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induced metabolic complications via elevating ACE2
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SUMMARY

Coronavirus disease 2019 (COVID-19) represents a systemic disease that may cause severe metabolic com-
plications in multiple tissues including liver, kidney, and cardiovascular system. However, the underlying
mechanisms and optimal treatment remain elusive. Our study shows that impairment of ACE2 pathway is
a key factor linking virus infection to its secondary metabolic sequelae. By using structure-based high-
throughput virtual screening and connectivity map database, followed with experimental validations, we
identify imatinib, methazolamide, and harpagoside as direct enzymatic activators of ACE2. Imatinib and
methazolamide remarkably improve metabolic perturbations in vivo in an ACE2-dependent manner under
the insulin-resistant state and SARS-CoV-2-infected state. Moreover, viral entry is directly inhibited by these
three compounds due to allosteric inhibition of ACE2 binding to spike protein on SARS-CoV-2. Taken
together, our study shows that enzymatic activation of ACE2 via imatinib, methazolamide, or harpagoside
may be a conceptually new strategy to treat metabolic sequelae of COVID-19.

INTRODUCTION et al., 2020). Notably, emerging evidence has demonstrated

that SARS-CoV-2 infection promotes metabolic complications
Coronavirus disease 2019 (COVID-19) represents a systemic  at both system and organ levels in patients without pre-existing
disease that significantly disturbs multiple tissues and organs metabolic disorders. Systemic metabolic defects including
throughout the body (Guo et al., 2021; Nunes Duarte-Neto  hyperglycemia, high blood pressure, and low high-density
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Figure 1. ACE2 is a key molecule potentially linking COVID-19 to associated metabolic defects

(A) Volcano plot of differentially expressed genes after in vitro infection of SARS-CoV-2 (MOI = 0.005) in HUVECs for 24 h.

(B) DisGeNET pathway enrichment of differentially expressed genes after infection (combined 685 upregulated and 774 downregulated genes from A).

(C-E) Bioinformatics analysis of the mutual target disease-associated genes of diabetes mellitus (DM), hypertension (HTN), diabetic nephropathy (DN), and
atherosclerosis (AS) that were queried from DisGeNET and Open Target database. The overlapping 48 shared genes from DisGeNET (C), the 72 shared genes
from Open Target (D), and 20 genes identified on both DisGeNET (left) and Open Target database (right) as mutual target disease-associated genes of four
diseases (E) were shown.

(F) The heatmap to represent the alterations of the above 20 genes upon SARS-CoV-2 infection. Data were shown as logs fold change. The cross mark represents
the undetectable gene from the transcriptomic study.

(G) ELISA quantification of plasma angiotensin Il (Ang Il) and angiotensin-(1-7) (Ang-(1-7)) in COVID-19 patients, shown in Ang Il against Ang-(1-7) ratio. HC,
healthy control; I, infection phase; R, recovery phase. Health control group, n = 10, mean age + SD = 42.30 + 7.35, male/female = 5/5; non-severe group, n = 18,
mean age + SD = 51.61 + 10.13, male/female = 9/9; severe group, n = 12, mean age + SD = 57.75 + 14.55, male/female = 6/6.

(H and I) HUVECs were infected with SARS-CoV-2 (MOI = 0.005) for 24 h and were subjected to real-time PCR of ACE2 (H) and immunoblotting (I, blot shown on
the left, quantification on the right, n = 4).

(legend continued on next page)
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lipoprotein cholesterol (HDL-C) have been extensively reported
(Gupta et al., 2020; Wei et al., 2020). “New-onset” diabetes
has been reported in 5%-29% of the patients with COVID-19
and is associated with worse outcomes (He et al., 2021; Singh
and Singh, 2020). Known COVID-19-related metabolic defects
at the organ level include hepatic steatosis, glomerulopathy,
endothelial dysfunction, and thrombosis (Diaz et al., 2020; Ra-
mos-Casals et al., 2021). Supporting this, a proteomic analysis
of autopsy samples reveals a dysregulation of glucose and fatty
acid metabolism in multiple organs including the liver, kidney,
and heart (Nie et al., 2021). Collectively, SARS-CoV-2 may cause
substantial metabolic defects as severe and/or long-term
complications.

The pivotal mechanisms mediating the detrimental metabolic
effects of SARS-CoV-2, however, remain largely unknown.
Here, we conducted omics analysis to identify differentially ex-
pressed genes between COVID-19 and metabolic diseases
including diabetes, hypertension, diabetic nephropathy, and
atherosclerosis. Surprisingly, we identified downregulation of
ACE2 as a top candidate hub potentially mediating SARS-
CoV-2-induced metabolic defects. We combined connectivity
map (CMAP), supercomputer-based docking, and experimental
approaches to identify potential strategies to restore the
impaired ACE2 pathway. We identified three new ACE2 enzy-
matic activators: imatinib, methazolamide, and harpagoside.
Two repurposed drugs, imatinib and methazolamide, could act
as ACE2 enzymatic activators to potently improve glucose and
lipid metabolisms after SARS-CoV-2 infection in vivo. Moreover,
imatinib and methazolamide displayed direct antiviral effect via
inhibition of ACE2 binding to spike protein. Given the very limited
understanding of SARS-CoV-2 pathology and the scarcity of
effective therapy for COVID-19 and its metabolic complications,
such repurposed drugs may serve as promising therapeutic can-
didates for rapid clinical application during this urgent situation.

RESULTS

ACE?2 is a key molecule potentially linking COVID-19 to
associated metabolic defects

Clinical studies reveal remarkable metabolic defects in patients
with SARS-CoV-2 infection. However, the molecular mecha-
nisms remain elusive. Our in vitro transcriptomic data from hu-
man umbilical vein endothelial cells (HUVECs) infected by
SARS-CoV-2 showed that the differentially expressed genes
after viral infection were enriched in metabolism-related dis-
eases/pathways including “diabetes mellitus” and “glycolysis/
gluconeogenesis,” alongside virus-infection-related pathways
including “human papillomavirus infection” (Figures 1A, 1B,
S1A, and S1B). Based on this finding, we hypothesized that

Cell Metabolism

SARS-CoV-2 may disturb the expression of the selected genes
critical for the development of COVID-19-related metabolic
complications. Given that hyperglycemia, high blood pressure,
low HDL-C, glomerulopathy, endothelial dysfunction, and
thrombosis represent the main metabolic defects in COVID-19
patients and have similar symptoms as diabetes, hypertension,
diabetic nephropathy, and atherosclerosis (Beckman et al.,
2002; Sowers and Epstein, 1995), we speculated that common
genes shared by these four diseases may be central to the path-
ogenic process of COVID-19-related metabolic disorders. Thus,
the top 400 markedly altered genes of four metabolic diseases
were selected from DisGeNET and Open Target database
(Tables S1 and S2) (Carvalho-Silva et al., 2019; Pinero et al.,
2020), and 48 (Figure 1C) and 72 (Figure 1D) genes were shared
among these four metabolic diseases chosen from two different
databases (Tables S1 and S2). Furthermore, 20 genes were
shared between the above two lists (Figure 1E). We postulated
that these 20 genes may play a central role in the pathogenic
progress of these COVID-19-related metabolic diseases. Next,
we compared the expression patterns of these 20 genes in our
transcriptome and SARS-CoV-2-infected organoids and cells
described previously (Blanco-Melo et al., 2020; Grant et al.,
2021; Huang et al., 2020). Notably, the virus receptor ACE2
was one of the most consistently suppressed genes after virus
infection in different transcriptomic datasets (Figure 1F), sug-
gesting that ACE2 may serve as an essential hub linking
SARS-CoV-2 infection to its secondary metabolic defects. More-
over, a direct quantification of ACE2 enzymatic substrate Ang I
and its product Ang-(1-7) in plasma of 18 non-severe COVID-19
patients, 12 severe patients, and 10 healthy controls demon-
strated reductions of ACE2 enzymatic activity in both non-severe
and severe patients, and the ACE2 enzymatic activity remained
depressed in the recovery phase (Figure 1G).

To further investigate the effects and mechanism of virus
infection on the regulation of ACE2, we infected HUVECs with
SARS-CoV-2. A significant reduction of ACE2 mRNA and protein
upon infection was observed (Figures 1H and 1l), indicating the
impairment of ACE2 pathway. Moreover, the ACE2 enzymatic
activity was detected with infected cells incubated with Ang I
in HEPES buffer. The ratio of Ang II/Ang-(1-7) was increased,
indicating that ACE2 enzymatic activity was impaired after the vi-
rus infection (Figure 1J). More importantly, Ace2 mRNA was also
significantly reduced in the liver and the kidney of diet-induced
obesity hACE2 transgenic mice 7 days post-infection of SARS-
CoV-2 (Figures 1K and 1L). To test whether inflammatory
response following SARS-CoV-2 infection could regulate ACE2
expression, we also treated HUVECs with the “cocktail” of
TNF-a, IL-4, IL-6, and IFN-v, the most representative inflamma-
tory factors that appeared in COVID-19-induced cytokine storm,

(J) HUVECGCs were infected with SARS-CoV-2 (MOI = 0.005) for 48 h, and then the medium was removed and 100 nM Ang Il in 1 mL HEPES solution was applied for
the cells. After 1 h treatment in the incubator at 37°C, the supernatant containing Ang Il and cleaved Ang-(1-7) was examined (n = 6).

(K and L) Sixteen-week-old human ACE2 transgenic mice were intranasally challenged with 4 x 10* FFU SARS-CoV-2 after 10-week high-fat-diet treatment. After
7 days post-infection, all mice were fasted for 6 h and sacrificed. Livers (K) and kidneys (L) were subjected to real-time PCR (n = 3-4).

(M-0) HUVECS were treated with a “cocktail” of different inflammatory factors (IFs), namely the combination of 10 or 50 ng/mL of TNF-a, IL-4, IL-6, and IFN-y or
1 uM DX600 for 48 h and were subjected to real-time PCR of ACE2 (M) (n = 6), immunoblotting (N, blot shown on the left, quantification on the right, n = 4), and
enzymatic activity assay (O, data were shown as the area under the kinetic activity curves, n = 6). DX600 was used as a negative control. Error bars represent
SEM; *p < 0.05; *p < 0.01; ***p < 0.001. HUVECs, human umbilical vein endothelial cells; AU, arbitrary unit; CoV-2, SARS-CoV-2.

See also Figure S1.
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and found a significant reduction of ACE2 mRNA and protein, as
well as the enzymatic activity (Figures 1M-10 and S1C). Like-
wise, a significant decrease of ACE2 protein in kidney and heart
was also observed in a COVID-19 autopsy study (Nie et al.,
2021). Taken together, we conclude that ACE2 level and enzy-
matic activity are reduced during COVID-19, presumably due
to the direct virus infection and secondary inflammatory cytokine
challenge.

ACE2 plays an important role in maintaining metabolic
homeostasis

ACE2 is a key member of the renin-angiotensin system (RAS).
The RAS consists of two arms that counteract each other to
maintain homeostasis: a pro-inflammatory and pro-oxidative
axis mainly formed by Ang |l and angiotensin type 1 (AT1) recep-
tor and an anti-inflammatory and antioxidative axis composed of
Ang-(1-7) and Mas receptor (MasR). ACE2 plays a vital role in the
balance as it converts Ang Il into Ang-(1-7) (Santos et al., 2018).
Although a few findings have indicated that ACE2 regulates
glucose and lipid metabolism (Dong et al., 2012; Nadarajah
etal., 2012; Xuan et al., 2018), the role of ACE2 in systemic meta-
bolism remains elusive. We first measured the expression of
genes involved in metabolic regulation upon manipulation of
ACE2 expression. Interestingly, we found that following ACE2
knockdown in HUVEGCs, (1) regarding the genes related to
glucose metabolism, G6PC was increased and GLUT2 was
reduced; (2) regarding the genes related to lipid metabolism,
PGC1a, PPARa, and PPARy were reduced; (3) regarding the
genes related to inflammation, TNF-«, IL-13, and IL-6 were
increased and /L-10 was reduced; and (4) regarding the genes
related to vascular injury, ICAM1 and VCAM1 were increased
and MMP9 was unaltered (Figure 2A). Conversely, the expres-
sions of PPAR«a and PPAR~y were increased, whereas TNF-«
and IL-6 were reduced upon ACE2 overexpression (Figures
S2A-S2D).

