
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



lable at ScienceDirect

Biochemical and Biophysical Research Communications 620 (2022) 180e187
Contents lists avai
Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate/ybbrc
Diabetic Covid-19 severity: Impaired glucose tolerance and pathologic
bone loss

Jyotirmaya Behera a, Jessica Ison a, Michael J. Voor b, Suresh C. Tyagi a, Neetu Tyagi a, *

a Bone Biology Laboratory, Department of Physiology, School of Medicine, University of Louisville, Louisville, KY, 40202, USA
b Departments of Orthopaedic Surgery, University of Louisville, Louisville, KY, 40202, USA
a r t i c l e i n f o

Article history:
Received 28 May 2022
Accepted 14 June 2022
Available online 21 June 2022

Keywords:
SARS-CoV-2-RBD
Bone mineralization
miRNA regulation
Glucose intolerance
Insulin resistance
Diabetic bone loss
* Corresponding author. FAPS Bone Biology Labor
ology, Health Sciences Center, A-1201, University of Lo
USA.

E-mail address: n0tyag01@louisville.edu (N. Tyagi

https://doi.org/10.1016/j.bbrc.2022.06.043
0006-291X/© 2022 Elsevier Inc. All rights reserved.
a b s t r a c t

Diabetes mellitus (DM), hypertension, and cardiovascular diseases (CVDs) are the leading chronic
comorbidities that enhance the severity and mortality of COVID-19 cases. However, SARS-CoV-2 medi-
ated deregulation of diabetes pathophysiology and comorbidity that links the skeletal bone loss remain
unclear. We used both streptozocin-induced type 2 diabetes (T2DM) mouse and hACE2 transgenic mouse
to enable SARS-CoV-2-receptor binding domain (RBD) mediated abnormal glucose metabolism and bone
loss phenotype in mice. The data demonstrate that SARS-CoV-2-RBD treatment in pre-existing diabetes
conditions in hACE2 (T2DM þ RBD) mice results in the aggravated osteoblast inflammation and
downregulation of Glucose transporter 4 (Glut4) expression via upregulation of miR-294e3p expression.
The data also found increased fasting blood glucose and reduced insulin sensitivity in the T2DM þ RBD
condition compared to the T2DM condition. Femoral trabecular bone mass loss and bone mechanical
quality were further reduced in T2DM þ RBD mice. Mechanistically, silencing of miR-294 function
improved Glut4 expression, glucose metabolism, and bone formation in T2DM þ RBD þ anti-miR-294
mice. These data uncover the previously undefined role of SARS-CoV-2-RBD treatment mediated com-
plex pathological symptoms of diabetic COVID-19 mice with abnormal bone metabolism via a miRNA-
294/Glut4 axis. Therefore, this work would provide a better understanding of the interplay between
diabetes and SARS-CoV-2 infection.

© 2022 Elsevier Inc. All rights reserved.
1. Introduction

A novel severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) was first detected in the Wuhan city of China at the end of
2019 [1]. SARS-CoV-2 is found to cause coronavirus disease 2019
(COVID-19) in human. The world health organization (WHO) clas-
sified COVID-19 as a worldwide pandemic on March 11, 2020 (2).
Following COVID-19 infection, the severity of the disease ranges
from asymptomatic to pneumonia and is followed by acute respi-
ratory distress syndrome [2]. A retrospective cohort study sug-
gested that age is one of the critical risk factors for comorbidity and
mortality due to SARS-CoV-2. Additionally, chronic diseases like
cardiovascular disease (CVD), kidney disease, obesity, and diabetes
are associated with hospital admission and unfavorable outcomes
atory, Department of Physi-
uisville Louisville, KY, 40202,

).
during COVID-19 infection [1]. The study has suggested that type 2
diabetes mellitus (T2DM) and cardiovascular disease are the lead-
ing two comorbidities that worsen COVID-19 pathology [3]. In
addition, this study suggested that CVDs and T2DM are associated
with 22.7% and 19.7% mortality rates in COVID-19 patients,
respectively. Therefore, it is essential to understand the reciprocal
influences between comorbidities and COVID-19 to control and
treat these diseases.

