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A B S T R A C T   

Background: COVID-19 can cause multiple organ damages as well as metabolic abnormalities such as hyperglycemia, 
insulin resistance, and new onset of diabetes. The insulin/IGF signaling pathway plays an important role in regulating 
energy metabolism and cell survival, but little is known about the impact of SARS-CoV-2 infection. The aim of this 
work was to investigate whether SARS-CoV-2 infection impairs the insulin/IGF signaling pathway in the host cell/ 
tissue, and if so, the potential mechanism and association with COVID-19 pathology. 
Methods: To determine the impact of SARS-CoV-2 on insulin/IGF signaling pathway, we utilized transcriptome 
datasets of SARS-CoV-2 infected cells and tissues from public repositories for a wide range of high-throughput 
gene expression data: autopsy lungs from COVID-19 patients compared to the control from non-COVID-19 pa
tients; lungs from a human ACE2 transgenic mouse infected with SARS-CoV-2 compared to the control infected 
with mock; human pluripotent stem cell (hPSC)-derived liver organoids infected with SARS-CoV-2; adipose 
tissues from a mouse model of COVID-19 overexpressing human ACE2 via adeno-associated virus serotype 9 
(AAV9) compared to the control GFP after SARS-CoV-2 infection; iPS-derived human pancreatic cells infected 
with SARS-CoV-2 compared to the mock control. Gain and loss of IRF1 function models were established in 
HEK293T and/or Calu3 cells to evaluate the impact on insulin signaling. To understand the mechanistic regu
lation and relevance with COVID-19 risk factors, such as older age, male sex, obesity, and diabetes, several 
transcriptomes of human respiratory, metabolic, and endocrine cells and tissue were analyzed. To estimate the 
association with COVID-19 severity, whole blood transcriptomes of critical patients with COVID-19 compared to 
those of hospitalized noncritical patients with COVID-19. 
Results: We found that SARS-CoV-2 infection impaired insulin/IGF signaling pathway genes, such as IRS, PI3K, 
AKT, mTOR, and MAPK, in the host lung, liver, adipose tissue, and pancreatic cells. The impairments were 
attributed to interferon regulatory factor 1 (IRF1), and its gene expression was highly relevant to risk factors for 
severe COVID-19; increased with aging in the lung, specifically in men; augmented by obese and diabetic con
ditions in liver, adipose tissue, and pancreatic islets. IRF1 activation was significantly associated with the 
impaired insulin signaling in human cells. IRF1 intron variant rs17622656-A, which was previously reported to 
be associated with COVID-19 prevalence, increased the IRF1 gene expression in human tissue and was frequently 
found in American and European population. Critical patients with COVID-19 exhibited higher IRF1 and lower 
insulin/IGF signaling pathway genes in the whole blood compared to hospitalized noncritical patients. Hormonal 
interventions, such as dihydrotestosterone and dexamethasone, ameliorated the pathological traits in SARS-CoV- 
2 infectable cells and tissues. 
Conclusions: The present study provides the first scientific evidence that SARS-CoV-2 infection impairs the in
sulin/IGF signaling pathway in respiratory, metabolic, and endocrine cells and tissues. This feature likely con
tributes to COVID-19 severity with cell/tissue damage and metabolic abnormalities, which may be exacerbated 
in older, male, obese, or diabetic patients.  

* Corresponding author at: Department of Metabolic Medicine, Department of Diabetes Care Medicine, Graduate School of Medicine, Osaka University, Japan. 
E-mail address: shinjihoon0209@endmet.med.osaka-u.ac.jp (J. Shin).  

Contents lists available at ScienceDirect 

Metabolism 

journal homepage: www.journals.elsevier.com/metabolism 

https://doi.org/10.1016/j.metabol.2022.155236 
Received 7 March 2022; Received in revised form 11 May 2022; Accepted 1 June 2022   

mailto:shinjihoon0209@endmet.med.osaka-u.ac.jp
www.sciencedirect.com/science/journal/00260495
https://www.journals.elsevier.com/metabolism
https://doi.org/10.1016/j.metabol.2022.155236
https://doi.org/10.1016/j.metabol.2022.155236
https://doi.org/10.1016/j.metabol.2022.155236
http://crossmark.crossref.org/dialog/?doi=10.1016/j.metabol.2022.155236&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Metabolism 133 (2022) 155236

2

1. Introduction 

The pandemic of a novel β-coronavirus SARS-CoV-2 infection, 
termed coronavirus disease 2019 (COVID-19), has resulted in over 
518,000,000 infection cases and 6,250,000 deaths, leading to a global 
health crisis. The influences of COVID-19 vary among individuals, and 
severe outcomes are associated with host health states, such as age, sex, 
obesity, and diabetes [1]. Most patients present mild to moderate 
symptoms, which accounts for 85–90 % of the patients, whereas 
approximately 10–15 % develop severe pneumonia. Approximately 5 % 
of infected people progress to serious stages with respiratory failure, 
septic shock, and acute respiratory distress syndrome (ARDS) [2]. The 
infection causes host cell and tissue damage and, in some cases, it trig
gers metabolic abnormalities, such as insulin resistance, hyperglycemia, 
abnormal lipid control, abnormal amino acid control, and new onset of 
diabetes [3–13]. However, the molecular mechanisms have not yet been 
fully explained. 

Insulin/IGF signaling plays a critical role in the regulation of energy 
metabolism [14–17]. Ligand/receptor interactions transduce cellular 
signaling through IRS/PI3K, and the downstream AKT/mTOR/MAPK 
pathway and related molecules mediate subsequent biological processes 
for energy uptake and utilization [14–17]. Impairment of the insulin/ 
IGF signaling pathway in metabolic organs and tissue triggers abnormal 
insulin/IGF responses, so-called insulin resistance, and causes patho
logical development of metabolic syndromes, such as insulin resistance, 
hyperglycemia, hyperlipidemia, obesity, and diabetes [14–19]. Sys
temic knockout of insulin receptor in mice triggers early onset of dia
betes and ultimately death caused by ketoacidosis [20,21]. Blockade of 
the insulin/IGF signaling pathway in adipose tissue causes loss of adi
pose tissue and severe metabolic syndrome [22]. Insulin/IGF signaling is 
also critical in the functions of pancreatic beta cells; specific knockout of 
the insulin receptor in beta cells leads to a remarkable reduction in in
sulin secretion and the development of diabetes mellitus [23]. 

