rep. 2018;8:1–13.

	38.	 Lobene RR, Weatherford T, Ross NM, Lamm RA, Menaker L. A modified 
gingival index for use in clinical trials. Clin Prev Dent. 1986;8:3–6.

	39.	 Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, 
et al. Reproducible, interactive, scalable and extensible microbiome data 
science using QIIME 2. Nat Biotechnol. 2019;37:852–7.

	40.	 Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA 
ribosomal RNA gene database project: improved data processing and 
web-based tools. Nucleic Acids Res. 2013;41 Database issue:D590.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Insights into estrogen impact in oral health & microbiome in COVID-19
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Demographic, clinical characteristics and oral health status
	Lingual ACE2 expression
	Proinflammatory cytokines in saliva
	Oral microbiome signature
	Oral cavity correlations network linkages

	Discussion
	Materials and methods
	Study population
	Oral status evaluation
	Fluorescent immunocytochemistry
	Serum and saliva measurements
	16S rRNA metagenomics
	Statistical analysis

	Acknowledgements
	References


