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and also inhibited the formation and activation of NLRP3 inflammasome. Similarly, in vitro, our
findings demonstrated that AE could restore the expression of the tight junction proteins ZO-1/2
and decrease monolayer cell permeability that related to endothelial function after stimulation
by angiotensin Il (Ang Il) in microvascular endothelial cells (MECs). We also demonstrated that
AE could inhibit Ang IlI-induced NLRP3 inflammasome formation and activation, which were
regulated by NLRP3 ubiquitination in MECs, as shown by fluorescence confocal microscopy and
Western blot. Together with these changes, we revealed a new protection mechanism of AE that
inhibited NLRP3 inflammasome activation and decreased the release of HMGB1 by promoting
NLRP3 ubiquitination. Our findings implicated that AE exhibited immense potential and specific
therapeutic value in hypertension-related cardiovascular disease in the early stage and the
development of innovative drugs.
KEYWORDS
Aloe emodin, Ang I, endothelial dysfunction, NLRP3 inflammasome, NLRP3 ubiquitination
1 | INTRODUCTION Increasing evidence shows that angiotensin Il (Ang 1) is a key mediator
of hypertensive.l When Ang Il levels increase, oxidative stress occurs,
Cardiovascular disease is the primary cause of overall mortality which could increase blood pressure by several mechanisms.2 These
throughout the world, and hypertension is one of the major factors. include inadequate production or reduction of bioavailability of NO,

Abbreviations: AE, Aloe emodin; Ang I, angiotensin Il; ASC, apoptosis-associated speck-like protein containing CARD; gRNA, Single-guide RNA; HMGB1, high mobility group box1; IP,
immunoprecipitation; MECs, Microvascular endothelial cells; NLRP3, NOD-like receptor family pyrin domain containing-3; RIPA, radio immunoprecipitation assay; ROS, reactive oxygen species;
TEER, trans endothelial electric resistance; ZO-1/2, zonula occludens-1/2.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
(© 2020 Amgen Inc. Journal of Leukocyte Biology published by Wiley Periodicals LLC on behalf of Society for Leukocyte Biology

Received: 4 November 2019 Revised: 6 May 2020 Accepted: 26 May 2020
J Leukoc Biol. 2020;108:1735-1746. www.jleukbio.org 1735



https://orcid.org/0000-0003-0206-1889
http://creativecommons.org/licenses/by/4.0/

ZHANGET AL.

1736 JLBJLCEUGNK%%FYTE

BIOLOGY
alterations in metabolism of arachidonic acid, resulting in an increase
in vasoconstrictors and decrease in vasodilators, and up-regulation
of endothelin.® Ang Il plays an important role in the initiation and
progression of endothelial dysfunction, including Ang II-mediated
vascular tone dysfunction,* Ang IlI- and endothelium-mediated vas-
cular inflammation,® Ang ll-related atherosclerosis,® and vascular
remodeling.” Endothelial dysfunction is a well-established fundamen-
tal cause of cardiovascular diseases and also a predictor of worse
clinical outcomes. Endothelial cell barrier dysfunction results in many
pathologic consequences including endothelial cell injury reflecting
in tight junction protein zonula occludens-1/2 (ZO-1/2), endothe-
lium inflammation, and impairs endothelial integrity further.® These
interendothelial junction proteins play critical roles in protecting
blood vessels and then maintain life stability. However, there are few
effective drugs in clinical prevention and treatment of the endothelial
injury caused by hypertension currently. As a consequence, it is imper-
ative to find a drug that can maintain the homeostasis of endothelial
tight junction proteins.

As a traditional Chinese medicine, Rheum has been widely and
successfully used for many years. Aloe emodin (AE), 1,8-Dihydroxy-
3-(hydroxymethyl) anthraquinone, is a major anthraquinone derived
from the root and rhizome of Rheum palmatum L. Clinical studies
on AE has been demonstrated that it produces beneficial effects
including antioxidant,? anti-angiogenic,1° anti-metastasis,!! anti-
inflammatory,12 and anti-cancer.13 It has been proven that AE could
effectively prevent cardiovascular diseases.1* AE prevented high-fat
diet-induced QT prolongation by repressing miR-1 and up-regulating
its target Kir2.1.14 AE protected against myocardial infarction via the
up-regulation of miR-133, suppression of caspase-3 apoptotic sig-
naling pathway.1> But the protective effect of AE against endothelial
dysfunction in the pathogenesis of Ang ll-induced vascular complica-
tions and the underlying mechanism remains largely unknown.