Insulin/IGF signaling is also important for cellular survival and the 
control of cell damage and cell death in various organs and tissues, 
including the lung [24–28]. The downstream pathway regulates anti
apoptotic programs, thus managing cellular damage and enhancing 
survival [24–28]. Abnormal insulin sensitivity, called insulin resistance, 
is associated with lung dysfunction in humans [29–32]. Endothelial 
restoration of insulin receptor (IR) rescues vascular impairment of IR 
heterogenic knockout [33]. Defects in the IGF-1 receptor lead to lethal 
neonatal respiratory distress with severe lung abnormalities and 
increased cellular apoptosis [34]. IGF-1 therapy is effective in attenu
ating lipopolysaccharide (LPS)-induced lung injury [35]. IGFs and IGF 
receptors are elevated during lung injury and tissue repair, and their 
blockade inhibits alveolar epithelial proliferation [35,36]. The signifi
cance of insulin/IGF signaling in the control of lung function as well as 
cell and tissue damage is well understood, but the impact of SARS-CoV-2 
infection and the association with COVID-19 pathologies has not been 
reported. 

Advances in bioanalysis technology have accumulated an enormous 
amount of biological information from a wide range of research fields, 
which is open for other research uses (e.g., GEO datasets and GTEx 
project) [37,38]. Since the outbreak of COVID-19, there have been 
intensive studies on the pathology of SARS-CoV-2, which has also 
generated a substantial amount of unanalyzed biological data. Here, we 
gathered, reanalyzed, and compiled this dispersed biological informa
tion and found a novel pathological feature of COVID-19. 

2. Material and methods 

2.1. Material information 

All material information utilized in this study is described in Table 1. 

Table 1 
Material information.  

REAGENT or RESOURCE SOURCE IDENTIFIER 

Deposited data 
Human COVID-19 lung tissue Gene Expression Omnibus 

(GEO) 
GSE150316 

Human COVID-19 liver organoids Gene Expression Omnibus 
(GEO) 

GSE151803 

IFNb-treated mouse primary 
hepatocytes 

Gene Expression Omnibus 
(GEO) 

GSE149497 

Golden hamster liver tissue fed 
HFHS 

Gene Expression Omnibus 
(GEO) 

GSE175943 

TNF/IL1B-treated mouse primary 
hepatocytes 

Gene Expression Omnibus 
(GEO) 

GSE19272 

Mouse COVID-19 lung tissue Gene Expression Omnibus 
(GEO) 

GSE154104 

Mouse COVID-19 adipose tissue Gene Expression Omnibus 
(GEO) 

GSE162113 

Human COVID-19 pancreatic cells Gene Expression Omnibus 
(GEO) 

GSE165890 

IFN-treated human primary 
bronchial epithelial cells 

Gene Expression Omnibus 
(GEO) 

GDS1256 

IFN-treated mouse primary 
adipocytes 

Gene Expression Omnibus 
(GEO) 

GSE110236 

IFN-treated human pancreatic islets Gene Expression Omnibus 
(GEO) 

GSE124810 

IRF1-overexpressed human 
hepatoma Huh-7 cells 

Gene Expression Omnibus 
(GEO) 

GSE26817 

IRF1 knockout human bronchial 
epithelial BEAS-2B cells 

Gene Expression Omnibus 
(GEO) 

GSE114284 

IRF1 knockout human PH5CH8 
hepatocytes 

Gene Expression Omnibus 
(GEO) 

GSE115198 

IRF1 knockout human monocytic 
THP-1 cells 

Gene Expression Omnibus 
(GEO) 

GSE147313 

M. avium-infected mouse lung 
tissue 

Gene Expression Omnibus 
(GEO) 

GSE11809 

Human xenograft tumor luCaP35 Gene Expression Omnibus 
(GEO) 

GDS4120 

Mouse prostate with testosterone 
replacement 

Gene Expression Omnibus 
(GEO) 

GDS2562 

Human epithelial LNCaP cells Gene Expression Omnibus 
(GEO) 

GSE152254 

Human obese adipocytes Gene Expression Omnibus 
(GEO) 

GDS3602 

IL6-treated human SGBS adipocytes Gene Expression Omnibus 
(GEO) 

GSE179347 

IRF1 ChIP-Seq Gene Expression Omnibus 
(GEO) 

GSM1239465 

Mouse pancreatic β cells Gene Expression Omnibus 
(GEO) 

GSE33647 

IL1B-treated rat pancreatic INS- 
1rαβ cells 

Gene Expression Omnibus 
(GEO) 

GDS4332 

Human whole blood from critical 
COVID-19 patients 

Gene Expression Omnibus 
(GEO) 

GSE172114 

DHT-treated human epithelial 
LNCaP cells 

Gene Expression Omnibus 
(GEO) 

GSE114052 

DEX-treated human subcutaneous 
adipose tissue 

Gene Expression Omnibus 
(GEO) 

GSE167250 

Humanized mouse lung tissue Gene Expression Omnibus 
(GEO) 

GSE200561 

TNF-and/or IFNb-treated human 
DC 

Gene Expression Omnibus 
(GEO) 

GSE134209 

AR ChIP-Seq Gene Expression Omnibus 
(GEO) 

GSM3577148 

GR ChIP-Seq Gene Expression Omnibus 
(GEO) 

GSM3579033 

Human lung, liver, and pancreas 
tissues 

Genotype Tissue Expression 
(GTEx) 

N.A 

1000 genome project https://asia.ensembl.org/ N.A  

Experimental materials 
Anti-IRF1 Antibody (D5E4) Cell signaling #8478 
Anti-Phospho-AKT (Ser473) (D9E) Cell signaling #4060 
Anti-total AKT Antibody (C67E7) Cell signaling #4691 
Anti-b-Actin Antibody (AC-15) Sigma A5441 
Anti-ISG15 Antibody (F-9) Santa Cruz sc-166755 
px459v2 plasmid Addgene #62988 

(continued on next page) 
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2.2. Transcriptome dataset analysis 

