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ARTICLE INFO ABSTRACT

Keywords: To date, drugs to attenuate cytokine storm in severe cases of Corona Virus Disease 2019 (COVID-19) are not
Canagliflozin available. In this study, we investigated the effects of intragastric and atomized administration of canagliflozin
COVH_)'lg (CAN) on cytokine storm in lung tissues of lipopolysaccharides (LPS)-induced mice. Results showed that intra-
fggi:z;;t;m gastric administration of CAN significantly and widely inhibited the production of inflammatory cytokines in

lung tissues of LPS-induced sepsis mice. Simultaneously, intragastric administration of CAN significantly
improved inflammatory pathological changes of lung tissues. Atomized administration of CAN also exhibited
similar effects in LPS-induced sepsis mice. Furthermore, CAN significantly inhibited hypoxia inducible factor 1«
(HIF-1a) and phosphofructokinase-2/fructose-2,6-bisphosphatase 3 (PFKFB3) protein levels in LPS-treated lung
tissues. These results indicated that CAN might attenuate cytokine storm and reduce the inflammatory symptoms
in critical cases in COVID-19. Its action mechanism might involve the regulation of HIF-1a and glycolysis in vivo.
However, further studies about clinical application and mechanism analysis should be validated in the future.

1. Introduction

COVID-19 patients with pneumonia caused by new coronavirus
known as SARS-Cov-2 by WHO was first found in Wuhan, China, which
leads to a pandemic primarily because of rapid human-to-human
transmission by respiratory tract infections and high mortality after
lung infection [1,2]. The initial mortality rate of COVID-19 declared by
WHO was 2% [3]. In particular, COVID-19 has higher severity and has
higher mortality in elderly patients when they have comorbidities with
diabetes and cardiovascular diseases [3-7].

COVID-19 pathogenesis could occur in three sequential phases:

pulmonary, proinflammatory, and prothrombic[8]. Severe inflamma-
tory lung injury is an important cause for critical cases of COVID-19 [9].
COVID-19 in critically ill patients accompanies an unprecedented spike
in cytokines levels known as cytokine release syndrome and results in
inflammation, infiltration of macrophages, neutrophils and lung injury
in patients [10]. COVID-19 patients with basic diseases such as diabetes
and cardiovascular diseases are easily subjected to this lung injury [10].
Anti-inflammatory strategies have emerged to serve as an important
method to combat the cytokine storm and improve clinical outcomes in
severe COVID-19 patients. However, ideal drugs are still not available to
date.

Abbreviations: CAN, Canagliflozin; CMC, sodium carboxymethylcellulose; COVID-19, Corona Virus Disease 2019; DXM, dexamethasone; GM-CSF, granulocyte-
macrophage colony stimulating factor; HIF-1a, hypoxia inducible factor 1a; IFN-y, interferon y; interleukin, IL; KC, keratinocyte-derived chemokine; LIX, LPS-induced
CXC Chemokine; LPS, lipopolysaccharides; MIP-2, Macrophage inflammatory protein 2-o; MCP-1, monocyte chemotactic protein 1; PFKFB3, phosphofructokinase-2/
fructose-2,6-bisphosphatase 3; SGLT2, sodium glucose transporter 2; TNF-a, tumor necrosis factor a.
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Canagliflozin (CAN) is a low-molecular-weight hypoglycemic com-
pound. It can inhibit the reabsorption of glucose by inhibiting sodium
glucose cotransporter 2 (SGLT2) in renal proximal convoluted tubules;
thus, glucose can be excreted in urine, and blood glucose can be reduced
[11]. New studies have found that CAN has been clinically found to
significantly reduce the incidence of diabetic cardiovascular events such
as heart failure [12]. Considerable studies have found that CAN has new
SGLT2-independent activities [13,14]. In our previous study, we found
that CAN significantly inhibited the production of inflammatory inter-
leukin 6 (IL-6), interleukin 1 (IL-1), and tumor necrosis factor o (TNF-or)
and the pathological changes of lung inflammation induced by LPS in
mice [15]. However, we did not systematically evaluate the effects of
CAN on inflammatory cytokine storm.