It is reported that AE possessing antioxidant effect and alteration
of reactive oxygen species (ROS) production may represent an impor-
tant mechanism for AE mediated regulation of cellular behaviors.1®
AE has been shown to prevent high glucose-induced p-cell toxicity via
inhibition of ROS and down-regulation of apoptosis.1¢ ROS is one of
the pathways that activates NOD-like receptor family pyrin domain
containing-3 ( NLRP3) inflammasome.l” The NLRP3 inflammasome
monomer is a multi-subunit protein, which consists of pattern recog-
nition receptor NLRP3, apoptosis-associated speck-like protein con-
taining CARD (ASC), and inactive pro-caspase-1. Pro-caspase-1 is con-
verted to its active form, cle-caspase-1, and subsequently cleaves
its substrates such as pro-IL-14 to bioactive IL-18. These canonical
cytokine mediate inflammatory responses in many kinds of cells such
as endothelial cells.1® So it could cause or exacerbate the endothe-
lial inflammation contributing to the development of cardiovascular
diseases. NLRP3 inflammasome contributes to the increased release
of high mobility group box1 (HMGB1),1? one of the major damage-
associated molecular patterns (DAMPs). The protective mechanisms of
other effective drugs have been shown to prevent endothelial dysfunc-
tion related to NLRP3 inflammasome, such as AsprinZ° and puerarin.?!
It has also been reported that AE possesses anti-inflammatory effect.

Hence, we hypothesized that the protective effect of AE on cardiovas-
cular disease may be related to NLRP3 inflammasome.

In this study, our finding raised the possibility that AE confers pro-
tection against endothelial injury induced by Ang Il in endothelium
and reveals the important mechanism of NLRP3 inflammasome reg-
ulated by AE for the first time. Our study showed that AE protected
the expression of interendothelial junction proteins and restricted the
release of HMGB1 by inhibiting the activation of NLRP3 inflamma-
some regulated by NLRP3 ubiquitination, and ultimately prevented
cardiovascular disease. Our study implicates the clinical potential of AE
for the prevention of hypertension-induced cardiovascular diseases in

the early stage.

2 | MATERIALS AND METHODS

2.1 | Animal experiment

All experiments were done with C57BL/6J male mice age-matched
8 wk old (20-25 g), and housed with water and food ad libitum in a
12/12 h reverse light/dark cycle (lights on at 8:00 AM and off at 8:00
PM). All mice were bred from breeding pairs from Nanjing Biomedical
Research Institute (Nanjing, China). All protocols were approved by the
Institutional Animal Care and Use Committee of Guangzhou Univer-
sity of Chinese Medicine (Guangzhou, China). The mice were housed
in the pathogen-free animal experiment room (temperature 25 + 2°C,
relative humidity 50% + 5%; a 12/12 h light/dark cycle. 0.9% NaCl
containing Ang Il (1.44 mg/kg/d; D700, Sigma, Darmstadt, Germany)
was administered by subcutaneous (s.c.) injection for three times per
day to stimulate early hypertension with the vascular inflammation
model. Forty-eight male mice were randomly divided into six groups:
Control group (n = 8), Ang Il group (n = 8), AE low concentration group
(n = 8), AE medium concentration group (n = 8), AE high concentration
group (n = 8), and losartan group (n = 8). Mice were treated with 0.5%
sodium carboxymethylcellulose (C5678, Sigma), Lorsartan (20 mg/kg;
T0215L, TargetMol), or AE (10 mg/kg, 20 mg/kg, or 30 mg/kg; 481-72-
1, Pufeide, Chengdu). The treatment with AE or losartan was combined
with Ang II. After 3 wk, mice were humanely sacrificed after fasting for
12 h. Blood was centrifuged for 20 min at 3000 rpm and 4°C in refrig-
erate centrifuge (Sigma, 3K15), and plasma was collected. Heart tissue
and plasma samples were kept at 80°C until analyzed for inflammatory
markers. Blood pressure was measured by the tail sleeve in mice.