The gene expression data of human tissues were obtained from Ge
notype Tissue Expression (GTEx) (Lonsdale et al., 2013). The gene 
expression datasets related to COVID-19, IRF1, AR, and GR were ob
tained from the Gene Expression Omnibus (GEO) (Edgar et al., 2002) 
and analyzed by the GEO2R analysis tool or Microsoft Excel. For human 
COVID-19 lung tissue (GSE150316), lung tissue samples from NegCon
trol1, 2, 3, 4, and 5 were utilized for the analysis of the control group. 
Average gene expression of multiple lung tissue samples from high viral 
cases 1, 5, 8, 9, and 11 in addition to gene expression of lung tissue 
samples from NYC cases A, C, and D were utilized for the analysis of the 
COVID-19 group. For the mouse COVID-19 lung tissue (GSE154104), all 
gene expression levels were normalized to GAPDH, and average gene 
expression levels of each day's post-infection (DPI) group were utilized 
to display heatmap images. For the analysis of mouse COVID-19 adipose 
tissue (GSE162113), samples collected on Day 3 after administration of 
SARS-CoV-2 were utilized. Additionally, interferon-treated human pri
mary bronchial epithelial cells (GDS1256), interferon-treated mouse 
primary adipocytes datasets (GSE110236), interferon-treated human 
pancreatic islets (GSE124810), IRF1-overexpressing human hepatoma 
Huh-7 cells (GSE26817), IRF1 knockout-related human bronchial 
epithelial BEAS-2B cells (GSE114284), IRF1 knockout-related human 
monocytic THP-1 cells (GSE147313), IRF1 knockout-related human 
hepatocyte PH5CH8 cells (GSE115198), and M. avium-infected mouse 
lung tissue (GSE11809) were included. The average gene expression of 
each group in M. avium-infected mouse lung tissue (GSE11809) was 
utilized to display heatmap images. The following data were also 
included: Human COVID-19 Liver organoids (GSE151803); castration 
and testosterone replacement-related mouse prostate (GDS2562); mouse 
castration and human xenograft LuCaP35 tumor (GDS4120); human 
epithelial LNCaP cells treated with the AR antagonist, enzalutamide 
(GSE152254); golden hamster liver tissue fed HFHS (GSE175943); IFNb- 
treated gouse primary hepatocytes (GSE149497); TNF/IL1B-treated 

mouse primary hepatocytes (GSE19272); human adipocytes from lean 
and obese subjects (GDS3602); human SGBS adipocytes treated with IL6 
(GSE179347); mouse pancreatic β cells from control and ob/ob mice 
(GSE33647); rat pancreatic INS-1rαβ cells treated with IL1B (GDS4332); 
whole blood samples from hospitalized noncritical and critical COVID- 
19 patients (GSE172114); human prostate epithelial LnCaP cells 
treated with DHT (GSE114052); human subcutaneous adipose tissues 
treated with DEX (GSE88966); human islets treated with DEX 
(GSE167250; study id: Isl10 samples); and humanized mouse lung tissue 
infected with SARS-CoV-2 with/without DEX (GSE200561; irf1: DPI14 
samples; insulin/IGF signaling molecules: DPI28 samples). The average 
gene expression of each group in human subcutaneous adipose tissues 
(GSE88966) and humanized mouse lung tissue (GSE200561) were uti
lized to display heatmap images. 

2.3. ChIP-Seq source and analysis 

ChIP-Seq datasets of human IRF1 (GSM1239465), AR (GSM3577148), 
and GR (GSM3579033) were analyzed from ChIP-Atlas [39] and visualized 
by Integrative Genomics Viewer (IGV) [40]. 

2.4. Heatmap generation 

Heatmap images were generated by the web-based heatmapping 
tools, Heatmapper [41] and Morpheus. 

2.5. Pathway analysis 

Pathway analysis for Kyoto Encyclopedia of Genes and Genomes 
(KEGG) [42] and REACTOME [43] was performed by utilizing Top
pGene functional analysis software (ToppFun). 

2.6. Cellular experiments 

HEK293T or Calu3 cells were maintained in high glucose DMEM 
supplemented with 10 % FBS and 1 % Penicillin streptomycin. HEK293T 
or Calu3 cells was plated in 12-well or 24-well dish plate and utilized for 
experiments when 80–95 % confluent. For Insulin signaling assay, cells 
were stimulated/infected 24 h before treatment of 100 nM insulin at 
specific time points. 

2.7. Plasmid transfection 

80–95 % confluent HEK293T or Calu3 cells were transfected with the 
expression or CRISPR/Cas9 plasmid by utilizing lipofectamine3000 
transfection reagent following manufacturer instructions. 

2.8. IRF1 overexpression 

IRF1 gene (C-terminal 3xFLAG tag inserted) was cloned in an 
expression plasmid (pEF1a). The plasmid was transiently transfected in 
HEK293T cells by lipofectamine3000 transfection reagent. 24–48 h after 
transfection, cells were utilized for insulin signaling experiments. 

2.9. IRF1 knockout cell establishment 

Specific guide RNA (gRNA) for IRF1 gene was designed by web- 
based gRNA designing tools, such as CHOPCHOP, Benchiling, and 
CRISPOR. The gRNA for non-targeting or IRF1 gene was cloned into 
CRISPR/Cas9 plasmid (px459v2; puromycin selection plasmid) [44]. 
These plasmids were transiently transfected in HEK293T cells, 24 h after 
transfection, the cells were selected by puromycin for 5 days. The 
selected HEK293T cells were utilized for insulin signaling experiments. 

Table 1 (continued ) 

REAGENT or RESOURCE SOURCE IDENTIFIER 

px459v2-Negative Control gRNA This paper N.A 
px459v2-IRF1 gRNA This paper N.A 
pEF1a-Empty This paper N.A 
pEF1a-IRF1-FLAG This paper N.A 
Recombinant Murine TNF-α PeproTech 315-01A 
Dihydrotestosterone (DHT) Selleck S4757 
Insulin Sigma I5500 
Dexamethasone (DEX) Sigma D1756 
Lipofectimine 3000 Thermo Fisher Scientific N.A  

Software and algorithms 
GEO2R https://www.ncbi.nlm.nih. 

gov/geo/geo2r/ 
N.A 

Microsoft Excel https://www.microsoft.co 
m/ 

N.A 

Integrative Genomics Viewer https://software.broadinst 
itute.org/software/igv/ 

N.A 

ChIP-Atlas https://chip-atlas.org/ N.A 
Kyoto Encyclopedia of Genes and 

Genomes (KEGG) 
https://www.genome.jp/ke 
gg/ 

N.A 

REACTOME https://reactome.org/ N.A 
Toppgene functional analysis 

software (ToppFun) 
https://toppgene.cchmc. 
org/enrichment.jsp 

N.A 

JMP Pro 15.2.1 software https://www.jmp.com/ N.A 
CHOPCHOP CRISPR gRNA design 

tool 
http://chopchop.cbu.uib. 
no/ 

N.A 

Benchiling CRISPR gRNA design 
tool 

https://www.benchling. 
com/crispr 

N.A 

eQTL Dashboard https://www.gtexportal. 
org/ 

N.A  
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2.10. Statistics 

All data are expressed as the mean ± SEM. Differences between two 
groups were evaluated for statistical significance by Student's t-test. The 
effects of castration and testosterone replacement on IRF1 gene 
expression in the mouse prostate were tested by one-way analysis of 
variance (ANOVA) followed by the Tukey–Kramer test. Aging effects on 
IRF1 gene expression in human lung tissues were assessed by the Wil
coxon test. A P value of <0.05 indicated a statistically significant dif
ference. JMP Pro 15.2.1 software was used in all statistical analyses. 

