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ABSTRACT

Background: Angiotensin converting enzyme 2 (ACE2) has recently been identified as the functional receptor for
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent response for novel corona-
virus disease 2019 (COVID-19). This study aimed to explore the roles of ACE2, apelin and sodium-glucose
cotransporter 2 (SGLT2) in SARS-CoV-2-mediated cardiorenal damage.
Methods and Results: The published RNA-sequencing datasets of cardiomyocytes infected with SARS-CoV-2 and
COVID-19 patients were used. String, UMAP plots and single cell RNA sequencing data were analyzed to show
the close relationship and distinct cardiorenal distribution patterns of ACE2, apelin and SGLT2. Intriguingly,
there were decreases in ACE2 and apelin expression as well as marked increases in SGLT2 and endothelin-1 levels
in SARS-CoV-2-infected cardiomyocytes, animal models with diabetes, acute kidney injury, heart failure and
COVID-19 patients. These changes were linked with downregulated levels of interleukin (IL)-10, superoxide dis-
mutase 2 and catalase as well as upregulated expression of profibrotic genes and pro-inflammatory cytokines/
chemokines. Genetic ACE2 deletion resulted in upregulation of pro-inflammatory cytokines containing IL-1f3,
IL-6, IL-17 and tumor necrosis factor a. More importantly, dapagliflozin strikingly alleviated cardiorenal fibrosis
in diabetic db/db mice by suppressing SGLT2 levels and potentiating the apelin-ACE2 signaling.
Conclusion: Downregulation of apelin and ACE2 and upregulation of SGLT2, endothelin-1 and pro-inflammatory
cytokines contribute to SARS-CoV-2-mediated cardiorenal injury, indicating that the apelin-ACE2 signaling and
SGLT2 inhibitors are potential therapeutic targets for COVID-19 patients.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

mortality of patients developed acute heart failure was 46.8%, which
was significantly higher than 19.7% of the others [4]. In addition, the

Coronavirus disease 2019 (COVID-19) which was induced by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has become a
worldwide devastating pandemic, with 137,571,000 cases as well as
2,962,000 deaths as of April 14th, 2021. Patients with pre-existing hy-
pertension, diabetes mellitus (DM), heart failure (HF) were prone to
be infected with SARS-CoV-2 and more likely to develop severe symp-
toms [1]. As SARS-CoV-2 had remarkable tropism for the heart and kid-
ney, cardiorenal injury were evidenced as common complications in
COVID-19 with poor prognosis [2,3]. According to an observational, ret-
rospective study of patients with confirmed COVID-19 infection, the
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in-hospital mortality in COVID-19 patients with acute kidney injury
(AKI) was 45% in comparison with the mortality of 7% in those without
AKI [5]. Currently, the pathophysiological mechanisms of cardiorenal in-
jury involved in COVID-19 remain largely unknown. Therefore, it's of
great significance to find potential therapeutic targets for COVID-19.
Recently, angiotensin converting enzyme 2 (ACE2) has garnered
great attention as the functional receptor for SARS-CoV-2 [6]. Binding
of SARS-CoV-2 to ACE2 receptor leads to the downregulation of ACE2,
which will shift the renin-angiotensin system (RAS) peptide balance
from the angiotensin (Ang)-(1-7)-Mas pathway to the Ang II-AT1R
pathway, thereby enhancing the detrimental effects of SARS-CoV-2
and burst of inflammatory cytokine release among COVID-19 patients
[6-8]. Notably, protective effects of recombinant human ACE2
(rhACE2) were shown in acute lung injury, post-myocardial infarction
(MI)-induced HF and hypertensive kidney injury [6,8-10]. Besides,
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apelin, a positive regulator of ACE2, has been demonstrated as a nega-
tive regulator of the Ang II-AT1R pathway during hypertension and HF
[6,8,11]. Thus, targeting the apelin-ACE2 signaling may be promising
therapeutic targets for SARS-CoV-2-mediated cardiorenal dysfunction.
However, the exact effects of the apelin-ACE2 signaling in COVID-19 re-
main to be further elucidated. Sodium-glucose cotransporter 2 (SGLT2)
inhibitors have been shown to reduce body mass and systolic blood
pressure levels and improve endothelial dysfunction beyond glycemic
control [12]. Moreover, dapagliflozin, a selective SGLT2 inhibitor, has
been demonstrated its therapeutic effects on various cardiovascular
and renal diseases [13]. This study aimed to evaluate the effects of
SARS-CoV-2 infection and dapagliflozin therapy on the apelin, ACE2
and SGLT2 signaling as well as cardiorenal fibrotic injury during diabe-
tes, HF and COVID-19 status. We also explored the published RNA-
sequencing (RNA-seq) datasets of cardiomyocytes (CMs) infected
with SARS-CoV-2, COVID-19 patients and animals with different disease
conditions containing MI-HF, AKI and diabetes, providing potential
therapeutic targets for SARS-CoV-2-mediated cardiorenal injury.