2.2 | Cell culture

Microvascular endothelial cells (MECs) line hemangioendothelioma
(EOMA) was purchased from ATCC (Shanghai, China). The cell line was
originally isolated from mouse hemangioendothelioma. MECs were
cultured in DMEM (Gibco, 11995-065, Rockford, IL, USA), contain-
ing 10% of FBS (Gibco, 10099-141C), and 1% penicillin-streptomycin
(Gibco, 15140-122). The cells were cultured in a humidified incubator
at amixture at 37°C with 5% CO, and 95% N,. Cells were passaged by
trypsinization (0.25% Trypsin/EDTA; Gibco, 25200-056), followed by
dilution in DMEM medium containing 10% FBS. The cells were treated
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with five cases: control group, model group with Ang Il (20 nM), and dif-
ferent concentrations AE group (0.05-0.5 uM). And then all cells, being
seeded in 6-well plates at a density 5 x 10° cells/mL were incubated in
DMEM medium with 10% FBS for 24 h.

2.3 | Blood pressure measurement

Blood pressure was measured using tail-cuff plethysmography (Soft-
ron Systems BP-2010 Series Il Blood Pressure Analysis System) including
systolic blood pressure and diastolic blood pressure. Briefly, mice were
trained for a period of five consecutive days in which blood pressure
was measured (30 measurements per day) but not recorded. Following
this training period, blood pressure was measured for another three
consecutive days, recorded, and averaged.

2.4 | Immunoblotting

MECs were washed twice with ice-cold PBS and scraped in radio
immunoprecipitation assay (RIPA) buffer (Thermo Scientific, Rock-
ford, MI, USA) containing a protease inhibitor cocktail (Roche,
04693132001, Basel, Switzerland). After centrifugation at 12000 xg
for 10 min at 4°C, the supernatants containing the membrane pro-
tein and cytosolic components, termed homogenates, were frozen and
store at —20°C until use. The cell supernatants were tested by BCA
protein assay kit (Beyotime, Beijing, China) and denatured with 5x pro-
tein loading buffer (SDS-PAGE; Beyotime) in a metal bath for 5 min, fol-
lowed by cooling on ice for another 5 min. Samples were run on 12%
SDS-PAGE and transferred onto 0.22 um polyvinylidene fluoride mem-
branes and blocked with 5% nonfat milk for 2 h at room temperature.
The membranes were probed with indicated primary antibodies at 4°C
overnight followed by incubation with anti-rabbit IgG (1:2000; Cell Sig-
naling Technology, Danvers, MA, USA) or anti-mouse IgG (1:2000; CST)
for 1 h at room temperature. The primary antibodies were anti-NLRP3
(1:1000; CST), anti-caspase-1 (8:5000; Santa Cruz, Dallas, TX, USA),
anti-Ubiquitin (1:1000; Abcam, Cambridge, MA, USA), and anti-ASC
(8:5000; Santa Cruz). The anti-beta-actin (1:1000; CST) was used as
an internal control. Protein bands were visualized using the Western
blotting detection system (Tanon, Shanghai, China) according to the
manufacturer’s instructions and analyzed using Image J software (NIH,
Bethesda, USA).