We next investigated the role of ACE2 on systemic metabolism
by overexpressing ACE2 in ob/ob mice. An intravenous injection
of AAV9-hACE2 resulted in a 19-fold increase of ACE2 protein in
murine liver (Figure S2E), as well as 42.2% reduction in the ratio
between plasma Ang Il and Ang-(1-7) (Figure S2F). Overexpres-
sion of ACE2 modestly reduced the body weight gain, epidid-
ymal fat index, and food and water intake (Figures S2G-S2J).
Importantly, the glucose tolerance (Figure 2B), insulin sensitivity
(Figure 2C), fasting glucose (Figure 2D), and insulin (Figure 2E),
as well as the homeostatic model assessment of insulin resis-
tance (HOMA-IR) (Figure 2F) in obese mice were significantly
improved and almost normalized to the level of lean mice.
Furthermore, the plasma triglyceride (TG) level showed a trend
toward reduction, while total cholesterol (TC) was significantly
improved (Figures S2K and S2L). The inflammatory factors of
TNF-a and IL-6 in plasma were significantly reduced in ACE2-
overexpressed mice (Figures 2G and 2H), suggesting an amelio-
ration of systemic inflammation. Given that liver, kidney, and
cardiovascular system are the major metabolic tissues impaired
upon COVID-19 and also express a fair amount of ACE2, we
analyzed the metabolic alterations of these tissues in obese
mice upon ACE2 overexpression. The fat accumulation in the
liver was dramatically ameliorated as determined by the oil red
O (ORO) and hematoxylin and eosin (H&E) staining (Figures 2I

¢ CellP’ress

and S2M), suggesting an improvement in hepatic steatosis.
Not surprisingly, the hepatic TC was significantly improved (Fig-
ure S2N). Moreover, the elevated genes of G6pc, Pck1, Gyg1,
Sglt1, Dgat2, and Fasn were significantly decreased, while the
expression of Col3al was not altered (Figure 2J), suggesting
improved glucose and lipid metabolism in the liver. Regarding
kidney, the level of renal injury marker kidney injury molecule-1
(KIM-1) was significantly reduced (Figure 2K), whereas the
glomerular damage was also ameliorated as determined by pe-
riodic acid-Schiff (PAS) staining (Figure 2L). Similarly in liver,
elevated genes related to glucose metabolism (G6pc, Pck1,
Sglt1, and Gpt1), lipid metabolism (Dgat2, Fasn, and Srebp1),
and inflammation (Tnf-«, /I-6, and /I-18) were all significantly sup-
pressed, while Vim was not altered (Figure 2M), suggesting
improvements of glucose and lipid metabolic disorders, inflam-
mation, as well as cell integrity in kidney. Regarding the cardio-
vascular system, the expressions of Cd36, Mcp1, Msr1, and
Lox1 in aorta were significantly reduced, and the expression of
Mmp2 was not altered (Figure 2N). The impaired left ventricular
ejection fractions (LVEFs) and fractional shortening (FS) were
normalized to the control levels as determined by echocardiog-
raphy (Figure 20), suggesting improved metabolism and func-
tion in the cardiovascular system. Taking these data together,
we conclude that ACE2 is beneficial for maintaining systemic
metabolic homeostasis.

Imatinib, harpagoside, and methazolamide are

identified as ACE2 activators

We postulated that the impaired ACE2 pathway may be a key
factor causing SARS-CoV-2-associated metabolic defects.
Therefore, we speculated that restoring ACE2 expression or ac-
tivity may be a new and effective strategy in the treatment of
COVID-19-associated metabolic disorders. Since specific
ACE2 activators have not yet been validated (Haber et al.,
2014), we aimed to identify pharmacological compounds to acti-
vate ACE2. Figure 3A illustrates the workflow of high-throughput
compound screening. We used two unbiased approaches to
identify the potential activators: (1) enzymatic activators, com-
pounds directly binding to ACE2 to enhance its enzymatic
activity, and (2) transcriptional activators, compounds transcrip-
tionally increasing ACE2 expression. InterBioScreen and Drug-
Bank database (76,639 compounds in total) were applied for in
silico virtual docking screening via the Tianhe-2 supercomputer.
The crystal structure of the apo form of human ACE2 was used
for molecular docking (Towler et al., 2004). We targeted a spe-
cific structural pocket in the hinge-bending region of ACE2, as
binding in this region would potentially stabilize the “open”
conformation of ACE2 from converting to “closed” conformation
(Figure S3A). Using in silico virtual docking screening method,
from the above-mentioned 76,639 compounds, we first selected
924 compounds with the potential to directly bind to and activate
ACE2 (Figures 3A, left branch, and 3B; Table S3). Next, using
CMAP and 40 featured genes correlated with ACE2 transcrip-
tional activation (Table S3), we determined 83 compounds as
the potential transcriptional activator of ACE2 (Figure 3A, right
branch; Table S3). Furthermore, using CMAP and featured genes
of SARS-CoV-2 infection, we identified 176 compounds that can
potentially reverse COVID-19-altered gene expression patterns
(Figure 3A, middle branch; Table S3). Next, we overlapped the
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Figure 2. ACE2 plays an important role in
maintaining metabolic homeostasis

(A) HUVECs were infected with 10 nM control
siRNA (Con) or ACE2 siRNA (siACE2) for 24 h and
subjected to real-time PCR (n = 6).

(B and C) Eight-week-old male ob/ob mice were
treated with intravenous injection of AAV9-CAG-
hACE2-EGFP (ob/ob-ACE2) and corresponding
control virus (ob/ob-Con) and their wild-type lit-
termates with control virus (WT-Con). Glucose
tolerance testing (GTT) was performed at
10 weeks (B), and insulin tolerance testing (ITT)
was performed at 11 weeks (C) (n = 6). The sig-
nificance of ob/ob-Con versus WT-Con was
shown as *; ob/ob-ACE2 versus ob/ob-Con as #.
(D-F) At 12 weeks, all mice were fasted for 6 h and
sacrificed. Quantification of fasting blood glucose
(D), plasma insulin (E), and homeostatic model
assessment of insulin resistance (HOMA-IR) (F)
were shown (n = 5).

(G and H) Plasma TNF-a. (G) and IL-6 (H) were
measured (n = 4).

(I and J) Livers were subjected to oil red O
(ORO) staining (I, images shown on the left,
quantification on the right; n = 4) and real-time
PCR (n =6) (J).

(K) Plasma KIM-1 (n = 4).

(L and M) Kidneys were subjected to periodic
acid-Schiff (PAS) staining (L, images shown on
the left, quantification on the right; n = 8) and real-
time PCR (M) (n = 5).

(N) Aortas were subjected to real-time PCR (n = 5).
(O) Hearts were subjected to echocardiography
(representative M-mode echocardiography im-
ages shown on the top, quantification of LVEF (%)
and FS (%) on the bottom; n = 8).

Error bars represent SEM, *p < 0.05, *p < 0.01,
and **p < 0.001; *p < 0.05, *p < 0.01, and
###0 < 0.001. AUC, area under the curve; KIM-1,
kidney injury molecule-1; LVEF, left ventricular
ejection fraction; FS, fractional shortening. See
also Figure S2.
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Figure 3. Imatinib, harpagoside, and methazolamide are identified as ACE2 activators
(A) Flow chart depicting the process of in silico identification of potential ACE2 activators with Tianhe-2 supercomputer virtual screening and CMAP bioinformatic
analysis (top) and detailed information of the overlapped compounds (bottom, # and * indicated different overlapping strategy).

(legend continued on next page)
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176 and 924 compounds and identified 9 shared compounds as
potential ACE2 enzymatic activators counteracting COVID-19,
whereas overlapping the 176 and 83 compounds revealed 6
shared compounds as ACE2 transcriptional activator counter-
acting COVID-19. Thus, we identified 15 compounds, including
nine potential ACE2 enzymatic activators and six potential
ACE2 transcriptional activators, that may be capable of
reversing COVID-19-induced gene alteration (Figure 3A). The
names and descriptions of these 15 compounds were listed in
the bottom of Figure 3A. The virtual docking site of ACE2 for
the compound screening was shown in Figure 3B.

We next sought to validate these potential ACE2 activators via
a series of in vitro experiments (Figure 3C). We treated HUVECs
with these 15 compounds and measured the mRNA levels of
genes downstream of ACE2, namely G6PC, GLUT2, PPAR«,
PPAR~y, TNF-a, and IL-6. Eight compounds were most capable
of regulating the expression of these genes (Figure 3D) in a
similar pattern with activation of ACE2 (Figures 2A and S2A-
S2D). We next pretreated HUVECs with the “cocktail” of inflam-
matory factors and then with the above eight compounds.
Interestingly, six compounds most robustly reversed the change
of gene expression upon ACE2 reduction (Figure 3E). Finally, we
treated HUVECs with these six compounds after ACE2 knock-
down (Figure S3B), and we found that three compounds
(imatinib, harpagoside, and methazolamide) were capable of
regulating genes in an ACE2-dependent manner (Figure 3F).
The concentrations of these 15 compounds were listed in Fig-
ure 3G, and the cell viability after the treatment with each com-
pound at the highest concentrations was determined by lactate
dehydrogenase (LDH) assay, which demonstrated no significant
toxic effects of these compounds except for amsacrine (Fig-
ure S3C). The expressions of ACE2 downstream genes after
these three compounds treatment were shown in Figures S3D—
S3S. Notably, imatinib, harpagoside, and methazolamide
showed much higher potency to activate ACE2 in comparison
with diminazene aceturate (DIZE), a previously described ACE2
activator (Figures S3D-S3I) (Goru et al., 2017; Shenoy et al.,
2013). Furthermore, these three compounds tended to modestly
increase the ACE2 protein (1.2- to 1.9-fold) while significantly
elevating its mMRNA (1.9- to 2.5-fold) (Figures S3T-S3W). Taken
together, our data identified imatinib, harpagoside, and metha-
zolamide as new ACE2 activators.

Imatinib, harpagoside, and methazolamide directly bind
to and activate ACE2

Given that all these three compounds were screened initially as a
direct enzymatic activator of ACE2, we next determined whether
these compounds can directly bind to ACE2 using the Biacore
assay. Imatinib, harpagoside, and methazolamide bound to
ACE2 protein with Kd values (equilibrium dissociation constant)
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at 12.7, 86.1, and 70.0 uM, respectively, whereas the corre-
sponding Kd value for the previously proven binder DIZE was
4.9 uM. As a negative control, Xanthone (Xan) was not able to
bind to ACE2 (Figures 4A-4E). The molecular dynamics simula-
tion of the structural binding between ACE2 protein/amino acids
and imatinib or methazolamide was shown in Figures 4F and 4G.
Harpagoside was not available for simulation due to the lack of
structure information of 1,5,6,7a-tetrahydrocyclopentalc]pyran
in GROMACS. Next, we measured the enzymatic activity of
ACE2 after the treatment of these compounds. We first treated
HUVECs with imatinib, harpagoside, or methazolamide and
found that the enzymatic activity was significantly elevated,
whereas the enzymatic inhibitor of ACE2 (DX600) (Huang et al.,
2003) showed an opposite effect (Figure 4H). ACE2 enzymatic
activity was also significantly elevated in HUVEC lysates after
exposure to these compounds in time- and dose-dependent
manners (Figures 41-4L). Importantly, human and mouse ACE2
proteins shared 82.1% in sequence homology (Figure S4A), sug-
gesting highly conserved ACE2 function across different spe-
cies. Supporting this, knockdown of ACE2 in mouse AML12 cells
resulted in increased expressions of G6pc, Tnf-«, and /-6 and
decreased expressions of Glut2, Ppar«, and Ppary (Figure S4B).
Finally, imatinib, harpagoside, and methazolamide effectively
increased the mRNA levels of Ppara, Ppary, and Ace2 in
AML12 cells (Figures S4C-S4E), indicating that these com-
pounds serve as direct activators of ACE2 in both human and
mouse cells.