Considering that unavailability of specific drugs to combat cytokine
storm in COVID-19 patients, in this study, we would systematically
investigate whether intragastric and atomized administration of CAN
inhibited inflammatory cytokine storm in lung tissues of LPS-induced
mouse model, which was frequently found in COVID-19 patients.

2. Materials and methods
2.1. Animal protocol

Four-week-old NIH male mice were purchased from Guangdong
Medical Laboratory Animal Center and housed under controlled condi-
tions (constant temperature: 22 °C £ 2 °C; constant humidity: 60%5%;
12 h dark/light cycle). The study was performed in strict accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and the protocol was approved by the Bioethics
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Committee of Shenzhen International Graduate School, Tsinghua Uni-
versity, China. For mice with intragastric administration of drugs, the
mice were divided into the following groups: normal control group,
untreated LPS control group (10 mg/kg, Sigma-Aldrich, USA), CAN
group (5-20 mg/kg, BioChemPartner, Shanghai, China), and dexa-
methasone group (DXM, 2 mg/kg, Sangon Biotech, Shanghai, China).
The drugs dissolved in 0.5% sodium carboxymethylcellulose (CMC,
Sangon Biotech, Shanghai, China) aqueous solution were intragastri-
cally administrated, and the normal and model controls were given the
same amount of 0.5% CMC aqueous solution.

The other administration was performed by a simple atomized drug
delivery device. The mice were divided into two groups. We dissolved 4
mg/mL of CAN in 50% (v/v) ethanol. The mice were placed in a sealed
1.5 L container and CAN was sprayed for 20 min at a dose of 0.4 mL/
mouse. Normal control mice were given 50% ethanol at identical
volume.

All mice were treated with drugs or vehicles for 3 days. After treat-
ment, the mice were intraperitoneally injected with LPS at a dosage of
10 mg/kg for systematic inflammatory stimulation. After 4 h of LPS
induction, anesthesia was induced with isoflurane and blood was
collected. Immediately, the mice were sacrificed by cervical dislocation.
The lung tissues were removed and weighed. Part of lung tissue aliquots
were stored at —80 °C for further biochemical analysis after instanta-
neous freezing by liquid nitrogen. The remaining lung tissue aliquots
were soaked in formalin solution and sliced for hematoxylin — eosin (H
& E) staining, immunohistochemistry staining against CD11b antibody
(Servicebio, Wuhan, China) and pathological analysis.
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Fig. 1. Effects of intragastric and atomized administration of CAN on pulmonary edema and capillary permeability. A) Lung weight index (for intragastric
administration, n = 10-12); B) Evans blue levels in lung tissues (for intragastric administration, n = 12). C) lung weight index (for atomized administration, n = 12);
D) Evans blue levels in lung tissues (for atomized administration, n = 12). Nor, normal control group; LPS, untreated LPS control group; CAN, CAN-treated LPS group;
DXM, dexamethasone-treated LPS group. Data were expressed as mean + SD, ##P < 0.01, ###P < 0.001 vs Nor; **P < 0.01, ***P < 0.001 vs LPS.
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Fig. 2. Representative pathological slices in mouse lung tissues after H&E staining (magnify by 200-fold). A) Normal control group (for intragastric administration);
B) untreated LPS control group (for intragastric administration); C) CAN-treated group (for intragastric administration); D) DXM-treated group (for intragastric
administration); E) untreated LPS control group (for atomized administration); F) CAN-treated group (for atomized administration).

2.2. Evans blue staining

After 3 days of intragastric administration of drugs, LPS (10 mg/kg)
was injected intraperitoneally in mice. After 4 h of LPS stimulation,
Evans blue (1%, g/mL, Sigma Aldrich, USA) was intravenously injected
at a dose of 1 mL/10 g body weight). After 10 min of Evans blue in-
jection, lung tissue perfusion was conducted with PBS and whole lung
tissues were weighed and immersed in 2 mL of formamide solution.
After 24 h, the Evans blue absorbance values were detected at 620 nm.
The Evans blue absorbance value and lung weight ratio were compared
among different groups.

