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digestion dysfunction through regulation of cathepsin
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Abstract

In hyperglycemia-induced complications, macrophages play important roles in dis-
ease progression, and altered digestion is a key feature that dictates macrophage
function. Recent evidence indicates that kakonein (Ka) possesses anti-inflammatory
activities for hyperglycemia-induced complication. In this study, we established a
mouse model of NIrp3*/* and NIrp3~~ hyperglycemia and administering Ka, primary
culture macrophages were tested by engulfing and digesting microbes. The role
of macrophages in the cathepsin B-NLRP3 pathway involved in the mechanism of
Ka in restoring macrophage digestion function was investigated using biochemical
analyses, molecular biotechnology, and microbiology. Ka restored the function of
macrophage digestion, which were same characterized by NIrp3~/~ mice. Meanwhile,
kakonein could decrease NLRP3 inflammasome products expression and NLRP3/ASC

or NLRP3/Caspl colocalization in macrophage. Interestingly, Ka suppressed

Abbreviations: E.coli, Escherichia coli; NLRP3, NOD-like receptor protein 3; ASC, Apoptosis-associated speck-like protein; CASP1, Caspase-1; Ka, Kakonein; ATP, Adenosine triphosphate; LMP,
Lysosomal membrane permeabilization; PBS, Phosphate-buffed saline; MOI, Multiplicity of infection; LAMP-1, Lysosomal associated membrane protein 1; BCA, Bicinchoninic acid; PCR,
Polymerase chain reaction; CFU, Colony forming unit; HG, High glucose; RILP, Rab interacting lysosomal protein; EEA1, Early endosome antigen 1; NLRP1, NOD-like receptor protein 1; TLR4,
Toll-like receptor 4; TNF-R1, Tumour necrosis factor receptor 1; IL-1R1, Interleukin-1 type 1 receptor; PAMP, Pathogen associated molecule patterns; DAMP, Damage associated molecule

patterns.
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1 | INTRODUCTION

Hyperglycemia is a chronic metabolic disorder with high incidence
rate in the world, and its complications seriously affect the health
of patients.! Accumulating lines of evidence indicate that hyper-
glycemia leads to macrophage inflammation and impairs the digestive
function of macrophages.2® The digestive function of macrophages
is important in maintaining homeostasis,* and digestive dysfunction
could cause various cardiovascular complications.” Therefore, sup-
pressing inflammatory-mediated macrophage digestive dysfunction
could be a new approach in preventing hyperglycemia-associated
complications.

Natural products from traditional Chinese medicine exert cer-
tain effect on preventing hyperglycemia complications. As the major
component of Pueraria lobata (Willd.) Ohwi, Kakonein (Ka; 8-(3-d-
glucopyranosyl)—4’,7-dihydroxyisoflavone) has the effect of treating
hyperglycemia-related diseases.® Previous study reported that Ka has
shown significant anti-inflammatory effect, especially for the inhi-
bition of NLRP3 inflammasome.” NLRP3 inflammasome, an impor-
tant inflammatory factor, plays an important role in macrophage
digestion function.® NLRP3 inflammasome belongs to the NOD-
like receptor family and combines with adaptor protein.” Empiri-
cal research indicates that NLRP3 inflammasome assembly and acti-
vation can be stimulated by different kind of dangerous factor
from hyperglycemia, such as high glucose (HG), Ca2+, and ATP.10-12
Lysosomal membrane permeabilization (LMP) releases cathepsin B,
which is crucial for NLRP3 inflammasome activation.'® Scholars
should explore the mechanism underlying NLRP3 inflammasome-
mediated macrophage dysfunction of Ka in the pathogenesis of
hyperglycemia.

In this study, we demonstrated a novel role of Ka in hyperglycemia-
induced macrophage digestive dysfunction for the first time.
Ka attenuated macrophage digestion dysfunction by inhibiting
NLRP3 inflammasome activation, which was significantly depen-
dent on the release of cathepsin B. Thus, our findings indicated
the clinical potential of Ka for prevention of chronic hyperglycemia

complications.

inflammasome response not by reducing NLRP3 and ASC expression but by reduc-
ing cathepsin B release and activation. And Ka restored macrophage digestion and
inhibited NLRP3 inflammasome activation consistent with cathepsin B inhibitor.
It is concluded that Ka reduced the release of lysosomal cathepsin B and conse-
quently inhibited NLRP3 inflammasome activation to prevent macrophage digestion.
Hence, Ka may contribute to new targets for treatment of hyperglycemia-associated

dysfunction of macrophage digestion and development of innovative drugs.

cathepsin B, hyperglycemia, kakonein, macrophage digestion, NLRP3 inflammasome

2 | MATERIALS AND METHODS

2.1 | Animals procedures

C57BL/6J (NIrp3+/+ and NIrp3~/~) mice (6 weeks of age, weighing 18-
22 g, male), which were bred from breeding pairs, were from The Jack-
son Laboratory, Bar Harbor, ME, USA. All protocols were approved by
the Institutional Animal Care and Use Committee of Guangzhou Uni-
versity of Chinese Medicine (20200331042). Control group received
normal diet. Model group and treatment group were fed high-fat
feed for 4 weeks and then i.p. injected with a freshly prepared STZ
(60 mg/kg) (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 0.1 mol/L
citrate buffer (pH 4.4) after 12 h fasting; Then injected intraperi-
toneally three times with a freshly prepared Streptozocin or citrate
buffer. After the last injection, we measure fasting blood glucose (FGB)
every other day and hyperglycemia model is considered to be estab-
lished when FGB were above 10.5 mmol/L for 3 consecutive days.
Then, mice in treatment group were treated with Ka (10, 20, 40 mg/kg;
i.g., daily), metformin (200 mg/kg, i.g., daily), or CA-074 (10 mg/kg,
i.p., daily) for 7 days. Similarly, to verify the therapeutic effect of Ka
by inhibiting NLRP3 inflammasome, we respectively divided Nlrp3+/+
and NIrp3~/~ mice into normal group, model group, and Ka group
(40 mg/kg).