Imatinib and methazolamide ameliorate metabolic
defects in insulin-resistant mice via ACE2

Since imatinib and methazolamide have been commercially
available for clinical therapy, it is more tempting to repurpose
these two drugs for COVID-19-associated metabolic diseases
due to the urgent pandemic. We next investigated the role of im-
atinib and methazolamide in metabolic regulation in vivo. We
treated the high-fat-diet-induced insulin-resistant mice with im-
atinib or methazolamide and monitored the systemic metabolic
outcomes. The body weight, epididymal fat index, as well as
food and water intake were reduced in mice treated with imatinib
or methazolamide (Figures S5A-S5D). The glucose tolerance
(Figure 5A), insulin sensitivity (Figure 5B), fasting glucose and in-
sulin (Figures 5C and 5D), and HOMA-IR (Figure 5E) were signif-
icantly improved after imatinib or methazolamide intervention,
whereas plasma TG and TC were also reduced (Figures S5E
and S5F). The inflammatory factor TNF-o in plasma was
decreased (Figure 5F). Importantly, the hepatic steatosis was
dramatically improved (Figure 5G), and the ameliorations of
plasma alanine transaminase (ALT) and aspartate transaminase
(AST), and hepatic TG and TC were observed as well (Figures
S5G-S5J). Moreover, the downregulated genes of Glut2 and

(B) The docking site (gray) of ACE2 protein (PDB: 1R42).

(C) Schematic of the in vitro experimental workflow to identify the final three compounds.

(D-F) Real-time PCR of gene expression in HUVECs. Log fold change was calculated based on treated samples against control samples. HUVECs were treated
with 15 compounds for 16 h (D), inflammatory factors for 32 h (50 ng/mL TNF-a, IL-4, IL-6, and IFN-v) following eight compounds for 16 h (E), or 10 nM control
siRNA (siCon) and ACE2 siRNA (siACE2) for 8 h following six compounds for 16 h (F) (n = 3). The selected compounds based on the scoring system were

highlighted in red and applied for the following screening.

(G) The low (L), medium (M), and high (H) concentrations of 15 compounds applied in the above three experiments.

See also Figure S3.
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Figure 4. Imatinib, harpagoside, and methazolamide directly bind to and activate ACE2

(A-E) The direct binding was illustrated by surface plasmon resonance (SPR) assay of purified ACE2 protein with imatinib (Ima) (A), harpagoside (Har) (B),
methazolamide (Met) (C), diminazene aceturate (DIZE) (D), or xanthone (Xan) (E). Xanthone was used as a negative control. The Kd values (equilibrium dissociation
constant) of compounds binding to ACE2 protein were calculated based on the fitted curves.

(F and G) The detailed binding between ACE2 protein (gray) and imatinib (F, blue) and methazolamide (G, blue) was simulated with molecular dynamics simulation
by GROMACS. Residues involved in binding were marked in green.

(H) The HUVECs were treated with 25 uM imatinib, 100 uM harpagoside, 100 uM methazolamide, or 1 uM DX600 for 16 h, then subjected to ACE2 enzymatic
activity assay. Data shown as the area under the kinetic activity curves. The ACE2 enzymatic inhibitor DX600 was used as a negative control (n = 3).

(I-L) The HUVEC lysates were prepared and treated with 1.5 x 10~® M imatinib, 1.5 x 10~® M harpagoside, 1.5 x 10~® M methazolamide, or 1.0 x 10~ M DX600
for 30 min, then subjected to ACE2 enzymatic activity assay in a kinetics model. The kinetic activity curves were shown (1) (n = 3). The effects of imatinib (J) at

(legend continued on next page)
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Pgc1a and the upregulated genes of Sglt1, Dgat2, Fasn, and Scd
were significantly improved to lean mice levels (Figure 5H). Addi-
tionally, the protein expression of FoxO1 in liver was significantly
reduced (Figure S5K), whereas the hepatic ACE2 was modestly
upregulated only upon methazolamide intervention (Figure S5L).
For aorta, the upregulated genes of Cd36, Mcp1, and Srb1 were
significantly improved (Figure 5I). These data indicate systemic
improvements of glucose and lipid metabolism after imatinib or
methazolamide intervention.

To confirm the necessity of ACE2 in mediating these effects,
we injected the AAV-shACE2 via tail vein (ACE2 kd) to knock
down ACE2 in high-fat-diet-induced insulin-resistant mice.
Such AAV-shACE2 injection led to approximately 60% reduc-
tion of Ace2 mRNA in liver, without significant alteration in kid-
ney and aorta (Figure S5M). Only modest improvements of
glucose tolerance and insulin sensitivity were observed in an
ACE2-dependent manner for imatinib or methazolamide inter-
vention (Figures S5N and S50), probably due to the insufficient
knockdown efficiency. Given that the acute kidney injury repre-
sents one of the most common metabolic damages upon
COVID-19, and ACE2 is abundantly expressed in kidney, we
aimed to specifically focus on the metabolic outcomes upon
ACE2 knockdown in kidney. We injected AAV-shACE2 in kid-
ney via transparenchymal renal pelvis puncture (ACE2 condi-
tional knockdown, ACE2 C-kd). As a result, the mRNA level
of Ace2 in kidney was reduced by approximately 50%
compared with those in control (Figure S5P). Notably, after im-
atinib or methazolamide intervention, KIM-1 and creatinine
(CREA) levels in plasma were significantly reduced (Figures
5J and 5K), accompanied by the amelioration of the glomerular
damage as determined by PAS staining (Figure 5L). Moreover,
the gene expression of Glut2 was significantly increased,
whereas Tnf-a was reduced (Figure 5M). Importantly, knock-
down of ACE2 in kidney partially or even remarkably reversed
all of these effects (Figures 5J-5M), indicating that imatinib
and methazolamide improve metabolic defects in an ACE2-
dependent manner at least in kidney.

Finally, we tested the role of ACE2 enzymatic activity in medi-
ating these effects. Imatinib or methazolamide with or without
A779 (MasR inhibitor) were given to insulin-resistant mice, our
data first confirmed a drug-induced elevation of ACE2 enzymatic
activity based on the following observations: (1) drug treatments
reduced the Ang IlI/Ang-(1-7) ratio in an ACE2-dependent
manner (Figure 5N) and (2) the enzymatic activity of ACE2 in kid-
ney and aorta was significantly increased after drug treatments
(Figures 50 and 5P) as well as the Ace2 mRNA level (Figures
S5Q and S5R). Importantly, antagonizing ACE2-MasR axis by
A779 blocked the improvement of the glucose tolerance (Fig-
ure 5Q), insulin sensitivity (Figure 5R), and the altered genes of
Pgc1a, Fasn, and Scd in liver (Figure 5S), Pck1 and Sglt1 in kid-
ney (Figure 5T), and Cd36 and Mcp1 in aorta (Figure 5U) induced
by imatinib or methazolamide, suggesting the requirement of
ACE2 enzymatic product Ang-(1-7) to mediate the regulatory
effects of imatinib and methazolamide.

Cell Metabolism

ACE2 enzymatic activators improve metabolic defects
and inhibit virus entry upon SARS-CoV-2 infection
To further clarify the regulatory effects of imatinib and methazo-
lamide upon SARS-CoV-2 infection, hACE2 transgenic mice
(with replacement of endogenous mouse ACE2) were pretreated
with imatinib or methazolamide for 4 weeks after diet-induced
obesity and then infected with SARS-CoV-2. Of note, the Ang
Il/Ang-(1-7) ratio of mice plasma was significantly upregulated
after infection and reversed to control level after compounds
treatment (Figure 6A), suggesting inhibition of ACE2 enzymatic
activity upon infection and the activation upon compound treat-
ment. While the fasting glucose was not significantly altered
upon infection (Figure 6B), the fasting insulin (Figure 6C) and
HOMA-IR (Figure 6D) were significantly upregulated after virus
infection in mice without any treatment, suggesting an early
stage of insulin resistance. Imatinib or methazolamide interven-
tion, however, significantly ameliorated SARS-CoV-2-induced
insulin resistance (Figures 6B-6D). In parallel, the TG, TC,
TNF-o,, and IL-6 in plasma were elevated upon infection and
reversed after the treatment of ACE2 activators (Figures 6E-
6H). In liver, hepatic TG and TC levels showed a strong
increasing trend following infection, which was dramatically
ameliorated after interventions (Figures 61 and 6J). The disrupted
metabolic genes of Pck1, Dgat2, Pgc1«, Ppary, Srebp1, and
II-18 were significantly improved after imatinib or methazolamide
treatment (Figure 6K). Regarding the kidney, after compound
treatment, the elevated KIM-1 upon infection was significantly
blunted (Figure 6L), whereas the glomerular damage was also
ameliorated as determined by PAS staining (Figure 6M), indi-
cating protective effects of the ACE2 activators on renal function.
Moreover, the disrupted metabolic genes of G6pc, Pck1, Dgat2,
Pgc1a, and Ppary were significantly improved with the treatment
of imatinib or methazolamide (Figure 6N). Taken together, these
data showed that imatinib and methazolamide restored the
ACE2 enzymatic activity and largely improved the metabolic de-
fects caused by SARS-CoV-2 infection in insulin-resistant mice.
We next investigated the regulation of ACE2 enzymatic activa-
tors on virus infection. First, we found that imatinib or methazo-
lamide intervention significantly improved virus-induced lung
damage including septal thickening and alveolar infiltration of in-
flammatory cells as determined by H&E staining (Figure 60).
Consistently, viral-infection-induced elevation of Tnf-«, II-18,
and /-6 expression was significantly reversed by imatinib or
methazolamide treatment (Figure 6P). Importantly, the expres-
sion level of viral nucleocapsid protein (NP) in the lung, as deter-
mined by immunoblotting (Figure 6Q) and immunohistochemical
staining (Figure S6A), was significantly reduced after imatinib or
methazolamide intervention, suggesting a direct antiviral effect
of both imatinib and methazolamide. We further validated the
effect of all three ACE2 activators on viral infection in Vero E6
cells. Pretreatment of imatinib, harpagoside, or methazolamide
dramatically reduced the viral RNA in the cell culture medium
by up to 89.1%-99.9% upon SARS-CoV-2 infection (Figure 6R).
In line with that, the titer of virus in the supernatant of infected

concentrations of 1.5 x 1077 M (Ima-1) and 1.5 x 10~® M (Ima-2), harpagoside (K) at concentrations of 0.5 x 10~" M (Har-1) and 1.5 x 107% M (Har-2), or
methazolamide (L) at concentrations of 1.5 x 10~7 M (Met-1) and 1.5 x 10-® M (Met-2) on the enzymatic activity of ACE2 in HUVEC lysates were shown as the

area under the kinetic activity curves (n = 3).

Error bars represent SEM, *p < 0.05, **p < 0.01, and **p < 0.001. See also Figure S4.
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Figure 5. Imatinib and methazolamide ameliorate metabolic defects in insulin-resistant mice via ACE2
(A-1) Twenty-eight-week-old male mice with 23-week high-fat-diet treatment (DIO) and controlled lean mice (Lean) were treated with vehicle, 250 mg/kg imatinib
(DIO + Ima), or 100 mg/kg methazolamide (DIO + Met) through gavage once each day for 4 weeks.

(legend continued on next page)
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Vero EB6 cells after treatment with each of the three compounds,
as determined by focus formation assay, was also reduced
largely (Figure S6B), even though slight upregulations of ACE2
mRNA level in Vero E6 cells were observed (Figure S6C).

To further investigate the underlying mechanism, we first
treated cells with the “false virus” fused with spike protein to
mimic SARS-CoV-2 entry. HEK293T cells expressing hACE2
were pretreated with imatinib, harpagoside, or methazolamide,
followed by pseudovirion treatment. The virus entry was signifi-
cantly reduced following imatinib, harpagoside, or methazola-
mide treatment (Figure 6S), suggesting a potential competition
of the binding between these three compounds and spike pro-
tein to ACE2 receptor. The cell toxicity of pseudovirions was
not observed upon interventions (Figure S6D). Moreover, our
virtual computation analysis further supported these important
observations. We simulated the binding kinetics between the
compounds, spike protein, and ACE2 protein via the Tianhe-2
supercomputer and confirmed a potential competition between
these molecules. As shown in Figure S6E, when imatinib or
methazolamide was added, the free energy binding between
ACE2 and spike protein increased from —264.784 to
—249.744 kcal/mol for imatinib and from —264.784 to
—258.103 kcal/mol for methazolamide. Interestingly, the confor-
mational alterations of ACE2 and spike protein structure were
also observed after adding imatinib or methazolamide, as deter-
mined by molecular dynamics simulation by supercomputer
(Figures S6F and S6G). To validate our in silico results, co-immu-
noprecipitation (colP) assay was performed to assess the asso-
ciation between ACE2 and spike protein in presence of these
three compounds. As shown in Figure 6T, imatinib, harpagoside,
and methazolamide significantly reduced the spike protein level
within the ACE2 immunocomplex and vice versa. These data
suggest that the antiviral effect of these three compounds was
at least partially due to the inhibition of spike protein binding to
ACE2. Finally, we performed a meta-analysis and showed that
the treatment for hypertension with ACEi or ARB in COVID-19
patients did not exacerbate the risk of severity but significantly
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decreased the risk of mortality of COVID-19 (Figure S6H),
despite a potential modest elevation of ACE2 level upon using
these antihypertension drugs (Lebek et al., 2020; Reynolds
et al., 2020), indicating the safety of activating ACE2 in drug
design for treating COVID-19.

