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Aggravated pneumonia and diabetes in SARS-CoV-2 infected diabetic mice
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ABSTRACT

Multiple clinical and epidemiological studies have shown an interconnection between coronavirus disease 2019 (COVID-
19) and diabetes, but experimental evidence is still lacking. Understanding the interplay between them is important
because of the global health burden of COVID-19 and diabetes. We found that C57BL/6J mice were susceptible to the
alpha strain of SARS-CoV-2. Moreover, diabetic C57BL/6J mice with leptin receptor gene deficiency (db/db mice)
showed a higher viral load in the throat and lung and slower virus clearance in the throat after infection than C57BL/
6J mice. Histological and multifactor analysis revealed more advanced pulmonary injury and serum inflammation in
SARS-CoV-2 infected diabetic mice. Moreover, SARS-CoV-2 infected diabetic mice exhibited more severe insulin
resistance and islet cell loss than uninfected diabetic mice. By RNA sequencing analysis, we found that diabetes may
reduce the collagen level, suppress the immune response and aggravate inflammation in the lung after infection,
which may account for the greater susceptibility of diabetic mice and their more severe lung damage after infection.
In summary, we successfully established a SARS-CoV-2 infected diabetic mice model and demonstrated that diabetes

and COVID-19 were risk factors for one another.
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Introduction

Severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2), the pathogenic agent of coronavirus
disease 2019 (COVID-19), was first reported in
Wuhan, China, in December 2019. The WHO
declared a pandemic on March 11, 2020. As of June
2022, there have been approximately 500 million
confirmed cases worldwide, including more than 6
million deaths [1]. SARS-CoV-2 is an enveloped,
single-stranded, positive-sense RNA virus belonging
to the subgenus Sarbecovirus of P coronavirus [2].
The clinical presentation of SARS-CoV-2 infection is
mainly as follows: asymptomatic, mild illness (pre-
senting as fever, dry cough, and fatigue), severe disease
(manifesting dyspnea and low blood oxygen) and
critical illness (presenting as acute respiratory distress
syndrome, respiratory failure, septic shock, and mul-
tiple organ dysfunction or failure leading to death) [3].

Multiple epidemiological investigations in Wuhan,
China, show that the clinical manifestations and severity
of the disease can be affected by various risk factors,
including male sex, older age, pregnancy, and

comorbidities [4]. Notably, individuals with diabetes,
cardiovascular disease, chronic respiratory/ kidney/
liver disease, obesity, and cancer have a higher mortality
rate than the general population after SARS-CoV-2
infection [4]. Diabetes has been a consistent focus of
research among the abovementioned complications. In
a territory-wide retrospective cohort study in Hong
Kong, patients with diabetes had a threefold higher
risk of adverse clinical outcomes, and diabetes was an
independent predictor of the negative effects of
COVID-19 [5]. One-third of all COVID-19-related
deaths (23,698 cases) in England from March 1 to May
11,2020, occurred in people with diabetes [6]. Moreover,
diabetes has been reported to be associated with poor
prognosis with two other coronavirus infections, SARS
and MERS ([7,8]. Remarkably, SARS-CoV-2 infection
has also been found to be a risk factor for diabetes [9].
Angiotensin-converting enzyme (ACE2) receptors
mediating the entry of SARS-CoV-2 into cells have
been shown to exist not only in the lung but also in criti-
cal metabolic organs such as pancreatic B cells [10,11].
Therefore, COVID-19 may cause dysregulation of
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glucose homeostasis and complicate the pathophysiol-
ogy of preexisting diabetes [11]. Inflammation caused
by SARS-CoV-2 infection may exacerbate insulin resist-
ance and subsequent hyperglycemia through the cyto-
kine storm and hormonal imbalances [12]. New onset
diabetes has also been reported in COVID-19 patients
[11]. The literatures about SARS-CoV-2 infection and
diabetes may indicate the bidirectional promotion
between them. The severe global burden [13] of diabetes
and the raging COVID-19 pandemic highlight the need
to explore the interaction between SARS-CoV-2 infec-
tion and diabetes. Understanding the development and
severity of diabetes following SARS-CoV-2 infection
and how to treat infection in this context are critical.