2. Materials and methods

Detailed methods are available in the online supplemental section.

2.1. Obtaining published data and string analysis

The raw gene counts data of adult human CMs and human embry-
onic stem cell (hESC)-derived CMs infected with SARS-CoV-2 and
mock was downloaded from the GEO repository database under the se-
ries number GSE151879 [14]. The normalized counts data for RNA-seq
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of isolated monocytes from peripheral blood of 6 COVID-19 patients
and 3 healthy controls were available with accession number
GSE160351 [15]. The normalized reads counts data for RNA-seq of
buffy coat samples from COVID19+ and COVID19™ critically ill patients
were accessed from GSE154998 [16]. GEO Datasets SOFT files were
available from https://www.ncbi.nlm.nih.gov/gds. The heart data of
post-MI HF rats was from GDS4907, and the kidney data of AKI mice
was from GDS4864. In addition, we used the protein and RNA expres-
sion data of ACE2, SGLT2 and apelin in different human tissues, and re-
lated single cell RNA-seq (scRNA-seq) gene expression data in kidney
and heart through the Human Protein Atlas (HPA) (http://www.
proteinatlas.org/). Furthermore, the protein-protein interaction (PPI)
networks among ACE2, apelin and SGLT2 were obtained from the String
database (https://string-db.org/).

2.2. Animals protocols

12-week-old male ACE2 knockout (KO) and wild type (WT) litter-
mate, C57BL/6 db/db and littermate db/m mice were purchased from
Vital River Inc.(Beijing, China). The C57BL/6 db/db and littermate db/m
mice were randomly divided into three groups: db/m control group
(n =9), db/db group (DM) (n = 7) and dapagliflozin-treated db/db
group (DM + DAPA) (n = 7). 1 mg/kg dapagliflozin (AstraZeneca,
USA) or saline was administrated for db/db mice by gavage once daily
for 4 weeks. All animals were anesthetized and sacrificed to collect
blood and tissues for the subsequent experiments and the detailed sche-
matic illustration of the animal experimental design was shown in
Fig. S1. The plasma of ACE2KO (n = 3) and WT mice (n = 3) were
used for the subsequent cytokine protein arrays. All experiments were
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Fig. 1. Levels of ACE2, ET-1, pro-inflammatory cytokines and fibrosis-related genes in COVID-19 patients and SARS-CoV-2 infected CMs. (A—D) Heatmap analysis and the relative
expression of ACE2, inflammatory factors, chemokines, oxidative stress- and fibrosis-related genes in adult human CMs (A, C and D) and hESC-derived CMs (B) infected with SARS-
CoV-2 virus. n = 3. Levels of pro-inflammatory factors, chemokines expression of peripheral monocytes from COVID-19 patients and healthy controls (E). n = 3-6. The relative
expression levels of anti-inflammatory and oxidative stress-related factors between leucocyte RNA samples derived from critically ill COVID+ versus COVID™ samples (F).n = 7. "P <
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0.05, *"P < 0.01, *™P < 0.001 versus mock or healthy or COVID— group.
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approved by Institutional Animal Care and Use Committee at Beijing
Chaoyang Hospital affiliated to Capital Medical University and Shanghai
Jiao Tong University School of Medicine in China.

3. Results

3.1. Downregulation of ACE2 and upregulation of ET-1, pro-inflammatory
cytokines, chemokines in COVID-19 patients and SARS-CoV-2-infected CMs

We analyzed the RNA-seq datasets to explore the changes of ACE2,
endothelin-1 (ET-1), pro-inflammatory factors involved in SARS-CoV-
2 infection and COVID-19 patients. Heatmap analysis revealed the dif-
ferentially expressed genes containing pro-inflammatory cytokines,