2.2 | Cell extraction and identification

After mice were sacrificed by cervical dislocation, we slowly injected
5 ml RPMI1640 medium (Gibco, Waltham, MA) with syringe into
mice abdominal cavity and drew out the harvest solution. After 150
g centrifugation for 5 min, the precipitated cells were cultured in
RPMI-1640 containing 10% heat-inactivated FBS and 1% penicillin-
streptomycin (Gibco) in incubators for 2 h. The suspended cells were
discarded and the adherent cells were monolayered macrophages. We

identified macrophages extracted from mice in immunofluorescence
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and flow cytometry by staining F4/80 (1:200; CST, USA). Meanwhile,
neutral red phagocytosis assay was used to verify macrophages. In
detail, macrophages were seeded at 1 x 10° cells per well in 96-well
microplates. After incubated for 2 h, the supernatant was discarded.
Then, neutral red solution was added and incubated at 37°C for 3h and
macrophages were observed.

2.3 | Flow cytometry

The cells were resuspended and added with F4/80 antibody (1:500;
#565409; BD, USA), CD11c antibody (1:500; #561241; BD), and
CD206 antibody (1:500; #565250; BD). Simultaneously, the cells with-
out an antibody were used as peer control. All cells were incubated for

60 min, collected, and immediately analyzed by flow cytometry.

24 | Cell transfection

The cathepsin B shRNA (#sc-29933-SH; Santa Cruz, USA) was used
in the experiment. Gene transfection in cells was performed by Lipo-
fectamine 3000 transfection according to manufacturer’s instructions
(Invitrogen, USA). Briefly, the primary macrophage was extracted and
differentiated from bone marrow was spread to more than 80% con-
fluent and replaced serum-free DMEM for 30 min. The plasmid mas-
ter mix was prepared by dilution in Opti-MEM™ Medium (Gibco, USA).
P3000™ and Lipofectamine™ 3000 reagent were then added for 15
min at room temperature. The transfected cells were incubated in
medium with 2.5 pg/ml puromycin to screen out the shRNA plasmid-
containing cells and the cellular transfection efficiency of cells was ana-
lyzed by western blot.

2.5 | Cell culture and treatment

Freshly isolated bone marrow-derived macrophages from mice were
grown in a-MEM supplemented with 10% heat-inactivated FBS and
1% penicillin-streptomycin (Gibco) and added to M-CSF. Then, primary
macrophages were seeded in plates and divided into 6 groups: con-
trol, model (30 mM glucose), Ka (12.5, 25, 50 uM Ka + 30 mM glucose,
respectively), and metformin (2 mM metformin + 30 mM glucose) for
24 h. Meanwhile, CA-074 (10 uM) or Cathepsin B knock-down were
used as inhibitors.

2.6 | Bacterial infection and cytotoxicity assay

Bacterial infection was performed as previously described.* The den-
sity of Escherichia coli BL21 (ATCC) was measured by a McFarland
Nephelometer, and the macrophages were infected with bacteria (mul-
tiplicity of infection MOI = 100) for 3 h in serum-free RPMI-1640.

Then, the macrophage was treated with gentamicin (100 ug/ml) inincu-
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bators to clear extracellular bacteria for 12 h; the remaining cell viabil-

ity was assessed by trypan blue assay.

2.7 | Phagocytosis and digestion assays

Phagocytosis and digestion assays were performed as previously
described.® In brief, after coculture of E.coli and macrophage for 3 h,
we collected the supernatant for phagocytosis assay. Then, the suspen-
sion was removed, the adhesive cell was washed to eliminate extra-
cellular bacteria, and the cell was washed and lysed in 0.5% saponin
at 37°C for phagocytic assay. The rate of phagocytosis was expressed
as phagocytic bacteria/total bacteria. Another group in parallel, the
macrophage was treated with gentamicin (100 ug/ml) in incubators to
clear extra bacteria. Twelve hours later, the cell was washed and lysed
in 0.5% saponin at 37°C for digested assay. The digested number of
colonies = the phagocytic number of colonies - the number of colonies
remaining after digestion, and the rate of digestion/phagocytosis was
calculated by digested bacteria/phagocytic bacteria ratio.

2.8 | Immunofluorescence microscopy

In infected assay, fluorescent microscopy of bacterial entry was per-
formed as previously described.'® In brief, E. coli was resuspended in
RPMI-1640 medium and stained with CytoTrace™ Red CMTPX (1:800:
AAT, US), and primary macrophages had been processed and were
stained with CytoTrace™ Green CMTPX (1:800; AAT). Then, the cell
was infected by E. coli at MOI = 100 in a cell incubator for 3 h. Extra-
cellular bacteria were removed and macrophages were treated with
gentamicin (100 ug/ml) in incubators for 12 h. In uninfected assay,
the different macrophage groups were incubated with anti-NLRP3
(1:200; #ab4207; Abcam, USA), anti-caspase-1 (1:200; #sc-56036;
Santa Cruz), anti-ASC (1:100; #sc-22514-R; Santa Cruz), anti-LAMP-1
(1:200; #sc-20011; Santa Cruz), and anti-cathepsin B (1:200; #31718;
CST, USA). All samples were observed through laser scanning confocal
microscope (Carl Zeiss, Germany).