3. Results 

3.1. COVID-19 impairs the insulin/IGF signaling pathway of the host 
lung, liver, adipose tissue, and pancreatic cells 

To understand the impact of SARS-CoV-2 infection on the host, we 
first analyzed the transcriptome datasets of autopsy lungs from COVID- 
19 patients compared to the control from non-COVID-19 patients with 
pulmonary pathologies, such as pneumonia [45]. Infection with SARS- 
CoV-2 led to remarkable alterations in the gene expression of the 

Fig. 1. SARS-CoV-2 infection (COVID-19) impairs the insulin/IGF signaling pathway in the host lung, liver, adipose tissue, and pancreatic cells. A–C: Transcriptome 
analysis of human autopsy lung tissues from control non-COVID-19 patients with other pulmonary pathologies and COVID-19 patients (GSE150316: Control n = 5, 
COVID-19 n = 8). Volcano plot (A), pathway analysis of COVID-19-downregulated genes (B: fold change<1, p value<0.2), and gene expression of insulin/IGF 
signaling-related molecules (C). D–F: Gene expression of insulin/IGF signaling-related molecules in human liver organoids (D: GSE151803, SARS-CoV-2 infection, 
Control n = 6, COVID-19 n = 6), adipose tissue (E: GSE162113, 3 days post-SARS-CoV-2 infection, Control AAV9-GFP n = 3, COVID-19 AAV9-hACE2 n = 3) and iPS- 
derived pancreatic cells (F: GSE165890, Control Mock infection n = 3, COVID-19 SARS-CoV-2 infection n = 3). Data represent the mean ± SEM. #p < 0.25, *p <
0.05, **p < 0.01, and ***p < 0.001. 
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autopsy lungs of COVID-19 patients (Fig. 1A). The downregulated genes 
were significantly associated with insulin signaling/resistance, mTOR 
signaling and MAPK signaling in pathway analysis (Fig. 1B). Detailed 
gene expression analysis showed a wide range of impairments in insu
lin/IGF signaling molecules, including IRS, PI3K, AKT, mTOR, MAPK, 
PTEN, and FOXO (Fig. 1C), without changes in immune cell markers 
(sFig. 1), ruling out the immune cell compositional impact. Similar 
impairments in insulin/IGF signaling pathway genes were observed in 
the lung tissues of a COVID-19 mouse model (sFig. 2A), a human ACE2 

(hACE2) transgenic mouse infected with SARS-CoV-2 [46]. SARS-CoV-2 
not only infects the respiratory track but also other organs and cells, 
including liver [47,48], adipose tissue [49–51], and pancreas [52–54]. 
We analyzed liver organoids derived from a human pluripotent stem cell 
(hPSC) infected with SARS-CoV-2 [48], adipose tissues from a mouse 
model of COVID-19 overexpressing human ACE2 via adeno-associated 
virus serotype 9 (AAV9) and infected with SARS-CoV-2 [55] as well as 
iPS-derived human pancreatic cells infected with SARS-CoV-2 [56]. 
SARS-CoV-2 infection markedly downregulated insulin/IGF signaling 
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pathway genes in hPSC-derived human liver organoid (Fig. 1D), AAV9- 
hACE2-transfected mouse adipose tissue (Fig. 1E), and iPS-derived 
human pancreatic cells (Fig. 1F). 

3.2. IRF1 mediates COVID-19-associated impairments in the insulin/IGF 
signaling pathway 

We next investigated the mechanism of COVID-19-associated im
pairments on the insulin/IGF signaling pathway in the autopsy lung of 
COVID-19 patients and SARS-CoV-2-infected hPSC-derived human liver 
organoid, AAV9-hACE2-transfected mouse adipose tissue, and iPS- 
derived human pancreatic cells. An uncontrolled innate immune 
response and excessive production of proinflammatory cytokines are 
hallmarks of SARS-CoV-2 infection [57]. COVID-19-upregulated genes 
were associated with interferon, cytokine and TNF signaling pathways 
in human autopsy lungs (Fig. 2A and B). To identify the key causal 
factor, we listed and compiled upregulated genes in the human autopsy 
lungs, hPSC-derived human liver organoid, AAV9-hACE2-transfected 
mouse adipose tissue, and iPS-derived human pancreatic cells of 
COVID-19 transcriptomes (Fig. 2C) as follows: COVID-19-upregulated 
genes in human autopsy lung tissue (728 genes), liver organoid (503 
genes), mouse adipose tissue (531 genes), and human pancreatic cells 
(796 genes). The comparative analysis led to only one common gene 
(Fig. 2C), interferon regulatory factor 1 (IRF1), which is a crucial 
mediator of interferon and cytokine responses [58]. 

Detailed gene expression analysis showed that SARS-CoV-2 infection 
increased the gene expression of IRF1 in the human autopsy lungs, 
hPSC-derived human liver organoid, AAV9-hACE2-transfected mouse 
adipose tissue, and iPS-derived human pancreatic cells (Fig. 2D–G and 
sFig. 2B). The induction of IRF1 was recapitulated by interferon treat
ments in human primary bronchial epithelial cells (Fig. 2H), mouse 
primary hepatocytes (Fig. 2I), mouse primary adipocytes (Fig. 2J), and 
pancreatic islets (Fig. 2K). SARS-CoV-2 infection caused early phase 
induction of Irf1 at Day 2 and late phase significant impairments of the 
insulin/IGF signaling pathway at Day 7 after infection in the lung of 
hACE2-transgenic mouse (Fig. 2L), suggesting the time course effect of 
COVID-19. Interferon gamma treatment in human primary bronchial 
epithelial cells resulted in significant induction of IRF1, which was 
associated with the downregulation of insulin/IGF signaling pathway 
genes (Fig. 2M). 