The leptin receptor-deficient C57BL/6] mice (db/db
mice) is widely used as an animal model to study Type
2 diabetesmellitus (T2D). Insulin and leptin are critical
in metabolism and regulation of islet secretion and
blood glucose levels [14]. T2D is characterized by insulin
resistance and B-cell loss, which is difficult to control
with current medical therapies [14]. Leptin which is a
vital regulator of metabolic homeostasis, is able to inhibit
food intake, increase energy expenditure, and lower
blood glucose levels via the leptin receptors. Altered lep-
tin signalling is closely associated with metabolic dis-
eases, such as obesity and T2D. Due to a complete
deficiency of the long isoform of the leptin receptor in
db/db mice, an overexpression of circulating leptin can-
not be responded [15]. Here, we established a mice
model of SARS-CoV-2 infection using wild-type (WT)
C57BL/6] mice and db/db mice. The differences between
SARS-CoV-2 infected WT and db/db mice, infected and
uninfected db/db mice were observed, respectively. We
found that db/db mice were more susceptible to SASR-
CoV-2 and exhibited more severe pathological damage
and inflammation than WT mice after infection. T/B
cell surface markers and lung collagen were down-regu-
lated in db/db mice infected with SARS-CoV-2. It is
suggested that the suppression of immune function
and the destruction of alveolar structure may result in
aggravated pneumonia in SARS-CoV-2 infected db/db
mice. At the same time, SARS-CoV-2 infection caused
more serious insulin resistance, pancreatic pathological
damage and islet B cell apoptosis in db/db mice. In
other words, SARS-CoV-2 infection promoted the
development of diabetes. Our study suggests a mutually
reinforcing relationship between diabetes and COVID-
19, which provides a basis for further studies on the
mechanism underlying this interaction.

Materials and methods
Animals, ethics and biosafety statement

db/db and C57BL/6] male mice were purchased from
Changzhou Cavens Laboratory Animal Co, LTD
(Manufacturing license: SCXK(SU)2021-0013). All

animal experiments were approved by the Insti-
tutional Animal Care and Use Committee of the Insti-
tute of Medical Biology, Chinese Academy of Medical
Science which the ethics number was DWSP202002
001, and followed the guidelines strictly in the
ABSL-3 facility of the Kunming National Primate
Research Center of High-level Biosafety, Yunnan,
China.

Virus amplification and identification

SARS-CoV-2 prototype strain (Wuhan strain), alpha
strain (B.1.1.7), beta strain (B.1.351), and delta strain
(B.1.617.2) were used in the study and were kindly
provided by the Chinese Center for Disease Control
and Prevention (CDC). The virus was propagated on
Vero E6 cells, purified, and concentrated with an
ultrafilter system with a 300 kDa module (Millipore
US). The virus was identified via reverse transcription
polymerase chain reaction (RT-PCR) and sequencing,
titrated via a plaque assay.

Animal experimental procedures

Flow chart of animal experiment was shown in Figure
1(A). Firstly, 32 male 8-week-old C57BL/6] mice were
randomly divided into four groups, named prototype,
alpha, beta and delta group. Mice of each group were
infected with the corresponding SARS-CoV-2 of 1 x
10°> PFU by intranasal route. Throat swabs were col-
lected every other day. Mice were sacrificed on 5 dpi
(days post infection, dpi), and lung tissues were col-
lected to detect the viral load.

Then male 8-week-old db/db mice were randomly
divided into 2 groups, intranasal inoculation with
SARS-CoV-2 alpha (db/db-alpha) and phosphate-
buffered saline (PBS) treatment (db/db-PBS). C57BL/6]
mice were randomly divided into 2 groups, intranasal
inoculation with SARS-CoV-2 alpha (WT-alpha) and
PBS treatment (WT-PBS). Each group contained five
to eight mice. Mice were intranasally challenged with
1 x 10° PFU alpha strain or with PBS. PBS treatment
was used as the control group. Weight and abdominal
temperature were recorded on 1, 3, 5, 7 dpi, and throat
swabs were collected simultaneously. Fasting blood glu-
cose was measured onl, 3, 5,and 7 dpi. Mice were given
enough food and the total weight of the food eaten was
recorded within 7 days of infection. Mice were eutha-
nized on 7 dpi. The serum was used for multi-factor
assy. The lungs, livers, and pancreas were collected.
Some were used for viral load detecting and RNA
sequencing, and the remainder for pathological analysis.