DISCUSSION

Our data show that ACE2 serves as a key link bridging COVID-19
and its associated metabolic dysfunctions. Furthermore, we
have screened and identified three compounds (imatinib, meth-
azolamide, and harpagoside) as direct enzymatic activators of
ACE2. The repurposed drugs of imatinib and methazolamide
show considerable improvements in metabolic dysfunctions in
both diet-induced insulin-resistant mice and SARS-CoV-2-in-
fected mice and surprisingly decrease the infectivity of SARS-
CoV-2 in vivo and in vitro.

It remains highly controversial what roles ACE2 plays during
the progression of COVID-19 and its complications, although it
is well established that ACE2 serves as the receptor of the spike
protein on SARS-CoV-2 (Wan et al., 2020). Overexpression of
ACE2 enhances viral entry, whereas blockage with ACE2 anti-
body reduces SARS-CoV-2 infection (Hoffmann et al., 2020).
Therefore, inhibition of ACE2 expression has been proposed
as a strategy to treat COVID-19 (Ahmad et al., 2021; Ivanov
et al., 2021). In contrast, ACE2, as an important component of
RAS axis, exerts anti-inflammatory and antioxidative functions
and maintains metabolic homeostasis as supported by our cur-
rent findings. Our data show that SARS-CoV-2 infection results
in a significant reduction of ACE2 expression, consistent with a
recent finding that ACE2 is downregulated in both kidney and
heart of COVID-19 patients (Nie et al., 2021). Notably, impaired
ACE2 function appears to be a dominant driver for the induction
of metabolic defects upon COVID-19. Our data show that admin-
istration of ACE2 enzymatic activators, identified by our unbi-
ased screening, dramatically improves metabolic abnormalities
after virus exposure in vivo with the restoration of impaired

(A and B) Glucose tolerance testing (GTT) was performed at 30 weeks (A); insulin tolerance testing (ITT) was performed at 31 weeks (B) (n = 6). The significance of
lean versus DIO was shown as *, DIO versus DIO + Ima as #, and DIO versus DIO + Met as $. **®p < 0.05, **##%%5 < 0.01, and ***#*#$%%5 < 0.001. At 32 weeks, all

mice were fasted for 6 h and sacrificed.

(C—F) Fasting blood glucose (C), plasma insulin (D), homeostatic model assessment of insulin resistance (HOMA-IR) (E), and plasma TNF-a. (F) (n = 6).
(G and H) Livers were subjected to oil red O (ORO) staining (G, images shown on the left, quantification on the right) and real-time PCR (H) (n = 6).

(l) Aortas were subjected to real-time PCR (n = 6).

(J-P) For kidney conditional knockdown of ACE2 (ACE2 C-kd), 26-week-old male mice with 21-week high-fat-diet treatment (DIO) and controlled lean mice (Lean)
were treated with transparenchymal renal pelvis injection of AAV9-CAG-mACE2shRNA-EGFP or control virus. After 2-week recovery, mice were given vehicle,
250 mg/kg imatinib (DIO + Ima and DIO + Ima + ACE2 C-kd), or 100 mg/kg methazolamide (DIO + Met and DIO + Met + ACE2 C-kd) through gavage once each day
for 4 weeks. At 32 weeks, all mice were fasted for 6 h and sacrificed.

(J and K) Plasma KIM-1 (J) and CREA (K) (n = 6).

(L and M) Kidneys were subjected to periodic acid-Schiff (PAS) staining (L, images and quantification were shown; n = 5) and real-time PCR (M) (n = 6).

(N) Quantification of plasma ratio of Ang Il against Ang-(1-7) (n = 5).

(O and P) The lysates of kidneys (O) and aortas (P) were subjected to ACE2 enzymatic activity assay, and data were shown as the area under the kinetic activity
curves (n = 3).

(Q-V) For A779 (MasR inhibitor) intervention, 28-week-old male mice with 23-week high-fat-diet treatment were given vehicle (DIO and DIO + A779), 250 mg/kg
imatinib (DIO + Ima and DIO + Ima + A779), or 100 mg/kg methazolamide (DIO + Met and DIO + Met + A779) with or without 3 mg/kg A779 once each day for
4 weeks.

(Q and R) Glucose tolerance testing (GTT) was performed at 30 weeks (Q), and insulin tolerance testing (ITT) was performed at 31 weeks (R) (n = 6). The sig-
nificance of DIO versus DIO + Ima was shown as *, DIO versus DIO + Met as #, DIO + Ima versus DIO + Ima + A779 as $ and DIO + Met versus DIO + Met + A779 as
& 885 £ 0.05, #8888, 0 01, and *+H##888.888, 0. 001. At 32 weeks, all mice were fasted for 6 h and sacrificed.

(S-U) Livers (S), kidneys (T), and aortas (U) were subjected to real-time PCR.

Error bars represent SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. CREA, creatinine. See also Figure S5.
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ACE2. Moreover, such ACE2 activators reduce virus infection via
allosteric inhibition of ACE2 binding to spike protein. Taken
together, our findings strongly suggest a new pharmacologic
strategy to combat COVID-19 and its metabolic complications
by restoring ACE2 enzymatic activity upon SARS-CoV-2 infec-
tion, instead of further inhibiting ACE2 level.

Several approaches are currently available for activation of
ACE2 pathway, including ACE pathway antagonist, soluble
ACE2, Ang-(1-7) receptor agonist, etc. However, the potential
consequence of hypotension with ACE inhibition may limit its
clinical application as an indirect ACE2 activator in COVID-19
patients. The large molecular size of soluble ACE2 may impede
its penetrance on specific organs, and the expensive cost also
limits its clinical application. No clinical or translational studies
have been reported on Ang-(1-7) receptor agonists, such as
AVE 0991 (Suski et al., 2013). More importantly, none of the
above-mentioned approaches exert functions as direct enzy-
matic activators of ACE2. In this study, we aim to identify
potent ACE2 activators. By utilizing CMAP and virtual docking
computation, we have identified three compounds (imatinib,
methazolamide, and harpagoside) as ACE2 enzymatic activa-
tors. We show that these compounds are very effective to
improve the metabolic abnormalities. Imatinib and methazola-
mide dramatically improve hyperglycemia, dyslipidemia, inflam-
mation, hepatic steatosis, and vascular disorders in vivo. They
also ameliorate kidney dysfunctions in an ACE2-dependent
manner. Notably, the enzymatic activity of ACE2 plays an
important role given that MasR inhibitor A779 can partially
block these effects.

The repurposed drugs are of great advantage for clinical appli-
cation due to the validated side effects. Imatinib is a potent inhib-
itor of the BCR-ABL tyrosine kinase associated with chronic
myeloid leukemia (Druker et al., 2001). Methazolamide, a potent
carbonic anhydrase (CA) inhibitor, has been extensively used in
the treatment of glaucoma and the prevention of altitude sick-
ness (Fossati et al., 2016). Besides these traditional targets
and effects, very few reports have investigated their regulatory
roles on metabolism. A recent study has shown that imatinib ex-
hibits beneficial effects on insulin sensitivity (Pichavaram et al.,
2021). Similarly, methazolamide has also been identified as an
insulin sensitizer (Konstantopoulos et al., 2012). Our current
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data show that imatinib and methazolamide serve as ACE2 enzy-
matic activators and dramatically ameliorate systemic metabolic
defects in liver, kidney, and cardiovascular system of insulin-
resistant mice. Furthermore, our in vitro data show that imatinib
and methazolamide enhance ACE2 enzymatic activity and
reduce Ang IlI/Ang-(1-7) ratio. Furthermore, the virtual in silico
simulation and in vitro binding assay confirm the direct binding
of these two drugs to ACE2. Despite that several previous re-
ports have claimed that chemical compounds xanthenone
(XNT) and DIZE could bind to and activate ACE2 to improve hy-
pertension (Hernandez Prada et al., 2008; Kulemina and Ostrov,
2011), controversial results from others suggest that XNT and
DIZE are not the direct enzymatic activator of ACE2, since the
beneficial effect of XNT on blood pressure still exists upon
ACE2 deficiency, and the direct stimulatory effects of XNT and
DIZE on ACE2 are not observed in ex vivo kidneys of mice and
rats (Haber et al., 2014). Therefore, the identification of new
ACE2 enzymatic activators is of great significance in the poten-
tial treatment of COVID-19-associated diseases given the versa-
tile role of ACE2 in metabolic regulation.

One unexpected observation of this study is that these ACE2
enzymatic activators could slightly elevate the expression level
of ACE2, which may raise the concern of enhancing SARS-
CoV-2 entry. However, previous clinical findings have shown
that patients receiving antihypertensive treatment with an ACEi
are not more susceptible to SARS-CoV-2 infection (Reynolds
et al.,, 2020) despite the fact that ACE2 levels are partially
elevated upon administration of ACEi (Reynolds et al., 2020).
Supporting this, our meta-analysis shows that ACEiI/ARB does
not change the risk of severity but rather reduces the mortality
in patients with COVID-19. Based on these studies, several
guidelines recommend not to discontinue ACEi/ARB for
COVID-19 patients with hypertension (Alexandre et al., 2020;
Mehta et al., 2020).

Interestingly, a recent screening reveals that imatinib may
bind to ACE2 and inhibit virus infection, the mechanism of
which remains elusive (Han et al., 2021). Due to its antiviral ef-
fect, imatinib has been reported in case reports and clinical tri-
als on COVID-19. More stable pulmonary opacities have been
observed in a COVID-19 patient 3 days after application of im-
atinib (Morales-Ortega et al., 2020), and a large-scale clinical

Figure 6. ACE2 enzymatic activators improve metabolic defects and inhibit virus entry upon SARS-CoV-2 infection

(A-Q) Twelve-week-old human ACE2 transgenic mice were given vehicle (Mock, CoV-2), 250 mg/kg imatinib (CoV-2 + Ima), and 100 mg/kg methazolamide
(CoV-2 + Met) through gavage once each day for 4 weeks after 6-week high-fat-diet treatment and were intranasally challenged with 4 x 10* FFU SARS-CoV-2.
After 7 days of infection, all mice were fasted for 6 h and sacrificed.

(A-H) Quantification of the ratio of Ang Il against Ang-(1-7) in plasma (A), fasting blood glucose (B), plasma insulin (C), homeostatic model assessment of insulin
resistance (HOMA-IR) (D), plasma triglyceride (E), plasma total cholesterol (F), plasma TNF-a. (G), and plasma IL-6 (H) (n = 4).

(I-K) Livers were subjected to lipid assay (I and J) and real-time PCR (K) (n = 3-4).

(L) Plasma KIM-1 (n = 4-5).

(M and N) Kidneys were subjected to periodic acid-Schiff (PAS) staining (M, images and quantification were shown; n = 4) and real-time PCR (N) (n = 4).
(0-Q) Lungs were subjected to H&E staining (O, images and quantification were shown; n = 4), real-time PCR (P) (n = 4), and immunoblotting of viral nucleocapsid
protein (NP) (Q, blot shown on the left, quantification on the right; n = 4).

(R) Vero E6 cells were pretreated with 25 M imatinib, 100 uM harpagoside, or 100 uM methazolamide for 6 h, followed by SARS-CoV-2 (MOI = 0.005) infection for
42 h; the supernatant was subjected to real-time PCR (n = 4).

(S) HEK293T cells expressing hACE2 were pretreated with 25 pM imatinib, 100 uM harpagoside, or 100 uM methazolamide for 6 h, followed by pseudovirion
treatment for 66 h, and were observed with fluorescence microscopy (images shown on the left, quantification on the right; n = 5).

(T) The HEK293T cells overexpressing spike-FLAG and ACE2-HA were treated with 25 pM imatinib, 100 uM harpagoside, or 100 uM methazolamide for 48 h.
Precipitated proteins were subjected to immunoblotting (blot shown on the left, quantification on the right; n = 4).