Despite much has been addressed in the pulmonary system
during COVID-19, less is known about COVID-19 infection on extra-
pulmonary systems in diabetic comorbidity, particularly its effects
on the skeletal system. There are several putative mechanisms that
drive the SARS-CoV-2 and cause a negative function on the skeletal
system. SARS-CoV-2 utilizes as its entry receptor, human
angiotensin-converting enzyme 2 (hACE2) is expressed in bone
cells [4]. Hypocalcemia, a condition with a reduced plasma level of
calcium, is common among COVID-19 patients and is predicted to
have a disease severity [5]. Therefore, these studies prompted us to
explore the fundamental mechanism of diabetic comorbidity on
bone microstructural damage and aggravation of abnormal glucose
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metabolism in a hACE2-transgenic (Tg) mouse model of COVID-19
infection.

In the present study, we used B6.Cg-Tg(K18-ACE2)2Prlmn/J mice
(K18-hACE2 Tg mice for generating COVID-19 pathophysiology
under T2DM condition. Since most of the SARS-CoV-2 variants are
unable to effectively cause severity in mice, therefore, we have
obtained humanized mice model that expresses human ACE2
(hACE2) in airway cells. In the current study, we generated a co-
morbid mice model of T2DM with SARS-CoV-2 severity and
investigated the consequences of the RBD effect on the skeletal
system of K18-hACE2 mice. The study found that SARS-Cov-2 RBD
treatment resulted in abnormal glucose tolerance, insulin resis-
tance, and significantly increased trabecular bone loss and bone
mechanical quality in T2DM mice. Mechanistically, increased cal-
protectin (S100a8/9) expression in osteoblast was associated with
reduced glucose transporter 4 (Glut4 or SLC2A4) expression
through upregulation of miRNA-294e3p expression. Silencing
miRNA-294 function through specific anti-miR-294 or siRNA
against S100a9 prevents the SARS-Cov-2 RBD induced down-
regulation of Glut4 expression. Further, the data investigated that
anti-miR-294 potently improves glucose metabolism and rescues
the loss of the trabecular bonemass and bonemechanical quality in
diabetic comorbidity (K18-hACE2- T2DM þ RBD) mice.
2. Methods

2.1. Animals

Eight-week-old female C57BL/6J and B6.Cg-Tg(K18-ACE2)
2Prlmn/J mice (K18-hACE2 Tg mice were purchased from the
Jackson Laboratory (Bar Harbor, ME). All animals were maintained
on a 12-h light and 12-h dark cycle in the animal facility of the
University of Louisville. Mice were given free access to water and
standard ingredient chow (solid). The study protocol of the dia-
betes induction and other experimental procedures was approved
by the Institutional Animal Care and Use Committees (IACUC) of the
University of Louisville.
Table 1
Sequences of PCR primers used for real-time quantitative PCR.

Gene Primer Sequences (50/30)

Mouse G6Pase FP: GATGTCCTGGAGGATGAAGTGG
RP: GTGGTGGTGTTCACCTCCTGAA

Mouse PEPCK FP: TTTAGGGCGCATTCCTCATC
RP: TGTCCTTGTGGATTGAAAGGAC

Mouse Glut4 FP: GCGCTCTGTCTCTCTGACCT
RP: ACCTTATTGCCCTCCTGCTT

Mouse S100a8 FP: GAGACAGACATCCGGAGGAGA
RP: GTGGGATGTGAACACGGAAGA

Mouse S100a9 FP: GGATGAAATCTCTCGCGTTT
RP: GGTTATGGGCAGAGATTGCTT

Mouse miR-294e3p FP: ACTGAGGAGGCCACCCAAGGA
RP: TGAAGAGGACCAGAACGATGAG

Mouse GAPDH FP: TGCACCACCAACTGCTTGC
RP: GGCATGGACTGTAGTCAGAG
3. Diabetes induction