2.9 | Assessment of cellular cathepsin B activity

Assessment of cellular cathepsin B activity was performed as previ-
ously described.1® Cathepsin B activities in macrophage were deter-
mined using assay kits (BioVision, CA). All operations were carried out

as per the manufacturer’s instructions.

2.10 | ELISA assay

The samples of cell supernatant and serum were collected. Inflamma-
tory products of IL-18 (R&D System, #MLBOOC, MN, USA) and IL-18
(R&D System, #7625) were measured with ELISA kit. All operations

were following the manufacturer’s instructions.
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2.11 | Western blot analysis

Protein samples were collected and prepared. After electrophore-
sis and membrane transfer, the sample was incubated with primary
antibodies. The primary antibodies were NLRP3 (1:1000; #ab91413;
Abcam), caspase-1 (1:500; #sc-56036; Santa), ASC (1:1000; #sc-
514414; Santa), cathepsin B (1:1000; CST, #31718), 8-actin(1:1000;
#BMO0627; BOSTER, China), and B-tubulin (1:1000; #A05397-1;
BOSTER). And then, membranes were treated with anti-rabbit 1gG
(1:1500; #5127; CST) or anti-mouse IgG (1:1500; #93702; CST). All
protein bands were quantitated by Image J software (NIH, Bethesda,
USA).

212 |
PCR

RNA isolation and real-time quantitative

Total RNA from cells was extracted with RNAiso Plus (TAKARA, Japan)
and then treated as previously described.” The primers were synthe-
sized as follows: 5'-ATTRACCRCGCRCCGRAGARAAGRG-3' (forward
primer) and 5’-TCGRCAGRCAARAGARTCCRACARCAG-3’ (reverse
primer) for the mouse Nirp3 gene; 5'-GGCGAGAGAGGTGAACAAGG-
3’ (forward primer) and 5'-GCCAAGGTCTCCAGGAACAC-3’ (reverse
primer) for the mouse Asc gene; 5'-CCCATCTATGAGGGTTACGC -3’
(forward primer) and 5’- TTTAATGTCACGCACGATTTC-3’ (reverse
primer) for the B-actin as internal reference control. The results were
quantified using the 2=AACT method.

2.13 | Statistical analysis

Two-tailed unpaired Student’s t-test was performed for comparisons
between 2 groups. Two-way ANOVA were used for experiments con-
taining more than 2 groups, followed by Bonferroni’s multiple compar-
isons test. Data are shown as means + SEM. When p < 0.05 or p < 0.01,

it had statistical significance

3 | RESULTS

3.1 | Therapeutic effect of Ka in
hyperglycemia-induced macrophage dysfunction

First, the hyperglycemia model was established and treated with Ka
(10, 20, and 40 mg/kg) or metformin (200 mg/kg) for 7 days. After treat-
ment, macrophages were extracted from mice for bacterial phagocyto-
sis and digestion assays (Figure 1(A)). Results showed that the function
of macrophage bacterial phagocytosis was not significantly different,
but the function of macrophage bacterial digestion evidently recovered
under Ka or metformin treatment (Figures 1(B) and 1(C)). In vitro, we
extracted macrophages from C57BL/6N mice. Cells were treated with
Ka(12.5,25,and 50 uM) or metformin (2 mM) in different groups. After

removing the original culture solution and adding E. coli to coculture,
the role of Kain the function of macrophage bacterial phagocytosis and
digestion in vitro was detected (Figure 1(D)). E. coli and macrophages
were stained with CytoTrace™ Red CMTPX and CytoTrace™ Green
CMTPX, respectively, to directly monitor the changes in macrophage
phagocytosis. As shown in Figure 1(E) (upper panels), the cells of the
model group were visualized as red puncta with high fluorescence
intensity, whereas Ka or metformin treatment slightly decreased the
number and the fluorescence intensity of the red spots. Similar to the
invivo results, the in vitro results showed that Ka or metformin can evi-
dently restore the digestive function of macrophages (Figures 1(E) and
1(F)).

3.2 | Therapeutic effect of Ka on the recovery of
macrophage function under hyperglycemia by
inhibiting the NLRP3 inflammasome

Our previous studies show that the NLRP3 inflammasome activation
induces the digestive dysfunction of macrophages.’® Therefore, we
explored whether the recovery of macrophage digestive function by Ka
was related to the NLRP3 inflammasome. We monitored the changes in
macrophage digestion through the CytoTrace™ staining and CFU assay
in vivo or in vitro, and results showed that the hyperglycemia-induced
dysfunction of macrophage bacterial digestion evidently recovered
under Ka treatment, but the therapeutic effect disappeared when
NLRP3 was deficient (Figure 2).

3.3 | Down-regulation of the activation of NLRP3
inflammasome components by Ka

We detected whether Ka could affect the hyperglycemia-induced
macrophage of NLRP3 inflammasome activation in vivo or in vitro.
Results (Figures 3(A)-3(F)) showed that Ka could significantly inhibit
the cleavage of caspase-1 and IL-18, which was an important product of
NLRP3 inflammasome activation. Furthermore, we analyzed the colo-
calization of NLRP3 inflammasome components to determine whether
Ka affected the NLRP3 inflammasome assembly. We found that the Ka
reduced the colocalization between NLRP3/ASC and NLRP3/CASP1
in a concentration-dependent manner, as shown by the decreased
yellow staining and colocalization coefficient (Figures 3(G)-3(l)).
Thus, these data demonstrated that Ka treatment inhibited the
activation of the NLRP3 inflammasome in hyperglycemia-induced

macrophage.

