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Abstract 

Although vaccines have been evaluated and approved for SARS-CoV-2 infection prevention, 

there remains a lack of effective treatments to reduce the mortality of COVID-19 patients already 

infected with SARS-CoV-2. The global data of COVID-19 showed that men have a higher mortality 

rate than women. We further observed that the proportion of mortality of female increases starting 

from around the age of 55 significantly. Thus, sex is an essential factor associated with COVID-

19 mortality, and sex related genetic factors could be interesting mechanisms and targets for 

COVID-19 treatment. However, the associated sex factors and signaling pathways remain unclear. 

Here, we propose to uncover the potential sex associated factors using systematic and integrative 

network analysis. The unique results indicated that estrogen hormones (ER), e.g., estrone and 

estriol, 1) interacting with ESR1/2 receptors, 2) can inhibit SARS-CoV-2 caused inflammation and 

immune response signaling in host cells; and 3) estrogen hormone is associated with the distinct 

fatality rates between male and female COVID-19 patients. Specifically, a high level of estradiol 

protecting young female COVID-19 patients, and estrogen loss to an extremely low level in 

females after about 55 years of age causing the increased fatality rate of women. In conclusion, 

estrogen hormone, interacting with ESR1/2 receptors, is an essential sex factor that protects 

COVID-19 patients by inhibiting inflammation and immune response caused by SARS-CoV-2 

infection. Medications perturb the down-stream of ESR1/ESR2 to inhibit the inflammation and 

immune response can be effective or synergistic combined with other existing drugs for COVID-

19 treatment. 

 

 

 



Introduction 

Globally, by September 25, 2021, over 230 million1 people were diagnosed with Coronavirus 

Disease 2019 (COVID-19), which is caused by the Severe Acute Respiratory Syndrome 

Coronavirus 2 (SARS-CoV-2). COVID-19 has a relatively high mortality rate2, and more than 4.7 

million patients have died from the pandemic to-date1. The number of patients infected with 

SARS-CoV-2 and succumbing to COVID-19 and related complications are still increasing rapidly 

worldwide. Meanwhile, several vaccines have been approved for infection prevention, but may 

not prevent viral transmission to susceptible individuals. Further, to-date, Remdesivir remains the 

only FDA approved drug for COVID-19 treatment and it has shown variable efficacy. From the 

perspective of viral replication at the molecular level, Remdesivir is the most widely-used drug 

that specifically targets and inhibits the RNA-dependent RNA polymerase (RdRp), which is the 

critical target for viral replication. On May 1st, 2020, Remdesivir was granted an FDA Emergency 

Use Authorization (EUA) for COVID-19 treatment, and obtained full FDA approval on October 22, 

2020. The final report from the most recent clinical trial of Remdesivir indicated that is can reduce 

the recovery time of COVID-19 patients to about 5 days, and that it reduces overall mortality rates. 

Though these results are promising, the effect of Remdesivir alone remains limited. In light of 

these challenges in terms of the prevention and treatment of COVID-19, many drugs and drug 

combinations are being tested on their own and in combination with Remdesivir in more than a 

thousand clinical trials globally. Among these drugs is dexamethasone, an FDA-approved drug, 

which was reported to be able to reduce the death rate of patients with severe COVID-193. 

However, the death rate for such patients remains high despite such potential reductions. 

 

Sex had been indicated as an essential factor in the mortality of COVID-19. The global data of 

COVID-19 showed that men have a higher mortality rate than women4,5. For example, the meta-

analysis was conducted, and the analysis results showed that there were 3 times more male 



patients requiring intensive treatment unit admission than females, whereas there is a similar 

proportion of men and women with COVID-19 confirmation5. In addition, we further observed that 

the proportion of mortality of female increases starting from around the age of 55 significantly (see 

the results). Thus, the sex difference indicated that sex related genetic factors could be an 

interesting mechanism and targets for COVID-19 treatment, combined with existing treatment 

options. Numerous studies have been reported in the literature concerning efforts to understand 

the signaling mechanism and identify effective targets for COVID-19 from different 

perspectives6,7,8,9,10,11,12,13, like transcriptomic data analysis, proteomics data analysis, 

investigation of relevant protein structures, and the use of experimental and computational 

methodologies. However, few studies have been specifically designed for investigating sex 

related signaling pathways and targets. The underlying targets and signaling pathways associated 

with the sex difference remain unclear.  