At eight weeks of age, the K18-hACE2 Tg mice were fed either a
nonfat control diet (called NFD or control WT) or a high-fat diet
(HFD, 42%; D12492; Research Diets Inc., USA) for 8 weeks. The HFD
contained 42% fat (corn oil and lard), 28% protein, and <1% carbo-
hydrate. To induce T2DM in the HFD group [6], mice have been
treated every alternative day with streptozotocin (STZ, Sigma)
(50 mg/kg/body weight) through intraperitoneal (i.p.) injections or
saline injections (total of 6 injections) for 2-weeks. At the end of the
treatment regimen, body weight, and fasting blood glucose levels
were performed. To study the impacts of SARS-CoV2-RBD treat-
ment on T2DM disease, SARS-CoV-2-RBD (SAE1000, Sigma) was
administrated to the hACE2 Tg-T2DM mice at the concentration of
0.1 mg/ml via an intranasal route (total 2 injections) for a week and
post-treatment induced complex pathological symptoms of dia-
betic severity and abnormal bone catabolism was being observed.

The following group of mice was employed for experimental
studies.

� K18-hACE2 mice (as WT)
� K18-hACE2 fed with a high-fat diet þ STZ (Type 2 diabetes or
T2DM)

� SARS-CoV-2-RBD treated T2DM mice (T2DM þ RBD)
� Anti-miR-294 supplemented T2DM þ RBD mice
(T2DM þ RBD þ anti-miR-294)
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3.1. Primary osteoblast culture and differentiation

Following the removal of bone marrow (BM) cells, the whole
femoral bones were cut into small pieces and digested under
collagenase solution (1 mg/ml). The isolated primary osteoblasts
were cultured under an alpha minimum essential medium (a-
MEM; Invitrogen) supplemented with 15% heat-inactivated FBS,
100 U/mL penicillin/streptomycin. After 72 h of culture, non-
adherent cells were washed using 1X PBS. The adherent cells
were further maintained until got confluence.
3.1.1. Alkaline phosphatase assay and calcium nodule assay
ALP activity and in vitromineralization staining were performed

according to our previously published protocol [7]. Briefly,
passaged primary osteoblasts were cultured under an osteogenic
induction medium (OIM; a-MEMþ15% FBS supplemented with
2 mM b-glycerophosphate, 100 nM dexamethasone, and 50 mg/mL
ascorbic acid), for 21 days. On 7 days of osteogenic induction, cells
were fixed with 70% ethanol and stained with ALP (Sigma). Simi-
larly, for calcium nodule formation, 21 days of cultured osteoblasts
were fixed with 70% ethanol and stained with 1.5% ARS. Then cells
were photographed on a phase-contrast microscope.
3.2. Gene expression using qPCR

Gene expression analysis was performed as previously
described [8,9]. Total RNA was isolated from whole bone tissues
using TRIzol Reagent (15-596-018, Invitrogen™). The cDNA was
synthesized using total RNA (1 mg) following the instruction of the
ImProm-II™ Reverse Transcription Systemmanufacturer's protocol
(A3800, Promega). Primers (forward and reverse) against target
genes of interest were used for real-time PCR detection and are
listed in Table 1.
3.3. microRNA profiling by RT2 miRNA PCR array

Total RNA was isolated from femoral bone tissue using the
miRNeasy Mini Kit (Qiagen, USA). Total RNA (1 mg/ml) was con-
verted to cDNA using the miScript II RT kit (Qiagen). The RT2-qPCR
array of the experimental samples was performed on 96-well plates
(MIMM-005Z, miScript miRNA PCR Array Mouse diabetes, Qiagen),
according to the manufacturer's instructions. Target individual
microRNA expression is amplified from cDNA samples using a
miScript SYBR Green PCR kit in Stratagene Mx3000p (Agilent
Technologies). The obtained Ct values were expressed in fold
change in expression.