2.3. Multiplex cytokine assay

Multiplex cytokine assay (EMD Millipore’s MILLIPLEX® MAP Mouse
High Sensitivity T Cell Magnetic Bead Panel, Millipore Corp., Billerica,
MA) was used for the simultaneous quantification of any of the following
18 mouse cytokines: granulocyte- macrophage colony stimulating factor
(GM-CSF), interferon y (IFN-y), interleukin 1a (IL-1a), interleukin 1 (IL-
1pB), interleukin 2 (IL-2), interleukin 4 (IL-4), interleukin 5 (IL-5),

interleukin 6 (IL-6), interleukin 7 (IL-7), interleukin 10 (IL-10), inter-
leukin 12 (IL-12 (p70)), interleukin 13 (IL-13), interleukin 17A (IL-17A),
keratinocyte-derived chemokine (KC), LPS-induced CXC Chemokine
(LIX), monocyte chemotactic protein 1 (MCP-1), macrophage inflam-
matory protein 2-o (MIP-2) and TNF-a in mouse serum and lung tissue
supernatant samples according to the kit-specific protocols. More details
can be found in previous studies [16,17].

2.4. Western blotting analysis

Lung tissues (approximately 100 mg) from mice were homogenized
in 1 mL of ice-cold tissue lysis buffer (Beyotime Biotechnology,
Shanghai, China). The protein concentration was determined by the
Bradford protein assay kit (Beyotime Biotechnology, Shanghai, China).
Protein samples were run by 10% sodium dodecyl sulfa-
te-polyacrylamide gel electrophoresis (Epizyme Biotech, China), and
the separated proteins in the gel were transferred to nitrocellulose
transfer membranes (Bio Trace, New Zealand) through further electro-
phoresis. The membranes were blocked with freshly prepared 5% (g/
mL) non-fat dry milk (Anchor, New Zealand) dissolved in Tris buffered
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Fig. 3. Representative pathological slices in mouse lung tissues after immunohistochemistry analysis by staining with CD11b antibody (magnify by 200-fold). A)
Normal control group (for intragastric administration); B) untreated LPS control group (for intragastric administration); C) CAN-treated group (for intragastric

administration); D) DXM-treated group (for intragastric administration).

saline with 0.1% Tween 20 (TBST) for 2 h and incubated overnight at
4 °C with primary antibodies dissolved in 3% bovine serum albumin
(BIOFROXX, Germany). After rinsing three times with TBST, the mem-
brane was incubated with respective second antibody for 2 h at room
temperature and washed with TBST again. Protein bands were visual-
ized by enhanced chemiluminescence solution (ThermoFisher Scientific,
United States). Finally, relative grey density values of protein bands
were quantified using ImageJ 1.45 software. The specific primary an-
tibodies used were anti-HIF-1a (Abbkine, United States, ABP51513,
1:1000), anti-PFKFB3 (ABCAM, United Kingdom, ab181861,1:2000)
and anti-p-actin (Sigma-Aldrich, United States, 1:50000 dilution). The
respective second antibody was goat polyclonal antibody to rabbit IgG
H&L HRP (Cell Signal Technology, United States, 1:5000) or goat
polyclonal antibody to mouse IgG H&L HRP (Cell Signal Technology,
United States, 1:5000).

2.5. Statistical analysis

All data were presented as mean + SD. Unpaired t-test (two tailed)
was used when comparing two groups whereas one-way ANOVA with
Tukey’s post hoc test was used for multiple comparisons by using
GraphPad Prism v8 software. P < 0.05 indicated a statistically signifi-
cant difference.

3. Results
3.1. Pulmonary inflammatory edema and permeability

LPS can activate systematic inflammation and pulmonary edema. In
this study, after 4 h of LPS injection (10 mg/mL), lung weight was
significantly increased by 14.2% in LPS-induced mice compared with
that in normal controls (Fig. 1A). However, CAN significantly inhibited
the increase by —10.1% in lung tissues, whereas DXM inhibited the

increase by —18.0%. The effects of CAN were comparable to that of
DXM.