IRF1 functions as both a transcriptional activator and repressor to 
control interferon and cytokine responses [58]. Overexpression of IRF1 
in human hepatoma Huh-7 cells [59] decreased the gene expression of 
the insulin/IGF signaling pathway (Fig. 2N). Knockout of the IRF1 gene 
in various SARS-CoV-2 infectable human cell types, including human 
bronchial epithelial BEAS-2B cells [60], human PH5CH8 hepatocytes 
[61], and human monocytic THP-1 cells [62], enhanced gene expression 
of the insulin/IGF signaling pathway (Fig. 2O–Q). A similar result was 
observed in mouse lungs infected with Mycobacterium avium (M. avium), 
a mouse model of respiratory diseases [63]; infection increased the gene 
expression of Irf and impaired that of the insulin/IGF signaling pathway 
in the lung, which was attenuated by Irf1 knockout (Fig. 2R). IRF1 ChIP- 
Seq analysis revealed direct binding in the gene regions of insulin/IGF 
signaling molecules (Fig. 2S). These data suggested that IRF1 might 
contribute to the impairment of insulin/IGF signaling. 

To evaluate whether IRF1 activation indeed impairs insulin signaling 
in human cells, we established IRF1 gain-of-function models, in which 
FLAG-tagged IRF1 was cloned in an expression plasmid, transiently 
transfected in HEK293T and human epithelial Calu3 cells, and then 
estimated insulin-mediated AKT phosphorylation by western blotting. 
Overexpression of IRF1 gene in HEK293T cells, which properly 
increased IRF1 and the target ISG15 protein expressions (sFig. 2), 
impaired insulin-induced AKT phosphorylation in human HEK293T cells 
(Fig. 3A). Similar results were observed in human epithelial cell line 
Calu3; the overexpression of IRF1 blocked insulin-mediated AKT phos
phorylation in Calu3 cells (Fig. 3B). These results clearly showed that 

IRF1 gene activation indeed impairs the insulin signaling in human cells. 
We also validated the impact of IRF1 in a loss-of-function model, in 

which IRF1 knockout HEK293T cells were generated by CRISPR-Cas9 
system and evaluated the insulin-mediated AKT phosphorylation 
under inflammatory condition. As we described in Fig. 2, interferon, 
cytokine, and TNF responses were associated with the induction of IRF1 
gene expression. The treatment of TNF-α in HEK293T cells significantly 
increased IRF1 protein expression in a dose dependent manner (Fig. 3C). 
The induction of IRF1 was significantly associated with the impaired 
insulin-mediated phosphorylation, which were in part rescued by the 
IRF1 knockout (Fig. 3D). The data suggested that IRF1 repression could 
ameliorate inflammatory response-related insulin resistance in human 
cells, potentially in COVID-19 pathology. 

The results of IRF1 gain-and loss-of-function experiments are well 
align with previous research that IRF1 expression is involved not only in 
tissue damage and cell death in association with inflammatory responses 
but also in metabolic disorders in metabolic and endocrine tissues and 
cells such as adipose tissue and pancreas [64–69], suggesting the 
possible involvement in COVID-19-related tissue/cell damage and 
metabolic abnormalities. 

3.3. IRF1 gene expression is highly relevant to risk factors for severe 
COVID-19 

We next analyzed the expression features of IRF1 associated with risk 
factors for severe COVID-19, such as aging, male sex, obesity, and dia
betes. The IRF1 gene was significantly increased in human lung tissues 
with aging, specifically in men (Fig. 4A), and the expression was slightly 
decreased in women but was not significant (Fig. 4B). The sexual 
dimorphic differences suggested that aging-related androgen depriva
tion in men might be associated with increased IRF1 gene expression. In 
fact, androgen deprivation by castration in mouse increased IRF1 gene 
expression in a xenograft tumor model (Fig. 4C). In a mouse model of 
castration and testosterone replacement [70], there was a significant 
increase in Irf1 gene expression 14 days after castration in the prostate 
tissue, which was rescued by 3 days of testosterone replacement 
(Fig. 4D). Pharmacological antagonism of androgen receptor (AR) by 
enzalutamide (Enz) markedly increased the gene expression of IRF1 in 
cultured human epithelial cells (Fig. 4E). In an obese diabetic model of 
golden hamster model [44], high-fat and high-sugar diet (HFHS) for 16 
weeks significantly upregulated the expression of Irf1 gene in the liver 
(Fig. 4F), which was associated with the induction of inflammatory 
cytokines genes, such as Tnf and Il1b (Fig. 4G); Il6 gene was not found in 
the dataset. In human liver tissue [71], the gene expression of IRF1 was 
significantly correlated with that of IL6 and IL1B gene (Fig. 4H and I). 
The treatment of mouse primary hepatocytes with either TNF or IL1β, an 
inflammatory response model of hepatocytes [72], significantly up- 
regulated the gene expression of Irf1, suggesting the direct involve
ment in Irf1 regulation in mouse primary hepatocytes (Fig. 4J). Collec
tively, these data suggested that SARS-CoV-2 infection could affects 
hepatic IRF1 gene expression, which was significantly associated with 
interferon/cytokine responses and obese/obesogenic diet conditions. In 
obese human [73], The IRF1 gene expression was significantly upre
gulated in the human adipocytes (Fig. 4K). The induction of the IRF1 
gene was associated with that of the IL6 and IL1B inflammatory cytokine 
genes (Fig. 4L). The gene expression of IRF1 showed significant corre
lations with that of IL6 or IL1B (Fig. 4M and N). IL6 treatment in 
cultured human adipocytes, a mimetic model of inflammatory human 
adipocytes in vitro [74], significantly increased the gene expression of 
IRF1 (Fig. 4O), suggesting direct involvement in the regulation of the 
IRF1 gene. In an obese diabetic mouse model [75], the gene expression 
of Irf1 was markedly increased in the pancreatic beta cells of ob/ob mice 
(Fig. 4P). The induction of the Irf1 gene was associated and correlated 
with that of the Il1b gene (Fig. 4Q and R). A similar correlation of IRF1 
and IL1B gene expression was observed in human pancreas samples 
(Fig. 4S). Treatment of rat pancreatic INS-1rαβ cells with IL1B 
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significantly increased the gene expression of Irf1 (Fig. 4T). These results 
suggested that hormonal and inflammatory conditions in older age, male 
sex, obesity, and diabetes are relevant to the upregulation of IRF1 
expression in the lung, liver, adipose tissue, and pancreatic cells. 