 

In response to the preceding gaps in knowledge, in this study, the objective is to uncover the 

potential sex associated factors using systematic and integrative network analysis. Specifically, 

we explore how protein-protein interaction screening data, transcriptomics data, signaling 

pathway data, protein-protein interaction signaling networks, and transcription factor-target 

regulatory networks can be integrated to enable such network analyses. We then go on to 

determine drug-target interactions and associations based upon an interrogate of the drugBank14 

and connectivity map (CMAP) databases15,16 in order to identify the potentially-effective targets 

from the drug-target interaction perspective. Our unique results with novel discoveries, i.e., 

estrogen hormones (ER), like estrone and estriol, 1) interacting with ESR1/2 receptors, 2) can 

inhibit SARS-CoV-2 caused inflammation and immune response signaling in host cells; and 3) 

the loss of estrogen hormones to an extremely low level after 55 years of age is associated with 

the mortality increasing in female. These three novel observations support estrogen hormone is 



an essential sex factor causing the distinct fatality patterns between male and female COVID-19 

patients.  

 

Materials and Methods 

Methodology Overview 

Fig. 1 shows the overview of the proposed integrative data analysis model. Specifically, the raw 

counts of RNA-seq data (gene expression) of two lung cancer cell lines expressing ACE2 before 

and after SARS-CoV-2 infection were collected and used to identify commonly up-regulated 

genes using the DEseq2 model. Then gene ontology (GO) term enrichment analysis and super-

GO term (consisting of a set of GO terms with similar functions) analysis were conducted to 

identify activated biological functions caused by SARS-CoV-2 infection using such up-regulated 

genes. Subsequently, up-regulated genes associated with super-GO terms were used as the 

gene set signatures in order to repurpose drugs using the connectivity map (CMAP) database, 

 
 
Figure 1: Overview of the proposed methodology.  
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thus producing a list of top-ranked drugs that can potentially inhibit these up-regulated genes in 

the activated super GO terms. In parallel, the activated core signaling network caused by viral 

infection within host cells was constructed by integrating viral-host protein-protein interactions, 

the up-regulated genes associated with the activated GO terms, as well as the bioGrid protein-

protein interaction network, and fold change values of all the genes as found in the RNA-seq data. 

Then, drug-target interaction information was derived from drugBank, and drugs that target the 

inferred signaling network proteins were identified as potential candidates for repurposing for 

SARS-CoV-2 replication inhibition and resultant COVID-19 treatment. The details of the related 

datasets and methods are described further in the following sections. All database and datasets 

used in this study are open and publicly available.  

 

RdRp protein complex and co-factors of SARS-CoV-2. 

The 3D cryo-electron microscopy (cryo-EM) structure of the protein complex associated with 

RNA-dependent RNA polymerase (RdRp), i.e., nsp12, and its two co-factors, nsp7 and nsp8, of 

SARS-CoV-2, has been reported upon in the literature, including in the indicated references17,18. 

These structures are essential contributors of viral replication, working together with the 

transcription machinery of host cells. The RdRp is thought to be the primary target of the antiviral 

drugs, like Remdesivir.  

 

Proteins binding to nsp7, nsp8 and nsp12 (RdRp). 

To identify the (prey) proteins binding to (bait) nsp7, nsp8 and nsp12 (and other viral proteins), 

protein-protein binding assays were conducted, as reported in reference6. Specifically, there are 

20, 34, and 24 proteins interacting with nsp12, nsp7 and nsp8 respectively, and there is no overlap 

among these proteins. The data is available in reference6. 



 

Transcriptomic (gene expression) data analysis of two lung host cell lines, A549_ACE2 

and CALU-3 cells, after SARS-CoV-2 infection.  

The raw counts of RNA-seq data (transcriptomic response) of A549_ACE2 (engineered with 

expression of ACE2 protein), and CALU-3 lung cancer cells (with ACE2 expression) cells infected 

by SARS-CoV-2 were available in a single dataset (GSE147507) from the Gene Expression 

Omnibus (GEO) database11. The DEseq219 approach was used to calculate the fold change and 

p-value of individual genes in the A549_ACE2, and CALU-3 lung cancer cells respectively before- 

and after- exposure to SARS-CoV-2 (with 3 replications). Then up-regulated genes were obtained 

by using fold change >=2.0 and p-value <= 0.05. Subsequently, the overlapping (intersection) 

genes between the up-regulated genes found in CALU-3 and A549_ACE2 cell lines were selected 

for further analysis as described below.  

 

Gene ontology (GO) enrichment analysis and super GO clustering analysis  

The Fisher’s exact test was used to identify activated biological processes (BP) gene ontology 

(GO)20 terms associated with the identified up-regulated genes. Then, the activated GO terms 

with genes in [10, 500] and p-value <= 0.05 were identified. Among the hundreds of GO terms 

found, we further empirically selected the potentially virus-related GO terms. To further cluster the 

selected GO terms into sub-groups, named super GO terms, which share the similar biological 

processes (GOs), the GO-GO similarity was calculated using a semantic similarity metric21 

(implemented using the GOSemSim R package), and then the affinity propagation clustering22 

(APclustering) model was employed to identify the GO sub-groups, i.e., super-GOs. The number 

of sub-groups was set 5 empirically.  