Quantification of viral genome load

qRT-PCR was performed on RNA extracted from
throat swabs and tissues. The tissues were weighed,
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Figure 1. Detection of respiratory viral load and clinical characteristics during infection. (A) Flow chart of experimental protocol.
(B) Viral load in throat swabs of WT mice infected with different strains and lung viral load on day 5 after infected with different
strains in WT mice. (C) Viral gRNA and sgRNA in throat swabs of db/db and WT mice after infection. (D) Lung viral gRNA and sgRNA
of db/db and WT mice on 7 dpi. (E) Abdominal temperature change after infection. (F) Body weight change percentage after infec-
tion. (G) Fasting blood glucose after infection. (H) Food intake for seven days. (C) (E-G) were analysed by one-way ANOVA with
Tukey’s posttest, red * present the differences between infected and uninfected db/db mice and black * present the differences
between infected and uninfected WT mice. (D) (H) were analysed by unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001. All data

were shown as mean + SEM.

inactivated with 800 pl trizol, and ground. Throat swabs
were inactivated with 800 pl trizol. RNA was extracted
using Direct-zo]™RNA MiniPrep Plus according to the
instructions and was used to conduct qRT-PCR using
TaqMan Fast Virus 1-Step Master Mix (Thermo Fisher
Scientific, USA) and CFX384 Touch Real-time PCR
detection system (Bio-Rad, USA). Purified SARS-
CoV-2 genomic RNA (gRNA) and subgenomic RNA
(sgRNA) were used as standard curves, respectively.
Based on the sequence reported by CDC, SARS-CoV-
2 gRNA and sgRNA specific primers and probes were
generated: gRNA F: GACCCCAAAATCAGCGAAAT,
R: TCTGGTTACTGC-CAGTTGAATCTG, Probe:
ACCCCGCATTACGTTTGGTGGACC; sgRNA F:
CGATCTCTTGTAGATCTGTTCTC, R: ATATTG-
CAGCAGTACGCACACA, Probe: ACACTAGC-
CATCCTTACTGCGCTTCG. One step RT-PCR
procedure was as follows: 25°Cfor 2 min, 50°C for
15 min, 95°C for 2 min, 95°C for 5 s, 60°C for 31 s,
and 40 cycles of the above.

Multiplex assay of inflammatory cytokines and
diabetes-related factors in serum

The Bio-Plex Pro Mouse Cytokine 23-Plex Immu-
noassay and the Bio-Plex Pro Mouse Diabetes 8-Plex
assay were performed according to the manufacturer’s
instructions on a Bio-Plex machine (Bio-Rad). The
inflammatory cytokines including Eotaxin, G-CSF,
GM-CSF, IFN-g, IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5,
IL-6, IL-9, IL-10, IL-12, IL-12(p70), IL-13, IL-17A,
KC, MCP-1, MIP-1a, MIP-1b, RANTES and TNF-a.
The diabetes-related factors include Ghrelin, GIP,
GLP-1, Glucagon, Insulin, Leptin, PAI-1 and Resistin.

Histology

Tissues were fixed in 10% formalin for 3-7 days. After
being embedded in paraffin, tissues were cut into 5-pm
sections for H&E staining and Masson staining. Slides
were scanned by 3DHISTECH. H&E staining slides
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were scored by an experienced pathologist using Case-
Viewer offered by the manufacturer. Standards for HE
staining pathological score of tissues showed in Sup-
plement Table 1. Aipathwell was used to calculate
the positive area ratio of Masson staining in lung sec-
tions [16].

Immunofluorescence assay

Immunofluorescence was performed according to the
manufacture-recommended procedure. Anti-insulin
rabbit Rabbit pAb (Servicebio, China) and anti-
Cleaved-caspase-3 Rabbit pAb (Servicebio, China)
were used as primary antibodies for Immunofluores-
cence analysis. Images were captured under a fluor-
escence microscope (Leica).

RNA sequencing

Total RNA was extracted from tissues following the
manufacturer’s instructions and checked for a RIN
number to inspect RNA integrity by an Agilent 2100
Bioanalyzer (Agilent technologies, Santa Clara, CA,
US). Qualified total RNA was further purified by RNA-
Clean XP Kit (Cat A63987, Beckman Coulter, Inc. Krae-
mer Boulevard Brea, CA, USA) and RNase-Free DNase
Set (Cat#79254, QIAGEN, GmBH, Germany). The pur-
ified total RNA was tested by NanoDrop ND-2000 spec-
trophotometer and Agilent Bioanalyzer 2100 Agilent
technologies, Santa Clara, CA, US. Only the quality-
checked total RNA can be isolated for mRNA isolation,
fragmentation, first-strand cDNA synthesis, second-
strand synthesis, end repair, poly A addition 3’ end, lig-
ation splice, enrichment, and other steps, finally com-
plete the library construction of sequencing samples.
Sequencing was undertaken using Illumina Nova-
Seq6000 sequencer with PE150 sequencing mode.