2.5 | Immunofluorescence microscopy analysis

To detect inflammasome activation in EOMA and the endothelium of
mouse coronary arteries, we carried out immunofluorescence. Cells
grown on culture dish at a density of 5 x 10° cells/mL were treated
for 24 h and then fixed in 4% paraformaldehyde for 15 min after PBS
washing for three times. The frozen slides from heart tissues were
fixed in acetone for 15 min, then incubated overnight at 4°C with pri-
mary antibody. After incubation with primary antibodies, the dishes
or slides were washed and labeled with corresponding Alexa Fluor-
488 and Alexa Fluor-555 conjugated secondary antibodies (Invitrogen,
Carlsbad, CA, United States) co-incubated for 1.5 h at room temper-
ature. Then, the dishes or slides were washed, mounted, and visual-
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ized through sequentially scanning on a laser scanning confocal flu-
orescence microscope (Carl Zeiss, Oberkochen, Germany). Colocal-
ization in vein or cells were analyzed by Image Pro Plus software
(Media Cybernetics, Rockville, MD, USA), and the colocalization coef-
ficient was represented by Pearson’s correlation coefficient. Goat
anti-NLRP3 antibody (1:200, Abcam), mouse anti-caspase-1 antibody
(1:200; Santa Cruz), rabbit anti-ASC antibody (1:200; Santa Cruz),
anti-ZO-1 (1:500, Invitrogen, Grand Island, NY, USA), rabbit anti-ZO-2
antibody (1:250; Invitrogen, Carlsbad, CA, United States), rabbit anti-
HMGB1 antibody (1:200; Santa Cruz), and mouse anti-PECAM anti-

body (1:200; Santa Cruz) were used for these experiments.

2.6 | ELISA assay for cytokine

After treatment, the cell supernatant and mice serum were collected
and HMGB1 and IL-1 production were measured by a commercially
available ELISA kit (R&D System, Minneapolis, MN, USA) according to

the protocol described by the manufacturer.

2.7 | Endothelial permeability measurement

Endothelial permeability was designed by the measurement of FITC-
dextran flux across monolayers of cultured endothelial cells. Cells
were plated on top of transwell chambers in 24-well plates (0.4 um
pore size) and grown to confluence. The same stimulation and drug
interference were given after the cells adhered to the wall. After
FITC-dextran 40 kDa (Sigma) was added into the upper chamber for
1 h, paracellular flux was assessed by taking 100 uL aliquots from
both chambers to measure real-time changes of permeability across
endothelial cell monolayers. Fluorescence was detected in appointed
samples using a fluorescent plate reader and emission wavelengths of

485 and 530 nm, respectively.

2.8 | Determination of trans endothelial electric
resistance (TEER)

TEER was performed by using an assembly containing current-passing
and voltage- measuring electrodes (EVOMZ, World Precision Instru-
ments (WPI) is located at Sarasota, FL, USA). Cell treating is the same
as steps in measuring cell permeability. MECs were also seeded on top

of the transwell chamber in 24 wells (0.4 um pore size).

2.9 | Single-guide RNA (gRNA) transfection

NLRP3 gene was knocked down in Carotid arterial endothelial cell
(CAEC) by gRNA, which targeted steady endothelial gNLRP3 expres-
sion. gRNA sequences for CRISPR/Cas? gene editing of coding genes
were projected by the CRISPR Design tool (http://crispr.mit.edul).
gRNA sequences were synthesized and then inserted into the
Bbsl-digested PX459 plasmid. gNLRP3 sequences were 5’'-
GACGAGTGTCCGTTGCAAGC-3'. Gene editing in CAECs was
used in lipofectamine 3000 transfection kit (Invitrogen, Carlsbad, CA,
USA) according to manufacturer’s guidelines. The transfected cells
were incubated in the medium with 2.5 ug/ml puromycin to screen out
the gRNA cells that contained plasmid.
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2.10 | Immunoprecipitation (IP)

For IP assays, cells were treated and incubated for 24 h. Cells were
lysed in RIPA buffer (Thermo Scientific) containing a protease inhibitor
cocktail (Roche, 04693132001). After centrifugation at 12000 xg for
10 minat4°C, the cell supernatants were blocked with protein G PLUS-
agarose (Santa Cruz, sc-2002) for 30 min. For NLRP3 IP analyses, each
supernate containing 500 g total protein was incubated with the anti-
NLRP3 antibody (D4D8T, CST) at 4°C overnight. On the next day, 20
uL protein G beads (Santa Cruz Biotechnology and Santa Cruz are
the same manufacturers) were added into each lysate at 4°C shaking
cultivation for 3.5 h. The beads were washed three times with lysis
buffer and heated at 98°C for 5 min in 40 uL lysis buffer and 10 pL
5x loading buffer. And then the precipitated proteins were subjected
to immunoblotting analysis. To validate the levels of ubiquitination of
NLRP3 in MECs after AE treatment induced by Ang Il, we performed
ubiquitination (ab7780, Abcam).