 



Drug repositioning using Connectivity Map (CMAP) and the gene signatures associated 

with individual super GO terms 

The up-regulated genes associated with individual activated GO terms included in each super-

GO terms were used as the gene set signatures to identify potentially effective drugs that can 

inhibit the activated biological function using the connectivity map (CMAP)15,16 database. For 

some super GO terms, there were more than 150 associated up-regulated genes. Since the 

CMAP suggested the size of gene set signatures should be no more than 150 genes, the genes 

associated with individual super GO terms were ranked based on the average fold change (of the 

A549_ACE2 and CALU-3 cells versus the mock condition) in the decreasing manner. Then the 

top-ranked 150 genes were selected as the gene set signatures to repositioning drugs that can 

potentially inhibit these up-regulated genes in the gene set signatures. Specifically, the gene set 

enrichment analysis (GSEA)23 was applied on the gene set signatures and the z-profiles (gene 

expression variation before and after treatment with 2,513 drugs and investigational agents in the 

CMAP database) of nine cancer cell lines to identify gene set signature-specific inhibitory drugs. 

Based on the average GSEA scores, the top ranked drugs were selected. 

 

Up-regulated transcription factors (TFs).  

Transcription factors (TFs) are important when exploring regulatory networks. To investigate 

which set of TFs were up-regulated after SARS-CoV-2 infection in the 2 lung tumor cells use in 

our study, TF information was derived from the molecular signature database (MSigDB)24. 

Specifically, the C3 category molecular signatures were obtained, which corresponded to 

regulatory gene sets. From those, 415 TFs interacting with 14802 target genes were identified.  

 

RdRp-host interaction signaling network inference model.  



The protein-protein interaction (PPI) network for these genes was derived from BioGRID25 and 

used as a background signaling network. There were approximately 21,699 genes and 368,918 

interactions identified using this approach. The RdRp consequent signaling network inference 

was defined as a sub-network inference problem within BioGRID. Here, we proposed a novel 

consequent signaling network inference model. Specifically, let 𝐺!
" = 〈𝑅" , ∅〉 denote the initialized 

consequent signaling network of root nodes 𝑅". The root nodes are the proteins interacting with 

the nsp12, nsp7 and nsp8. The growth update of the consequent signaling was defined as: 𝐺#$%
" =

𝑓)𝐺#" , 𝐺&, 𝑉', 𝑑,, where 𝐺#" and 𝐺& is the current down-stream and background (BioGRID) signaling 

networks, respectively. The edge, 𝑒"(  (protein interactions between 𝑔"  and 𝑔( ) of background 

signaling network, 𝐺&, is weighted as: 𝑤)𝑒"(, =
%

)*+(-.(/!)
+ %

)*+1-.(/"2
. 𝑉' and is a vector including 

K candidate target genes (e.g., the activated genes). For any gene, 𝑔3 ∈ 𝑛𝑜𝑑𝑒(𝐺#"), the shortest 

paths from 𝑔3  to the left candidate target genes in 𝑉3% , is then calculated. Subsequently, an 

activation score for each path, pk,j, is defined as: 𝑠3( =
∑ 𝑓𝑐(𝑔4)/!∈6"#

𝑛9 , where fc(.) is the fold 

change calculator and n is the number of genes on the signaling path. If 𝑛 > 𝑑 (search depth 

parameter) the signaling paths are discarded. In this manner, the parameter k2 decides the 

search depth. Finally, the signaling path with highest activation score is added to the consequent 

signaling network. This process is then conducted iteratively until all target nodes are included 

into the consequent signaling network.  

 

Identify FDA approved drugs inhibiting genes on the uncovered signaling network. 

The FDA approved drug and their target information was derived from drugbank14 database. The 

genes, with degree >= 10, in the RdRp-host signaling network were selected. Then the FDA 

approved drugs inhibiting the selected genes were identified as drug candidates that can 

potentially perturb the uncovered signaling network.  



 

Results 

Activated biological processes in host cells caused by SARS-CoV-2 infection. 

As described in the methods section, 656 overlapping (intersection) genes were identified 

between 1,335 and 2,260 up-regulated genes identified in the CALU-3 and A549_ACE2 cell lines 

respectively with the fold change >=2.0 and p-value <= 0.05. Via GO enrichment analysis, 474 

GO terms in the BP category were identified with a p-value of <= 0.05, and the number of genes 

in these GO terms was within a range of 10 to 500. Among these identified GO terms, the well-

known inflammation and innate immune related GOs terms were identified. As we described in 

the methods section, given that we aimed to identify the essential host transcription factors that 

generate proteins which interact with the RdRp of SARS-CoV-2 and its co-factors for viral 

replications, these inflammation and immune response related GO terms were filtered out 

empirically. Subsequently, 96 GO terms were finally selected (see supplementary Table 1), in 

which the 299 activated genes (out of the 656 genes) were included (see supplementary Table 