Statistical analysis

Statistical analysis was performed with Graphpad pri-
mers (9.4.0). Detailed description has been provided
in the figure legends. All data are expressed using
mean + SEM. One-way ANOVA with Tukey’s posttest
was used to analyze throat swab viral load, fasting
blood glucose, body temperature and body weight
change during infection. Unpaired 2-tailed t-test was
used to compare difference between two groups. Stat-
istical significance was defined as p < 0.05.

Results

Diabetes affected virus replication or clearance
after SARS-CoV-2 infection

To date, many variants of SARS-CoV-2 have evolved,
including B.1.1.7 (alpha), B.1.351 (beta), and B.617.2

(delta) [17]. WT mice were randomly divided into
four groups and intranasally infected with the proto-
type, alpha, beta, and delta strains. By monitoring the
changes of viral load in throat swabs, we found that
the viral load of WT mice infected with the alpha
strain was maintained at a higher level (Figure 1
(B)). The lung viral load of mice infected with the
alpha strain was significantly higher than that of
mice infected with the other strains (Figure 1(B)).
Hence, it suggested that the alpha strain was more
susceptible than other SARS-CoV-2 strains in WT
mice.

To determine whether virus replication was altered
in db/db mice, db/db and WT mice were infected with
the alpha strain of SARS-CoV-2 via nose drop, and the
viral load was detected in throat swabs on 1, 2, 3, 5,
7 dpi and in the lung on 7 dpi. In contrast to WT
mice, the viral copies, which were determined by the
amount of gRNA in the throat swabs of db/db mice,
were significantly higher and decreased more slowly
after reaching the peak (p<0.05) (Figure 1(C)).
sgRNA, an intermediate generated during active cor-
onavirus replication, was also quantified to reflect the
virus’s replication activity. This trend was similar to
that of gRNA (Figure 1(C)). In throat swabs,
sgRNA was almost undetectable in WT mice on
5 dpi, indicating cessation of viral replication while
db/db mice could still detect sgRNA on 7 dpi (Figure
1(C)). The lung is one of the major organs infected by
SARS-CoV-2. Both of gRNA and sgRNA in the lung
showed a higher copy number in db/db than in WT
mice on 7 dpi, and this difference was statistically sig-
nificant (Figure 1(D)). Together these data suggested
that diabetes might facilitate the replication and
retard the clearance of SARS-CoV-2 in the respirat-
ory system.

Diabetic mice exhibited aggravated lung injury
and inflammation following SARS-CoV-2
infection

To determine whether diabetes affects COVID-19 dis-
ease severity, abdominal temperature and weight
change following alpha strain infection were assessed
in db/db and WT mice. Overall, the abdominal temp-
erature in db/db mice showed a decreasing trend while
WT mice was the opposite after infection with SARS-
CoV-2 (Figure 1(E)). Moreover, db/db mice showed a
more significantly reduced body weight than unin-
fected db/db mice, while there was no apparent differ-
ence between WT SARS-CoV-2 infected and
uninfected mice (Figure 1(F)).

To examine the effect of diabetes on lung pathol-
ogy of SARS-COV-2 infection, lung tissues were col-
lected on 7 dpi and stained with H&E for histological
examination in which the slides were analyzed and
scored. The lungs from SARS-CoV-2 infected db/db



mice exhibited more pulmonary hemorrhage and
inflammatory cell infiltration than those from unin-
fected db/db mice (Figure 2(A) and Supplement
Table 2). There was no significant change in the
lung pathological score of WT mice before and
after SARS-CoV-2 infection, while the lung patho-
logical score of db/db mice after infection was signifi-
cantly higher than that of uninfected db/db mice
(Figure 2(B)). These data suggested that diabetes
could contribute to inflammation and pathological
lung injury, leading to more severe disease following
SARS-CoV-2 infection.