Error bars represent SEM. *p < 0.05, **p < 0.01, and **p < 0.001. See also Figure S6.
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trial has reported that imatinib intervention reduces the hazard
ratio on mortality (Aman et al., 2021). Our data indicate that im-
atinib, along with another identified ACE2 activator, methazola-
mide, can inhibit virus infection both in vivo and in vitro, at least
partially via the direct interaction with ACE2 protein. This
consequently reduces ACE2’s binding to spike protein, there-
fore inhibiting the virus entry. These observations implicate
that the application of imatinib and methazolamide in the treat-
ment of COVID-19 would benefit from the ACE2-dependent
metabolic improvement, as well as the direct reduction of
SARS-CoV-2 load within the cells.

In summary, COVID-19 is a systemic disease that may induce
severe metabolic defects in multiple tissues, and impairment of
ACE2 pathway is a key factor linking virus infection to its meta-
bolic sequelae. Here, we identify imatinib, methazolamide, and
harpagoside as the direct enzymatic activators of ACE2 and
show that imatinib and methazolamide are able to improve
SARS-CoV-2-induced metabolic disorders by enzymatic activa-
tion of ACE2 and inhibit viral entry via allosteric inhibition of ACE2
binding to spike protein; therefore, they can be repurposed for
the potential treatment of COVID-19 and its metabolic
complications.

Limitations of study

Given that a high-throughput virtual screening workflow via
Tianhe-2 supercomputer, instead of traditional high-throughput
cell-culture-based in vitro screening, was applied for initial
ACE2 activator identification, some potential activators besides
imatinib, methazolamide, and harpagoside might be neglected.
Moreover, the potential of imatinib and methazolamide to
improve metabolism in COVID-19 patients remains unclear and
requires clinical investigation.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal anti-FoxO1
Rabbit polyclonal anti-ACE2
Rabbit monoclonal anti-B-Actin

Rabbit monoclonal anti-SARS-CoV-2
Nucleocapsid

Rabbit monoclonal anti-HA
Mouse monoclonal anti-Flag
Anti-rabbit IgG, HRP-linked Antibody

Cell Signaling Technology
Abcam

Cell Signaling Technology
Sino Biological Company

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cat. #2880; RRID: AB_2106495

Cat. ab15348; RRID: AB_301861

Cat. #4970; RRID: AB_2223172

Cat. # 40143-R001; RRID: AB_2827974

Cat. #3724; RRID: AB_1549585
Cat. #8146; RRID: AB_10950495
Cat. #7074; RRID: AB_2099233

Bacterial and virus strains

SARS-CoV-2 (hCoV-19/CHN/SYSU-IHV/

2020 strain)
AAV9-CAG-humanACE2-EGFP
AAV9-CAG-mACE2shRNA-EGFP

Sun Yat-sen University

PackGene Biotech
PackGene Biotech

GISAID: EPI_ISL_444969

N/A
N/A

Chemicals, peptides, and recombinant proteins

A779
Amsacrine
Anagrelide
AZD-7762
Clebopride
Diminazene aceturate (DIZE)
Doxorubicin
DX600
Entinostat
Harpagoside
Huperzine-A
Imatinib
Methazolamide
Ofloxacin
Pantoprazole
Phensuximide
Pyroxamide
Tranilast
Xanthone

Human angiotensin-I converting enzyme

2 (ACE2)
Human IL-4
Human IL-6
Human IFN-y
Human TNF-a.

MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
MedChenExpress
Sino Biological Company

Sino Biological Company
Sino Biological Company
Sino Biological Company
Sino Biological Company

Cat. HY-P0216
Cat. HY-13551
Cat. HY-B0523A
Cat. HY-10992
Cat. HY-B1613A
Cat. HY-12404
Cat. HY-15142
Cat. HY-P2222
Cat. HY-12163
Cat. HY-N0396
Cat. HY-17387
Cat. HY-15463
Cat. HY-B0553
Cat. HY-B0125
Cat. HY-17507
Cat. HY-B(1730)
Cat. HY-13216
Cat. HY-B0195
Cat. HY-NO126
Cat. 10108-HO5H

Cat. 11846-HNAE
Cat. 10395-HNAE
Cat. 11725-HNAS
Cat. 10602-HNAE

Critical commercial assays

Human Angiotensin Il ELISA kit
Human Angiotensin-(1-7) ELISA kit
Mouse TNF-a ELISA kit

Mouse IL-6 ELISA kit

CUSABIO
CUSABIO
CUSABIO
CUSABIO

Cat. CSB-E04493h
Cat. CSB-E14242h
Cat. CSB-E04741m
Cat. CSB-E04639m

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse Angiotensin Il ELISA kit CUSABIO Cat. CSB-E04495m
Mouse Angiotensin-(1-7) ELISA kit CUSABIO Cat. CSB-E13763m
Mouse kidney injury molecule 1 (KIM-1) CUSABIO Cat. CSB-E08809m
ELISA kit

Mouse insulin ELISA kit CUSABIO Cat. CSB-E05071m

RNA extraction reagent

Evo M-MLV Reverse Transcription kit
SYBR Green Premix Pro Tag HS qPCR kit
ACE2 activity assay Kit (Fluorometric)
Triglyceride assay kits

Total cholesterol assay kits

HDL-C assay kits

LDL-C assay kits

Series S Sensor Chip CM7

Accurate Biology Company

Accurate Biology Company

Accurate Biology Company

Abcam

Nanjing Jiancheng Bioengineering Institute
Nanjing Jiancheng Bioengineering Institute
Nanjing Jiancheng Bioengineering Institute
Nanjing Jiancheng Bioengineering Institute
GE Healthcare Life Sciences

Cat. AG21102
Cat. AG11711
Cat. AG11701
Cat. ab273297
Cat. A110-1-1
Cat. A111-1-1
Cat. A112-1-1
Cat. A113-1-1
Cat. 10281415

Deposited data

Raw RNA-seq data This paper GSA: HRA001795
Experimental models: Cell lines
HUVEC ATCC CRL-1730; RRID: CVCL_2959
HEK293T NICR, China N/A
AML12 ATCC CRL-2254; RRID: CVCL_0140
Vero E6 ATCC CRL-1586; RRID: CVCL_0574
Experimental models: Organisms/strains
Mouse: C57BL/6JGpt GemPharmatech Cat. NO00013; RRID: IMSR_GPT:N000013
Mouse: C57BL/6JGpt ob/ob GemPharmatech Cat. T001461; RRID: IMSR_GPT:T001461
Mouse: B6/JGpt-Ace2em1Cin(hACE2)/Gpt GemPharmatech Cat. T037659; RRID: IMSR_GPT:T037659
Oligonucleotides
See Table S4 for oligos used in this study N/A N/A
Software and algorithms
Graphpad Prism 8 GraphPad Software N/A
Review Manager 5.4 Cochrane Collaboration N/A
HISAT2 http://daehwankimlab.github.io/hisat2/ N/A
GENCODE https://www.gencodegenes.org/ GENCODE 37
DESeq?2 package https://bioconductor.org/packages/ N/A
release/bioc/html/DESeqg2.html
Metascape https://metascape.org/ N/A
ImagedJ NIH N/A
Other

60% High fat diet

Trophic Animal Feed High-Tech Co.,Ltd

Cat. TP23300

RESOURCE AVAILABILITY

Lead contact

Additional information and requests for resources or reagents can be addressed to the Lead Contact, Sifan Chen (chensf26@mail.

sysu.edu.cn).

Materials availability

This study did not generate new unique materials or reagents.
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Data and code availability
All raw sequencing data were uploaded to the GSA (Genome Sequence Archive) under the accession number GSA: HRA001795 in
the National Genomics Data Center (NGDC, https://bigd.big.ac.cn/).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal studies

General

Male C57BL/6J mice (age, 4 weeks), male ob/ob mice (age, 5-6 weeks) and their wild-type littermates (age, 5-6 weeks), and male
human ACE2 transgenic mice (age, 5-6 weeks) were purchased from GemPharmatech, China. Animals were housed under 12 h
of light/dark cycles with unrestricted access to food and water in specific pathogen free (SPF) conditions. The body weight and
food intake were measured every other day. All conventional animal studies were approved by the Institutional Animal Care and
Use Committees of the First Affiliated Hospital of Sun Yat-sen University. Authentic SARS-CoV-2 challenge studies were carried
out in strict accordance with the guidelines and regulations of Laboratory Monitoring Committee of Guangdong Province of China
and were approved by Ethics Committee of Zhongshan School of Medicine of Sun Yat-sen University on Laboratory Animal Care.
Dietary, AAV, virus and Compounds Treatments

To establish the diet-induced obese (DIO) mouse model, wild-type C57BL/6J mice were fed with 60% high fat diet (HFD; TP23300,
TROPHIC, China) at five-week-old, and maintained on the same diet for 21-23 weeks before experiments. Mice in ob/ob-ACE2
and DIO + ACE2 knockdown group were treated with an intravenous injection of AAV9-CAG-humanACE2-EGFP and AAV9-CAG-
mACE2shRNA-EGFP at a dose of 1.0x10'® genome copies (GC), respectively. The control group was treated with corresponding
control viruses at a dose of 1.0x 10" GC. For knockdown of ACE2 in kidney, antegrade renal pelvis injection was performed via trans-
parenchymal renal pelvis puncture with 0.5x 102 GC viruses in each kidney. Two weeks after virus injection, 250 mg/kg of imatinib or
100 mg/kg of methazolamide was given daily by gavage for 4 weeks, and 3 mg/kg of A779, an antagonist of Mas receptor, was given
daily by intraperitoneal injection for 4 weeks. The same treatments (dose and duration) of imatinib or methazolamide were applied in
DIO mice to study the direct effects of these two drugs on metabolic regulation and in vivo infection. For the infection of SARS-CoV-2,
twelve-week-old human ACE2 transgenic mice were given vehicle, 250 mg/kg of imatinib and 100 mg/kg methazolamide through
gavage one time each day for 4 weeks after 6 weeks diet-induced obesity and were intranasally challenged with 4x10* FFU
SARS-CoV-2 (hCoV-19/CHN/SYSU-IHV/2020 strain; Accession ID on GISAID: EPI_ISL_444969). After 7 days infection, all mice
were fasted for 6 h and sacrificed under anesthetized condition.

Cell Culture

Human umbilical vein cells (HUVECs) were cultured in F-12K medium (Hyclone) supplemented with 10% fetal bovine serum (FBS,
Gibco), 0.1 mg/mL heparin and 30 pg/mL Endothelial Cell Growth Supplement and containing 100 IU/ml penicillin and 100 pg/ml
streptomycin. HEK293T and Vero E6 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Hyclone) supplemented
with 10% FBS and 100 IU/ml penicillin and 100 pg/ml streptomycin. AML12 cells were cultured in DMEM/F12 medium (Hyclone) sup-
plemented with insulin-transferrin-selenium, penicillin-streptomycin, 10% FBS and 100 nM dexamethasone. All cell lines were main-
tained at 37°C in a 5% CO, cell culture incubator. Lipofectamine 2000 (Invitrogen, USA) was used for plasmid and siRNA transfec-
tions according to the manufacturers’ instructions. HUVECs cultured in 12-well plate were transfected with 2 ng ACE2 plasmid for
72 h for overexpression experiments. The concentration of the siRNA was 10 nM for each well in 12-well plate, treated with com-
pounds in 8 h, and the cells were collected after 24 h for the ACE2 knockdown experiments. HUVECs were plated in 12-well plates
at 1x10* cells per well, treated with imatinib, harpagoside, or methazolamide for 16 h, harvesting for RNA analysis. For cytokines
treatment experiment, cells were treated with recombinant human TNF-«, IFN-v, IL-4 and IL-6 (Sino Biological, China) at each con-
centration of 50 ng/ml for 32 h, and then treated with compounds for another 16 h. For the infection of SARS-CoV-2, 5x1 0° HUVECs
or Vero EG6 cells were incubated with SARS-CoV-2 (MOI = 0.005) for 24-48 h at 37°C, and then were harvested for Western blotting or
RNA analysis. SARS-CoV-2 (hCoV-19/CHN/SYSU-IHV/2020 strain; Accession ID on GISAID: EPI_ISL_444969) was isolated from the
sputum of a female infected individual, and propagated in Vero E6 cells, the virus stocks were obtained from the supernatant of Vero
EG6 after inoculation for 48 h, and the titers were determined by FRNT assay targeting nucleocapsid protein.