2). As seen, a large set of inflammation and immune response related signaling processes were 

activated, which indicated the strong inflammation and immune response. In addition, a set of 

core signaling pathways, like PI3K, ERK1/2, NFkB, JAK-STAT, p38MAPK, JNK, were activated, 

which are the potential therapeutic targets, like JAK2, for identifying potentially effective COVID-

19 treatments. Among the 299 genes, 25 were transcription factors, including: ATF3, ATF4, EGR1, 

ETS1, FOXO1, FOXO3, GATA3, GATA6, IRF1, IRF2, IRF7, MIER1, NFKBIA, NR1D1, NR4A2, 

PER1, RORA, RREB1, SKIL, SMAD3, SNAI1, SOX9, STAT1, STAT5A, ZNF175, which indicated 

the strong effects of SARS-CoV-2 on host regulatory signaling.  

Further, the 96 activated GOs were clustered into 5 sub-groups, i.e., super-GO terms (see 

Fig. 2). There were 25, 20, 21, 19 and 11 GO terms in each of give super GO terms respectively. 

Accordingly, there were 174, 115, 179, 142 and 86 genes associated with each super GO terms 



respectively. As seen in Fig. 2, in addition to a set of genes uniquely associated with the 5 super 

GO terms, some genes were associated with multiple super GO terms. More interestingly, in 

super GO term-1, there were mainly the core signaling pathways, like JAK-STAT, ERK1/2, NFkB, 

p38MAPK, PI3K. The interleukin and interferon signaling pathways were included in super GO 

terms 2 and 3. The T-helper, MyD88, and other immune response signaling pathways were 

presented in super GO term 4. The DNA-RNA binding, biosynthesis, metabolic signaling 

pathways were identified in super GO term 5.  

 
Figure 2: Network of Super GO terms, GO terms, and the associated up-regulated genes, which 
includes 5 super-GOs (purple), 96 activated GO terms (red) and activated 299 genes (cyan).  



Estrogen hormones inhibiting inflammation and immune response in host cells   

Using the up-regulated genes found in the 5 super-GOs, we identified drugs that can potentially 

inhibit these activated super-GO terms. Drugs and compounds that had a CMAP drug ranking 

score of <= -85 (indicating that these drug compounds could inhibit the activated gene set 

signatures in each super-GO term) were selected. Fig. 3 shows the top-ranked drug categories. 

Interestingly, the estrogen hormones, estrone (E1) and estriol (E3, weak estrogen hormones), 

which interact with ESR1/2, as well as estradiol, were top-ranked to be able to inhibit the 

inflammation and immune response-related biomarker genes in the super-GO terms. As seen, 

there are a diverse set of drug categories, in addition to estrogen hormones, calcium channel 

blockers, gamma-aminobutyric acid (gaba), androgen, serotonin, adrenergic, glucocorticoid 

receptor agonist/antagonist; inhibitors of JAK2, MDM2, HDAC, SRC, PI3K, EGFR, RAF, JNK, 

PLK, p38Mapk, VEGFR, MEK, FLT3, CDK, AKT, HSP, NFkB, IKK; HIV integrase inhibitor, 

DNA/RNA synthesis inhibitors; and tyrosine, map, aurora kinase inhibitors; corticosteroid agonist, 

immunosuppressants; SSRI (anti-depression) inhibitors, platelet aggregation inhibitors, as well as 

tubulin, microtubule inhibitors. Some of these categories have been reported in the new studies 

about potential COVID-19 treatments. For example, gamma-aminobutyric acid (gaba) 

administration has been associated with severe illness and death in coronavirus infection in 

mice26. Similarly, calcium channel blockers inhibit SARS-CoV-2 infectivity in lung cells27. 

Moreover, the recent clinical trial results indicated that the baricitinib (the JAK2 inhibitor) plus 

Remdesivir in combination can significantly reduce the recovery time for and mortality rate of 

COVID-19 patients receiving high-flow oxygen28. These top-ranked drug categories can guide the 

selection of effective drugs or drug combinations for COVID-19 treatment. 

Among the top-ranked drugs based on the super GO term gene set signatures, there were 

158 FDA approved drugs. And, 13 of 158 FDA drugs had been evaluated in recent clinical trials: 

azithromycin, chloroquine, dexamethasone, fluoxetine, formoterol, lenalidomide, losartan, 



progesterone, ramipril, sildenafil, simvastatin, sitagliptin, tacrolimus, thalidomide and verapamil. 

Simvastatin29, losartan30, and chloroquine + azithromycin (used to treat bacterial infections)31 

have also showed potential efficacy in COVID-19 treatments. SSRI inhibitors and anti-depression 

drugs, like fluoxetine, were potentially effective for COVID-19 treatment32. Ramipril is the ACE 

inhibitor. The drug dexamethasone, belonging to the glucocorticoid receptor, corticosteroid 

agonist, and immunosuppressant categories, was the first drug reported to be able to significantly 

 
 
Figure 3: Top-ranked drug categories that can potentially inhibit activated GO terms after 
SARS-CoV-2 infection. The connection (edge) between two different categories indicates that 
some drugs can inhibit both categories.   



improve the mortality rate of COVID-19 patients in clinical trials3, and as such, its inclusion in our 

results serves as a quasi-experimental positive control. Of note, the National Institutes of Health 

(NIH) have recently initiated drug combination clinical trials including Remdesivir plus 

dexamethasone or baricitinib (JAK2 inhibitor) for COVID-19 treatment. 

