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Abstract: Background: Cigarette smoking (CS) is a global public health problem and a high-risk
factor for various diseases. In December 2019, a novel coronavirus (COVID-19) was identified in
Wuhan, China. Because ACE2 has been identified as a receptor for COVID-19, we hypothesize that
CS affects the expression pattern of ACE2 in respiratory tract, causing differences in susceptibility
to the virus. Methods: Three datasets (GSE994, GSE17913, and GSE18344), were downloaded from
the Gene Expression Omnibus (GEO) database. Correlation and enrichment analysis were used to
evaluate the function of ACE2. Also, the different expression of ACE2 in different groups of three
datasets were analyzed. Results: Genes associated with ACE2 were enriched in important biological
processes such as viral processes and immune response. Elevated ACE2 were found in
intrapulmonary airways (GSE994) and oral epithelial cells (GSE17913) of smokers but not those of
non-smokers or former smokers. Significant dose- and time-dependent relationships between CS
and ACE2 expression were observed in mouse lung tissues, and long periods without smoking were
found to significantly reduce ACE2 expression. Conclusions: Both human and rat data confirmed
that CS could induce increased ACE2 in the respiratory tract, indicating that smokers have a higher
susceptibility to COVID-19.
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1. Introduction

Cigarette smoking is a global public health problem. There are about 1.3 billion smokers in the
world, and about one third of them live in China, which directly threatens the health of smokers and
passive smokers [1]. The health problems caused by smoking are a hot issue of public concern, but it
is still difficult to solve because it involves personal living habits. Cigarette smoking can cause lung
cancer and cardiovascular and reproductive system problems [2]. Studies have demonstrated that
smokers are susceptible to Middle East Respiratory Syndrome Coronavirus (MERS-CoV) [3].

Coronaviruses can infect humans, various birds, and mammals worldwide. In February and
March 2003 there were major outbreaks of Severe Acute Respiratory Syndrome (SARS) in many
countries. As of July 31, 2003, 8098 probable cases were reported, with a death toll of 774 (9.6%)[4].
Between March 2012 and November 2015, MERS broke out in several countries, including Saudi
Arabia (1255 cases and 539 deaths), South Korea (185 cases and 36 deaths), and the United Arab
Emirates (81 cases and 11 deaths) [5]. In December of 2019, a novel coronavirus (2019-nCov, COVID-
19) was identified in Wuhan, Hubei Province, China. As of February 23, 2020, COVID-19 has infected
77,262 people and caused 2595 deaths in China, with rapidly growing numbers of cases reported
internationally. People of all ages can be infected by the new coronavirus (COVID-19). Elderly people
and people with pre-existing diseases, such as asthma, diabetes, and heart disease seem to be more
susceptible to the virus or have more severe symptoms [6]. There was also a significant gender
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difference in incidence with 0.31 (male) vs. 0.27 (female) patients per 100,000 people [7]. The
difference might be caused by smoking behavior.

The COVID-19 genome is approximately 80% identical to SARS-CoV and approximately 96%
identical to bat coronavirus [8]. Structural analyses have established atomic-level interactions
between SARS-CoV spike glycoprotein (S protein) receptor-binding domain (RBD) and its receptor,
angiotensin-converting enzyme 2 (ACE2), which contribute to the cross-species and human-to-
human transmissions of SARS-CoV [9,10]. It has been shown that the S protein of COVID-19, which
is the same as that of SARS-CoV, may exploit ACE2 for host infection [11-13]. One recent study
suggests that the affinity between ACE2 and the RBD of COVID-19 is 10-20 times greater than that
of SARS-CoV [13]. The level of expression of ACE2 may reflect the susceptibility to COVID-19.

In this study, we analyzed the patterns of expression of ACE2 in the respiratory tract tissues of
humans and mice with different smoking states based on three Gene Expression Omnibus (GEO)
datasets. We aimed to determine whether cigarette smoking is a susceptibility factor for COVID-19.

2. Materials and Methods

2.1 Data source

Three GEO datasets, GSE994, GSE17913, and GSE18344, were obtained from the GEO database
(http://www.ncbi.nlm.nih.gov/geo). The samples in GSE994 were obtained from intrapulmonary
airways from normal smoking and non-smoking volunteers (including 34 current smokers, 23 never

smokers, and 18 former smokers). The overall design of GSE17913 involved oral biopsy from 40
current smokers and 40 age- and gender-matched never smokers. We also extracted 55 samples from
14 different groups in the GSE18344 dataset, including a sham group (sham) and exposure group.
The mice in the exposure group were continuously exposed to cigarette smoke (CS, 750 ug total
particulate matter/L) for 2, 3, or 4 h/day (our low, medium, and high dose groups, respectively).
Exposure time included 1 day, 2 months, and 5 months, as well as 5 months + 1 day recovery and 5
months + 13 days recovery (medium dose only). There were four replicates for each group in
GSE18344.

