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Abstract
The pandemic of coronavirus disease 2019 (COVID-19), a respiratory disease caused by a novel severe acute respiratory syndrome
coronavirus-2, is causing substantial morbidity and mortality. Along with the respiratory symptoms, underlying diseases in senior
patients, such as diabetes, hypertension, and coronary heart disease, are the most common comorbidities, which cause more
severe outcomes and even death. During cellular attachment and entry of severe acute respiratory syndrome coronavirus-2, the key
protein involved is the angiotensin I converting enzyme 2 (ACE2), which is located on the membrane of host cells. Here, we aim to
curate an expression profile ofAce2 and other COVID-19 related genes across the available diabetesmurine strains. Based on strictly
manual curation and bioinformatics analysis of the publicly deposited expression datasets, Ace2 and other potentially involved genes
such as Furin, Tmprss2, Ang, and Ang2 were examined. We found that Ace2 expression is rather ubiquitous in three selected
diabetes prone strains (db/db, ob/ob and diet-induced obese). With the most abundant datasets present, the liver shows a medium
Ace2 expression level compared with the lungs, pancreatic islets, brain and even T cells. Age is a more critical factor for Ace2
expression in db/db compared with the other two strains. Besides Ace2, the other four host genes showed varied levels of correlation
to each other. To accelerate research on the interaction between COVID-19 and underlying diseases, the Murine4Covid
transcriptomics database (www.geneureka.org/Murine4Covid) will facilitate the design of research on COVID-19 and comorbidities.
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Introduction

Coronavirus disease 2019 (COVID-19) has resulted in
>2,645,000 infections and >184,000 known deaths globally
(up to April 23, 2020, https://coronavirus.jhu.edu/map.html).1
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The etiological agent of this pandemic is a new member of the
severe acute respiratory syndrome (SARS) viruses. The novel
SARS-coronavirus 2 (SARS-CoV-2) shares ∼80% sequence
identity at the amino acid level with previous SARS-CoV and
Middle East respiratory syndrome coronavirus.2,3

The coronaviruses envelope is armed with a Spike protein,
which recognizes and binds to the angiotensin-converting enzyme
2 (ACE2) protein on the surface of mammalian cells.4 Several
other host cell surface proteins were computationally modeled,
experimentally confirmed or deduced to play important roles in
viral attachment, fusion and/or entry. Of these potential targets,
FURIN, TMPRSS2, ANG, and ANG2 were most commonly
reported recently.5–8 However, the detailed mechanism of the
interaction between coronavirus and the host is still not clear.
Similar to other viral respiratory infections, SARS-CoV-2 or

COVID-19 mainly causes damage to the respiratory tract and
develops severe pneumonia.9 Elderly patients and those with
underlying diseases are more at risk to develop progressive
respiratory failure, which may lead to death.10 According to
recent analyses, besides respiratory diseases, hypertension,
cardiovascular diseases, and diabetes were the most prevalent
underlying diseases among hospitalized patients and patients
dying of COVID-19.11,12 Besides the study of viral infections,
more resources have been placed to shed light on the interaction
between underlying diseases and severity of COVID-19.
Therefore, the demand for suitable murine models is accumulat-
ing. Unlike the infection mouse model, the models for studying
underlying diseases and COVID-19 do not require incorporation
of humanized ACE2 into the mouse. Therefore, this gives
researchers an advantage to rely on currently built strains to
evaluate corresponding characteristics. However, there are a lot
of strains with different genetic backgrounds to target certain
disease. For instance, there are nearly 200 genetically manipulat-
ed or diet mediated murine strains for studying diabetes (https://
www.jax.org/mouse-search?searchTerm=diabetes). A better way
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to select themost promising strains is of importance for the design
of such studies.
Evaluation of expression levels of the known COVID-19 related

host genes in the mice will benefit selection, given the limited
experience currently available.13–16 Accumulated data in public
databases provides the possibility to do this. More and more
researchers make their data online available for review and
validation. Although their original design was not specifically
targeted for this purpose, the data is still a grand treasure that
contains beneficial information. Here we developed a pipeline to
extract baseline information of Ace2 and other COVID-19 related
host genes to generate a comprehensive expression profile inmurine
tissues.Thefirst deploymentof this pipelinehasbeenapplied to three
diabetes murine strains; B6.BKS(D)-Leprdb/J (known as db/db), B6.
Cg-Lepob/J (ob/ob), and C57BL/6J diet-induced obese (DIO).
Figure 1. Pipeline to retrieve the most important diabetes murine
strains.
Results