The cytokine storm correlates with the severity of
COVID-19 and is a crucial cause of patient death.
Acute lung injury in COVID-19 patients is thought
to result from direct viral infection and immune
hyperactivation[18]. Lung injury and cellular infiltra-
tion were more obvious in db/db mice on 7 dpi
(Figure 2). To investigate the changes in inflamma-
tory factors in mice before and after SARS-CoV-2
infection, the levels of chemokines and cytokines in
serum were detected on 7 dpi (Figure 3(A-F), Sup-
plement Figure 1). Among all the detected inflamma-
tory factors, the level of Eotaxin (CCL11) was clearly
increased when db/db mice were infected with SARS-
CoV-2 (p<0.05) and was much higher than in
infected WT mice (p <0.01) (Figure 3(A)). Although
monocyte chemoattractant protein-1 (MCP-1/CCL-
2), granulocyte colony stimulating factor (G-CSF),
and KC(CXCL-1) showed no difference between
SARS-CoV-2 infected and uninfected mice, their
levels in infected db/db mice were significantly higher
than those in infected WT mice (p < 0.05) (Figure 3
(B-D)). Eotaxin, KC, and MCP-1, which belong to
the chemokine family, are known to have proinflam-
matory functions. G-CSF, which can aggravate lung
injury during lung infection, has been reported to
worsen disease in COVID-19 patients [19-21]. In
the present study, the levels of IL-12 and IL-5 in
serum of infected db/db mice were lower than those
in WT mice (Figure 3(E-F)). Moreover, the differ-
ence of IL-12 and IL-15 between SARS-CoV-2
infected db/db and WT mice was significant. IL-12
has a proinflammatory effect to induce and activate
NK cells during viral infection, promoting their
secretion of IFN-y and thus inhibiting viral replica-
tion [22,23] despite no significant change in IFN-y
in the serum of db/db and WT mice (Supplement
Figure 1). IL-5 is a critical factor in eosinophil acti-
vation. It plays a vital role in antiviral immunity, hav-
ing different functions in different stages of COVID-
19 [24]. In conclusion, the inflammatory factors
described above were significantly different between
SARS-CoV-2 infected db/db and WT mice and
based on the available literature, this difference has
potential to adversely affect the development of
COVID-19.
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Diabetic mice infected with SARS-CoV-2
exhibited severe diabetes symptoms

Based on values obtained every other day, the fasting
blood glucose value of diabetic mice was approxi-
mately three times higher than that of WT mice,
while it tended to increase after infection with
SARS-CoV-2 in both db/db and WT mice (Figure 1
(G)). The total food intake of diabetic mice over 7
days was approximately twice that of WT mice regard-
less of SARS-CoV-2 infection (Figure 1(H)). Infected
WT mice had significantly higher food intake than
control mice (Figure 1(H)).

To observe the effect of SARS-CoV-2 infection on
diabetes, the levels of some diabetes-related factors
were tested in the serum (Figure 3(G-J), Supplement
Figure 2). db/db mice ordinarily suffer from hyperin-
sulinemia, which can cause insulin resistance and
lead to type 2 diabetes [25]. It was worth noting that
the insulin content of SARS-CoV-2 infected db/db
mice was significantly higher than that of uninfected
db/db mice (Figure 3(G), p <0.05). Furthermore, we
calculated the index of homeostasis model assessment
of insulin resistance (HOMA-IR) [26], as shown in
Figure 3(J), which was distinctly increased in the
SARS-CoV-2 infected compared to the uninfected
db/db mice. Serum leptin levels in db/db mice were
significantly higher than those in WT mice and were
further elevated when db/db mice were infected with
SARS-CoV-2 (Figure 3(I), p<0.05). In addition,
serum plasminogen activator inhibitor 1 (PIA-1) levels
in WT and db/db mice were increased after infection
with SARS-CoV-2 (Figure 3(H)). Elevated PAI-1
levels are an independent risk factor for developing
type 2 diabetes and strongly correlate with cardiovas-
cular events and mortality [27,28]. Other factors
related to diabetes: glucagon, ghrelin, GIP, GLP-1,
and resistin, were also examined, but no significant
changes were observed (Supplement Figure 2). There
is no definitive study reporting that SARS-CoV-2
infection would affect above factors and then aggra-
vates diabetes. We hypothesis that they may be not
the decisive factors of aggravating diabetes caused by
SARS-CoV-2 infection.

In addition, the livers and pancreases were collected
from db/db and WT mice on 7 dpi and histologically
examined. The local swelling and fusion of hepato-
cytes was more serious in db/db than in WT mice,
regardless of their infection status (Figure 2(A) and
Supplement Table 3). In the pancreas, the islet cell
reduction in SARS-CoV-2 infected db/db mice was
significantly decreased compared with that in unin-
fected db/db mice while this change was not observed
in WT mice (Figure 2(A) and Supplement Table 4).
Insulin and caspase3 were co-localized on pancreas
by double-immunofluorescence, and there was an
increase in caspase3-expressing pancreatic islet
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Figure 2. Pathological histology analysis shows aggravated lung, liver, and pancreas damage in db/db mice infected with SARS-
CoV-2. WT and db/db mice were infected intranasally with 1 x 10° PFU of the alpha strain or PBS. Lungs, livers, and pancreases
were collected on 7 dpi. (A) H&E staining of lungs, livers and pancreas sections from WT-PBS, WT-alpha, db/db-PBS and db/db-
alpha. Pathological score of lungs(B), livers(C) and pancreases(D). Data are presented as mean + SEM. The difference between
two groups were determined by Manna-Whitney test in non-parametric tests. *p < 0.05; **p < 0.01; ***p < 0.001. Each group con-

tains 5-6 mice. Scale bar 100 um.