2.2 Correlation and enrichment analysis

R software was used to identify and import the list of genes correlated with ACE2 in the GSE994
and GSE17913 datasets. These related genes were then imported into the DAVID online tool for Gene
Oncology (GO) enrichment analysis.

2.3 Analysis of ACE2 expression in patients with different smoking histories

All samples in the GSE994 and GSE17913 datasets were grouped according to smoking history.
GSE994 was divided into three groups, including (1) never smokers (never), (2) current smokers
(current), and (3) former smokers (former); GSE17913 was divided into two groups including (1)
never smokers (never) and (2) current smokers (current). Changes in ACE2 expression were
evaluated between groups in the datasets.

2.4 Statistical analyses and plots

In the correlation analysis, genes with a |correlation coefficientl > 0.3 and P < 0.05 were
considered significantly related genes. The t-test in GraphPad Prism 7 software was used to analyze
the correlation between smoking history and ACE2 gene expression in the GSE994 and GSE17913
datasets and the differences in gene expression between different treatment groups in the GSE18344
dataset. P <0.05 is considered statistically significant

3. Results
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3.1. Functional enrichment of ACE2-related genes

A total of 1370 positively and 1871 negatively ACE2-related genes were identified in the GSE994
intrapulmonary airway dataset, and 544 positively and 182 negatively related genes were found in
the GSE17913 oral epithelial cell dataset (Table 1, 2). The genes in GSE994 were significantly enriched
in essential biological processes including cell-cell adhesion, viral processes, viral transcription,
intracellular transport of viruses, and the TGF-f receptor signaling pathway (Figure 1A). In
GSE17913, the genes were significantly enriched in biological processes including immune response,
viral processes, T cell immunity, and apoptosis (Figure 1B).

Table 1 Summary of genes related to ACE2 expression in two datasets

Datasets Positive Negative
GSE994 1370 1871
GSE17913 544 182

Table 2 Top 20 genes related to ACE2 expression in two datasets

GSE994 GSE17913

Gene Symbol P value R Gene Symbol P value R
CBX3 6.45E-11 0.667 SECTM1 1.71E-08 0.583
PHKB 1.34E-10 0.659 APOL1 4.28E-08 0.570
PPP1CC 4.16E-10 0.645 CLPX 6.65E-07 0.525
GOLGA7 5.83E-10 0.641 RUNX3 7.65E-07 0.523
CDC123 1.50E-09 0.629 BTN3A3 1.32E-06 0.513
RAP1B 2.32E-09 0.623 EDC3 2.16E-06 0.504
PPT1 4.17E-09 0.616 PSMB9 8.02E-06 0.479
PAIP1 8.23E-09 0.606 TLCD2 9.34E-06 0.476
TSPAN31 1.60E-08 0.597 MSRB1 9.74E-06 0.475
CASP7 1.63E-08 0.596 S100A12 1.02E-05 0.474
TMOISE3 2.05E-08 0.593 CORO1A 1.31E-05 0.469
COPB1 2.09E-08 0.593 CEACAM7 0.000014 0.468
APOBEC3G 2.15E-08 0.592 NKG7 1.62E-05 0.464
CCDCo6 2.33E-08 0.591 TAP1 1.78E-05 0.462
PSMD7 2.81E-08 0.589 ITGAL 2.17E-05 0.458
PARP1 3.14E-08 0.587 GZMB 2.18E-05 0.458
ADO 3.21E-08 0.587 CUX1 2.21E-05 0.458
SAT1 3.35E-08 0.586 TTC39C 2.59E-05 0.454
THOC? 3.39E-08 0.586 PAOX 2.91E-05 0.452
DERA 4.53E-08 0.581 ATP10B 3.29E-05 0.449
SEPW1 1.10E-12 -0.709 Cc7 7.17E-05 -0.432
CRIP1 1.66E-12 -0.705 BUBI1 1.02E-04 -0.423
SCAMP4 2.59E-12 -0.701 CHRM5 1.38E-04 -0.416
CNOT3 6.50E-12 -0.691 RALA 1.51E-04 -0.414
CLDN3 7.30E-12 -0.690 VPS29 1.56E-04 -0.413
STRN4 1.78E-11 -0.681 CADM3-AS1 2.00E-04 -0.407
CABIN1 3.49E-11 -0.674 KIAA1456 2.55E-04 -0.400
ITGA3 3.61E-11 -0.673 LOC101929002 2.70E-04 -0.399
MFSD10 4.01E-11 -0.672 KIRREL3-AS2 3.13E-04 -0.395
BAG6 4.89E-11 -0.670 OR1I1 4.28E-04 -0.387

BDH1 9.34E-11 -0.663 RAB4A 4.32E-04 -0.387
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NPIPA1 9.88E-11 -0.662 LOC200830 4. 40E-04 -0.386
ABHD11 1.89E-10 -0.655 GRK5 4.57E-04 -0.385
CST3 2.20E-10 -0.653 RP11-214K3.19 4.85E-04 -0.384
MED12 2.59E-10 -0.651 ANXA2 5.36E-04 -0.381
RNHI1 2.95E-10 -0.649 RP11-354110.1 6.03E-04 -0.378
MORN1 3.09E-10 -0.649 AGAP11 6.27E-04 -0.376
TJP3 4.07E-10 -0.645 ZNF582-AS1 6.54E-04 -0.375
PYY 4.92E-10 -0.643 FKSG49 6.63E-04 -0.375
GLB1L2 6.76E-10 -0.639 PEG3 6.75E-04 -0.374
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Figure 1. Histogram of Gene Ontology enrichment analysis of genes associated with ACE2 expression
in the (A) GSE994 and (B) GSE17913 datasets.