Three most popular murine models for diabetes studies

All murine strains registered at the Jackson Laboratory were
considered in the screening pipeline (Figure 1). A total of 50
strains were given by the JAX search engine using the keyword
“Diabetes” and the constraint “Most popular.” However, after
our manual curation, we found that 37 strains with the word
“diabetes” in the introduction are not specially maintained for
diabetes studies. After removing these nonspecific strains, the 13
remaining strains were used to retrieve the Gene Expression
Omnibus (GEO) database in The National Center for Biotech-
nology Information. Only stains with adequate datasets
deposited were kept to ensure the possibility to cover most of
the 11 selected tissues in next steps. For further analyses, we
selected the top three strains: B6.BKS(D)-Leprdb/J (db/db), B6.
Cg-Lepob/J (ob/ob), and C57BL/6J DIO (DIO). The expression
profiles were manually curated and downloaded.17–32

Ace2 expression in diabetes murine tissues by
array-based profiling

Distribution of Ace2 in murine tissues is ubiquitous, ranging
from the immediately targeted lung to the barrier isolated brain
(Figure 2). To make the results more comprehensive, not only
COVID-19 or diabetes related tissues were included. The fact that
T cells exhibited the highest expression levels was a novel finding.
However, this finding was supported by only one dataset. Db/db
has been the most popular strain in previous studies, yet it lacks a
qualified dataset for the lungs and other respiratory tissues.
Obviously, most db/db related studies have focused on metabolic
related tissues, such as the pancreas, liver, and adipose tissue. For
the liver, which organ contains the most adequate deposited
samples, itsAce2 levels ranked in the medium range of all profiled
tissues, which is consistent with other two mouse strains. For the
ob/ob strain, Ace2 levels were less variable compared with db/db
and DIO, and the highest levels were found in the lungs. DIO
exhibited the least number of datasets among the three strains.
However, it provided a validation set for Ace2 levels for the lung
data obtained from the ob/ob mice, the brain data from the db/db
mice and other tissues.

Ace2 expression changes according to age, tissue, and
strains

As for diabetes, metabolic disorder is the most concerning
process in humans. Therefore, we paid specific attention to
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metabolic related organs, such as the liver, pancreas, and muscle
in this study. The dataset GEO Series (GSE) 43691, which
contained the highest number of samples deposited in GEO,
harbored 96 samples from the liver and muscle tissue under
different kinds of treatment. Besides the baseline, the dataset
GSE43691 offered us an opportunity to explore more details of
Ace2 expression. As shown in Figure 3, Ace2 expression patterns
varied extensively. The db/db strain exhibited a more consistent
pattern in all designated groups, while DIO had the worst in-
group performance. Expression levels in the liver and muscle
tissue also showed different patterns depending on age, which
might be taken into consideration in designing steps for future
studies.

Correlation between Ace2 and other COVID-19 related
host genes

Ace2 is not the only host gene reported to be related to
infection in COVID-19. Furin, Tmprss2, Ang, and Ang2 were
also included in this study. Correlation of their expression levels
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Figure 2. Summary of Ace2 expression in mouse tissues based on publicly available transcriptomics datasets. Different sizes of circles represent
normalized expression levels of Ace2, and scaled colors of circles represent number of samples curated in certain tissues of strains. A consistent expression in the
lungs, pancreatic islets, liver, adipose tissue, heart, aortas, brain, kidney, gall bladder, muscle, and T cells was observed across all datasets. Blank in situ represents
no qualified dataset available. Intensity is normalized and shown as /(103 intensity of geometric mean ofGapdh and Actb). Ace2: angiotensin I converting enzyme 2.

Figure 3. Ace2 expression changes in age, strains, and organs. Ace2 expression changes according to conditions of different strains, age, tissues, and diets.
All data are from a single dataset. Ace2: angiotensin I converting enzyme 2.
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Figure 4. Correlation of five reported COVID-19 related targets. Correlation is displayed according to the diagonal order of Ace2, Furin, Tmprss22, Ang, and
Ang2. The top half shows graphical demonstration and the bottom half shows the corresponding correlation coefficient. Scaled color is shown in the legend bar.
Ace2: angiotensin I converting enzyme 2; COVID-19: coronavirus disease 2019.
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is of particular relevance (Figure 4). In livers from younger
(16 weeks) mice, Ace2 expression was not found to be
significantly correlated with any of these four genes. However,
Furin, Tmprss2, Ang, and Ang2 expression levels were highly
correlated with each other and the correlation of the latter three
genes was still observed in older (48 weeks) mice. The correlation
between Ang and Ang2 expression was the strongest (0.92 in the
liver of 16-week-oldmice and 0.82 the liver of 48-week-oldmice).
In contrast, all 5 selected genes did not show a strong correlation
in muscle tissue.