3.4. Higher IRF1 gene expression by the intron variant rs17622656-A 
might be associated with the prevalence of COVID-19 in American and 
European populations 

In a recent study, a single nucleotide polymorphism (SNP) 
rs17622656 in an intron region of IRF1 gene was found to be associated 
with the prevalence of COVID-19 [76], but the expressional impact on 
IRF1 was not evaluated. Here, we analyzed the impact of rs17622656 on 
IRF1 gene expression by expression quantitative trait loci (eQTL) anal
ysis in GTEx datasets. The expression of IRF1 was significantly upre
gulated or tended to be increased by rs17622656-A SNP in human skin, 
spleen, and adipose tissue (Fig. 5A and sFig. 4). We also investigated the 
frequency of rs17622656-A allele in 1000 genome project and found 
that the rs17622656-A SNP was frequently found in American and 

European population, 24 % and 35 % respectively (Fig. 5B). These re
sults suggested that higher basal expression of IRF1 by genetic SNP 
rs17622656-A might contribute to COVID-19 prevalence and be possibly 
associated with the devastating impact in these countries. 

3.5. Critical COVID-19 is characterized by exacerbated cell damage, cell 
death and impaired metabolic pathways 

The whole blood transcriptome is a useful tool to monitor systemic 
disease, health status, and local pathophysiological activity in various 
cells and tissues [77,78]. To understand the signature of critical COVID- 
19, we reanalyzed the whole blood transcriptome of a well-controlled, 
young, comorbidity-free, hospitalized COVID-19 patient cohort 
divided into two groups [79] as follows: 46 critical patients who were 
hospitalized in the intensive care unit (ICU) with symptoms of ARDS and 
respiratory failure requiring mechanical ventilation; and 23 noncritical 
patients who stayed at a noncritical care ward [79]. As expected, the 
upregulated genes in critical COVID-19 patients compared to noncritical 
patients were significantly associated with innate/adaptive immune 
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system, cytokine signaling pathways, and interferon signaling pathways 
(sFig. 6A–D). Detailed gene expression analysis showed exacerbated IL6 
and IL1B signaling as well as cell damage- and cell death-related genes 
(sFig. 6E and F). Of note, the downregulated genes in critical COVID-19 
patients were significantly associated with the metabolic pathway 
(sFig. 7A–D). The detailed analysis indicated that a wide range of 
metabolic genes, which were categorized into lipid, amino acid, carbo
hydrate metabolism, citrate (TCA) cycle, mitochondrial fatty acid beta- 
oxidation, and respiratory electron transport, was remarkably defective 
in the whole blood of critical COVID-19 patients (sFig. 7E–J). 

3.6. IRF1-mediated impairment of the insulin/IGF signaling pathway is 
associated with critical COVID-19 and potential therapeutic approaches 

We next estimated whether the induction of IRF1 and the impair
ment of the insulin/IGF signaling pathway are associated with critical 
COVID-19. The gene expression of IRF1 was significantly increased and 
that of insulin/IGF signaling molecules was downregulated in the whole 
blood of critical COVID-19 patients (Fig. 5C and D). These results sug
gested that IRF1-associated impairment in the insulin/IGF signaling 
pathway may critically contribute to the outcome of COVID-19 patients 
with exacerbated cell damage, cell death, and metabolic abnormalities. 

We finally investigated potential therapeutic strategies that may 
inhibit the expression of the IRF1 gene and enhance that of insulin/IGF 
signaling pathway genes in SARS-CoV-2 infectable cells and tissues. 
Consistent with the results of aging-associated IRF1 regulation 
(Fig. 4A–E), treatment of cultured human epithelial cells with dihy
drotestosterone (DHT), an active metabolite of testosterone, signifi
cantly reduced IRF1 gene expression, which was associated with 
increased gene expression of insulin/IGF signaling molecules (Fig. 5E). 
Glucocorticoids are well established for their anti-inflammatory prop
erties and are widely used in the treatment of various pulmonary dis
eases, including COVID-19. Dexamethasone treatment, a synthetic 
analog of cortisol, significantly reduced IRF1 gene expression and 
enhanced insulin/IGF signaling pathway genes in cultured human adi
pose tissue (Fig. 5F) and human primary pancreatic islets (Fig. 5G). Of 
note, in the lung of a humanized mouse COVID-19 model [80], SARS- 
CoV-2 infection significantly upregulated IRF1 gene expression and 
impaired insulin/IGF signaling pathway genes, which were effectively 
rescued by DEX treatment (Fig. 5H). ChIP-Seq analyses of androgen 
receptor (AR) and glucocorticoid receptor (GR; NR3C1) indicated the 
significant bindings in the gene regions of IRF1 (Fig. 5I), suggesting 
direct transcriptional regulation. 

To evaluate whether DHT and DEX could ameliorate insulin 
signaling under inflammatory conditions in human cells, we established 
a general inflammatory condition in HEK293T cells by the treatment of 

TNF-α and estimated DHT and DEX efficacy on insulin signaling. 
HEK293T cells were treated with TNF-α in the presence or absent of 100 
nM DHT or DEX for 24 h, followed by insulin response at the indicated 
time points, 0-, 10-, 30-, and 90-min. Both DHT and DEX treatment 
significantly enhanced insulin signaling in all insulin time points and 
clearly reversed the TNF-α-mediated AKT phosphorylation impairment, 
which was in part associated with IRS2 and AKT protein levels (Fig. 5J 
and K). Collectively, these data suggested that both DEX and DHT could 
enhance insulin signaling in human cells under inflammatory 
conditions. 