2.11 | Statistical analysis

All results were showed as mean + SEM of three to eight independent
experiments with each experiment including triplicate sets. One-way
ANOVA analysis and post hoc tests were applied when there were
more than two groups in the independent variable. The level of signifi-
cance was set at a P-value of 0.05.

3 | RESULT

3.1 | Aloe emodin suppressed Ang ll-induced
disruption of tight junction proteins in coronary
arterial endothelium and blood pressure abnormity

Mice were fed normal chow diet for 8 wk, and the experiment lasted
for 3 wk. After Ang Il (1.44 mg/kg/d) with 0.9% normal saline was
administered by s.c. injection for three times per day to stimulate early
hypertension with the vascular inflammation model. To determine
the success of the vascular endothelial injury and early hypertension
model, the damage of endothelial function was determined by exam-
ining the changes in the gap protein ZO-1/2 and the blood pressure
was measured at the same time. As shown in Fig. 1, we found that
AE recovered the level of systolic pressure, diastolic pressure, and
expression ZO-1/2 after Ang Il stimulation. In other words, AE could
repair blood pressure and endodermal permeability.

3.2 | Aloe emodin alleviated Ang ll-induced
inflammasome activation and HMGB1 release in
coronary arterial endothelium

Through colocalizing NLRP3 with PECAM by immunofluorescence,
we found that AE inhibited the activation of NLRP3 inflammasome
(Fig. 2A, B). The activation of inflammasome reflecting in IL-18 expres-
sion of plasma in each group after stimulation and administration were

shown in Fig. 2C. Similarly, we found that AE inhibited the activation of
inflammation in coronary arterial endothelium. When serum HMGB1
was detected by ELISA, the release of HMGB1 was decreased after AE
treatment (Fig. 2D).

3.3 | Aloe emodin prevented micro-endothelial
dysfunction induced by Ang Il in MECs

Tight junction proteins and adhesion junction proteins play a criti-
cal role in mediating the permeability of solutes between adjacent
endothelium cells. Disruption of junction proteins increases endothe-
lial cells permeability during vascular dysfunction. As shown in Fig. 3A
and B, MECs stimulated with Ang Il markedly decreased the expres-
sion of tight junction proteins ZO-1, which was obviously restored by
AE. The results of the endothelial permeability and TEER are consis-
tent with the expression of ZO-1 (Fig. 3C, D), which proved that AE may
have an effect of protecting the tight junction proteins for endothe-

lium.

3.4 | Aloe emodin inhibited the formation and
activation of NLRP3 inflammasome and HMGB1
expression in MECs with Ang Il stimulation

The NLRP3 inflammasome is best characterized as a type of inflam-
masome in mammalian cells that consists of a proteolytic complex
formed by NLRP3, ASC, and pro-caspase-1. To biochemically assess
the anti-inflammatory reduction effect of AE, we detected NLRP3
inflammasome protein expression and inflammasome formation. The
immunofluorescence colocalization method was used to detect the
recruitment of inflammasome (Fig. 4A-C). Moreover, AE significantly
inhibited the recruitment of NLRP3 inflammasome. To confirm the acti-
vation of NLRP3 inflammasome, we detected caspase-1inflammasome
protein expression, containing pro-caspase-1, which relates to the
recruitment of NLRP3 inflammasome, and cle-caspase-1, which relates
to the activation of NLRP3 inflammasomes (Fig. 4D, E). AE clearly
decreased cleavage caspase-1 in Ang |I-treated MECs. NLRP3 inflam-
masome is activated to produce a number of inflammasome products
including the HMGB1 and IL-18, which serve as a novel vascular per-
meability factor to mediate vascular hyper-permeability and promote
endothelial cell-mediated vascular remodeling. As shown in Fig. 4F and
G, we found that the release of IL-1 and HMGB1 were increased with
the stimulation of Ang Il and the release level was decreased after AE

intervention.