3.4 | Effect of Ka on the HG-induced formation of
NLRP3 inflammasome in macrophage

To determine the effect of Ka on HG-induced NLRP3 inflammasome
production in macrophage, we analyzed the expression of NLRP3



JOURNAL OF
LIAN €T AL. JLBLEUKOCYTE 7
BIOLOGY

A 18-22g male STZ injection Kakonein oral E.coli
C57BL/6N mice (Low dose) administration Extraction of
macrophage ﬁ ’
mvivo SR_ Q\, Qg, {g/ .
weeks 0
Kgri:]?r?ielt? (t:;rar: Phagocytosns and
@ stratio digestion assays

High-fat diet

E.coli colony
(Remaining
after digestion)

Hyperglycemia - + + + + .
Ka (mg/kg) - - 10 20 40 -
Met - - - - . +
Cc
150 i Phagocytosis Digestion Digestion / Phagocytosis rate
£3 #u H#
EL
ST ## ##
£ §100 v ##
N ok
R ke
§§ ) ’l‘ﬂ ’l‘
RS
O <
[THS]
0
Hyperglycemia - + + + + + -+ + + + 4+ -+ +
Ka (mg/kg) - - 10 20 40 - - - 10 20 40 - - - 10 20 40 -
Met - - - - - + - - - - - + - - - - - +
D Remove .
18-22g male # Glucose Kakonem supernatant Q/ E.coli

C57BL/6N mice  acrophage

Phagocytosis
B T o — o —
N assays

E

E.colil
Macrophage

E.coli colony
(Remaining
after digestion)

P
QO
=
-
Co
o+
N
N o+
[$,]
N
01+
()]
O""
[

Met - - - - - +

-

-

50 Phagocytosis Digestion Digestion / Phagocytosis rate
##

## s an BE

(% of control)
o
[«]
i
¥

E.coli colony forming
o
o

unit

[0}
HG - + + + + + -+ 4+ o+ o+ F -+ o+ o+ o+ o+
Ka(uMm) - - 12525 50 - - - 12525 50 - - - 12525 50 -
Met - - - - - 7 S - - - - -

FIGURE 1 Therapeutic effect of Ka in hyperglycemia-induced macrophage dysfunction. (A) Schedule of animal arrangement in vivo. Nlrp3+/+
and NIrp3~/~ mice established hyperlipidemia model and treated with Ka (10, 20, 40 mg/kg) or metformin (200 mg/kg) for 7 days and then primary
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arrangement in vitro. NIrp3*/+ and NIrp3~—/~ macrophages established HG model and treated with Ka (12.5, 25, 50 «M) or metformin (2 mM) for
bacterial phagocytosis and digestion assays. (E) Confocal microscopy of the cells and bacteria was stained with CytoTrace™ dye. E. coil was stained
with CytoTrace™ Red CMTPX, and the macrophage was stained with CytoTrace™ Green CMTPX. The role of Ka in high glucose-induced
macrophage dysfunction of bacterial digestion was detected by CFU assay. (F) Quantitative data of the CFU assay (n = 3). **p < 0.01 versus control
group. #p < 0.01 versus model group
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inflammasome components. Results showed that Ka did not signifi-
cantly decrease the expression of NLRP3 and ASC (Figures 4(A)-4(D)).
Similarly, Ka did not significantly decrease the transcription of Nirp3
and Asc (Figures 4(E) and 4(F)). Thus, Ka inhibited the activation of
NLRP3 inflammasome not by inhibiting NLRP3 inflammasome-related

protein expression.

3.5 | Down-regulation of the HG-induced LMP and
cathepsin B release in macrophage by Ka

The lysosomal release of cathepsin B plays a crucial role in mediat-
ing the NLRP3 inflammasome activation induced by LMP. As shown
in Figures 5(A) and 5(B), the cathepsin B expression in the cytosol
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of macrophage markedly decreased upon Ka treatment, suggesting
that the down-regulation of cathepsin B release may be the result of
reducing the LMP, leading to the inhibition of the NLRP3 inflamma-
some activation. Similarly, we found that Ka decreased the colocaliza-
tion between LAMP1 (green) and cathepsin B (red) in a concentration-
dependent manner (Figures 5(A)-5(C)). Western blot showed that Ka
increased the expression of pro-cathepsin B in lysosome but decreased
the expression of mature cathepsin B in the cytosol (Figures 5(D)-5(E)).
These findings confirmed that LMP and cathepsin B were involved in
the Ka down-regulation of the macrophage NLRP3 inflammasome acti-

vation.

3.6 | Validation of the therapeutic effect of Ka in
HG-induced dysfunction through the
down-regulation of cathepsin B release

We found that the cathepsin B inhibitor (CA-074) abolished the HG-
induced NLRP3 protein binding and NLRP3 inflammasome activation
in the macrophage. We monitored the changes in macrophage diges-

tion in the presence of vehicle or CA-074 by CytoTrace™ staining and

CFU assay. Figures 6(A) and 6(B) showed that the HG-induced dys-
function of macrophage bacterial digestion evidently recovered under
Ka treatment, but therapeutic effects disappeared in the presence
of CA-074. Our data showed that that CA-074 decreased the cleav-
age of pro-caspase-1 by Western blot method and IL-18 by ELISA
method (Figures 6(C)-6(E)). CA-074 could also reduce the colocal-
ization between NLRP3/ASC and NLRP3/CASP1 (Figures 6(F)-6(H)).
To further determine the therapeutic effect of Ka in HG-induced
macrophage digestion dysfunction, cathepsin B knock-down cell was
established. The result showed that the HG-induced dysfunction of
macrophage bacterial digestion evidently recovered under Ka treat-
ment, but therapeutic effects disappeared in cathepsin B knock-down
(Figure S4). These data suggested that the inhibition of cathepsin B also
blocked the HG-induced macrophage dysfunction.