 

ESR1 and ESR2 were identified in the viral-host interaction signaling network  

Two RdRp-host interaction signaling networks were generated using the proposed network 

analysis model described in the method section. Supplementary Fig. 1 shows the Nsp12(RdRp)-

host interaction signaling network linking the 299 selected genes from 20 prey proteins (root 

genes) that interact with nsp12 (the RdRp bait protein). There were 22,666 interactions among 

these 405 genes. Fig. 4 shows the Nsp12-nsp7-nsp8(RdRp)-host interaction signaling network 

linking the 299 selected genes from 73 prey proteins (root genes) that interact with at least one 

of nsp12, nsp7, nsp8 (the RdRp bait protein). There were 3,373 interactions among these 486 

genes. There are 395 overlapping genes between the two signaling networks, which indicated 

that the nsp12-host signaling network is a subnetwork of the nsp12-nsp7-nsp8-host signaling 

network. As seen in the center area of the signaling networks, ESR1 and ESR2, the signaling 

receptors of estrogen hormones, were identified in the viral-host interaction signaling network, 

which indicated that ESR1 and ESR2 play important roles in viral-host interactions.  In addition, 

many other signaling targets, e.g., ESR1, ESR2, TP53, HIF1, MYC, HDAC3, TNF, MAPK, RELA, 

APP, JUN, MDM2, JAK, STAT, CTNNB1, were identified that intensively linked to other signaling 

targets. These signaling targets linking the prey proteins can be potentially essential viral-host 

interaction signaling targets, which may work together to facilitate viral replication and regulate 

host cell signaling response.  

 



 

 

 

 

 

 
 
Figure 4: RdRp (nsp12, nsp7 and nsp8)-host interaction signaling network (with 3,373 
interactions among 486 proteins). Blue, red, purple, cyan and light blue nodes represent the 
RdRp-nsp7-nsp8, prey proteins (interacting with RdRp protein complex, transcription factors, 
up-regulated genes, and proteins linking the prey proteins and up-regulated genes.  



Drugs directly perturb the viral-host interaction signaling networks 

There were 200 genes with node degree >=10 in at least one of the two RdRp-host interaction 

signaling networks (see supplementary Table 3). These genes can be potentially important 

targets that are synergistic with the RdRp for the purposes of inhibiting viral replication. To identify 

drugs that can inhibit the targets on this signaling network, drug-target interactions were derived 

from drugbank14 database. Among the 200 genes, there were 65 genes that had at least one drug 

or investigational agent inhibiting them. Of note, amongst these drugs, 19 were reported in 

literature concerning clinical trials of potential COVID-19 treatments (i.e., adalimumab, 

progesterone, spironolactone, chloroquine, imatinib, deferoxamine, estradiol, formoterol, 

thalidomide, melatonin, iloprost, dexamethasone, ciclesonide, zinc, nadroparin, ruxolitinib, 

tofacitinib, nintedanib, and baricitinib) (see Fig. 5). Interestingly, nadroparin, the MYC and FOS 

inhibitor, can stop the amplification of the fibrin clotting cascade. Similarly, thalidomide is a NFkB 

and TNF inhibitor that can be immune-suppressive and anti-angiogenic33. Estradiol and 

 
 
Figure 5: Drug-target information of 19 clinical trials drugs perturbing the RdRp-host 
interaction signaling network.  



melatonin34 are ESR1 inhibitors that tested in clinical trials. Also, dexamethasone, NR3C1 

inhibitor, was the first drug reported to be able to significantly improve the mortality rate of COVID-

19 patients in clinical trials3. The newly clinical trial results showed that Baricitnib, the JAK2 

inhibitor, was synergistic with Remdesivir to improve the outcome of COVID-19 patients28.  

Moreover, the selected drugs (some targets have many drugs directly interacting with 

them) that can perturb one of the 65 signaling targets were shown in Supplementary Fig. 2. 

Some targets have been reported in the current literature as being potentially important and 

effective targets for COVID-19 treatment (in addition to drugs that could modulate the effects of 

cytokines), like HDAC2/335,36, JAK237, CDK238, AKT139, MDM240, TNF41, MAPK149, STAT342, 

BCL243, NFKB1A44, EGFR42. Inhibitors (drugs) of these targets can be potentially synergistic with 

Remdesivir to inhibit viral replication.  