3.5 | Aloe emodin abolished Ang ll-induced
disassembly of tight junction protein via NLRP3
pathway in MECs

To prove that AE could protect the endothelial function by inhibiting
NLRP3 inflammasome, the gene of NLRP3 was knocked down in MECs
gRNA and MECs stably expressing gNLRP3 were established. The
silence efficiency was shown by Western blot analysis (Fig. 5A). Com-
pared with the scramble group, the Ang Il stimulation of the knock-
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FIGURE 1 Aloe emodin (AE) protected the integrity of the endothelium and restored blood pressure in vivo. Blood pressure was measured
by tail sleeve in mice. (A) and (B) Summarized data showing the systolic blood pressure and diastolic blood pressure (n = 8). (C) and (D): Zonula
occludens-1 (ZO-1)/PECAM and ZO-2/PECAM were identified by confocal microscopy with frozen sections of mouse hearts, the merged images
displayed yellow dots or patches indicating the colocalization of ZO-1 or ZO-2 (green) with PECAM (red). (E) Summarized data showing the colo-
calization coefficient of ZO-1 with PECAM (n = 6). (F) Summarized data showing the colocalization coefficient of ZO-2 with PECAM (n = 6).
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P <0.001, angiotensin Il (Ang I1) vs. Control, #P < 0.05, #P < 0.01, ##pP < 0,001, AE/Losarten vs. Ang Il. Scale bar, 20 uM
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FIGURE 2 Aloe emodin (AE) suppressed angiotensin Il (Ang Il)-induced activation of NOD-like receptor family pyrin domain containing-3
(NLRP3) inflammasome and high mobility group box1 (HMGB-1) expression in vivo. (A) Frozen sections of mouse hearts were stained for PECAM,
and Alexa 488-conjugated antibodies against NLRP3 in coronary arteries. The merged images displayed yellow dots or patches indicating the colo-
calization of PECAM (red) with NLRP3 (green). (B) Summarized data showing the colocalization coefficient of PECAM with NLRP3 (n = 8). (C) and

(D): The content of IL-18 (n = 6) and HMGB1 (n = 7) in serum were detected by ELISA kit.

###P < 0.001, and AE vs. Ang I1. Scale bar, 20 um

down group showed no obvious inhibition on the expression of ZO-1/2,
IL-18, HMGB1 protein, and there was no significant change after AE
administration (Fig. 5B-1).

3.6 | Aloe emodin restrained activation
of NLRP3 inflammasome is associated with
NLRP3 ubiquitination

We detected NLRP3 inflammasome protein expression with Ang Il
stimulia. NLRP3 inflammasome protein expression (Fig. 6A, B) was
tremendously reversed after AE treatment. AE treatment dramatically
down-regulated the expression of NLRP3. Next, we asked how AE
signaling inhibits NLRP3 inflammasome activation. We then guessed
whether AE mediated the degradation of ubiquitinated NLRP3 pro-
tein. Consistent with our hypothesis, treatment with AE after Ang Il
stimulation induced ubiquitination of NLRP3 in MECs (Fig. 6C). Impor-
tantly, AE-induced NLRP3 degradation was also restored when treat-
ing with MG-132 in MECs (Fig. 6D, E). Subsequently, MG-132 treat-
ment promoted NLRP3 inflammasome activation protein, such as the
expression of cle-caspase-1, but no change in pro-caspase-1 expres-

*Hk

P < 0.001, Ang Il vs. Control, #P < 0.05, #P < 0.01,

sion and ASC expression (Fig. 6F-I). Our results showed that protea-
some inhibitor MG-132 could suppress AE-induced NLRP3 degrada-
tion, suggesting that ubiquitinated NLRP3 is upgraded by AE.

4 | DISCUSSION

Here, we provide the evidence for a new therapeutic application of
AE to protect against endothelial injury in cardiovascular diseases. To
our knowledge, this is a new theory that AE restricts the activation
of NLRP3 inflammasome in endothelium through the ubiquitination
of NLRP3.