Discussion

In this study, a comprehensive expression profile of COVID-19
related host genes (Ace2, Furin, Tmprss2, Ang, and Ang2) was
established and analyzed in diabetes murine models as a pilot
study. The baseline distribution of these genes across tissues
and strains will provide important information to facilitate
studies focusing on the interaction between COVID-19 and
comorbidities, such as diabetes, hypertension, and coronary
heart disease.
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Previous studies verified the ubiquitous distribution of Ace2 in
different types of human tissues, which led to concerns on the
potential tissue range of SARS-CoV-2.7,15,33 Our analysis shows
more variability inAce2 expression in the included mouse models
and tissues, which will require further attention when translating
mouse research to the human situation. The relationship between
Ace2 and age is still controversial. The phenomenon that adults
are more vulnerable than children in COVID-19 might suggest
that the abundance of Ace2 expression increases with age.34

However, results in the present study and other studies do not
support this hypothesis,33,35,36 which indicates that there might
be additional key factors, other than Ace2, dominating the
susceptibility or severity of COVID-19.
The present study employed the “quantile” method by

functions in the limma package for in-dataset normalization,
and the geometric mean of Actb and Gapdh for correction
between datasets. Although Actb and Gapdh are the most
popular reference genes used to compare expression levels of
genes of interest in many studies, there are some evidences
showing that they might not rank top as reference genes in certain
tissues.37,38 Therefore, to increase reliability, the geometric mean
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was used for normalization of expression levels.39More potential
reference gene candidates should be included in future studies to
eliminate underlying biases.
This present pilot study presented COVID-19 related host gene

profiles in murine models for diabetes. Hypertension, coronary
heart disease, chronic obstructive pulmonary disease, smoking,
and kidney diseases are also comorbidities of concern for
COVID-19 in hospitalized patients. Therefore, our next step is to
expand the analysis to these comorbidities and keep the data
updated. We believe this kind of portal of information will
provide the clinicians and researchers essential information to
support their future studies.
Materials and methods

Murine strain selection

As the biggest provider of genetically defined mouse models for
clinical research worldwide, the Jackson lab maintains an online
search engine to facilitate the selection (https://www.jax.org/cn/
search-intl). The keywords “Diabetes” and constraint “most
popular” were used to retrieve the top strains related to diabetes
research.Manual curationwasperformed to remove thosewith the
word “diabetes” in the document but that were not specifically
designed for that subject. Thirteen strainswere retained to evaluate
their abundance in publicly available expression data. The official
names or alias of these 13 strains were used as keywords to search
in the GEO database, and three strains (B6.BKS(D)-Leprdb/J, B6.
Cg-Lepob/J, andC57BL/6JDIO)were selected based on the number
of deposits in the GEO database.

Data cleaning and curation

The expression profiles were downloaded from the GEO
database at the National Center for Biotechnology Information.
To make the dataset more comprehensive, not only diabetes
related organs or tissues were included in this study. According to
the reported clinical comorbidity and latent concerns, a total of
ten potentially targeted or affected organs were checked in this
study. Combined search of official names or aliases and the target
organs were used as keywords to find the qualified GSE gene
expression profiles. Currently, only expression datasets profiled
by microarray were included to make them more comparable.
After manual curation, well documented profiles with at least
three samples in the control groups (untreated or treated with
empty vehicle) were kept in the scope.

Data normalization and analysis

The GSE gene expression profiles were downloaded by GEO-
query package and normalized using the “quantile” method by
functions in the limmapackage. After annotation by theAnnoProbe
package,Ace2 andotherCOVID-19 related geneswere screened for
further analysis. Only controlled groups were kept to examine the
baseline of the murine strains. To compare different profiles, all the
intensive values were normalized by their own geometric means of
Gapdh and Actb. Bubble and correlation plots were generated by
ggplot2 and Corrplot package, respectively.
Data availability and updates

The detailed study results are available at www.geneureka.org/
Murine4Covid. In addition, more specific target genes and
murine strains will be added into the portfolio on request.
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