J. Behera, J. Ison, M.J. Voor et al. Biochemical and Biophysical Research Communications 620 (2022) 180e187
3.4. In silico analysis

To predict potential targets of miR-294e3p at the mouse
SLC2A4/Glut4 mRNA region, in silico analyses were performed
using Targetscan (http://www.targetscan.org/). The predicted
consequential pairing of the target gen region at 30-UTR (top) and
miRNA (bottom) was obtained.

3.5. AntagomiR-294 injection and overexpression of SLC2A4/Glut4

To investigate the role of miR-294e3p on Glut4 function in
diabetic comorbidity mice, the miRNA inhibitors or synthetic
antagomiRs against the miR-294e3p (cat 4464084; Thermo Sci-
entific) or the negative control (cat 4464076; Thermo Scientific)
were purchased and delivered via intravenous (i.v) tail-vein in-
jections (2 mg per injection) 3-times per week (total 6 injections).
Moreover, to overexpress Glut4 expression, osteoblasts were
transfected with Glut4/SLC2A4 cDNA ORF Clone (100 ng; SinoBio-
logical) using a Lipofectamine 3000 reagent (Invitrogen). Glut4
overexpression in osteoblasts culture was confirmed with qPCR
analysis.

3.6. MicroCT analysis of bone

The femur bones were excised and collected for the micro-CT
analysis as our previously described protocol [10]. The femurs of
the mice were scanned using micro-CT (mCT 40, Scanco Medical,
Switzerland). The femoral micro-architectural parameters such as
bone mineral density (BMD, mg/cm3), bone volume/trabecular
volume (BV/TV), trabecular number (Tb.N), trabecular thickness
(Tb.Th), and trabecular separation (Tb.Sp) were analyzed using
Inveon Research Workplace III software.

3.7. Statistical analysis

All statistical analyses and graphical presentations were per-
formed with GraphPad Prism software, v.9.0.0. All experimental
data are expressed as the mean ± S.E.M. The significant differences
in more than two experimental groups were compared by one-way
analysis of variance (ANOVA) in combinationwith Tukey's multiple
comparison test. P < 0.05 was considered statistically significant.
Experiments were repeated three times independently.

4. Results

4.1. SARS-CoV-2 RBD treatment suppresses glucose transporter 4
(Glut4) expression via calprotectin dependent inflammation in
diabetic mice

Ten-week-old female hACE2-diabetic mice administrated SARS-
CoV-2 RBD (0.1 mg/ml) or vehicle control by the intranasal route and
allowed to keep under observation for 2 weeks (Fig. 1a). A previous
study suggested that calprotectin is a serum marker of inflamma-
tion and found to be elevated in various conditions such as
inflammation, infection, and cancer [11]. However, the interplay
between calprotectin and SARS-CoV-2 infection was not known.
Therefore, we performed calprotectin ELISA to study its level in the
T2DM þ SARS-CoV-2 RBD condition. The data demonstrated that
calprotectin level was significantly increased in both serum and
primary osteoblast of the T2DM and T2DM þ SARS-CoV-2 RBD
(T2DMþ RBD) condition compared to theWTcondition (Fig.1b and
c). Besides, serum levels of IL-6 and TNF-a cytokines were signifi-
cantly increased in T2DM þ RBD conditions compared to T2DM
(Supplementary Figs. S1a and b), indicating a strong response of
inflammation is induced in T2DMþ RBD conditions.We then tested
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the mRNA expressions of S100a8 and S100a9, which codes cal-
protectin protein, and found that the above mRNA expressions
increased significantly in the T2DM þ RBD condition compared to
the T2DM condition alone (Fig. 1d).