Systematic inflammation may increase lung capillary permeability.
Evans blue was used to evaluate this permeability after intravenous
injection. We found that LPS significantly increased the Evans blue level
by 95.6% in lung tissues compared with the normal control (Fig. 1B).
However, after intragastric administration, CAN significantly inhibited
the increase of Evans blue concentration by —32.4% in lung tissues
compared with the untreated LPS control, whereas DXM inhibited the
increase by —38.5%. The effects of CAN were comparable to that of
DXM.

Similarly, after atomized administration, CAN also significantly
inhibited the lung weight index by —31.5% (Fig. 1C) and Evans blue
concentration by —31.6% in lung tissues (Fig. 1D). Collectively, these
results indicate that CAN could attenuate inflammatory lung injury.

3.2. Pathological changes in lung tissues

We assayed the pathological changes in lung tissues. The results
showed that LPS significantly increased pathological changes (inflam-
matory cell or blood cell infiltration, alveolar septum thickening) but
intragastric administration of CAN significantly inhibited the patho-
logical changes (Fig. 2A—D). The effects of CAN were comparable to
those of DXM. After atomized administration, CAN also significantly
inhibited pathological changes (Fig. 2E—F). These results indicated that
CAN may reduce inflammatory injury induced by LPS in lung tissues.

Furthermore, we stained the pathological slices with CD11b anti-
body, a specific antibody for recognizing surface markers of macro-
phages. LPS significantly increased infiltration of macrophages in lung
tissues of mice (Fig. 3A-B). However, the increase was significantly
attenuated by CAN or DXM (Fig. 3C-D).
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vs LPS.

3.3. Multiplex cytokine assay

Considering that cytokine storm played an important role in the
pathological changes after LPS stimulation, we systematically evaluated
the effects of CAN on 18 inflammatory factor levels in lung tissues of
LPS-induced mice detected through multiplex cytokine assay. In this
study, LPS-treated mice had significantly increased levels of inflamma-
tory factors in the lung tissues compared with those in normal controls
(Fig. 4): GM-CSF (2364.0%), IFN-y (1228.5%), IL-1a (845.2%), IL-1p
(1294.0%), IL-5 (224.2%), IL-6 (18906.3%), IL-10 (71.9%), IL-12
(182.0%), IL-13 (40.6%), IL-17a (13296.1%), KC (5227.4%), LIX
(478.9%), MCP-1 (12939.8%), MIP-2 (73497.4%) and TNF-a
(1734.3%). However, intragastric administration of CAN significantly
inhibited the protein levels of inflammatory cytokines induced by LPS in
lung tissues, such as GM-CSF (—68.1%), IFN-y (—51.1%), IL-la
(=52.3%), IL-1p (—41.8%), IL-4 (—46.8%), IL-5 (—33.1%), IL-6
(=73.5%), IL-7 (—19.9%), IL-12 (—30.7%), IL-17a (—87.2%), MCP-1
(—74.6%), MIP-2 (—73.3%) and TNF-a (—50.5%). Intragastric admin-
istration of DXM significantly reduced the protein levels of GM-CSF
(—73.4%), IFN-y (—95.4%), IL-la (—69.8%), IL-1p (—75.6%), IL-4
(=73.7%), IL-5 (-55.3%), IL-6 (—84.4%), IL-7 (-21.5%), IL-10
(—46.1%), IL-12 (—49.1%), IL-17a (—98.5%), LIX (—36.6%), MCP-1
(—69.2%), MIP-2 ((—80.4%) and TNF-a (—67.8%) induced by LPS in
lung tissues. Most of the effects of CAN were comparable to those of

DXM. Collectively, these results indicated that CAN significantly
inhibited inflammatory cytokine storm.