3.2. ACE2 expression and correlation with smoking history

In the GSE994 intrapulmonary airway dataset, the level of expression of ACE2 in current
smokers is significantly higher than that in never smokers (t =2.295, P =0.026) (Figure 2A). There was
no significant difference between never smokers and reformed smokers. In addition, the ACE2
expression level was much lower in reformed smokers than in current smokers (t =2.709, P = 0.001)
(Figure 2A). In the GSE17913 oral epithelial cell dataset, the level of expression of ACE2 in current
smokers was significantly higher than in never smokers (t = 3.674, P < 0.001) (Figure 2B).
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Figure 2. ACE2 expression levels in volunteers with different smoking history in the (A) GSE994 and
(B) GSE17913 datasets.

3.3. Cigarette smoking and promotion of ACE2 expression in mice s
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After 1 day of CS treatment, the level of expression of ACE2 in the medium CS-exposed group
was significantly downregulated relative to the control group (Figure 3A) However, ACE2
expression level was significantly higher in the medium CS-exposed group after 2 and 5 months of
treatment (Figure 3A). After 5 months of CS exposure, ACE2 expression levels in the medium- and
high-dose groups were upregulated in a dose-dependent manner (Figure 3B). A significant dose-
dependent increase in ACE2 expression was also observed in the lungs of mice exposed to 5 months
CS plus 1 day recovery (Figure 3C). In addition, the ACE2 expression level was higher in the medium-
dose group after 5 months CS treatment plus 13 days of recovery (Figure 3D).
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Figure 3. Data analysis of smoking-exposed mouse model. (A) ACE2 expression levels measured at
different times after medium smoking (smoke-med) exposure; (B) ACE2 expression levels in different
dose groups after 5 months of smoking exposure; (C) ACE2 expression levels in different dose groups
after 5 months of smoking exposure and 1 day of recovery; (D) ACE2 expression level in the smoke-
med group after 5 months of smoking exposure and 13 days of recovery.

4. Discussion

Studies have established that ACE2 is the receptor for the SARS-CoV [9,10] and Wuhan new
coronavirus (COVID-19) [11-13]. Based on correlation and enrichment analysis of two human
datasets (GSE994 and GSE17913), we found smoke-induced changes in ACE2 expression to be
correlated with essential biological processes including viral processes and immune response,
indicating that ACE2 is involved in virus infection and immune response.

Studies of the SARS epidemic from 2002 to 2003 have shown that people under the age of 25
have mild or moderate symptoms, while those over 60, with more serious illnesses, had a mortality
rate of more than 50% [14]. Epidemiological studies also showed sex-specific differences in incidence
and fatality rates for SARS-CoV infection [15,16]. For COVID-19, people at all ages can be infected
but elderly people and people with pre-existing diseases showed high susceptibility [6]. There is also
a clear sex-dependent incidence of this disease, with a higher incidence in men than in women, which
may be due to the high rate of smoking among men [7].
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It is well known that CS is a high risk factor to such diseases as cardiovascular disease, chronic
obstructive pulmonary disease, and cancer [17]. Studies have confirmed the relationship between CS
and the susceptibility of influenza infections [18]. In addition, CS affects platelet-activating factor
metabolism and may contribute to the elevated incidence of bacterial superinfection in people who
develop influenza [19]. Moreover, influenza antibodies decreased more rapidly in smokers than in
nonsmokers [20]. Another study found that CS can damage the host’s antiviral response, contributing
to the increased rate of influenza infection and the incidence of lower respiratory tract disease in
smokers [21]. In this study, elevated ACE2 expression was found in intrapulmonary airways and oral
epithelial cells in smokers compared with non-smokers, indicating that smokers are susceptible to
2019-CoV. Importantly, the ACE2 expression level was lower in reformed smokers, suggesting that
quitting smoking can reduce susceptibility to 2019-CoV. Animal experiments have also shown
significant dose- and time-dependent relationships between CS exposure and ACE2 expression in the
lung tissues of mice. Quitting smoking for a long time but not short time could reverse the
overexpression of ACE2 in the lungs of mice.

5. Conclusions

In conclusion, our results indicated that CS could induce elevated ACE2 expression in the
respiratory tract, indicating that smokers have a higher susceptibility to COVID-19 than non-smokers.
Since CS-induced changes in ACE2 expression are associated with viral infection and immune
processes, smokers infected with COVID-19 may have serious health problems. Further
epidemiological data are needed to verify these findings.
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