cells after SARS-CoV-2 infection (Supplement Figure
3). It indicated that the reduction in islet cells due to
SARS-CoV-2 infection may be related to apoptosis.
Pancreatic pathological scores of both WT and db/db
mice were elevated after SARS-CoV-2 infection
(Figure 2(D)). Overall, we can conclude that SARS-
CoV-2 infection may aggravate the symptoms of
diabetes.

Analysis of immune-related differentially
expressed genes (DEGs) in lungs of db/db and
WT mice after SARS-CoV-2 infection

To examine the global transcriptional effects of dia-
betes in the lung during SARS-CoV-2 infection, lung
tissues were collected on 7 dpi and subjected to RNA
sequencing. A total of 606 DEGs were identified
between SARS-CoV-2 infected db/db and WT mice
(Q<0.05, |-logy(fold change) |>1) (Figure 4(A)).

We previously demonstrated that db/db mice were
more susceptible to SARS-CoV-2 than WT mice. The
host’s ability to defend against viruses was largely
determined by the immune system, for which we
speculated that the susceptibility of db/db mice
might be related to an immune disorder. To verify
this hypothesis, 1793 immune-related genes were
obtained from the Immprot Portal database [29],
and intersected with DEGs of SARS-CoV-2 infected
db/db and WT mice, which revealed immune-related
genes with altered transcriptional levels in SARS-
CoV-2 infected db/db mice and WT mice (Figure 4
(A)). The expression of these genes in db/db and
WT mice was shown in the heatmap (Figure 4(B)).
GO enrichment analysis of immune-related DEGs
was performed using the plug-in ClueGO in Cytos-
cape [30,31]. The downregulated genes were found
to be mainly enriched in terms related to the regu-
lation of the immune system, indicating that the
immune response of db/db mice was indeed altered
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Figure 3. Inflammation related factor level and diabetic related cytokine level in serum was altered in db/db mice following SARS-
Cov-2 infection. WT and db/db mice were infected intranasally with 1 x 10° PFU of the alpha strain or PBS. Serum was collected on
7 dpi. Inflammation factors including (A) Eotaxin, (B) MCP-1, (C) G-CS, (D)KC, (E) IL-12(p40), (F) IL-5, and so on was determined
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was determined using Bio-Plex Mouse Diabetes assays. (J) HOMA-IR value of mice on 7 dpi. The difference between two groups
was determined by unpaired t-test. *p < 0.05; **p < 0.01; ***p < 0.001. Each group contained 5-6 mice. All data was presented as

mean + SEM.

compared with that of WT mice after SARS-CoV-2
infection, while the upregulated genes were mainly
enriched in terms related to endocrine regulation
and tissue remodelling (Figure 4(C)). To further
investigate the change in the immune response in
db/db mice, the trends of immune cell surface antigens
and certain cytokines and receptors were determined.
As shown in Figure 4(D), the level of T-cell surface
antigen CD4, B-cell surface antigen CD19 and the
costimulatory molecule CD28, which promote T-cell
activation, were lower in SARS-CoV-2 infected db/
db than in WT mice, suggesting that a suppressed

immune response might contribute to the viral sus-
ceptibility in db/db mice. In addition, similar to the
serum inflammatory multifactor assay, the levels of
certain cytokines and their receptors were also chan-
ged in db/db mice. These changes have the potential
to exacerbate inflammation after SARS-CoV-2 infec-
tion [32-34]. Using a similar approach to analyze
immune-related DEGs of uninfected mice, we also
observed some reduced immune cell surface antigens
and some elevated cytokines such as Ccl8, Ccl24,
and Cxcll4, which contributed to lung damage in
db/db  mice compared to WT mice [35-37]
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(Supplement Figure 4). Based on the above results, it
could be preliminarily concluded that diabetes led to
a suppressed immune response and increased inflam-
mation, which contributed to the susceptibility of db/
db mice and the more severe tissue damage observed
in these mice after SARS-CoV-2 infection.