A C
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chemokines, oxidative stress- and fibrosis-related genes in adult
human CMs infected with SARS-CoV-2 (Fig. 1A). Intriguingly, compared
with mock, infection with SARS-CoV-2 resulted in a significant reduc-
tion in ACE2 expression and a marked increase in ET-1 level. These
changes were associated with elevated levels of adhesion molecules
ICAM-1, VCAM-1 and pro-inflammatory cytokines/chemokines includ-
ing interleukin (IL)-1(, IL-6, IL-18, MCP-1 and CXCL2 in hESC-derived
CMs and adult human CMs (Fig. 1B and C). Moreover, decreased expres-
sion of catalase and increased levels of NOX4 were exhibited in both
SARS-CoV-2 infected adult human CMs and COVID-19 patients
(Fig. 1D—F). Notably, there were marked upregulations of pro-fibrotic
factors TGF-31, MMP-2, CTGF, collagen type I o 1 chain (COL1A1) and
COL3A1 in SARS-CoV-2 infected adult human CMs (Fig. 1D). Consistent
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Fig. 2. Abnormal apelin-ACE2 signaling and levels of ET-1, pro-inflammatory and fibrosis-related factors in post-MI HF rats, AKI and ACE2KO mice. (A—D) Heatmap analysis and the
relative mRNA levels of ACE2, apelin, pro-inflammatory factors, oxidative stress- and fibrosis-related genes in the hearts between post-MI HF rats and sham group (A and B); and the
kidneys between AKI mice and control group (C and D). n = 3-6. Heatmap analysis and the relative protein levels of renal pro-inflammatory cytokines and chemokines between

Fxk

ACE2KO and WT mice (E and F). n = 3. "P < 0.05, P < 0.01,

P < 0.001 versus sham or control or WT group.
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with the in vitro experiment of SARS-CoV-2 infection, patients with
COVID-19 exhibited downregulated levels of anti-inflammatory factor
IL-10 and remarkable higher levels of pro-inflammatory factors IL-13
and CXCL2 (Fig. 1E and F). Thus, SARS-CoV-2-infection-meidated ACE2
reduction was partially responsible for severe inflammation, fibrosis
and oxidative injury in CMs.

3.2. Decreased apelin-ACE2 signaling and increased levels of ET1, pro-
inflammatory factors, and fibrosis-related genes in post-MI HF rats, AKI
and ACE2KO mice

We next evaluated the expression of ACE2 and apelin in the context
of cardiorenal injury. In the hearts of post-MI HF rats, there were a sig-
nificant decrease in apelin and marked elevations in ET-1, NOX4 and
pro-inflammatory factors containing IL-18, MCP-1, CXCL16 (Fig. 2A
and B). Moreover, levels of fibrosis-related genes including TGF-p1,
MMP-2, CTGF, COL1A1 and COL3A1 were obviously increased in the
hearts of post-MI HF rats (Fig. 2B). We further inferred that both ACE2
and apelin exhibited a downregulated tendency in the kidneys of AKI
mice by RNA-seq datasets analysis (Fig. 2C). Importantly, elevated ex-
pression of ET-1, IL-10, IL-6, caspase 3, MCP-1, CXCR4, and CTGF were
shown in AKI kidneys linked with decreased catalase and SOD2
(Fig. 2D). Cytokine protein arrays demonstrated that genetic ACE2 defi-
ciency resulted in downregulation of anti-inflammatory cytokine IL-4
and upregulation of pro-inflammatory cytokines/chemokines in kid-
neys including IL-1p, IL-6, IL-17, TNF-«, MIP-2, RANTES and ICAM-1
(Fig. 2E and F). Collectively, inactivation of the apelin-ACE2 signaling
resulted in exacerbated endothelial injury, inflammation, cardiorenal
fibrosis and oxidative injury.

3.3. String and sc-RNA seq data exhibited the PPI network, cardiorenal
distribution patterns and UMAP plots of ACE2, SGLT2 and apelin

To predict the functional protein associating network among ACE2,
apelin and SGLT2, we constructed the PPI network using String analysis.
As demonstrated in Fig. S2, ACE2 exhibited close associations with
apelin, SGLT2 and classical pro-inflammatory factors, oxidative stress-
and fibrosis-related factors. We further explored the different distribu-
tion patterns of ACE2, SGLT2 and apelin in normal human hearts and
kidneys and their expressional condition in each cell type cluster from
the HPA. ACE2 was shown to be highly expressed in smooth muscle
cells, fibroblasts and endothelial cells in heart while apelin mainly in
endothelial cells, fibroblasts and CMs. In addition, the expression of
SGLT2 was relatively higher in CMs, endothelial cells and fibroblasts
(Fig. S3A—I). Interestingly, ACE2, apelin and SGLT2 exhibited the
highest levels in proximal tubular cells among all cell clusters in kidneys
(Fig. S4A—T1). Thus, abnormal apelin-ACE2 and SGLT2 signaling may
play key roles in cardiac fibrosis remodeling, endothelial dysfunction
and kidney function regulation during COVID-19 progression.