After atomized therapy, CAN significantly inhibited the levels of IFN-
v (=92.6%), IL-4 (—79.0%), IL-6 (—70.1%), IL-12 (—58.7%), MCP-1
(—40.4%), MIP-2 (—26.8%) and TNF-a (—57.1%) in lung tissues of
mice compared with the LPS control (Fig. 5A1—R1). In addition, CAN
significantly inhibited the levels of IFN-y (—62.0%), IL-1p (—88.3%), IL-
4 (—50.8%), IL-7 (—50.3%), IL-12 (—70.4%), IL-17a (—85.0%), LIX
(—62.7%), MIP-2 (—80.7%) and TNF-a (—74.2%) in the serum
(Fig. 5A2—R2). These results indicated that CAN might be used to
attenuate inflammatory cytokine storm, inhibit inflammatory cytokine
release, and reduce inflammatory lung injury through local airway
application. However, more studies should be validated.

3.4. HIF-1a and PFKFB3 protein expressions in lung tissues

Glycolysis plays an important role in regulating immune cell acti-
vation and inflammatory cytokine release [18]. HIF-1a is a key factor to
control glycolysis and inflammatory cytokine storm [19]. In this study,
we determined the protein levels of HIF-1a and its downstream protein
PFKFB3 through Western blotting. We found that LPS significantly
increased HIF-1la and PFKFB3 protein levels by 203.4% and 133.4%,
respectively (Fig. 6). However, CAN significantly attenuated the in-
crease of HIF-1a and PFKFB3 protein levels by —53.4% and —36.6%,