METHOD DETAILS

Glucose Tolerance Test (GTT) and Insulin Tolerance Test (ITT)
For GTT, animals were fasted from the beginning of dark cycle (7 PM). After 15 h fasting, blood glucose levels were measured from the
tail vein with a glucometer. Subsequently, saline or dextrose solution (2 g/kg for lean and DIO mice, 1 g/kg for ob/ob mice) was admin-
istered intraperitoneally. Blood glucose levels were measured from the tail vein at 30, 60 and 120 min following glucose injection.
For ITT, mice were fasted for 6 h during the light cycle. Saline or insulin (1 1U/kg for lean and DIO mice, 2 IU/kg for ob/ob mice) were
administered intraperitoneally. Blood glucose levels were measured at 30, 60, 90 and 120 min following insulin injection from the
tail vein.
For fasting glucose, mice were fasted for 6 h during the light cycle, and blood glucose levels were measured from the tail vein.
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Biochemical measurements

Blood samples were centrifuged at 3,000 g for 10 min, and plasma was pipetted and stored at —-80°C. Biochemical parameters
including alanine aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol (TC), triglycerides (TG) and plasma
creatinine levels were measured according to the manufacturer’s instructions (Servicebio, China).

Lipid profile analysis

A commercial assay kits (Nanjing Jiancheng Bioengineering Institute, China) was used to measure the levels of TC and TG in the liver
of ob/ob or DIO mice. The samples were weighed and homogenized with 9 times volume of ethyl alcohol, then centrifuged at
12,000 rpm for 5 min at 4°C. The supernatants were applied to lipid profile analysis according to the manufacturer’s instructions.

Echocardiography

Echocardiography was performed using Vevo3100 (VisualSonics, Canada) equipped with a 30 MHz linear transducer (Visual Sonics,
Canada). Fractional shortening was calculated as follows: %FS = [(LVEDD — LVESD)/LVEDD] x 100, LVEDD represents left ventric-
ular end-diastolic diameter, and LVESD represents left ventricular end-systolic diameter. M-mode images were obtained for mea-
surement of wall thickness and chamber dimensions with the use of the leading-edge convention adapted by the American Society
of Echocardiography.

Histology

Tissues were fixed with 4% formalin and embedded in paraffin, 7 um-thick sections were prepared for hematoxylin and eosin (H/E),
Oil red O, periodic acid-Schiff (PAS) and immunohistochemistry staining. The images were obtained using a microscope DM 2500B
(Leica, Germany). Liver Oil red O staining (Huang et al., 2021), kidney PAS staining (Liu et al., 2019) and lung injury score (based on five
histological findings of neutrophils in the alveolar space, neutrophils in the interstitial space, hyaline membranes, proteinaceous
debris filling the airspaces and alveolar septal thickening) (Matute-Bello et al., 2011) were quantified using ImagedJ software (National
Institutes of Health, USA), according to previously defined methods.

RNA Sequencing of Viral Infected Cells

Approximately 5x10° HUVECs per sample were incubated with SARS-CoV-2 (MOI = 0.005) for 24 h at 37°C, then were harvested.
Total RNA from infected and mock infected cells was lysed in AG RNAex Pro Reagent (Accurate Biotechnology (Hunan), China) and
extracted. mRNA was purified from total RNA using poly-T oligo-attached magnetic beads and fragmentated using divalent cations
under elevated temperature in First Strand Synthesis Reaction Buffer (5x). Double-stranded cDNA was synthesized using random
hexamer primer and M-MuLV Reverse Transcriptase for first strand, following DNA Polymerase | and dNTP for second strand syn-
thesis. PCR was performed with Phusion High-Fidelity DNA polymerase (Thermo Scientific, USA) according to the manufacturer’s
instructions. At last, PCR products were purified (AMPure XP system), following libraries sequencing on an lllumina Novaseq
platform.

Focus formation assay

Focus formation assay was performed as reported previously (Sun et al., 2020). Vero E6 cells were pre-treated with 25 pM imatinib,
100 uM harpagoside or 100 M methazolamide for 6 h, followed by SARS-CoV-2 (MOI = 0.005) infection for 42 h, the supernatant was
collected and serially diluted to obtain dilutions in the range of 1:10~" to 1:10~° with DMEM medium for the focus formation assay.
Vero E6 cells were cultured in 96-well plates (20,000 cells/well), after full confluency, growth media was removed from the Vero E6
cells and 50 pL of virus dilutions was added. Virus was incubated for 1 h at room temperature. After incubation, 125 pl of 1.6% car-
boxymethyl cellulose (CMC) was added to each well of the 96-well plate and then incubated at 37°C with 5% CO, for 24 h. 200 ul 4%
paraformaldehyde per well were added and incubated at room temperature for 1 h. After removal of paraformaldehyde, monolayers
were permeabilized with 50 pl 0.2% Triton X-100 supplemented with 1% BSA per well at temperature for 30 min. Monolayers were
then blocked for 1 hin PBS with 1% BSA. After blocking, cells were incubated with SARS-CoV NP primary antibody (SinoBiologicals,
China; 40143-R001, 1:2000 dilution) for 1 h at 37°C in PBS with 1% BSA. Monolayers were washed with PBS and incubated with an
HRP-conjugated secondary antibody for 1 h at 37°C in PBS with 1% BSA. Then the secondary antibody was removed, monolayers
were washed with PBS, and then developed using TrueBlue substrate (KPL) for 5-10 min. Plates were imaged on an EliSpot reader
and foci were detected.

Pseudovirus Entry Assays

HEK293T/ACE2 stable cell line (PackGene Biotech, China), which is constructed by transduction of human ACE2 (hACE2) into
HEK293T cells, were pretreated with imatinib, harpagoside, or methazolamide for 6 h, respectively. Subsequently, SARS-CoV-2
pseudovirions (PackGene Biotech, China) were added to the cells and incubated at 37°C for another 66 h. The SARS-CoV-2 pseu-
dovirus-infected GFP-expressing HEK293T/ACE2 cells were observed by fluorescence microscopy (Leica DMI8, Germany) and the
quantification of GFP density was performed via ImageJ software (National Institutes of Health, USA).
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Real-time PCR (RT-PCR)

Total RNA was extracted by using AG RNAex Pro Reagent (Accurate Biotechnology (Hunan), China). With 1 pg of total RNA for
reverse transcription, cDNA was synthesized using Evo M-MLVRT kit (Accurate Biotechnology (Hunan), China). gRT-PCR was per-
formed with SYBR Green Premix Pro Taq HS gPCR Kit (Accurate Biotechnology (Hunan), China) and LightCycle480 Il thermal cycler
(Roche, Switzerland). Relative expression of each gene was normalized to GAPDH. The value of the control group was set to 1. The
primer sequences are listed in the Table S4.

Western Blotting

For Western blotting, cells and tissues were lysed in RIPA buffer (Tris-HCI 25 mM, pH 7.6; NaCl 150 mM; NP-40 1%; sodium
deoxycholate 1%; SDS 0.1%) with protease inhibitors and phosphatase inhibitors. Protein concentration was measured using bicin-
choninic acid (BCA) (ComWin Biotech, China). Equal amounts of protein were separated by SDS-PAGE and transferred to a PVDF
membrane which was incubated in 5% milk in Tris-buffered saline for 1 h at room temperature, followed by incubation with primary
antibodies against ACE2 (Cell Signaling Technology, USA, 1:1000 dilution), FoxO1 (Cell Signaling Technology, USA, 1:1000 dilution),
SARS-CoV-2 Nucleocapsid (NP) (SinoBiologicals, China, 1:1000 dilution), HA (Cell Signaling Technology, USA, 1:1000 dilution) and
Flag (Cell Signaling Technology, USA, 1:1000 dilution) overnight at 4°C, and a secondary antibody (1:10000 dilution) conjugated with
horseradish peroxidase (Cell Signaling Technology, USA) for 1 h at room temperature. Membranes were developed with chemilumi-
nescent ECL reagents (Millipore, USA). The relative expression of target protein to the control B-actin were determined by densito-
metric analysis using ImageJ software (National Institutes of Health, USA).

Co-immunoprecipitation

The HEK293T cells were overexpressed with each 10 ng plasmid of Spike-Flag and ACE2-HA, and treated with 25 pM imatinib,
100 uM harpagoside, or 100 uM methazolamide for 48 h. Cells were lysed in 20 mM Tris-HCI PH8.0, 0.2 mM EDTA PH8.0,
50 mM MgCl,, 10% Gilycerol, 300 mM KCI, 0.1% NP40 and protease inhibitors PMSF. The lysates were centrifuged at 14,000 g
for 30 min. An aliquot of supernatants was used as input, and the rest of the supernatants were incubated with the respective anti-
bodies (anti-HA and anti-Flag, Cell Signaling Technology, USA) or control IgG and mixed with Dynabeads Protein G beads (Invitro-
gen, USA) overnight at 4°C. Precipitated proteins were eluted with the corresponding epitope 3 xFlag peptides or with elution buffer
(50 mM glycine, pH 2.8) and analyzed by western blotting.

Enzyme-linked Immunosorbent Assay (ELISA)

For the quantitative determination of plasma Ang Il and Ang-(1-7) in COVID-19 patients, a serial of fasting blood samples from 30
patients with laboratory confirmed SARS-CoV-2 infection were collected. The blood samples of infection phase were collected
on the following day of admission with overnight fasting in SARS-CoV-2 positive patients, while the blood samples of recovery phase
were collected within 3 days before patients discharge after overnight fasting. For comparison, the blood samples from 10 healthy
volunteers were collected. All blood samples were inactivated under the temperature of 56°C for 30 min. This experiment was
approved by the Institutional Review Board of Guangzhou Eighth People’s Hospital. For the quantitative determination of Ang Il
and Ang-(1-7) in the supernatant from infected HUVECs, HUVECs were infected with SARS-CoV-2 (MOI = 0.005) for 48 h, then
the medium was washed away and 100 nM Ang Il in 1 mI HEPES solution was applied for the cells (Kopf and Campbell, 2013), after
1 h treatment in the incubator at 37°C, the supernatant was collected and inactivated under the temperature of 56°C for 30 min, then
subjected to ELISA assay. For the quantitative determination of plasma Ang Il, Ang-(1-7), TNF-a, IL-6, insulin and KIM-1 concentra-
tions in mice, plasma samples were diluted and added to ELISA assay plates (CUSABIO Biotech, China) pre-coated with specific
antibodies. Samples were bound by the immobilized antibodies, reacted with avidin-conjugated Horseradish Peroxidase (HRP),
and developed with 3,3’,5,5’-tetramethylbenzidine (TMB) substrate. Reactions were terminated, and the absorbance was measured
at 450 nm using a microplate reader (Tecan, Swiss) within 5 min.

ACE2 Enzymatic Activity Assay

Activity of ACE2 in cell lines, cell lysates and tissues were measured by ACE2 activity assay kit (Fluorometric) (Abcam, UK), which
utilizes the ability of an active ACE2 to cleave a synthetic MCA based peptide substrate to release a free fluorophore. The measure-
ments were performed in black plates (Corning, USA) with a total volume of 100 ul lysates and ACE2 substrate. HUVECs were treated
with 25 uM imatinib, 100 uM harpagoside and 100 uM methazolamide respectively for 16 h, then lysed and followed by measurement
according to the kit. Similarly, tissues from the mice treated with imatinib or methazolamide were applied for ACE2 enzymatic activity
measurement. HUVEC lysates and imatinib (1.5x107 M, 1.5x10® M), harpagoside (0.5x107 M, 1.5x10°® M), or methazolamide
(1.5x107 M, 1.5x107® M) were incubated respectively for 30 min at room temperature to assess the time dependency of the fluo-
rescence signal. Fluorescence kinetics was measured by use of a multiplate reader (SpectraMax 5, USA) at an excitation wavelength
of 320 nm and an emission wavelength of 420 nm. ACE2 inhibitor DX600 was used as a negative control.
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Surface Plasmon Resonance (SPR)

The SPR assays were performed to analyze the interactions between the compounds and ACE2 protein (Sino Biological, China) by
using a Biacore T100 machine with Sensor Chip CM7 (GE Healthcare, USA) at 25°C. ACE2 was immobilized onto CM7 chips, sensor-
grams were recorded by injecting various concentrations of compounds. The binding kinetics (Kd) was analyzed with the software
BIA evaluation Version 4.1.