Analysis of SARS-CoV-2 related DEGs in lungs of
db/db and WT mice after SARS-CoV-2 infection

To independently observe variances between db/db
and WT mice caused by SARS-CoV-2 infection,
DEGs of SARS-CoV-2 infected db/db and WT mice
were analyzed after removing the DEGs of uninfected
db/db and WT mice (Figure 5). In the two groups of
uninfected mice, 3423 DEGs were obtained (Q <
0.05, |-log,(fold change) |>1), resulting in 2081 down-
regulated genes and 1342 upregulated genes in the
lung of db/db mice when compared with WT mice
(Figure 5(A)). Finally, 385 DEGs resulting from
SARS-CoV-2 infection were obtained, including 199
upregulated genes and 186 downregulated genes in
db/db mice (Figure 5(A)). To analyze the biological
classification of the SARS-CoV-2 related DEGs of
SARS-CoV-2 infected db/db mice and WT mice, we
performed a functional enrichment analysis of upre-
gulated and downregulated genes by Metascape [38].
KEGG pathway analysis indicates that the upregulated
genes were mainly enriched in diseases caused by a
viral infection, cytokine-cytokine receptor inter-
actions, and endocytosis (Figure 5(C)). The downre-
gulated genes were primarily enriched in protein
digestion and absorption, focal adhesion, ECM-recep-
tor interaction, and the relaxin signalling pathway
(Figure 5(C)). GO analysis showed that the upregu-
lated genes were mainly enriched in the peptidase
inhibitor complex, response to interferon-beta, signal-
ling receptor regulator, antigen binding, leukocyte
migration, and regulation of cytokine production
while downregulated genes were mainly enriched in
extracellular matrix structural constituent, interstitial
matrix, myosin filament, and fibrillar collagen trimer
(Figure 5(B)). The PPI network was obtained by String
[39] and Cytoscape [31] (Figure 5(D)). Ten genes were
identified as hub genes based on the plug-in cyto-
Hubba in Cytoscape using the MCC algorithm [40]
(Figure 5(D)), for which the symbol, protein name,
functions, and change in expression levels were
shown in Supplemental Table 5. Notably, they were
all found to be collagen components and were down-
regulated in the lungs of SARS-CoV-2 infected db/db
mice compared to WT mice. In the lung, collagen is
associated with the alveolar interstitium, bronchi,
and blood vessels and is known to be the basis for
maintaining the lung structure and function [41,42].
Thus, the alteration of collagen components may
have contributed to the alveolar septal disruption
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observed on pathological slides representative of
SARS-CoV-2 infected db/db mice (Figure 2(A)). In
order to verify this hypothesis, Masson staining of
lung tissues (Supplement Figure 5) was performed.
The results showed that the collagen level of the
lung was reduced in mice after SARS-CoV-2 infection.
In the SARS-CoV-2 infected groups, the lung collagen
level of db/db mice was lower than WT mice, none of
the above changes showed significant differences. It
suggested that diabetes did reduce the collagen levels
in lung thus lead to more severe lung damage after
SARS-CoV-2 infection.

Discussion

Diabetes, a worldwide disease, can increase the sever-
ity of many infectious diseases [43,44]. Multiple clini-
cal and epidemiological studies have shown that
COVID-19 patients with diabetes have a higher rate
of developing severe illness or dying [5,45-47]. More-
over, new-onset diabetes has been reported in
COVID-19 [11], hinting at a possible interaction
between them. In the current global epidemic of
COVID-19 and diabetes, determining whether there
is an interplay between COVID-19 and diabetes and
the underlying mechanism is of great importance for
their prevention and treatment. In this study, we
established SARS-CoV-2 infected WT and diabetic
mice model, showed the interaction between diabetes
and COVID-19, and initially explored the mechanism
by which diabetes exacerbates the severity of the
infection.

C57BL/6] mice were intranasally infected with the
prototype, alpha, beta, and delta strains to screen
strains that were susceptible to mice. Our results indi-
cated that WT mice were not susceptible to the proto-
type and delta strains which was consistent with
previous studies [48-50]. Mice were also insensitive
to beta strain. Interestingly, mice showed the slowest
virus clearance rate in the throat and the highest
viral load in the lung following alpha strain infection.
Thus, the alpha strain was selected for follow-up
experiments.