 

Novel evidence showing that estrogen hormone is an essential sex factor causing the 

distinct fatality patterns between male and female COVID-19 patients 

As shown in the results, the estrogen hormones can inhibit the activated inflammation and 

immune response biomarker genes; and the ESR1 and ESR2, the signaling receptors of estrogen 

hormones, were identified in the viral-host signaling network and intensively interact with other 

signaling targets on the network. All the results indicated that the estrogen hormones, interacting 

with ESR1/ESR2, are the essential sex factors protecting young female COVID-19 patients. 

However, the fatality rate of old female COVID-19 patients dramatically increased. To further 

understand the mechanism of estrogen hormones, we investigated the lifespan changes of the 

estrogen level in women and men45. Very importantly, it showed that the estrogen level in female 

reduces to an extremely low level after about 55 years of age, starting from about 45 years of age 

(see Fig. 6-upper panel). Of note, we further downloaded the mortality data of male and female 



(see Fig. 6-bottom panel) in U.S. from the CDC website46 (by December 31, 2020), and 

compared those data with the estrogen levels of female over their life span45 (see Fig. 6-upper 

panel). Surprisingly, the trends of the two curves closely approximated each-other (i.e., the curve 

of ratio between female and male mortality rate of COVID-19 patients vs the cure of levels of 

female). This specific findings might be able to explain, in terms of the molecular mechanism, the 

mounting evidence suggesting that men have a significantly higher mortality rate when positive 

for COVID-19 than young women47.  In other words, the low level of estoren hormone in female 

before 9 years old, and the dramatic decreasing of estradiol after ~55 years of age is associated 

 

 
 
Figure 6: The estrogen level lifespan changes in women and men (upper-panel), and the curve 
of ratio between female and male mortality rate of COVID-19 patients (bottom-panel).  
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with an increasing COVID-19 mortality rate in female. This may serve an indicator that estrogens 

can serves as an effective treatment, especially for old male or female patients, or in combination 

with Remdesivir for COVID-19 treatment.  

 

4. Discussion 

Millions of people are being infected by SARS-CoV-2 globally, with thousands of ensuing deaths 

every day. There is currently a lack of effective treatments to reduce the mortality rate of COVID-

19. Further, given the slow rates of vaccine delivery throughout the glove, and the emergence of 

new SARS-CoV-2 variants, the need for new and effective treatments is both critical and unlikely 

to cease to be a priority for the foreseeable future.  Remdesivir is a widely used and promising 

drug inhibiting the RdRp protein. However, the evidence of efficacy of using Remdesivir alone is 

limited. To improve the efficacy of Remdesivir, one possible approach is to combine Remdesivir 

with other drugs that can inhibit the down-stream signaling of RdRp.  

 

Sex had been indicated as an essential factor in the mortality of COVID-19. The global data of 

COVID-19 showed that men have a higher mortality rate than women. Therefore, the sex 

difference indicated that sex related genetic factors could be an interesting mechanism and 

targets for COVID-19 treatment, combined with existing treatment options. However, the 

underlying targets and signaling pathways associated with the sex difference remain unclear. 

Using the systematic and integrative network analysis models, we identified estrogen hormones 

(ER), interacting with ESR1 and ESR2, are essential sex factors causing distinct mortality patterns 

in female and male COVID-19 patients. Specifically, a high level of estradiol protects young 

female COVID-19 patients, and estrogen loss to an extremely low level in females after about 55 

years of age causes the increased fatality rate of women. Moreover, estrogen hormones can be 

effective treatments for COVID-19 by inhibiting the inflammation and immune response within 



host cells caused by SARS-CoV-2. These novel molecular mechanisms could provide clues to 

develop novel and effective treatments for COVID-19. One challenge is that it remains unclear 

and difficult to identify the ‘causal’ down-stream signaling interactions of the sex associated 

genetic factors among the host signaling network to regulate inflammation and immune response. 

For example, it is interesting and important to further study the molecular mechanism of how the 

ESR1 and ESR2, or the other essential sex associated genetic factors interact with other signaling 

targets to regulate host cell response (like inflammation and immune response).   

 

Conclusion 

In this study, we conclude that estrogen hormone is an essential sex factor causing the distinct 

fatality rates between male and female COVID-19 patients. Specifically, a high level of estradiol 

protecting young female COVID-19 patients, and estrogen loss to an extremely low level in 

females after about 55 years of age causing the increased fatality rate of women. In addition, the 

uncovered essential host targets and treatments can help designing experimental validations to 

uncover effective targets and drugs along or combined with Remdesivir as novel treatment 

regimens of COVID-19. 

  

Acknowledgement  

We would like to thank Dr. Jennifer Philips for the helpful discussions and revision. 

 

References 

1. Dong, E., Du, H. & Gardner, L. An interactive web-based dashboard to track COVID-19 

in real time. The Lancet Infectious Diseases (2020) doi:10.1016/S1473-3099(20)30120-1. 