We performed a qPCR-based miRNA array to further discover
the potent miRNAs which are differentially expressed in isolated
osteoblasts in the T2DM þ RBD condition. The data found that
several miRNAs were indeed differentially regulated in the exper-
imental condition, as depicted in hierarchical clustering analysis
(Fig. 1e). Interestingly, miR-294e3p were simultaneously upregu-
lated in the T2DM þ RBD and T2DM conditions compared to the
WT control condition (Fig. 2e, black arrowhead). Using qPCR anal-
ysis, we further validated that the expression of miR-294e3p was
significantly upregulated (p < 0.0001) in the T2DM þ RBD condi-
tion (Fig. 1f). To functionally link the miR-294e3p expression with
the calprotectin level, we silenced the S100a9 expression using the
siRNA-mediated knockdown approach (siS100a9 or si-a9) in
T2DM þ RBD mice. The data showed that si-a9 treatment inhibited
the expression of miR-294e3p in the T2DM þ RBD condition
compared to the T2DM þ RBD condition (Fig. 1f). To understand
whether miR-294e3p could regulate Glut4 (SLC2A4) expression in
femoral bone tissue, an in silico TargetScan analysis was performed.
The study found that the miR-294e3p sequence recognized the
59e65 bp of the conserved sequence of the 30-UTR regions of the
Glut4 (Fig. 1g). In addition, qPCR data confirmed that targeted in-
hibition of the miR-294e3p expression by AntagomiR-294e3p or
si-a9 treatment significantly increased the Glut4 expression in the
T2DM þ RBD þ anti-miR-294e3p or T2DM þ RBD þ si-a9 condi-
tions compared to the T2DM alone (Fig. 1h). These data suggested
calprotectin facilitated down-regulation of Glut4 expression
through upregulation of miR-294e3p in the skeleton of
T2DM þ RBD comorbid mice.

Preexisting Diabetes Exacerbates Glucose Intolerance and In-
sulin Resistance in SARS-CoV-2 RBD Treated Mice.

The intranasal route of administrating SARS-CoV-2 RBD in the
T2DM mouse had no effect on the body weight compared to T2DM
mice, whereas T2DM þ RBD þ anti-miR-294e3p mice significantly
decreased the body weight compared to the T2DM þ RBD alone
(Fig. 2a). T2DM þ RBD mice also had reduced glucose metabolism
(GTT; glucose tolerance test) and insulin tolerance (ITT; glucose
tolerance test) compared to T2DM mice alone. However, silencing
themiR-294e3p expression, improved the glucose metabolism and
insulin tolerance in T2DM þ RBD þ anti-miR-294e3p mice
compared to T2DM þ RBD mice (Fig. 2b and c). In line with these
findings, T2DM þ RBD þ anti-miR-294e3p mice showed reduced
levels of plasma glycemia (both fasting glucose and glucose fed
condition) and plasma insulin after fasting compared to
T2DMþ RBDmice (Fig. 2dee, f). As expected, HbA1c (%) levels were
significantly reduced in T2DM þ RBD þ anti-miR-294e3p mice
compared to T2DM þ RBD mice (Fig. 2g).

We further analyzed the mRNA expression of gluconeogenesis
enzymes (G6Pase and Pepck) in the liver extracts and found that
G6Pase and Pepck expression was reduced in the
T2DM þ RBD þ anti-miR-294e3p mice (Fig. 2h). Furthermore, we
tested glucose uptake capacity in osteoblast culture in vitro. Briefly,
osteoblasts from T2DM þ RBD mice were transfected with Glut4/
SLC2A4 cDNA ORF Clone. After 24 h of post-transfection, cells were
administrated with 2-NBDG, a fluorescence probe for 12 h. The data
showed that the glucose uptake capacity of osteoblasts was
significantly improved in the T2DM þ RBD þ Glut4 and
T2DM þ RBD þ anti-miR-294e3p conditions compared to the
T2DM þ RBD condition (Fig. 2i). These data suggested that preex-
isting diabetes with SARS-CoV-2 RBD treatment devastates the
diabetic pathophysiology by regulating poor glucose metabolism
and insulin tolerance via the miR-294-3p-Glut4 axis.