3.4. Distinct RNA and protein levels and cardiorenal distribution of ACE2,
SGLT2 and apelin in normal human tissues from the HPA

We further investigated the HPA and obtained detailed information
for the mRNA and protein expression levels of ACE2, SGLT2 and apelin
in different human tissues. ACE2 is widely expressed in human tissues,
mainly in kidney and heart. The protein expression of ACE2 in kidney
is prominently higher than that in other tissues (Fig. SSA—D). Further-
more, SGLT2 is typically expressed in the kidney and testis, and
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exhibited the highest level in kidney (Fig. SSB—E). Apelin is widely
expressed in heart and kidney tissues (Fig. S5C). Representative immu-
nohistochemistry staining demonstrated that ACE2 and SGLT2 protein
were prominent in kidney, specifically expressed in renal proximal
tubular cells (Fig. S5F,G).

3.5. Treatment with dapagliflozin prevented cardiorenal fibrosis in diabetic
mice by improving the apelin-ACE2 and SGLT2 signaling

Immunofluorescence staining analysis revealed downregulated
apelin and upregulated SGLT2 expression in hearts (Fig. 3A and B) and
kidneys (Fig. 3C and D) of diabetic db/db mice. Western blotting array
further confirmed that both ACE2 and apelin protein were reduced in
heart and kidney in diabetic db/db mice (Fig. 3E and F), thereby contrib-
uting to exacerbated cardiorenal fibrosis during diabetes state (Fig. 4G—I).
More importantly, administration of dapagliflozin remarkably attenu-
ated cardiorenal fibrosis in diabetic mice by promoting cardiorenal
apelin and ACE2 levels (Fig. 3). Taken together, our results demon-
strated that dapagliflozin exerts cardiorenal protective effects by acti-
vating the apelin-ACE2 signaling and suppressing the SGLT2 pathway,
implying potential therapeutic targets of SGLT2 inhibitors for COVID-
19-mediated cardiorenal injury (Fig. 4).

4. Discussion

COVID-19 has a high prevalence among aged patients with or with-
out comorbidities such as diabetes, HF and kidney failure [6]. ACE2 is lo-
cated on the X chromosome and largely expressed in organs mainly
targeted and damaged by SARS-CoV-2 [17]. Downregulation of ACE2
and the subsequent decreased Ang-(1-7)/Ang II ratio caused by SARS-
CoV-2 infection play an essential role in COVID-19 associated
cardiorenal dysfunction. Notably, circulating Ang II levels in SARS-
CoV-2-infected patients were significantly increased and strongly asso-
ciated with viral load and lung injury [18]. The vast release of cytokines
in response to the viral infection resulted in a cytokine storm, subse-
quently leading to multiorgan dysfunction [19]. In this work, we dem-
onstrated that there was a decrease in ACE2 expression and elevated
levels of pro-inflammatory cytokines and chemokines in SARS-CoV-2-
infected CMs and COVID-19 patients, suggesting that SARS-CoV-2-
induced ACE2 downregulation were the primary mechanisms of organ
injury during COVID-19. In subjects with higher ACE2 and lower ACE/
ACE2 ratios, it appears that they are protected against COVID-19 exacer-
bation. Notably, sex differences in COVID-19 patients are emerging in
terms of case fatality. The mortality rate among confirmed cases is
lower in women than that in men, and the ACE/ACE2 activity ratio in fe-
males is lower than that in the male serum [17,20], indicating more sus-
ceptible for men to SARS-CoV-2 infection. Moreover, multiple
pathological conditions, especially those of the cardiovascular system,
are also characterized with a downregulation of ACE2 and elevated
ACE/ACE2 ratio. Our previous published work demonstrated that Ang
[I-induced inflammation, oxidative stress, cardiorenal fibrotic remodel-
ing and dysfunction were exacerbated in ACE2-deficient mice [21,22].
Besides, apelin has been demonstrated to protect against acute respira-
tory distress syndrome, cardiovascular injury and endothelial inflam-
mation through activating the ACE2/Ang-(1-7)/Mas axis and blocking
the Ang II-AT1R actions, indicating that apelin/ACE2 signaling could be
a promising therapeutic target in ameliorating cardiorenal injuries dur-
ing COVID-19 [23]. In this study, we demonstrated decreased apelin-
ACE2 signaling and increased levels of pro-inflammatory factors and