Y. Niu et al. International Immunopharmacology 96 (2021) 107773
Al B1 c1 D2 E1l F1 G1 H1 11
GM-CSF IFNF IL-1a IL-1b L2 IL-4 IL-5 IL-6 IL-7
90 1 254 140 - 70 - 3 4 14 16 - 2500 - 2 -
» o0 @ o _ = = ™ =
£ 80 4 3 £ o 0.9 A E 8
> S £ 120 | = 60 1 £ 5,5 ] £ £ 14 4 = £18
70 & 20 1 & [y @ 208 1 g_"lz & 2000 - 1.6 o
g P % 100 2 50 b %07 A Pl P 7 14 -
2 60 A E 3 2 g 24 g 07 g 1 4 2 1500 g
2 815 1 2 £ 10 2 2 0.6 A 2 2 1 2 12 A
:‘050 . = = 80 A E b 2 = B = 2 4
5 g ¥ @ w 15 - @ 0.5 - 0.8 ) %
340 3 3 60 3 30 A 5 3 04 4 3 = 1000 - 508 4
£ c 10 < < 2 = 04 = 0.6 - - 2
237 x 2 40 £ = © 03 4 204 2 F-bol
] o ° 1 B K] ° < 0.4 A < 4
3 20 g s 3 : g $ 02 - . S g 5% 1 g 04
= 2 2 - 2 05 4 2 2 4 Iy 20.2 4
& 10 5 x5 201 210 A 205 = o 02 ° g
S £ D o = = = = oA = 0-
al - 4 = i = d 0 - - -
g0 0 0 o0 4 0 1PS CAN LPS CAN LPS CAN
LPS CAN LPS CAN LPS CAN LPS CAN LPS CAN LPS CAN
TNFa
1 10 K1 112 L1 13 M1 ia7a N1 e 01 wx P1 mcpa Q1 mp2 Rl
35
_ - - 12000 - =
56 525 508 12 21550 1 <250 5000 = ]
£ E Eo7 E . & E E 4500 ~ an 10000 - 3 1
ES' & 2 A & - §1500< 25200 4 29 4000 & < s
b 3 %% g g | b 2 2 3500 ¢ so00 {l = &
341 215 | 205 H $ 1450 1 2 150 - 2 3000 - z £ 20
2 2 2 2 2 2 k] 2 =
<3 = 0.4 - = 6 1 = 1400 4 ®» 2500 % 6000 1 5 15 |
5 5 ;1 503_ 5 S 3 100 A 3 2000 A E =
£2 1 £ £ £ 4 = 1350 - £ £ 1500 1 £ 4000 ~ 210 |
X' 2 202 4 3 K] ] ] K] H
[ [ Q 4 4 [
s, S 05 - s s, 2 1300 | 3 50 § 1000 2 2000 s |
2 2 = 0.1 4 < 2 x = 500 4 ~ =
S S jut ~ M = a a 0 . E
20 = 0 = 0- 5 0~ 1250 - 0- 5 0- s w = 0-
LPS CAN LPS CAN LPS CAN — LPS CAN LPS CAN LPS CAN LPS CAN = 3 LPS CAN
B2 2 D2 E2 F2 G2 H2 12
AZGM-CSF IFNr IL-1a IL-1b 2 -4 IL-5 IL-6 IL-7
120 - 12000 - 160 350 - 45 - 0.9 - 40 - 16000 - 6 -
t = = = i o= ) = = § =
100 4 E 10000 Emo E 300 1 z 4 Z 08 351 E 14000 £s
= g ngO EZSO- §3.5 g E,OJ g %30 4 ngOOO- 2
g 80 g 8000 1 2 100 2 < 34 = 06 2 55 | 2 10000 241
_: 2 2 2 200 A §, 2.5 § 0.5 4 E 3 L
£ 60 41 a 6000 A a 80 a 2" 2 2 20 4 58000- 23 .
= s £ o £ 150 - s 27 £ 04 1 £ 15 | S 6000 4 £ )
> 40 @ 4000 4 ® ° 215 4 203 A ° ° RN
z 3 2 2100 - 2 $ 2104 2 4000 - 3
5 < w 30 = 2 14 202 1 = ° ~1 4
Z 201 £ 2000 A ¥ 2 7 50 » Yos T o1 2 s 4 = 2000 A D)
o J 0 4 0 4
0
i i ] o 0 -
0 0 0 0 LPS CAN LPS CAN PS CAN
LPS CAN LPS CAN LPS CAN LPS CAN LPS CAN LPS CAN
12 K2 L2 M2 N2 02 wux P2 mcp-1 Q2 mip-2 R2 TN
IL-10 IL-12 IL-13 IL-17A ke 200 -
1400 - 120 - 25 - 500 - 10000 - 2500 1 30000 1 50000 1 _
= = - = — = B F 45000 - E ]
T | = = £ 450 = [3 ] 3 £ 250
E1200 %100- g , Edoo- E 9500 1 gzooo- Elsooo Edoooo- @
S ] 2 2 2 2 - - J e ]
g 1000 ® 4 r = 350 ~ 9000 A p 2 20000 g35000 EZW
E 80 £ g 1500 A 2 2 30000 A ]
2 800 - & £ 15 - Z 300 £ £ 3 2 8
2 2 6o 4 2 2 250 | 2 8500 2 2 15000 S 25000 2150 1
£ 600 A c = & c | = £ ] =
2 2 2 17 £ 2% 1 % 8000 | 2 1% % 10000 | 32 100 -
$ 400 - g 40 1 s 2 150 4 E 2 3 2 15000 A 3
= 2 2 - 2 2 J - ~ 4 o
2. 200 4 N 90 m 0.5 1 Eloo- fe) 7500 A x 500 S 5000 &-10000 S 50 1
= o o I 50 S S 5000 1 -
04 0 4 0 4 ~ o 7000 - 04 0 4 0 4 0 4
LPS CAN LPS CAN LPS CAN LPS CAN LPS CAN LPS CAN LPS CAN LPS CAN LPS CAN

Fig. 5. Effects of CAN on 18 inflammatory factors in lung tissues (A1-R1) and plasma (A2-R2) after atomized administration. LPS, untreated LPS control group; CAN,
CAN-treated LPS group. Data were expressed as mean + SD (n = 3), *P < 0.05, **P < 0.01 vs LPS.

respectively. DXM also significantly attenuated the increase of HIF-1a
and PFKFB3 protein levels by —44.1% and —37.3%, respectively.