http://www.targetscan.org/


Fig. 1. SARS-CoV-2 RBD treatment suppresses the Glut4 expression in osteoblast via calprotectin-dependent inflammation in diabetic mice. (a) Ten-week-old female hACE2-T2DM
mice were administrated SARS-CoV-2 RBD recombinant protein or vehicle control by the intranasal route and tissue was harvested after 2 weeks. (bec) ELISA assay of calprotectin
level in serum and osteoblast lysate. (d) S100a8/a9 gene expression by qPCR. (e) Heat map of differentially expressed miRNAs in osteoblast by qPCR Array. (f) qPCR validation of miR-
294e3p. (g) Targetscan analysis of the miR-294e3p binding sites in 30-UTR of the SLC2A4/Glut4. (h) qPCR analysis of Glut4 expression. Experiments were repeated at least three
times. Data are expressed as mean ± SEM. n ¼ 6 mice per group. *p < 0.05 compared with the WT control, **p < 0.05 compared with the T2DM, #p � 0.05 compared with the
T2DM þ RBD.
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Fig. 2. Preexisting diabetes worsens insulin resistance and glucose intolerance in SARS-CoV-2 RBD treated mice. (a) Bodyweight (BW) was measured. (bec) Glucose tolerance test
(GTT) and insulin tolerance test (ITT) in the experimental mice. (dee) Fasting glucose and glucose-fed conditions were monitored. (feg) Plasma insulin and blood HbA1c (%) level
was measured. (h) qPCR analysis of G6Pase and Pepck in liver tissue. (i) 2-NBDG uptake assay in osteoblast. Experiments were repeated at least three times. Data are expressed as
mean ± SEM. n ¼ 5 mice per group. *p < 0.05 compared with the WT control, **p < 0.05 compared with the T2DM, #p � 0.05 compared with the T2DM þ RBD.
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4.2. SARS-CoV-2 RBD treatment suppresses osteogenesis in vitro

To evaluate the potentially devastating effect of SARS-CoV-2
RBD in osteoblast mineralization, primary osteoblast was cultured
under OIM for 21 days. The data demonstrate that the cell prolif-
eration capacity was indeed suppressed in both T2DM and
T2DM þ RBD conditions compared to the WT condition. However,
the above changes were improved in the T2DM þ RBD þ anti-miR-
294e3p condition (Fig. 3a). On day 6 and day 21 of osteogenic
184
induction, cultured primary osteoblast exhibited an increase in ALP
activity and mineralized nodule formation in the
T2DM þ RBD þ anti-miR-294e3p condition compared to the
T2DM þ RBD condition (Upper and Lower panel, Fig. 3bed).
Further, the mRNA transcripts expression of osteogenic genes (Osx,
and Bglap) were significantly improved in the osteoblast of the
T2DM þ RBD þ anti-miR-294e3p condition on Day 21 (Fig. 3e).
Besides, overexpression of Glut4 in cultured osteoblast significantly
improves the ALP, bone mineralization capacity, and expression of



Fig. 3. SARS-CoV-2 RBD treatment dampens osteogenesis in T2DM mice. (a) Cell proliferation by MTT assay. (bed) ALP and ARS assay on day 6 and day 21. Scale bar: 200 mm. (ced)
The bar graph represents the ALP activity and calcium nodule assay by ARS. (e) qPCR analysis of Osx and Bglap mRNA expression. (feg) TRAP þ stained osteoclasts culture. Scale bar:
200 mm. The red arrow indicates matured TRAP þ osteoclasts. The bar graph represents the total number of TRAP þ osteoclasts (g). (h) TRAP-5b activity in the osteoclast lysates.
Experiments were repeated at least three times. Data are expressed as mean ± SEM. n ¼ 5 mice per group. *p < 0.05 compared with the WT control, **p < 0.05 compared with the
T2DM, #p � 0.05 compared with the T2DM þ RBD. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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the osteogenic genes (Osx and Bglap) in the T2DM þ RBD þ Glut4
condition (Supplementary Figs. S2aec). Thus, SARS-CoV-2 RBD
administration substantially diminished the osteoblast differenti-
ation and mineralization in the T2DM mice via the miR-294/Glut4
axis (Fig. 3aee).