Fig. 3. Treatment with dapagliflozin (DAPA) reversed the abnormal apelin, ACE2 and SGLT2 in heart and kidney tissues and attenuated cardiorenal fibrosis of diabetic mice.
Immunofluorescence revealed the expression of apelin and SGLT2 in hearts (A and B) and kidneys (C and D) of diabetic mice with or without treatment by dapagliflozin. n = 4.
Western blotting showed expression of ACE2 and apelin in hearts and kidneys from diabetic mice after treatment of dapagliflozin (E and F). n = 5. Masson's trichrome staining

showed enhanced cardiac and renal fibrosis in diabetic mice, which were alleviated by dapagliflozin (G—H). n = 5. P < 0.01,

group. A.U. indicates arbitrary units.
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resulting in the downregulation of ACE2. Downregulation of ACE2 results in the accumulation of Ang II, contributing to the deleterious effects in COVID-19 (marked in red). ACE2 could
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protective effect against the cardiorenal injury through improving the abnormal apelin-ACE2 signaling, indicating that SGLT2 inhibitors, apelin and rhACE2 could be potential

therapeutic approaches in COVID-19 patients with adverse cardiorenal injury.

fibrosis-related genes in post-MI HF rats, AKI and ACE2 KO mice. The re-
sults implied that the cardiorenal injuries caused by SARS-CoV-2 could
be exacerbated by inactivating of the apelin-ACE2 signaling.

A high-glucose diet contributed to the augmentation of ACE/ACE2
ratio in the heart [17], the subsequent imbalance of the Ang-(1-7)/
Ang Il was assumed to be the major contributor to progressively wors-
ened systemic manifestations of COVID-19. Consistently, we revealed,
for the first time, that both apelin and ACE2 were downregulated in
heart and kidney of diabetic db/db mice, leading to exacerbated
cardiorenal fibrosis. SGLT2 inhibitors, although originally developed as
antidiabetic drugs, have exhibited dramatically effects of reducing car-
diovascular mortality and hospitalization for HF and decelerating pro-
gression of chronic kidney disease event in absence of diabetes [24].
Beyond improving glycemic control, early natriuresis with a reduction
in plasma volume, mitigating endothelial damage, improving mito-
chondrial function and myocardial efficiency, a reduction in systolic
blood pressure levels and changes in tissue sodium handling are all
likely to be the benefits of SGLT2 inhibitors [13], all of which have
been proposed as plausible mechanisms of cardiorenal protection in
COVID-19 patients.

More importantly, we found that dapagliflozin treatment potenti-
ated the expression of apelin and ACE2, contributing to the alleviation
of cardiorenal fibrosis and injury. Intriguingly, it was demonstrated
that recombinant human soluble ACE2 (rhsACE2) could inhibit SARS-

128

CoV-2 infection of Vero-E6 cells and human capillary and kidney
organoids in a dose dependent manner [25]. Thus, it was postulated
that exogenous supplement of rhsACE2 may be a potential therapeutic
approach for the administration of COVID-19. Given its cardiorenal pro-
tective effects, SGLT2 inhibitors are thought to be of potential signifi-
cance for ameliorating cardiorenal dysfunction in COVID-19. Further
studies are needed to explore whether SGLT2 inhibitors could be safely
applied in patients with COVID-19.

5. Conclusion

Downregulation of ACE2 mediated by SARS-CoV-2 infection and the
subsequent exacerbated inflammation, oxidative stress, endothelial
damage and fibrosis are responsible for adverse cardiorenal injury of
COVID-19 patients. In the present study, we found marked decreases
in apelin and ACE2 expression and significant increases in SGLT2, ET-
1, pro-inflammatory factors in post-MI HF rats, AKI and diabetic mice.
More importantly, we determined, for the first time, that dapagliflozin
had a protective effect against the cardiorenal injury through improving
the abnormal apelin-ACE2 signaling, indicating that the apelin-ACE2
signaling and SGLT2 inhibitors could be potential therapeutic targets
for COVID-19. Further pre-clinical and clinical studies aimed to explore
the potential therapeutic effects of SGLT2 inhibitors in COVID-19 need
to be conducted.
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