4. Discussion 

SARS-CoV-2 infection causes multiple tissue damage and, in some 
cases, metabolic abnormalities, but the molecular mechanism has not 
yet been elucidated. Here, we found a novel pathological feature of 
COVID-19, namely, an impairment of the insulin/IGF signaling 
pathway, and an association with the critical outcome. SARS-CoV-2 
infection impaired a wide range of insulin/IGF signaling pathways in 
the host lung, liver, adipose tissue, and pancreatic cells (Fig. 1). The 
impairments were associated with excessive interferon and cytokine 
responses, in which IRF1 likely attributed to the impairment of the in
sulin/IGF signaling pathway (Figs. 2 and 3). The expression of IRF1 was 
highly relevant to older age, male sex, obesity, and diabetes with in
duction of inflammatory cytokines, such as IL6, IL1B, and TNF (Fig. 4). 
Also, IRF1 intron variant rs17622656-A, which was frequently found in 
American and European populations, was associated with the preva
lence of COVID-19, suggesting the genetic involvement in these coun
tries (Fig. 5A and B; sFig. 4). The higher basal IRF1 by older age, obesity, 
diabetes and/or genetic variant might intensify the upregulation of IRF1 
in response to SARS-CoV-2 infection (sFig. 5), which potentially 
contribute to the pathology of COVID-19. In fact, the higher expression 
of IRF1 and the lower expression of insulin/IGF signaling pathway 
molecules were significantly associated with critical outcomes in 
COVID-19 patients (Fig. 5C and D), which were associated with exac
erbated IL6 signaling, exacerbated IL1B signaling, cell damage, cell 
death, and metabolic abnormalities (sFigs. 6–7). Hormonal in
terventions, such as dihydrotestosterone and dexamethasone, were 
effectively lowered the gene expression of IRF1 and enhanced that of the 
insulin/IGF signaling pathway in SARS-CoV-2 infectable cells and tis
sues (Fig. 5E–G) and improved the cellular signaling, suggesting thera
peutic potential for DHT and DEX. The present study provides the first 
scientific evidence that SARS-CoV-2 impairs the insulin/IGF signaling 
pathway not only in the respiratory tract but also in metabolic and 
endocrine cells and tissues. Higher basal IRF1 expression by patholog
ical (older age, male sex, obesity, and diabetes) and/or genetic (IRF1 

Fig. 4. IRF1 gene expression is highly relevant to risk factors for severe COVID-19. A-B: Transcriptome analysis of the IRF1 gene in humans (GTEx). Age-dependent 
IRF1 gene expression in lung tissues of male (A: 20–39 years of age, n = 37; 40–49 years of age n = 47; 50–59 years of age, n = 109; 60–79 years of age, n = 93) and 
female (B: 20–39 years of age, n = 20; 40–49 years of age n = 29; 50–59 years of age, n = 36; 60–79 years of age, n = 56) subjects. C: Relative gene expression of IRF1 
in human xenograft tumor luCaP35 with or without castration (GDS4120, control n = 5, castration n = 5). D: Relative gene expression of IRF1 in mouse prostate 
(GDS2562) of sham, 3 days after castration (C3, n = 5), 14 days after castration (C14, n = 5), and C14 + 3 days of testosterone replacement (C14 + T3, n = 5). E: 
Relative gene expression of IRF1 in human epithelial LNCaP cells (GSE152254, control n = 4, AR antagonist enzalutamide 1 μM 24 h; Enz n = 4). F and G: Relative 
gene expression of Irf1 (F), Tnf, and Il1b (G) in the liver tissues of golden hamster (GSE175943, ND: Normal diet n = 4, HFHS: High-fat and high-sugar diet n = 3). H 
and I: Correlation analysis of the IRF1 gene with IL6 gene (H) or IL1B gene (I) in the human liver tissues (GTEx, n = 226). J: Relative gene expression of Irf1 in mouse 
primary hepatocytes (GSE19272, control n = 3, TNF treatment n = 3, IL1B treatment n = 3). K and L: Relative gene expression of IRF1 (K), IL6, and IL1B (L) in human 
adipocytes (GDS3602, lean n = 10, obese n = 10). M and N: Correlation analysis of the IRF1 gene with the IL6 (M) or IL1B (N) gene in human adipocytes (GDS3602, 
lean n = 10, obese n = 10). O: Relative gene expression of IRF1 in human SGBS adipocytes (GSE179347, control n = 3, IL6 treatment n = 3). P and Q: Relative gene 
expression of Irf1 (P), Il6, and Il1b (Q) in mouse pancreatic β cells (GSE33647, control n = 3, ob/ob n = 3). R: Correlation analysis of the Irf1 gene with the Il1b gene in 
mouse pancreatic β cells (GSE33647, control n = 3, ob/ob n = 3). S: Correlation analysis of the IRF1 gene with the IL1B gene in the human pancreas (GTEx, n = 247). 
T: Relative gene expression of Irf1 in rat pancreatic INS-1rαβ cells (GDS4332, control n = 3, IL1B treatment n = 3). Data represent the mean ± SEM. #p < 0.25, *p <
0.05, **p < 0.01, and ***p < 0.001. 
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gene expression of IRF1 (C) and insulin/IGF signaling pathway molecules (D) in whole blood samples from hospitalized noncritical and critical COVID-19 patients 
(GSE172114, noncritical n = 23, critical n = 46). E: Heatmap image of human epithelial LNCaP cells treated with or without DHT (GSE114052). F: Heatmap image of 
cultured human subcutaneous adipose tissues treated with the indicated dexamethasone (DEX) concentrations (GSE88966). G: Heatmap image of cultured human 
primary islets treated with the indicated dexamethasone (DEX) concentrations (GSE167250). H: Heatmap image of lung tissue in humanized mouse infected with 
SARS-CoV-2 with/without dexamethasone (DEX) intervention (GSE200561; Control: non-infected; SARS-CoV-2 infection: CoV2: SARS-CoV-2 infection + Dexa
methasone: + DEX,). I: Human AR and GR ChIP-Seq peaks in the promoter regions of the IRF1 gene (AR: GSM3577148, GR: GSM3579033). J and K: Western blot 
image of IRS2, phospho-Akt, and total Akt in HEK293T cells treated with TNF-α (2 ng/ml) with/without DHT (100 nM; J) or DEX (100 nM; K) for 24 h followed by 
insulin response (100 nM) at the indicated time points. Data represent the mean ± SEM. #p < 0.25, **p < 0.01, and ***p < 0.001. 
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intron variant rs17622656-A) reasons in respiratory, metabolic, and/or 
endocrine organs might contribute to synergistic upregulation of IRF1 in 
response to SARS-CoV-2 infection, which may make the people more 
vulnerable to COVID-19 in association with tissue damage and meta
bolic abnormalities. We hope that the pathological features and findings 
would be a molecular basis for a better understanding of COVID-19 
pathologies and finding future therapeutic approaches (Fig. 6). 

Multiple organ failure critically contributes to the severity and 
mortality of COVID-19, but the molecular mechanisms have not been 
fully explained. In the present study, we showed that SARS-CoV-2 
infection impaired the gene expression of the insulin/IGF signaling 
pathway in the lung tissue sample of COVID-19 patients and various 
COVID-19 experimental models including liver, adipose tissue, and 
pancreatic cells (Fig. 1). The pathological features were associated with 
critical COVID-19 outcome (Fig. 5) as well as exacerbated cell damage 
and cell death pathways (sFig. 6). SARS-CoV-2 also infects many other 
cells, tissues, and organs, including the kidney, heart, liver, brain, and 
blood cells [81,82]. Collectively, impairment of the insulin/IGF 
signaling pathway in infected cells and tissues might contribute to the 
development of multiorgan dysfunction, and further clinical research 
must be performed to address these points. 