Furthermore, we demonstrated ex vivo osteoclastogenesis assays
by using a conditioned medium (CM) from day 7 osteoblast culture.
The data showed that T2DM þ RBD-CM treated osteoclast cultures
had more mature, tartrate-resistant acid phosphataseepositive
(TRAPþ) osteoclasts (red arrow) by Day 4 of differentiation, when
compared toT2DM-CM. However, the above changes weremitigated
in the T2DM þ RBD þ anti-miR-294-3p-CM (Fig. 3f and g). TRAP 5b
activity was also significantly reduced in the osteoclast of the
T2DM þ RBD þ anti-miR-294-3p-CM condition compared to the
T2DMþ RBD-CM condition (Fig. 3h). These studies conclude that the
185
T2DM þ RBD condition exaggerated osteoclastogenesis through
paracrine signaling.

4.3. SARS-CoV-2 RBD treatment worsened bone loss and
mechanical quality in diabetes comorbid mice

To determine whether administration of anti-miR-294 in the
promotion of bone homeostasis, T2DM þ RBD mice were admin-
istrated with anti-miR-294 via intravenous (i.v) tail-vein injections
or vehicle control to T2DM þ RBD mice for 2 weeks (Fig. 4a). At the
end of the treatment, femoral bones were analyzed by microCT
scans (Fig. 4b). The data showed that distal femur BMD, BV/TV ratio,
Tb.N, and Tb.Th was reduced in the T2DMþ RBDmice compared to
T2DM mice (Fig. 4bee). However, Tb.Sp was found to be signifi-
cantly increased in T2DM þ RBD mice compared to the T2DM mice



Fig. 4. SARS-CoV-2 RBD treatment exacerbates pathologic bone loss in T2DM mice. (a) Anti-miR-294 was IV injected into T2DM þ RBD mice. The femoral bone samples were
harvested, and downstream analyses were performed. (b) MicroCT scan analysis of the distal femur of the experimental mice. Scale bar, 100 mm. (cef) Trabecular bone phenotype
parameters were observed: BMD, BV/TV (%), Tb.N (1/mm), Tb.Th (mm), Tb.Sp (mm). (gei) Bone mechanical properties such as (Maximum load (N) and stiffness (N/mm)) were
analyzed. (jel) ELISA analysis of P1NP, CTX-I, and TRAP-5b activity was tested. Experiments were repeated at least three times. Data are expressed as mean ± SEM. n ¼ 5 mice per
group. *p < 0.05 compared with the WT control, **p < 0.05 compared with the T2DM, #p � 0.05 compared with the T2DM þ RBD.
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(Fig. 4b, f), indicating a strong osteoporotic phenotype was
observed. However, silencing the miR-294 function in those
T2DM þ RBD mice prevented the comorbidity-associated bone loss
in the T2DM þ RBD þ anti-miR-294e3p mice (Fig. 4bef). Inter-
estingly, bone mechanical properties, such as maximum load and
stiffness, were improved in the T2DM þ RBD þ anti-miR-294e3p
mice compared to T2DM þ RBD mice as assessed by the 3-point
bending test (Fig. 4gei).

Furthermore, bone formation marker, P1NP, and bone resorp-
tion marker CTX were decreased and increased in the plasma of the
T2DM þ RBD mice respectively. Besides, plasma TRAP-5b activity
was significantly reduced in T2DMþ RBDmice. However, the above
effect was mitigated in the T2DM þ RBD þ anti-miR-294e3p mice
(Fig. 4j-l). These data demonstrate that silencing miR-294 function
in the osteoblast of the T2DMþ RBDmice improves bone formation
and bone mechanical quality.