4. Discussion

In COVID-19 patients, bilateral alveoli showed diffuse changes with

fibrous mucoid exudates and both lungs showed interstitial lung in-
flammatory infiltrates with mononuclear cells and lymphocyte [20].
Intensive care unit (ICU) cases showed a significant increase of IL-6, IL-
2, IL-7, IL-10, GSCF, IP-10, MCP1, MIP-1A and TNF-« levels compared
with non-ICU controls [21], which be known as “cytokines storm”.
Cytokine storm indicates that the production of inflammatory

cytokines such as IL-1, IL-6, and TNF-« is not controlled by immune cells
[22]. Such sytokines can cause injury to all cells, causing extensive
injury to the body; thus, patients will have multiple organ failure and
severe diseases. COVID-19 patients may show a cytokine storm and in-
flammatory injuries in multiple organs, for example, the lungs, hearts,
livers, and kidneys. Cytokine storm plays an important role in the
switching of disease from slight to severe [23]. Early inhibition of the
production of inflammatory cytokines is an important strategy for the
prevention and treatment of severe diseases. Clinical immunologists try
to use glucocorticoids, IL-6 inhibitors, IL-1 inhibitors, TNF inhibitors,
JAK inhibitors, chloroquine and hydroxychloroquine to suppress
inflammation caused by SARS-COV-2 [24].
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Fig. 6. HIF-1a and PFKFB3 protein levels in lung tissues assayed by Western blotting (A-C). Nor, normal control group; LPS, untreated LPS control group; CAN, CAN-
treated LPS group; DXM, dexamethasone-treated LPS group. Data were expressed as mean + SD (n = 6), #P < 0.05, ##P < 0.01 vs Nor; *P < 0.05, **P < 0.01 vs LPS.

However, at present, cytokine storm has no ideal drug [22]. Gluco-
corticoid has a significant anti-inflammatory effect, which can save the
lives of many patients with COVID-19 [25]. It also plays an important
role during SARS in 2003, but the related side effects are also worthy of
attention [26]. The application of glucocorticoid may delay the clear-
ance of SARS-COV-2, and lead to asymptomatic infection and secondary
spread of the disease [27]. Furthermore, glucocorticoid can increase
blood glucose, blood pressure, and osteoporosis. It is not suitable for
some elderly patients with basic diseases such as diabetes, hypertension
and osteoporosis. It may easily induce drug-induced diseases and death.
A non-hormonal anti-inflammatory drug is required for the treatment of
COVID-19 patients.

Recent studies have found that IL-6 is the key inflammatory factor in
COVID-19 patients with inflammatory storm [28]. Therefore, blocking
the IL-6 pathway is an important treatment strategy to inhibit cytokine
storm [29]. Torzumab, produced by Roche, Switzerland, is an antibody
against IL6 receptor, which can inhibit the inflammatory signal pathway
caused by IL-6 [30]. In addition, inflammatory cytokine storm involves
the release of many inflammatory factors, such as IL-1, TNF-a, and CCL-
2. These factors can directly cause inflammation independent of IL6
pathway. Therefore, in theory, controlling inflammation by blocking a
certain inflammatory cytokine pathway is difficult. Our research idea
should anchor the master switch or more upstream link of the produc-
tion control of all inflammatory factors, which may be the key to the
control of systemic inflammatory storm.

Glycolysis plays a key role in the control of the production of in-
flammatory factors in immune cells [18]. 2-DG, a small molecule
inhibiting glycolysis, significantly inhibited the production of inflam-
matory factors [15,31]. In our previous study, CAN may inhibit the
production of inflammatory factors by inhibiting the aerobic glycolysis
metabolism of immune cells using PFKFB3 [15,32]. Here, we system-
atically evaluate the effects of intragastric or atomized administration of
CAN on multiple inflammatory factors and found that a significant and
wide inhibition effect was found on these inflammatory factors, for
example, GM-CSF, IFN-y, IL-1a, IL-1p, IL-4, IL-6, IL-7, IL-12, IL-17a, LIX,
MCP-1, MIP-2 and TNF-a in lung tissues or serum. However, whether
such potential mechanisms in vivo were related to the regulation of
glycolysis remained unclear.