Bioinformatics
An initial list of target-disease associated genes of diabetes, diabetic nephropathy, hypertension and atherosclerosis were identified
by querying data available in the DisGeNET 7.0 database (Pifiero et al., 2020) and Open Targets Platform (Carvalho-Silva et al., 2019).
DisGeNET (http://www.disgenet.org) and Open Targets Platform (https://www.opentargets.org/) were accessed in September 2020.
For DisGeNET, all Unified Medical Language System Concept Unique Identifiers (CUIs) that relate to these four diseases were
selected from DisGeNET, and further data frames of genes with evidence for a relationship with these four diseases were created.
CUIs queried in DisGeNET were as follows: diabetes Mellitus [C0011849], hypertensive disease [C0020538], diabetic nephropathy
[C0011881] and atherosclerosis [C0004153]. For Open Targets Platform, the term “diabetes mellitus”, “hypertension”, “diabetic ne-
phropathy” and “atherosclerosis” were searched, and further data frames of genes with evidence for a relationship with these four
diseases were generated from six perspectives of disease genetics, transcriptomics, approved drugs and clinical candidates, animal
models, biochemical pathways and text mining from the medical literature. Next, the top 400 target-disease associated genes in four
diseases in each platform were overlapped to search for mutual genes of these four diseases.

In all, 20 genes were found in this process and further expression levels were searched from the transcriptome data in COVID-19
literature. Namely, GSE151803 (Yang et al., 2020), GSE147507 (Blanco-Melo et al., 2020), GSE155249 (Grant et al., 2021) and
GSE153277 (Huang et al., 2020) were searched and the expression levels of these 20 genes were shown in alphabetical order.

CMAP

The CMAP (https://clue.io/), an online platform which conducts pattern-matching algorithms to compare input gene signatures with
gene signatures in diverse contexts of over 450,000 chemical perturbagens (Chen et al., 2021; Subramanian et al., 2017), was utilized
to identify compounds that create gene expression patterns opposite to SARS-CoV-2 infection. Six articles reporting transcriptomics
of SARS-CoV-2-infected organs or cells (Appelberg et al., 2020; Liao et al., 2020; Liu et al., 2020; Shen et al., 2020; Wang and Xu,
2020; Xiong et al., 2020) were searched out in May 18, 2020, top and bottom 50-150 featured genes were selected from each article
and submitted online for CMAP query, and then one ranked list of compounds was generated for each article. Compounds with nega-
tive “connectivity” and “enrichment” scores, which indicate a potential capability of inhibiting SARS-CoV-2 virus infection or sec-
ondary injuries, were subsequently filtered to a new list of compounds for each article. A total of 176 compounds that presented
in more than one list were included for further study.

A total of 40 potential downstream featured genes correlated with ACE2 transcriptional manipulation were searched out from liter-
ature (Caoetal., 2016, 2019a, 2019b; Kawabe et al., 2019; Patel et al., 2016; Takeshita et al., 2018) and submitted for CMAP query, a
ranked list of compounds creating gene expression patterns similar to ACE2 transcriptional activation was generated. In this list, a
total of 83 compounds with positive “connectivity” and “enrichment” scores were included for further investigation.

Compounds Scoring System of in vitro Experiments for Validation of ACE2 Activators

The selected 15 compounds (Figure 3A) were further validated with in vitro experiments. In brief, for the first step as shown in Fig-
ure 3D, the ranking value of each compound was calculated with the sum of each gene expression level against control (log.) after
treatment with low-, medium- and high-concentration, respectively. The top 8 compounds from the first step were selected. For the
second step shown in Figure 3E, the ranking value of each compound was calculated with the sum of each gene expression level after
treatments of each compound minus the expression level after treatment of inflammatory factors. The top 6 compounds from the
second step were selected. For the final step shown in Figure 3F, compounds with significant alteration of each gene after ACE2
knockdown comparing with control siRNA were considered as ACE2-dependent candidates, and imatinib, harpagoside and meth-
azolamide were selected.

Structure-based High Throughput Virtual Screening

The crystal structure of the apo form of human ACE2 in the open conformation (PDB: 1R42) was used for molecular docking. The
Glide in SP mode of Schrodinger suite 2019 version was used for in silico screening of 76,639 compounds, of which 10,275 com-
pounds were obtained from the DurgBank database (https://www.drugbank.com), and the remaining 66,364 compounds were ob-
tained from the InterBioScreen database (https://www.ibscreen.com). We targeted a specific structural pocket in the hinge-bending
region of ACE2 as shown in Figure 3B. Related research has shown that this region is implicated in conformational shuttling between
the two status of the enzyme, as binding in this region would potentially stabilize ACE2 active conformation from shuffling to inactive
conformation (Kulemina and Ostrov, 2011). We showed the diagram of conformational changes of the two types in Figure S3A. The
grid sites were created using Glide receptor grid generator with docking length of 20 A. Grids centers were determined from active
resides on target protein as shown in Figure 3B.
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Detailed Modeling of Binding Structure

Imatinib and methazolamide were selected for further molecular dynamics simulation for detailed docking binding structure. The
GROMACS package (Abraham et al., 2015) was used to carry out molecular dynamics simulation. The general AMBER force field
(GAFF) (Wang et al., 2004) was used for imatinib and methazolamide and the AMBER force field ff99SB (Hornak et al., 2006) for
the protein receptor. Parameters for imatinib and methazolamide were assigned using antechamber, and the charges were calcu-
lated using Gaussian09 at the HF/6-13G* level and the RESP method (Bayly et al., 1993) was used to derive atomic charges. The
SPC/E water model (Berendsen et al., 1987) was used to solve and sodium cations were used to neutralize the binding systems.
A1 us molecular dynamics simulation was performed and the last 100 ns trajectories were used for analysis. The binding free energy
was calculated using MM-GBSA approach (Baker et al., 2001; Rashmi Kumari et al., 2014).

Meta-analysis

The guideline for meta-analyses and systematic reviews (preferred reporting items for systematic reviews and meta-analysis) was
followed (Moher et al., 2009). Search strategy: a systematic article search was performed using the PubMed, Embase, Cochrane,
bioRxiv and medRxiv databases until March 1, 2021. The terms “SARS-CoV-2”, “angiotensin-converting enzyme inhibitors” and
“angiotensin receptor blockers” and their synonyms were used to identify all potentially relevant studies. No filters or restrictions
were applied. References from these articles were further screened for additional relevant studies. The inclusion criteria were: (1) pa-
tients with confirmed or clinically suspected COVID-19 taking ACE inhibitor (ACEi) or angiotensin receptor blocker (ARB), and (2) a
primary end point reported. The exclusion criteria were: (1) publication not in English, (2) full-text version not available, (3) hyperten-
sion was not clarified, and (4) number of patients less than four. Duplicates were removed manually. All citations were independently
screened by two of co-authors (D.F. and C.L.) using the inclusion and exclusion criteria (Table S5). When discrepancies occurred, a
decision was reached through further discussion. Data extraction: patients were divided into ACEiI/ARB group and non-ACEi/ARB
group by the method of treatment. The patients’ demographics, basic information, laboratory tests (i.e., blood glucose, triglyceride,
total cholesterol), blood pressure, and follow-up data were extracted. The primary end point was death, and the secondary end point
was disease severity.

QUANTIFICATION AND STATISTICAL ANALYSIS

All non-RNA-seq statistical data analysis was performed using Graphpad Prism 8 (GraphPad Software, USA). ImageJ was used for
quantification of western blots and histology. Two-tailed unpaired Student’s t test was used to compare two groups of data, while
one-way ANOVA was used to compare multiple groups of data. All data were shown as mean + SEM. All results shown were repre-
sentative of at least three independent experiments. For RNA-seq, raw reads were aligned to the human genome (hg38) using HISAT2
(v2.0.5). Genes were annotated and counted by featureCounts (v1.5.0) with GENCODE gene annotation (v37). Differentially ex-
pressed genes were called by using DESeq2 package (v1.20.0) with the following criteria: p value < 0.05 and |Log, Fold Change|
> 0.5 unless specifically defined. Metascape (Zhou et al., 2019) was used for enrichment of differentially expressed genes in Kyoto
Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2019), Gene Ontology (GO) (Carbon et al., 2009) and DisGeNET path-
ways (Pifiero et al., 2020). For meta-analysis, the Fisher exact test was used for categorical variables in accordance with the princi-
ples outlined in the Cochrane Handbook (Higgins et al., 2021). The outcomes of ACEi/ARB were analyzed using random effects
models with Review Manager 5.4 (Cochrane Collaboration, Oxford, UK). A p value less than 0.05 is considered as statistically
significant.
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Supplementary Figure Legends

Figure S1. ACE2 is a Key Molecule Potentially Linking COVID-19 to Associated Metabolic
Defects, Related to Figure 1.

(A-B) HUVECs were infected by SARS-CoV-2 (MOI = 0.005) for 24 h and subjected to
transcriptome study. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
(A) and Gene Ontology (GO) pathway enrichment (B) of differentially expressed genes after
infection were shown. (C) HUVECs were treated with vehicle (-) or combination of 50 ng/ml of
TNF-a, IL-4, IL-6 and IFN-y for 48 h and were subjected to real-time PCR of ACE2 (n = 3). Error
bars represent SEM; "p < 0.05; *"p < 0.01; ™"p < 0.001.

Figure S2. ACE2 Plays an Important Role in Maintaining Metabolic Homeostasis, Related
to Figure 2.

(A-D) HUVECSs were transfected with ACE2 plasmid for overexpression for 72 h and subjected to
real-time PCR (n = 4). (E-N) Eight-week-old male ob/ob mice were treated with intravenous
injection of AAV9-CAG-humanACE2-EGFP (ob/ob-ACEZ2) or corresponding control virus
(ob/ob-Con) and their wild type littermates with control virus (WT-Con), and all mice were
sacrificed at 12 weeks after 6 h fasting. Livers were subjected to immunoblotting of ACE2 (E, blot
shown on the left, quantification on the right; n = 4). The ratio of plasma Ang Il to Ang-(1-7) (F)
was shown (n = 5). Body weight gain at 4 weeks after virus injection was calculated as body
weight on sacrificed day against body weight on virus injection day (G), epididymal fat index (H),
food intake (I) and water intake (J) were shown (n = 6). Plasma triglyceride (TG) (K) and total
cholesterol (TC) (L) were shown (n = 5). (M) H&E staining in livers was shown. (N)
Quantifications of TC in liver were shown (n = 6). Error bars represent SEM, “p < 0.05, “p < 0.01
and "p < 0.001. Ang 11, angiotensin 11; Ang-(1-7), angiotensin (1-7).

Figure S3. Imatinib, Harpagoside and Methazolamide Are Identified as ACE2 Activators,
Related to Figure 3.

(A) Conformational shuffling of ACE2 structure between closed (PDB code: 1R4L) and open state
(PDB code: 1R42). (B) Knockdown efficiency of ACE2 siRNA in HUVECs was shown after

real-time PCR analysis (n = 4). (C) Cell viability with the highest concentration of 15 compounds



in HUVECSs was determined by lactate dehydrogenase (LDH) assay (n = 6). (D-1) HUVECs were
treated with diminazene aceturate (DIZE, 100 uM), imatinib (Ima), harpagoside (Har) or
methazolamide (Met) for 16 h and subjected to real-time PCR (n = 6). (J-M) HUVECs were
treated with combination of 50 ng/ml TNF-a, IFN-y, IL-4 and IL-6 for 32 h following imatinib,
harpagoside or methazolamide for 16 h and subjected to real-time PCR (n = 6). The significance of
Inflammatory factors versus Control was shown as #, Ima/Har/Met + Inflammatory factors versus
Inflammatory factors as *. (N-S) HUVECs were treated with 10 nM control siRNA (siCon) or
ACE2 siRNA (siACEZ2) for 8 h following imatinib, harpagoside or methazolamide for 16 h and
subjected to real-time PCR (n = 4). (T-W) HUVECSs were treated with imatinib, harpagoside or
methazolamide for 16 h, and subjected to real-time PCR of ACE2 (T) (n = 6), and immunoblotting
(U-W, blot shown on the left, quantification on the right; n = 4). L, low concentration; M, medium
concentration; H, high concentration; imatinib: 1 uM, 5 uM, 25 uM, respectively; harpagoside: 4
uM, 20 uM, 100 uM, respectively; methazolamide: 4 uM, 20 uM, 100 uM, respectively. Error bars
represent SEM, "p < 0.05, ™p < 0.01 and *"p < 0.001; #p < 0.05, #p < 0.01 and *#p < 0.001.