6. Discussion

In the current study, we provided evidence first time that K18-
hACE2 Tg mice with diabetes (called T2DM) and T2DM þ RBD
mice are characterized by increased systemic levels of calprotectin.
Mechanistically, T2DM þ RBD mice regulate calprotectin-miR-
294e3p axis mediated downregulation of Glut4 expression in the
osteoblast. This leads to insulin resistance and glucose intolerance.
On the other hand, overexpression of Glut4 expression and miR-
294e3p inhibition significantly improves glucose metabolism and
186
subsequently increases bone formation and mechanical quality in
the T2DM þ RBD mice. Our study identifies a previously undefined
role of miR-294e3p as a downstream regulator of calprotectin
signaling participating in the diabetes comorbidity associated with
abnormal glucose metabolism and pathologic bone loss in T2DM
mice during SARS-CoV-2 RBD Treatment.

A recent study has suggested that patients with preexisting
chronic diseases like CVD and T2DM were found to be at increased
risk of COVID-19 infection [12]. Others have suggested that both
CVD and T2DM are the hallmark of comorbidity that accentuate the
COVID-19 severity and mortality [3,13,14]. Therefore, it is necessary
to understand the complex pathological symptoms of COVID-19
patients with preexisting CVD and T2DM. Taking this into ac-
count, we generated a comorbid mouse (K18-hACE2 Tg-
T2DM þ RBD) model to mimic the clinical symptoms of T2DM
patients infected with SARS-CoV-2 infection. Our T2DM comorbid
mice exhibited severe inflammatory response via a calprotectin-
dependent manner (Fig. 1). This observation may explain the
pneumonia-like symptoms of comorbid patients. In this study, we
further emphasized to study of the target organ, like bone, and the
potential pathologic mechanisms in T2DM comorbid mice models.

A recent report suggested that among the 1099 COVID-19 pa-
tients in China, 26.9% of patients are T2DM and achieve severity and
death compared to 6.1% of patients with no primary disease. This
study clearly suggests that hyperglycemia is linked with adverse
outcomes of SARS-CoV-2 infections. Other have suggested that
SARS-CoV-2 infection further exhibit the blood glucose level in the
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patients [15]. However, the specific mechanism of SARS-CoV-2
infection on the regulation of glucose intolerance and insulin
resistance and subsequently bone loss remains unknown. Here, we
observed altered fasting blood glucose, GTT, and ITT responses in
T2DMþ RBDmice through deregulation of the miR-294/Glut4 axis.
Besides, serum calprotectin (Fig.1) and cytokines (IL-6, TNF-a) were
higher in the T2DM þ RBD mice (Supplementary S1), which was
often referred to as a cytokine storm.

We and others have previously reported that abnormal glucose
metabolism is associated with skeletal loss in obese mice [16e18].
However, the bridge between abnormal glucose production and
skeletal loss through SARS-CoV-2 infection is not studied yet. In the
current study, we found that T2DM þ RBD comorbid mice showed
reduced osteoblast mineralization, loss of trabecular bone mass,
and bone mechanical properties by promoting osteoclastogenesis
(Figs. 3 and 4). Intriguingly, inhibition of both calprotectin andmiR-
294e3p function in T2DM þ RBD mice prevents abnormal glucose
metabolism and restoration of bone mass. These results suggest
that T2DM patients with SARS-CoV-2 infection are likely at a high
risk of poor outcomes with osteoporosis phenotype and need more
intensive care at the hospital.

In summary, we characterized the exaggerated effect of SARS-
CoV-2 RBD on abnormal glucose metabolism and bone homeosta-
sis using the hACE2 Tg-T2DM mouse model. Our co-morbid mouse
model showed a bone-specific and systemic inflammatory
response that result in glucose intolerance, and insulin resistance
and subsequently causes bone loss via regulating the calprotectin-
miRNA-294e3p/Glut4 axis. Our study provides clues to under-
standing the development of a promising therapeutic strategy
against T2DM þ RBD-associated bone loss.
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