Insulin/IGF signaling plays a central role in the regulation of sys
temic energy homeostasis [14,15]. Emerging studies have shown that 
COVID-19, in some cases, predisposes patients to develop metabolic 
complications during or after the recovery process, such as insulin 
resistance, hyperglycemia, hyperlipidemia, and new onset of diabetes 
[13]. In the present study, we showed that SARS-CoV-2 infection caused 
impairment of the insulin/IGF signaling pathway in important 

metabolic tissues and endocrine cells (Fig. 1), which was associated with 
downregulation of various metabolic pathways, such as lipid meta
bolism, amino acid metabolism, carbohydrate metabolism, citrate (TCA) 
cycle, beta oxidation, and respiratory electron transport (sFig. 7). This 
finding might be helpful to understand metabolic abnormalities in 
COVID-19. 

Older age, male sex, obesity, and diabetes are well-established risk 
factors for the severity and mortality of COVID-19 [1], but the molecular 
mechanisms have not been fully elucidated. In the present study, we 
showed that the expression of IRF1 was relevant to these risk factors, 
aggravated with aging in male lung tissue, and augmented by obesity 
and diabetic conditions in liver, adipose tissue, and pancreatic islets 
(Fig. 4). The high expression of IRF1 in COVID-19 patients with older 
age, male sex, obesity, and diabetes may exacerbate the impairment of 
the insulin/IGF signaling pathway, which may potentially contribute to 
severe tissue damage and metabolic abnormalities, thereby leading to 
critical outcomes in COVID-19 (Fig. 6). 

In the present study, we showed that hormonal interventions, such as 
dihydrotestosterone and dexamethasone, inhibited the gene expression 
of IRF1 and enhanced that of the insulin/IGF signaling pathway pre
sumably via direct transcriptional regulation and effectively ameliorate 
TNF-mediated insulin resistance in HEK293T cells (Fig. 5). These results 
were well aligned with COVID-19 clinical research. In a recent clinical 
study [83], they showed that the serum testosterone levels were 
significantly lower in severe COVID-19 patients compared to mild- 
moderate COVID-19 patients (median 85.1 vs 315 ng/dl; p < 0.001, 
respectively), in COVID-19 patients in need of intensive care compared 
to COVID-19 patients who did not need intensive care (median, 64.0 vs 

Fig. 6. Graphical summary of the patho
genesis of COVID-19 symptoms and thera
peutic strategies. The insulin/IGF signaling 
pathway plays an important role in many 
biological processes, such as energy meta
bolism and cell survival. SARS-CoV-2 infec
tion impairs transcriptional expression of the 
insulin/IGF signaling pathway in the host 
lung, liver adipose tissue, and pancreatic 
cells, which is likely attributed to interferon 
regulatory factor 1 (IRF1). The pathological 
trait is aggravated in whole blood, a systemic 
indicator, of critical patients with COVID-19 
with exacerbated cell damage, cell death, 
and metabolic abnormalities, which could be 
ameliorated by androgen (DHT) and/or 
glucocorticoid (DEX) interventions. Higher 
basal IRF1 expression by pathological (older 
age, male sex, obesity, and diabetes) and/or 
genetic (IRF1 intron variant rs17622656-A) 
reasons in respiratory, metabolic, and/or 
endocrine organs might contribute to syner
gistic upregulation of IRF1 in response to 
SARS-CoV-2 infection, which may make the 
people more vulnerable to COVID-19.   
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286 ng/dl; p < 0.001, respectively), and in COVID-19 patients who 
deceased compared to survivors (median, 82.9 vs 166 ng/dl; p < 0.001, 
respectively), suggesting the importance in COVID-19 pathology. 

Dexamethasone (DEX) is well known for its antagonistic effect of 
immune and inflammatory responses and clinically used to alleviate the 
symptoms of COVID-19; Dexamethasone treatment also effectively 
lowered the mortality in critical COVID-19 patients [84,85]. It directly 
suppresses the downstream of immune responses in the cells and 
effectively ameliorate the acute exacerbation of COVID-19-meidated 
inflammation and the consequential cell death and tissue damage. 
Inflammation is also well known to trigger insulin resistance in various 
cells and tissues and contribute to the development of metabolic ab
normalities. Thus, the inhibition of immune and inflammatory response 
by dexamethasone could be a therapeutic approach to ameliorate insulin 
resistance and metabolic abnormalities such as in case of COVID-19. In 
the present study, we showed the significant improvement of insulin 
signaling by DEX treatment. Previous studies, which shows 
glucocorticoid-mediated insulin resistance in vitro, utilized 10-fold 
higher dosage of dexamethasone (1 μM) than our biological experi
ments (100 nM), performed in different cell types, and explained by 
different mechanisms such as glucose transport and mitochondria de
fects. Therefore, further physiological, pathological, and pharmacolog
ical experiments and clinical estimations are required to fully 
understand their true natures in future study. Both testosterone and 
glucocorticoid treatment may be a therapeutic approach to prevent the 
severity and mortality of COVID-19 patients, but great care should be 
taken to decide appropriate dosage, time, and duration of DEX and DHT 
interventions depending on each patient's condition, diseases back
ground, severity, and progress of COVID-19. Also, further clinical 
studies are needed to validate the efficacy. 

For the past decades, technological advances in bioinformatics 
analysis, such as microarrays and RNA-Seq, have accumulated a 
considerable amount of biological information from various research 
fields. These data have been uploaded to public databases and made 
available for scientific use. In the present study, we utilized these 
datasets by collecting, reanalyzing, and compiling them in view of 
COVID-19 pathology. The easy access and reproducible results (data 
sources already deposited) were the strengths of the present study, but 
many limitations still need to be addressed in future work. The present 
study was based on analyses of transcriptome datasets; thus, detailed 
tissue- and cell-specific studies are needed to elucidate this matter in 
other clinical and basic research fields. The roles of androgens in the 
pathogenesis of COVID-19 are still controversial. Other studies have 
suggested that androgens may increase susceptibility to SARS-CoV-2 
infection [86,87]. Therefore, further clinical investigations are needed 
to evaluate this hormone. We hope that this study will be helpful for 
better comprehension of COVID-19 pathology and for identifying ther
apeutic approaches. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.metabol.2022.155236. 
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