Figure S4. Imatinib, Harpagoside and Methazolamide Directly Bind to and Activate ACE2,
Related to Figure 4.

(A) Alignment of human and mouse ACEZ2 protein. Conserved amino acid residues for two
proteins were labeled with asterisk (*), as unconserved amino acid residues were highlighted in red.
(B) Murine AML12 cells were treated with 10 nM control siRNA (Con) and ACE2 siRNA
(SIACEZ2) for 24 h and subjected to real-time PCR (n = 6). (C-E) AML12 cells were treated with
imatinib, harpagoside or methazolamide for 16 h and subjected to real-time PCR (n =5). L, low
concentration; H, high concentration; imatinib: 1 uM, 25 uM, respectively; harpagoside: 4 pM,
100 pM, respectively; methazolamide: 4 pM, 100 puM, respectively. Error bars represent SEM, “p
< 0.05, ™p < 0.01 and *p < 0.001.

Figure S5. Imatinib and Methazolamide Ameliorate Metabolic Defects in Insulin-resistant
Mice via ACE2, Related to Figure 5.

(A-L) Twenty-eight-week-old male mice with 23 weeks high-fat-diet treatment (DI10O) and
controlled lean mice (Lean) were treated with vehicle, 250 mg/kg of imatinib (DIO + Ima) or 100

mg/kg of methazolamide (D1O + Met) through gavage once each day for 4 weeks. At 32 weeks,



all mice were fasted for 6 h and sacrificed. Body weight (A), epididymal fat index (B), food intake
(C) and water intake (D) were shown (n = 6). The significance of DIO versus Lean was shown as*,
DIO+Met versus DIO as #. *#p < 0.05, "#p < 0.01 and ““##p < 0.001. Plasma triglyceride (TG)
(E), total cholesterol (TC) (F), alanine aminotransferase (ALT) (G) and aminotransferase (AST)
(H) were shown. Livers were subjected to quantifications of TG (1) and TC (J) (n =6) and
immunoblotting of FoxO1 (K, blot shown on the left, quantification on the right; n = 6) and ACE2
(L, blot shown on the left, quantification on the right; n = 6). (M-O) For whole body knockdown of
ACE2 (ACE2 kd), twenty-six-week-old male mice with 21 weeks high-fat-diet treatment (DI1O)
were treated with intravenous injection of AAV9-CAG-mACE2shRNA-EGFP or control virus.
After two weeks recovery, all mice were given vehicle (D10 and DIO + ACE2 kd), 250 mg/kg of
imatinib (DIO + Ima and DIO + Ima + ACE2 kd) or 100 mg/kg of methazolamide (DI1O + Met
and DIO + Met + ACE2 kd) through gavage once each day for 4 weeks. At 32 weeks, all mice
were fasted for 6 h and sacrificed. Livers, kidneys and aortas were subjected to real-time PCR (M)
(n = 3). Glucose tolerance testing (GTT) was performed at 30 weeks (N), and insulin tolerance
testing (ITT) was performed at 31 weeks (O) (n = 6). The significance of Lean versus DIO was
shown as *, DIO versus DIO + Ima as #, DIO versus DIO + Met as $, and DIO + Ima versus DIO
+Ima + ACE2 kd as &. "%&p < 0.05, "##$3&&p < 0,01 and ™ ##$3%&&&y < 0.001. (P) Kidneys from
kidney conditional knockdown of ACE2 (ACE2 C-kd) with transparenchymal renal pelvis
injection of AAV9-CAG-mACE2shRNA-EGFP or control virus were subjected to real-time PCR
for knockdown efficiency analysis (n = 6). (Q, R) Twenty-eight-week-old male mice with 23
weeks high-fat-diet treatment were treated with vehicle (D10O), 250 mg/kg of imatinib (DI1O +
Ima) or 100 mg/kg of methazolamide (D1O + Met) through gavage once each day for 4 weeks. At
32 weeks, all mice were fasted for 6 h and sacrificed. Kidneys (Q) and aortas (R) were subjected to
real-time PCR (n = 4-6). Error bars represent SEM. “p < 0.05, “p < 0.01 and “p < 0.001.

Figure S6. ACE2 Enzymatic Activators Improve Metabolic Defects and Inhibit Virus Entry
upon SARS-CoV-2 Infection, Related to Figure 6.

(A) Twelve-week-old human ACE2 transgenic mice were treated with vehicle (Mock and CoV-2),
250 mg/kg imatinib (CoV-2 + Ima) or 100 mg/kg methazolamide (CoV-2 + Met) through gavage
once each day for 4 weeks after 6 weeks high-fat-diet treatment and were intranasally challenged

with 4x10* FFU SARS-CoV-2. After 7 days post infection, all mice were fasted for 6 h and



sacrificed. Lungs were subjected to immunohistochemistry stainings for viral nucleocapsid protein
(NP). (B-C) Vero E6 cells were pre-treated with 25 uM imatinib, 100 pM harpagoside or 100 uM
methazolamide for 6 h, followed by SARS-CoV-2 (MOI = 0.005) infection for 42 h, and focus
formation assay for the titer of active virus in the supernatant was performed (B). (C) Infected
Vero EG6 cells were further subjected to real-time PCR (n = 6). (D) HEK293T cells expressing
hACE2 were pre-treated with 25 uM imatinib, 100 uM harpagoside or 100 uM methazolamide for
6 h, followed by pseudovirions treatment for 66 h and were examined with lactate dehydrogenase
(LDH) assay (n = 5). (E) The binding free energy of spike to ACE2 protein with or without
imatinib or methazolamide was shown. (F, G) The structural conformations of spike and ACE2
protein before and after binding to imatinib (F, arrow) or methazolamide (G, arrow) were shown.
Spike and ACE2 protein were labeled in gray before binding to the compounds, whereas spike
protein in red, ACE2 in green (F) or blue (G) after binding. (H) meta-analysis of ACEi/ARB
application and risk of severity and mortality in COVID-19 patients with hypertension were shown.

*hk

Cl, confidence interval. Error bars represent SEM. “p < 0.01 and "p < 0.001.
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Supplementary Figure 2
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Supplementary Figure 3
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Supplementary Figure 6
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Spike protein-ACE2 Spike protein to ACE2 -264.784+28.139
system
Spike protein to ACE2 :
Spike protein-ACE2- (Imatinib) 249,744:30.329
Drug system Spike protein to ACE2 :
(Methazolamide) 235,103+29,533
H
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analysis  Totg events  Total patients  Total events  Total patients 2 P 95% Cl
Severity 452 1501 673 2022 48% 0.69 0.95[0.74, 1.22]

Mortality 2969 15483 2935 14089 70%  0.0003  0.74[0.63, 0.87]




Table S4. Oligos used in this study, Related to STAR Methods.

Oligo name Sequence (5°-3°) Purpose
Mouse G6pc Forward AGGTCGTGGCTGGAGTCTTGTC gPCR
Reverse GTAGCAGGTAGAATCCAAGCGC gPCR
Mouse Glut2 Forward GTTGGAAGAGGAAGTCAGGGCA gPCR
Reverse ATCACGGAGACCTTCTGCTCAG gPCR
Mouse Pgcla Forward TGCCTGCATGAGTGTGTGCT gPCR
Reverse GGCTGGTCCTCACCAACCAG gPCR
Mouse Ppara Forward GAGTGCAGCCTCAGCCAAG gPCR
Reverse TCCAGAGCTCTCCTCACCGA gPCR
Mouse Ppary Forward ACGCGGAAGAAGAGACCTGG gPCR
Reverse TGCGAGTGGTCTTCCATCACG gPCR
Mouse Tnfa Forward GGTGCCTATGTCTCAGCCTCTT gPCR
Reverse GCCATAGAACTGATGAGAGGGAG gPCR
Mouse II-15 Forward TGGACCTTCCAGGATGAGGACA gPCR
Reverse GTTCATCTCGGAGCCTGTAGTG gPCR
Mouse II-6 Forward TACCACTTCACAAGTCGGAGGC gPCR
Reverse CTGCAAGTGCATCATCGTTGTTC gPCR
Mouse Pckl Forward GGCGATGACATTGCCTGGATGA gPCR
Reverse TGTCTTCACTGAGGTGCCAGGA gPCR
Mouse Gygl Forward CCAGAGTTTCTGAACCTGTGGTG gPCR
Reverse CCAAAGGACAGGTCTGACAAGG gPCR
Mouse Sgltl Forward ATGCTACACACCGAGGGCTG gPCR
Reverse TTCTTGGCCGAGAGGCATCG gPCR
Mouse Dgat2 Forward CTGTGCTCTACTTCACCTGGCT gPCR
Reverse CTGGATGGGAAAGTAGTCTCGG gPCR
Mouse Fasn Forward CACAGTGCTCAAAGGACATGCC gPCR
Reverse CACCAGGTGTAGTGCCTTCCTC gPCR
Mouse Col3al Forward GACCAAAAGGTGATGCTGGACAG gPCR
Reverse CAAGACCTCGTGCTCCAGTTAG gPCR
Mouse Gptl Forward CCACTCAGTCTCTAAGGGCTAC gPCR
Reverse ACACAACCGCACGCTCATCAGT gPCR
Mouse Srebpl Forward CGACTACATCCGCTTCTTGCAG gPCR
Reverse CCTCCATAGACACATCTGTGCC gPCR
Mouse Vim Forward CGGAAAGTGGAATCCTTGCAGG gPCR
Reverse AGCAGTGAGGTCAGGCTTGGAA gPCR
Mouse Cd36 Forward GGACATTGAGATTCTTTTCCTCTG gPCR
Reverse GCAAAGGCATTGGCTGGAAGAAC gPCR
Mouse Mcpl Forward GCTACAAGAGGATCACCAGCAG gPCR
Reverse GTCTGGACCCATTCCTTCTTGG gPCR
Mouse Msrl Forward CGCACGTTCAATGACAGCATCC gPCR
Reverse GCAAACACAAGGAGGTAGAGAGC gPCR
Mouse Lox1 Forward GTCATCCTCTGCCTGGTGTTGT gPCR
Reverse TGCCTTCTGCTGGGCTAACATC gPCR
Mouse Mmp2 Forward CAAGGATGGACTCCTGGCACAT gPCR
Reverse TACTCGCCATCAGCGTTCCCAT gPCR
Mouse Srb1l Forward ACACCCGAATCCTCGCTGGAAT gPCR
Reverse CCGTTGGCAAACAGAGTATCGG gPCR
Mouse Ace2 Forward CACTCTGGGAATGAGGACACGG gPCR
Reverse TTTCCCCGTGCGCCAAGAT gPCR
Mouse Gapdh Forward CATCACTGCCACCCAGAAGACTG gPCR
Reverse ATGCCAGTGAGCTTCCCGTTCAG gPCR
Human G6PC Forward AGGTCGTGGCTGGAGTCTTGTC gPCR
Reverse GTAGCAGGTAGAATCCAAGCGC gPCR
Human GLUT2 Forward TGCCACACTCACACAAGACCTG gPCR
Reverse TGGAAGGAACCCAGCACAGC gPCR
Human PGCla Forward ATTGGAGCCCCATGGATGAAGG gPCR
Reverse ATTCGCCAGCGGCTGTTACT gPCR
Human PPARa Forward AGCTGTCACCACAGTAGCTTG gPCR
Reverse ATGACCGAGCCATCTGAGCC gPCR
Human PPARy Forward AGCCTGCATTTCTGCATTCTGC gPCR
Reverse CCACGGAGCTGATCCCAAAGT gPCR
Human TNFa Forward GAGGCGCTCCCCAAGAAGAC gPCR
Reverse CAGGCTTGTCACTCGGGGTT gPCR
Human IL-18 Forward TCGAGGCACAAGGCACAACA gPCR
Reverse TCACTGGCGAGCTCAGGTACT gPCR
Human IL-6 Forward GCAAGGGTCTGGTTTCAGCCT gPCR
Reverse TCGCTCCCTCTCCCTGTAAGT gPCR
Human IL-10 Forward TGCAAAACCAAACCACAAGACAG gPCR
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