4 | DISCUSSION

This study demonstrates that inflammation participates in
hyperglycemia-induced macrophage dysfunction, resulting in hyper-

glycemia complications.’®1? In this regard, scholars must develop
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“p < 0.01 versus control group. *p < 0.05, #p < 0.01 versus model group
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drugs for hyperglycemia-associated complications by suppressing
the inflammatory-mediated digestive dysfunction of macrophages.
P. lobata (Willd.) Ohwi is widely used in treatment of hyperglycemia.
Ka (daidzein-8-C-glucoside), an isoflavone commonly derived from
P. lobata, is used for clinical treatment of hyperglycemia-related
complications?® and shows obvious anti-inflammatory effect.?!
Hence, Ka has potential in the clinical treatment of hyperglycemia
complications. However, the anti-inflammatory mechanism of Kain the
treatment of hyperglycemia-induced macrophage dysfunction remains
unclear. The results demonstrated that Ka could recover macrophage
function through NLRP3 inflammasome effects in hyperglycemia,
which are related to the cathepsin B-NLRP3 pathway.

The phagocytosis and digestion function of macrophages are
important for preventing the damages of risk factors to maintain
homeostasis.* Therefore, homeostatic imbalances are the common
pathologic bases for development of various cardiovascular compli-
cation in hyperglycemia.?2 In our experiment, we established ani-
mal model of hyperglycemia and treated them with Ka, peritoneal
macrophages were extracted and identified, and found that the change
of macrophage typing was not significant, most of macrophage did
not differentiate into M1 and M2 (Figures S1(B)-S1(D)). Then, the
results confirmed the decreased digestion rate of macrophages in
hyperglycemia and that Ka dose-dependently restored the digestion
function of macrophages in vivo (Figures 1(A)-1(C)). Although it has
been reported that Ka has hypoglycemic effect when the adminis-
tration time or dosage is prolonged, our study found that Ka could
improve the digestion function of macrophages even without sig-
nificantly inducing hypoglycemic effect (Figure S1(A)), which reveals
more pharmacodynamic mechanism of Ka. So we used metformin,
which has an anti-inflammatory effect for treatment of hyperglycemic
complications,?® as a positive control drug. Furthermore, we identi-
fied primary macrophages derived from bone marrow (Figure S2) and
established a coculture model of E. coli and primary macrophages in
HG environment and found that Ka restored the digestion function of
macrophages after stimulation with HG in vitro (Figures 1(D) and 1(E)).
These data, for the first time, reveal a critical role of Ka in the recovery
of macrophage digestion function in hyperglycemia.

As a large intracellular signaling platform in macrophages, inflam-
masomes play an important role in innate immune response, includ-
ing in regulating digestive function.2* The present research showed
that cle-caspase-1, the product of inflammasomes, could cleave
endosomal early endosome antigen 1 or Rab interacting lysosomal

protein,25:26

wherein both are essential proteins that regulate diges-
tive function by affecting endosome docking and fusion machinery.2”
Although inflammasomes contain many isoforms, such as NLRP1
or NLRC4,2% our previous data confirmed that the activation of
macrophage NLRP3 inflammasomes contributes to the development
of the dysfunction of digesting microbes'* and other studies also
supported that NLRP3 inflammasome was related to phagocytosis.2?
Therefore, we used MCC950, which acted as a classical inhibitor
of NLRP3 inflammasome activation, to verify the mechanism of
NLRP3 inflammasome-mediated macrophage digestion. The results

showed that the HG-induced digestive dysfunction evidently recov-

BIOLOGY

ered under MCC950 treatment (Figure S3(C)). Moreover, many stud-
ies showed that the anti-inflammatory effect of Ka is related to NLRP3
inflammasome3%31 and therapeutic effect is achieved by NLRP3
inflammasome activation.®2-34 Thus, we selected the NLRP3 inflam-
masome pathway as the critical point to further investigate the mech-
anism of Ka. In the present study, the decrease in the digestive func-
tion of macrophages was inhibited when the NIrp3 gene was absent;
meanwhile, Nirp3 gene deficiency also prevented effect of Ka against
hyperglycemia-induced macrophage digestion decreased (Figure 2). In
this phase, our data support the view that Ka can restore macrophage
digestive function in hyperglycemia by inhibiting the NLRP3 inflamma-
some pathway.