HIF-1a is a key factor involved in the regulation of glycolysis [33].
PFKFB3 is a key factor involved in glycolysis and is a downstream factor
regulated by HIF-1a [34]. HIF-1a promotes glycolysis and activation of
macrophages [19]. In addition, HIF-1a directly mediates the production
of inflammatory factors such as IL-1p [35]. HIF-1a deficiency attenuates
inflammatory damage [36]. In COVID-19, the virus causes the inflam-
matory sites to produce a hypoxic microenvironment and induce HIF-1a
production, which may activate cytokine storm [37]. HIF-1a is used as a
potential therapeutic target for acute lung injury [38]. HIF-1a/glycolysis
involve SARS-CoV-2 infection and monocyte response [39]. Therefore,
HIF-1a is a potential target for the inflammatory control for COVID-19.
In this study, we found that CAN significantly attenuated the increased

levels of HIF-1a and its downstream PFKFB3 proteins induced by LPS.
DXM also significantly inhibited the HIF-1a level as described previously
[40]. These results indicated that CAN might attenuate the inflamma-
tory cytokine storm by inhibiting the HIF-1a levels in vivo and then
downregulating glycolysis in lung tissues. However, the mechanism of
CAN in inhibiting HIF-1a levels should be further investigated in the
future.

In this study, CAN significantly improved acute lung injures induced
by LPS (increased lung edema and lung capillary penetration) in mice.
The pathological slice results also indicated this improvement. Immu-
nohistochemistry analysis further indicated that CAN attenuated
macrophage (identified by CD11b antibody) infiltration in lung tissues
induced by LPS, which may be associated with the decreased chemo-
tactic cytokines, for example, MCP-1 and MIP-2 in lung tissues of mice.
In blood samples, CAN significantly reduced the inflammatory factors,
which suggested that CAN had a systematic inhibition on immune cell
activation in vivo after acute treatment. In this study, although we used
CAN or DXM only for 3 days, more COVID-19 patients may require
longer administration of these anti-inflammatory drugs and a safety
concern could be considered. In our preliminary experiment, chronic
administration (about 3 months) of CAN (25 mg/kg) did not affect the
spleen weight in mice compared with untreated controls, whereas 1-
month administration of dexamethasone (2 mg/kg) significantly low-
ered the spleen weight in mice (supplemental Fig. 1) compared with
untreated controls. These results indicated that CAN might not signifi-
cantly affect immune organ development similar to glucocorticoids if
patients required a long-term administration. However, more studies
should be validated in the future. Collectively, CAN could serve as a
good inhibitor of inflammatory cytokine storm in a non-cortisone
manner.

This study provided a valuable reference for the treatment of severe
cases of COVID-19 and inflammatory cytokine storm. At present, the
drug has been on the market for the treatment of diabetes, which has a
cardiovascular protective effect, with relatively few side effects. COVID-
19 patients with cytokine storm and basic diseases (diabetes, hyper-
tension and cardiovascular diseases) might benefit more from CAN
treatment than other drugs. However, given the lack of ideal animal
models for COVID-19, here, we induced cytokine storm in animal lungs
only by LPS stimulation to simulate the clinical “cytokine storm” of
COVID-19. Clinical trials should be conducted in COVID-19 patients
with or without diabetes, hypertension and cardiovascular disease
because CAN has direct anti-inflammatory effects in vivo.

We found that intragastric administration of CAN attenuated lung
tissue injury and inflammatory cytokine storm in LPS-induced mice.
Atomized administration also significantly inhibited the production of
inflammatory cytokines. These results indicated that CAN had a wide,
non-cortisone anti-inflammatory effect, which might inhibit inflamma-
tory cytokine storm and serve as a candidate drug to treat COVID-19
patients. The action mechanism of CAN might be associated with the
inhibition of HIF-la/glycolysis in lung tissues. Considering that this
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drug could treat some basic diseases, for example, diabetes, hyperten-
sion and cardiovascular diseases, CAN might be used for COVID-19
patients with basic diseases; however, further validation should be
conducted in the future.
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