The body temperature and weight of SARS-CoV-2
infected db/db mice showed a downward trend. Clini-
cal studies have reported that unexpected and signifi-
cant weight loss in T2D patients was associated with a
higher mortality [51,52]. Body temperature and
weight decrease have been observed in severe or fatal
cases of COVID-19 [53,54]. In vitro, hypothermia
promotes SARS-CoV-2 replication in the respiratory
epithelium [55]. Thus, the decrease in body tempera-
ture and weight after SARS-CoV-2 infection may be
related to the worse disease progression of COVID-
19. The blood glucose level was much higher in db/
db mice than in WT mice. Compared with WT
mice, SARS-CoV-2 infected db/db mice showed a
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higher replication capacity and a slower clearance rate
in the upper respiratory tract (Figure 1(C)). In the
lung tissues obtained on 7 dpi, both gRNA and
sgRNA were higher in db/db than in WT mice in the
lung tissues (Figure 1(D)), representing a higher
viral load and more active viral replication, respect-
ively. Clinical studies have shown that high viral
load is associated with more severe symptoms and is
a risk factor for acute disease [56,57]. In this research,
db/db compared with WT mice showed more serious
pulmonary injuries, such as alveolar septal thickening,
inflammatory cell infiltration, hemorrhage, and
thrombosis on 7 dpi.

By analyzing the immune-related DEGs of SARS-
CoV-2 infected db/db and WT mice, we found that
diabetes might suppress the immune response after
infection, which could potentially be responsible for
the increased susceptibility of diabetic mice. In
addition, some inflammatory factor levels in the
serum of SARS-CoV-2 infected db/db mice were also
different compared with WT mice on 7 dpi, consist
with the RNA sequencing results (Figure 4). These
changes may have some effect on the host’s antiviral
immunity [19-24,58,59]. A machine-learning study
showed that hyperglycemia and chronic inflammation
in people with diabetes could weaken immune
defences and contribute to viral infection and replica-
tion [60]. In the human population, hyperglycemia in
diabetic patients has been reported to lead to reduced
phagocytosis of peripheral blood mononuclear cells
(PBMCs) [61] and reduced inflammation-stimulated
leukocyte responses [62], which is not conducive to
viral clearance.

Enrichment analysis of DEGs in the lungs of
SARS-CoV-2 infected db/db and WT mice revealed
that diabetes might affect the immune response and
intercellular matrix following infection. The hub
genes found in the PPI of DEGs all belonged to the
collagen family, which plays an essential role in
lung structure and functions and is downregulated
in db/db mice [41,42]. Therefore, it can be hypoth-
esized that diabetes may lead to more severe struc-
tural damage in the lung, which was confirmed by
Masson staining in lung.

Interestingly, COVID-19 also aggravates diabetes.
Many cases of new-onset diabetes have been reported
in COVID-19 patients [11,63]. We also observed sig-
nificantly elevated blood glucose levels, serum insulin,
and serum leptin levels in db/db mice after SARS-
CoV-2 infection, indicating aggravated insulin and
leptin function resistance. Our research showed that
SARS-CoV-2 infection worsened pancreatic injury
and caused islet cell reduction by promoting its apop-
tosis in db/db mice. In a study of Italian patients with
COVID-19, persistent insulin resistance was observed,
as well as P-cell overstimulation and dysfunction,
which may lead to eventual P-cell depletion and

death [63]. Cytokine storm and redox storm caused
by SARS-CoV-2 infection would form a vicious cycle
in the islet, and are also responsible for -cell dysfunc-
tion and apoptosis [64]. Therefore, the observed
increased apoptosis of islet cells may be caused by
cytokine storms triggered by SARS-CoV-2 infection.
In conclusion, COVID-19 is capable of causing pan-
creatic damage and exacerbating insulin resistance,
which is a risk factor for diabetes.

In the pandemic of COVID-19 and diabetes, a
growing number of clinical studies have suggested
an association between them. Our diabetic mice
model of COVID-19 infection clearly supports the
mutual promotion between COVID-19 and diabetes,
suggesting that patients with diabetes and COVID-
19 should be treated for both diseases simultaneously.
In the meantime, our study suggests that enhancing
autoimmunity and suppressing the production of
inflammatory cytokine storm may be therapeutic
approaches that take both into consideration. Inade-
quately, the data were only comprehensively collected
and analysed at 7 dpi. In the future, we will select
appropriate points to continuously observe the vari-
ation to explore the specific mechanism in an attempt
to provide new ideas for the treatment of COVID-19
patients with diabetes and the prevention of new-
onset diabetes in COVID-109.
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