We found that increasing cle-caspase-1, IL-13, and IL-18 expres-
sion, assembly of NLRP3 inflammasomes was inhibited in macrophages
under the treatment of Ka (Figures 3 and S(A) and S(B)). This find-
ing suggested that NLRP3 inflammasome-dependent caspase-1 activ-
ity was blocked by Ka. In this regard, we further studied the mechanism
of Kaininhibiting NLRP3 inflammasome activation. The NLRP3 inflam-
masome pathway needs 2 signal paths to be activated. The signal 1 of
NLRP3 inflammasomes was called priming, which was activated by the
NF-kB signal pathway through inflammation-related receptors, such as
TLR4, TNF-R1, and IL-1R1. NLRP3 inflammation-related genes were
induced to be transcribed to increase the protein expression. However,
we found that Ka did not alter the gene transcription or protein expres-
sion of NLRP3 and ASC, which were both increased induced by HG
(Figure 4). This study differs from previous reports®® on the mechanism
of Ka in inhibiting NLRP3 inflammasomes possibly due to differences
in the disease model used and dosage of Ka tested. Thus, we decided
to focus on other signal pathways. The signal 2 of NLRP3 inflamma-
some was called activation, which was induced by the assembly of
NLRP3 inflammasome complex by pathogen-associated molecule pat-
terns or damage-associated molecule patterns (DAMP), resulting in
the activation of caspase-1 maturation. Interestingly, we demonstrated
in the present research that Ka reduced the release of cathepsin B
from lysosomes and recovery the activity of cathepsin B. Cathepsin B
is a cysteine proteolytic enzyme in lysosomes, which is related to the
activation of noncanonical inflammasome, especially NLRP3 inflamma-
some. When stimulated by risk factors, cells increase lysosomal perme-
ability and lead to the leakage of cathepsin B, which interacted with
LRR fragment of NLRP3 at endoplasmic reticulum and form transient
cathepsin B/NLRP3 complex that activates NLRP3 inflammasome. Ka
also inhibited HG-induced cathepsin B maturation to block cathep-
sin B/NLRP3 binding and NLRP3 inflammasome activation (Figure 5).
DAMPs could be a key factor in proinflammatory response as signal
2 in hyperglycemia.3¢ Our previous study reported that the release of
cathepsin B activates NLRP3 inflammasomes, contributing to injuries
on macrophage digesting function.'* Consequently, our result sug-
gested that the mechanism of Ka may be related to signal 2 rather
than signal 1. Metformin also reduced the release of cathepsin B
but promoted its maturation, in contrast to Ka. To complement this
anti-inflammatory mechanism, we treated macrophages with CA-074,
which acted as a selective inhibitor of cathepsin B, as another posi-

tive control drug. Similar to Ka, CA-074 both exerted effects such as
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inhibiting HG-induced NLRP3 inflammasome activation and protecting
the function of macrophage digestion. Moreover, CA-074 prevented
the inflammation effect of Ka in hyperglycemia-induced macrophage
digestion dysfunction (Figures 6 and S1(E)). Recently, several studies
have proved that CA-074 had clear off-target effects on cathepsin B-
NLRP3 inflammasome activation,3” 4! thus we further examined that
Ka prevented HG-induced dysfunction through cathepsin B by gene-
silencing technology. Our result suggested that cathepsin B knock-
down also prevented therapeutic effect of Ka in HG-induced digestive
dysfunction (Figure S4). Thus, Ka may recover the digestion function
of macrophages by inhibiting cathepsin B-NLRP3 inflammasome path-
way.

The function of macrophages plays an important role in maintain-
ing homeostasis. The dysfunction of macrophages induced by hyper-
glycemia may lead to severe clinical complications of diabetes, includ-
ing wound healing, atherosclerosis, poor cardiac remodeling after
myocardial infarction, and increased susceptibility to infection. The
change of phagocytic digestive function is the key characteristic to
determine the function of macrophages, which is considered to be a
marker event of the weakening of antibacterial effect in the process of
infection. In our study, we are the first to report that Ka could recover
hyperglycemia-associated dysfunction of macrophage digestion. The
results exhibit a mechanism of Ka in inhibiting cathepsin B-NLRP3
inflammasome pathway. Overall, our research provides a new target
for the treatment of diabetic complications, especially diabetes-related

infectious diseases, and the development of innovative drugs.

ACKNOWLEDGMENTS

This work was supported by National Key Research and Development
Program of China (2017YFC1700400, 2017YFC1700404), Key Pro-
gram of National Natural Science Foundation of China (82030111),
Guangdong Natural Science Funds for Distinguished Young Schol-
ars (20181B030306027), Major Program of Science and Technol-
ogy Program of Guangzhou (202103000044), Special Funding for
China Postdoctoral Science Foundation (BX20190090) and Science
and Technology Program of Guangzhou (202102020665), Guangdong
Natural Science Foundation (2019A1515011301), Project of Guang-
dong Bureau of Traditional Chinese Medicine (20202001), Guangdong
Basic and Applied Basic Research Foundation (2021B1515140050),
Special Program for Key Fields of Colleges and Universities of
Guangdong (2021ZDZX2041), Science and Technology Program of
Guangdong Academy of Traditional Chinese Medicine. (YN2018MJO06,
YN2019MJ13), and College Students’ Innovative Entrepreneurial
Training Plan Program (202110572010).

AUTHORSHIP

X.W., Y.H.,Y.C, andD.L.conceived and designed the studies. D. L. and
L. Z. performed the experiments. Y. Y., X. Z,D.C. Y.G,, W. X,, Y. C,, and
H. H. analyzed the data. D. L., L. Z,, and VY. Y. drafted the manuscript. Y.
L.,J.L.,and R. H. supplemented the experiment. D. X. and C. Z. provided
financial support. All authors read and approved the final version of the

manuscript. D. L. and L. Z. contributed equally to this work.

DISCLOSURE
The authors have declared that no competing interest exists.

REFERENCES

1. Nanditha A, Ma RC, Ramachandran A, et al. Diabetes in asia and the
pacific: Implications for the global epidemic. Diabetes Care. 2016; 39:
472-85.

2. Weber K, Schilling JD. Lysosomes integrate metabolic-inflammatory
cross-talk in primary macrophage inflammasome activation. J Biol
Chem.2014; 289: 9158-71.

3. Liu BF, Miyata S, Kojima H, et al. Low phagocytic activity of resident
peritoneal macrophages in diabetic mice: Relevance to the formation
of advanced glycation end products. Diabetes. 1999; 48: 2074-82.

4. Aderem A, Underhill DM. Mechanisms of phagocytosis in
macrophages. Annu Rev Immunol. 1999; 17: 593-623.

5. Stehouwer CDA. Microvascular dysfunction and hyperglycemia: A
vicious cycle with widespread consequences. Diabetes. 2018; 67:
1729-1741.