2. Verity, R. et al. Estimates of the severity of coronavirus disease 2019: a model-based 

analysis. The Lancet Infectious Diseases (2020) doi:10.1016/S1473-3099(20)30243-7. 

3. Horby, P. et al. Effect of Dexamethasone in Hospitalized Patients with COVID-19: 

Preliminary Report. medRxiv (2020) doi:10.1101/2020.06.22.20137273. 



4. Dehingia, N. & Raj, A. Sex differences in COVID-19 case fatality: do we know enough? 

The Lancet Global Health 9, e14–e15 (2021). 

5. Peckham, H. et al. Male sex identified by global COVID-19 meta-analysis as a risk factor 

for death and ITU admission. Nature Communications 11, 6317 (2020). 

6. Gordon, D. E. et al. A SARS-CoV-2-Human Protein-Protein Interaction Map Reveals 

Drug Targets and Potential Drug-Repurposing. bioRxiv 2020.03.22.002386 (2020) 

doi:10.1101/2020.03.22.002386. 

7. Guy, R. K., DiPaola, R. S., Romanelli, F. & Dutch, R. E. Rapid repurposing of drugs for 

COVID-19. Science (New York, N.Y.) (2020) doi:10.1126/science.abb9332. 

8. Li, G. & De Clercq, E. Therapeutic options for the 2019 novel coronavirus (2019-nCoV). 

Nature reviews. Drug discovery (2020) doi:10.1038/d41573-020-00016-0. 

9. Bouhaddou, M. et al. The Global Phosphorylation Landscape of SARS-CoV-2 Infection. 

Cell 182, 685-712.e19 (2020). 

10. Rodriguez, L. et al. Systems-level immunomonitoring from acute to recovery phase of 

severe COVID-19. Cell Reports Medicine (2020) doi:10.1016/j.xcrm.2020.100078. 

11. Blanco-Melo, D. et al. SARS-CoV-2 launches a unique transcriptional signature from in 

vitro, ex vivo, and in vivo systems. bioRxiv (2020) doi:10.1101/2020.03.24.004655. 

12. Bojkova, D. et al. Proteomics of SARS-CoV-2-infected host cells reveals therapy targets. 

Nature (2020) doi:10.1038/s41586-020-2332-7. 

13. Wei, J. et al. Genome-wide CRISPR screen reveals host genes that regulate SARS-CoV-2 

infection. bioRxiv 2020.06.16.155101 (2020) doi:10.1101/2020.06.16.155101. 

14. Wishart, D. S. et al. DrugBank 5.0: A major update to the DrugBank database for 2018. 

Nucleic Acids Research 46, D1074–D1082 (2018). 

15. Lamb, J. et al. The connectivity map: Using gene-expression signatures to connect small 

molecules, genes, and disease. Science 313, 1929–1935 (2006). 

16. Subramanian, A. et al. A Next Generation Connectivity Map: L1000 Platform and the 

First 1,000,000 Profiles. Cell 171, 1437–1452 (2017). 

17. Gao, Y. et al. Structure of the RNA-dependent RNA polymerase from COVID-19 virus. 

Science (2020) doi:10.1126/science.abb7498. 

18. Kirchdoerfer, R. N. & Ward, A. B. Structure of the SARS-CoV nsp12 polymerase bound 

to nsp7 and nsp8 co-factors. Nature Communications 10, 2342 (2019). 

19. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion 

for RNA-seq data with DESeq2. Genome Biology (2014) doi:10.1186/s13059-014-0550-8. 

20. Gene Ontology Consortium, T. et al. Gene Ontology: tool for the unification of biology 

NIH Public Access Author Manuscript. Nat Genet 25, 25–29 (2000). 

21. Yu, G. et al. GOSemSim: An R package for measuring semantic similarity among GO 

terms and gene products. Bioinformatics (2010) doi:10.1093/bioinformatics/btq064. 

22. Frey, B. J. & Dueck, D. Clustering by passing messages between data points. Science 315, 

972–976 (2007). 

23. Subramanian, A. et al. Gene set enrichment analysis: A knowledge-based approach for 

interpreting genome-wide expression profiles. Proceedings of the National Academy of 

Sciences of the United States of America 102, 15545–15550 (2005). 

24. Liberzon, A. et al. Molecular signatures database (MSigDB) 3.0. Bioinformatics 27, 

1739–1740 (2011). 

25. Oughtred, R. et al. The BioGRID interaction database: 2019 update. Nucleic Acids 

Research 47, D529–D541 (2018). 



26. Tian, J., Middleton, B., Kaufman, D. L. & Kaufman, D. GABA administration prevents 

severe illness and death following coronavirus infection in mice. bioRxiv (2020). 

27. Straus, M., Bidon, M., Tang, T., Whittaker, G. & Daniel, S. FDA approved calcium 

channel blockers inhibit SARS-CoV-2 infectivity in epithelial lung cells. (2020) 

doi:10.1101/2020.07.21.214577. 