6. Zhou YX, Zhang H, Peng C. Puerarin: A review of pharmacological
effects. Phytother Res. 2014; 28: 961-75.

7. Lian DW, Yuan HQ, Yin XZ, et al. Puerarin inhibits hyperglycemia-
induced inter-endothelial junction through suppressing endothelial
NIrp3 inflammasome activation via ROS-dependent oxidative path-
way. Phytomedicine. 2019; 55: 310-319.

8. Kasper L, Konig A, Koenig PA, et al. The fungal peptide toxin Can-
didalysin activates the NLRP3 inflammasome and causes cytolysis in
mononuclear phagocytes. Nat Commun. 2018; 9.

9. Swanson KV, Deng M, Ting JPY. The NLRP3 inflammasome: molecular
activation and regulation to therapeutics. Nat Rev Immunol. 2019; 19:
477-489.

10. Chen Y, Wang L, Pitzer AL, Li X, Li PL, Zhang Y. Contribution of
redox-dependent activation of endothelial NIrp3 inflammasomes to
hyperglycemia-induced endothelial dysfunction. J Mol Med. 2016; 94:
1335-1347.

11. Wang Q, Wei S, Zhou S, et al. Hyperglycemia aggravates acute liver
injury by promoting liver-resident macrophage NLRP3 inflammasome
activation via the inhibition of AMPK/mTOR-mediated autophagy
induction. Immunol Cell Biol. 2020; 98: 54-66.

12. Luo B, Huang F, Liu Y, et al. NLRP3 inflammasome as a molecular
marker in diabetic cardiomyopathy. Front Physiol. 2017; 8: 519.

13. Latz E, Xiao TS, Stutz A. Activation and regulation of the inflamma-
somes. Nat Rev Immunol. 2013; 13: 397-411.

14. LianD, Lai J,Wu, et al. Cathepsin B-Mediated NLRP3 inflammasome
formation and activation in angiotensin I -Induced hypertensive mice:
Role of macrophage digestion dysfunction. Cell Physiol Biochem. 2018;
50: 1585-1600.

15. Lian DW, Xu YF, Deng QH, et al. Effect of patchouli alcohol on
macrophage mediated helicobacter pylori digestion based on intracel-
lular urease inhibition. Phytomedicine. 2019; 65: 153097.

16. Lian DW, Lai JQ,Wu YJ, et al. Cathepsin B-Mediated NLRP3 inflamma-
some formation and activation in angiotensin Il -Induced hypertensive
mice: Role of macrophage digestion dysfunction. Cell Physiol Biochem.
2018; 50: 1585-1600.

17. Lian DW, Dai LF, Xie ZY, et al. Periodontal ligament fibroblasts migra-
tioninjury viaROS/TXNIP/NIrp3 inflammasome pathway with porphy-
romonas gingivalis lipopolysaccharide. Mol Immunol. 2018; 103: 209-
219.

18. Weber K, Schilling JD. Lysosomes integrate metabolic-inflammatory
cross-talk in primary macrophage inflammasome activation. J Biol
Chem.2014;289: 9158-9171.

19. Liu B F, Miyata S, Kojima H, Uriuhara A, Kusunoki H, Suzuki K,
Kasuga M. Low phagocytic activity of resident peritoneal macrophages
in diabetic mice: relevance to the formation of advanced glycation



LIAN ET AL.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

end products. Diabetes. 1999;48:(10):2074. -2082. http://doi.org/10.
2337/diabetes.48.10.2074

He K, Li XG, Chen X, et al. Evaluation of antidiabetic potential of
selected traditional Chinese medicines in STZ-induced diabetic mice.
J Ethnopharmacol. 2011; 137: 1135-1142.

Guo CJ, Xie JJ, Hong RH, Pan HS, Zhang FG, Liang YM. Puerarin alle-
viates streptozotocin (STZ)-induced osteoporosis in rats through sup-
pressing inflammation and apoptosis via HDAC1/HDACS signaling.
Biomed Pharmacother. 2019; 115.

Yaribeygi H, Atkin SL, Pirro M, Sahebkar A. A review of the anti-
inflammatory properties of antidiabetic agents providing protective
effects against vascular complications in diabetes. J Cell Physiol. 2019;
234:8286-8294.

Bailey CJ. Metformin: effects on micro and macrovascular complica-
tions in type 2 diabetes. Cardiovasc Drugs Ther. 2008; 22: 215-24.
Shimada T, Park BG, Wolf AJ, et al. Staphylococcus aureus evades
lysozyme-based peptidoglycan digestion that links phagocytosis,
inflammasome activation, and IL-1beta secretion. Cell Host Microbe.
2010; 7: 38-49.

Baroja-Mazo A, Compan V, Martin-Sanchez F, Tapia-Abellan A,
Couillin 1, Pelegrin P. Early endosome autoantigen 1 regulates IL-
1beta release upon caspase-1 activation independently of gasdermin
D membrane permeabilization. Sci Rep. 2019; 9: 5788.

Adams A, Weinman SA, Wozniak AL. Caspase-1 regulates cellular traf-
ficking via cleavage of the Rab7 adaptor protein RILP. Biochem Biophys
Res Commun. 2018; 503: 2619-2624.

Luzio JP, Gray SR, Bright NA. Endosome-lysosome fusion. Biochem Soc
Trans. 2010; 38: 1413-6.

Lamkanfi M, Dixit VM. Mechanisms and functions of inflammasomes.
Cell. 2014; 157: 1013-22.

JinL,Batra S, Jeyaseelan S. Deletion of NIrp3 augments survival during
polymicrobial sepsis by decreasing autophagy and enhancing phagocy-
tosis. J Immunol. 2017; 198: 1253-1262.

Liu H, Zhang X, Zhong X, et al. Puerarin inhibits vascular calcification
of uremic rats. Eur J Pharmacol. 2019; 855: 235-243.

Wang K, Zhu X, Zhang K, et al. Puerarin inhibits amyloid beta-induced
NLRP3 inflammasome activation in retinal pigment epithelial cells
via suppressing ROS-dependent oxidative and endoplasmic reticulum
stresses. Exp Cell Res. 2017; 357: 335-340.

Zhou X, Wu Y, Ye L, et al. Aspirin alleviates endothelial gap junction
dysfunction through inhibition of NLRP3 inflammasome activation in
LPS-induced vascular injury. Acta Pharm Sin B. 2019; 9: 711-723.

Liu Q, Zuo R, Wang K, et al. Oroxindin inhibits macrophage NLRP3
inflammasome activation in DSS-induced ulcerative colitis in mice via
suppressing TXNIP-dependent NF-kB pathway. Acta Pharmacol Sin.
2020;41:771-781.

35.

36.

37.

38.

39.

40.

41.

JOURNAL OF
JLBLEUKOCYTE 155

BIOLOGY

. Sun ZZ, Lu WQ, Lin N, et al. Dihydromyricetin alleviates doxorubicin-

induced cardiotoxicity by inhibiting NLRP3 inflammasome through
activation of SIRT1. Biochem Pharmacol. 2020; 175.

Guan L, Li C, Zhang Y, et al. Puerarin ameliorates retinal ganglion
cell damage induced by retinal ischemia/reperfusion through inhibit-
ing the activation of TLR4/NLRP3 inflammasome. Life Sci. 2020; 256:
117935.

Lee HM, Kim JJ, Kim HJ, Shong M, Ku BJ, Jo EK. Upregulated NLRP3
inflammasome activation in patients with type 2 diabetes. Diabetes.
2013; 62:194-204.

Beckwith KS, Beckwith MS, Ulimann S, et al. Plasma membrane dam-
age causes NLRP3 activation and pyroptosis during mycobacterium
tuberculosis infection. Nat Commun. 2020; 11: 1-18.

Mufoz-Planillo Radl, Kuffa Peter, Martinez-Colén Giovanny, Smith
Brenna L., Rajendiran Thekkelnaycke M., Nufez Gabriel. K+ Efflux Is
the Common Trigger of NLRP3 Inflammasome Activation by Bacte-
rial Toxins and Particulate Matter. Immunity. 2013;38:(6):1142.-1153.
http://doi.org/10.1016/j.immuni.2013.05.016

Mihalik R, Imre G, Petak |, Szende B, Kopper L. Cathepsin B-
independent abrogation of cell death by CA-074-OMe upstream of
lysosomal breakdown. Cell Death Differ. 2004; 11: 1357-1360. J. C. D.,
Differentiation.

Tschopp J, Schroder K. NLRP3 inflammasome activation: The conver-
gence of multiple signalling pathways on ROS production?. Nat Rev
Immunol. 2010; 10: 210-215.

Orlowski GM, Colbert JD, Sharma S, Bogyo M, Robertson SA, Rock
KL. Multiple cathepsins promote pro-IL-18 synthesis and NLRP3-
mediated IL-18 activation. J Immunol. 2015; 195: 1685-1697. J. T.
J.o.l.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher’s website.

How to cite this article: Lian D, Zhu Li, Yu Y, et al. Kakonein
restores hyperglycemia-induced macrophage digestion
dysfunction through regulation of cathepsin B-dependent
NLRP3 inflammasome activation. J Leukoc Biol.
2022;112:143-155.
https://doi.org/10.1002/JLB.3MA0821-418R


http://doi.org/10.2337/diabetes.48.10.2074
http://doi.org/10.2337/diabetes.48.10.2074
http://doi.org/10.1016/j.immuni.2013.05.016
https://doi.org/10.1002/JLB.3MA0821-418R

	Kakonein restores hyperglycemia-induced macrophage digestion dysfunction through regulation of cathepsin B-dependent NLRP3 inflammasome activation
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Animals procedures
	2.2 | Cell extraction and identification
	2.3 | Flow cytometry
	2.4 | Cell transfection
	2.5 | Cell culture and treatment
	2.6 | Bacterial infection and cytotoxicity assay
	2.7 | Phagocytosis and digestion assays
	2.8 | Immunofluorescence microscopy
	2.9 | Assessment of cellular cathepsin B activity
	2.10 | ELISA assay
	2.11 | Western blot analysis
	2.12 | RNA isolation and real-time quantitative PCR
	2.13 | Statistical analysis

	3 | RESULTS
	3.1 | Therapeutic effect of Ka in hyperglycemia-induced macrophage dysfunction
	3.2 | Therapeutic effect of Ka on the recovery of macrophage function under hyperglycemia by inhibiting the NLRP3 inflammasome
	3.3 | Down-regulation of the activation of NLRP3 inflammasome components by Ka
	3.4 | Effect of Ka on the HG-induced formation of NLRP3 inflammasome in macrophage
	3.5 | Down-regulation of the HG-induced LMP and cathepsin B release in macrophage by Ka
	3.6 | Validation of the therapeutic effect of Ka in HG-induced dysfunction through the down-regulation of cathepsin B release

	4 | DISCUSSION
	ACKNOWLEDGMENTS
	AUTHORSHIP
	DISCLOSURE
	REFERENCES
	SUPPORTING INFORMATION