28. Kalil, A. C. et al. Baricitinib plus Remdesivir for Hospitalized Adults with Covid-19. New 

England Journal of Medicine (2020) doi:10.1056/NEJMoa2031994. 

29. Kow, C. S. & Hasan, S. S. Meta-analysis of Effect of Statins in Patients with COVID-19. 

The American journal of cardiology 134, 153–155 (2020). 

30. Danser, A. H. J., Epstein, M. & Batlle, D. Renin-Angiotensin System Blockers and the 

COVID-19 Pandemic: At Present There Is No Evidence to Abandon Renin-Angiotensin 

System Blockers. Hypertension (2020) doi:10.1161/HYPERTENSIONAHA.120.15082. 

31. Cavalcanti, A. B. et al. Hydroxychloroquine with or without Azithromycin in Mild-to-

Moderate Covid-19. New England Journal of Medicine (2020) 

doi:10.1056/nejmoa2019014. 

32. Lenze, E. J. et al. Fluvoxamine vs Placebo and Clinical Deterioration in Outpatients with 

Symptomatic COVID-19: A Randomized Clinical Trial. JAMA - Journal of the American 

Medical Association (2020) doi:10.1001/jama.2020.22760. 

33. Rismanbaf, A. Potential Treatments for COVID-19; a Narrative Literature Review. 

Archives of academic emergency medicine 8, e29–e29 (2020). 

34. Zhang, R. et al. COVID-19: Melatonin as a potential adjuvant treatment. Life sciences 

250, 117583 (2020). 

35. Pinto, B. G. G. et al. ACE2 expression is increased in the lungs of patients with 

comorbidities associated with severe COVID-19. Journal of Infectious Diseases (2020) 

doi:10.1093/infdis/jiaa332. 

36. El Baba, R. & Herbein, G. Management of epigenomic networks entailed in coronavirus 

infections and COVID-19. Clinical Epigenetics (2020) doi:10.1186/s13148-020-00912-7. 

37. Wu, D. & Yang, X. O. TH17 responses in cytokine storm of COVID-19: An emerging 

target of JAK2 inhibitor Fedratinib. Journal of microbiology, immunology, and infection 

= Wei mian yu gan ran za zhi 53, 368–370 (2020). 

38. Weisberg, E. et al. Repurposing of Kinase Inhibitors for Treatment of COVID-19. 

Pharmaceutical Research (2020) doi:10.1007/s11095-020-02851-7. 

39. Somanath, P. R. Is targeting akt a viable option to treat advanced-stage COVID-19 

patients? American Journal of Physiology - Lung Cellular and Molecular Physiology 

(2020) doi:10.1152/ajplung.00124.2020. 

40. Cissé, M. Y. et al. Targeting MDM2-dependent serine metabolism as a therapeutic 

strategy for liposarcoma. Science Translational Medicine 12, eaay2163 (2020). 

41. Robinson, P. C., Richards, D., Tanner, H. L. & Feldmann, M. Accumulating evidence 

suggests anti-TNF therapy needs to be given trial priority in COVID-19 treatment. The 

Lancet Rheumatology (2020) doi:10.1016/S2665-9913(20)30309-X. 

42. Hondermarck, H., Bartlett, N. W. & Nurcombe, V. The role of growth factor receptors in 

viral infections: An opportunity for drug repurposing against emerging viral diseases such 

as COVID‐19? FASEB BioAdvances (2020) doi:10.1096/fba.2020-00015. 

43. Han, Z., Liang, J., Li, Y. & He, J. Drugs and Clinical Approaches Targeting the 

Antiapoptotic Protein: A Review. BioMed Research International 2019, 1212369 (2019). 



44. Hirano, T. & Murakami, M. COVID-19: A New Virus, but a Familiar Receptor and 

Cytokine Release Syndrome. Immunity (2020) doi:10.1016/j.immuni.2020.04.003. 

45. Ober, C., Loisel, D. A. & Gilad, Y. Sex-specific genetic architecture of human disease. 

Nature Reviews Genetics (2008) doi:10.1038/nrg2415. 

46. Data, C. C.-19 D. No Title. https://data.cdc.gov/NCHS/Provisional-COVID-19-Death-

Counts-by-Sex-Age-and-S/9bhg-hcku/data. 

47. Jin, J. M. et al. Gender Differences in Patients With COVID-19: Focus on Severity and 

Mortality. Frontiers in Public Health (2020) doi:10.3389/fpubh.2020.00152. 

  



Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SexFactorCovid19srsuppFigures.docx

SexFactorCovid19srsuppTables.docx

https://assets.researchsquare.com/files/rs-936900/v1/6186e9d8e594ed77c4f0a8b1.docx
https://assets.researchsquare.com/files/rs-936900/v1/455069091d37f8684306fba7.docx