MECs are connected to each other by a complex set of junctional
proteins, including tight junction (ZO-1/2). These endothelial tight
junction proteins play critical roles in protecting cardiovascular dis-
eases in the early stage and then maintain life stability. In our study, we
found that Ang Il could significantly decrease the expression of tight
junction protein ZO-1/2, which means that Ang Il could contribute
to endothelial cell injury. Other studies also reported that Ang Il
involved in the development of various cardiovascular diseases by
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detecting changes in trans endothelial electric resistance (n = 4). P < 0.01, angiotensin Il (Ang 1) vs. Control, #P < 0.05, ##P < 0.01, AE vs. Ang II.

Scale bar, 20 um

disrupting microvessel permeability,22 inhibited the protein expres-
sion of ZO-1 in vascular endothelial cells by down-regulating vascular
endothelial (VE)-cadherin, and then destroying the tight junctions
between endothelial cells.23 Therefore, the prevention and treatment
of endothelial dysfunction induced by Ang Il should be taken into

account. In addition, the results of this study showed that the increase

in blood pressure caused by Ang Il was normalized by treatment with
an AT-1 receptor inhibitor losartan remarkably, and AE exerted the
similar protective effect (Fig. 1A, B), demonstrating that AE is an effec-
tive treatment to hypertension-related cardiovascular diseases. Our
study also explored that AE could repair the integrity of the endothelial

cytomembrane under the Ang Il stimulations could prevent and cure
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FIGURE 4 Aloe emodin (AE) inhibited the recruitment and activation of NOD-like receptor family pyrin domain containing-3 (NLRP3)
inflammasome and high mobility group box1 (HMGB1) expression. (A), (B), and (C): NLRP3/caspase-1 and NLRP3/ASC were identified by con-
focal microscopy to determine the formation of the inflammasome (n = 4). (D) and (E): Western blot analysis of pro-caspase-1 and cle-caspase-1
expression (n=4). (F) and (G): The content of IL-1 (n = 3) and HMGB1 (n = 4) in cell supernatant were detected by ELISA kit. "P<0.01,”"P <0.001,
angiotensin Il (Ang 11) vs. Control, #P < 0.05, #P < 0.01, ###P < 0.001, AE vs. Ang 1. Scale bar, 10 um
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endothelial dysfunction. It is reported that AE treatment could signifi-
cantly reduce infarct size, and ameliorate impaired cardiac function.1®
AE could be used to alleviate cerebral ischemia reperfusion injury.24
Together with the findings and our experiment, AE application should
be considered as a simple and inexpensive prophylactic measure for

cardiovascular event prevention in the early stage. Our study showed
that losartan lacks the capacity to normalized junctional dysfunction
in ECs, but restores hypertension. Because losartan prevents hyper-
tension through other mechanisms, including promoting vasodilation
and antagonizing the vasoconstrictor actions like arachidonic acid.
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However, the cellular mechanism of AE in modulating endotheliocyte
functions remains largely unknown. So it is meaningful to search the
mechanism of AE.

To further explore the mechanism, we focus on how AE regu-
lated the tight junction protein ZO-1/2. Currently, it has been demon-
strated that the NLRP3 inflammasome plays an important role in
the endothelial cell barrier dysfunction.25> And Ang Il could cause a
nonclassic inflammation response in the vascular endothelium and
contribute to the inflammation response through the aggregation of
intracellular ROS, which plays a critical role in NLRP3 inflammasome
activation.26 As the data showed, we demonstrated that AE allevi-
ated the Ang ll-induced vascular endothelial damage by inhibiting the
activation of NLRP3 inflammasome in vivo (Fig. 2). Other studies also
indicated that Ang ll-induced lung fibroblast a-collagen | synthesis
via NLRP3 inflammasome activation.2’” And N-acetylcysteine (NAC),
Diphenyleneiodonium (DPI),or NADPH oxidases (NOX) depletion sub-
stantially suppressed the expression of Ang llI-induced NLRP3 inflam-
masome components.28 Therefore, the present study explored that AE
is involved in inhibiting Ang Il-induced endothelial NLRP3 inflamma-
some formation and activation. Previous studies have shown that acti-
vation of NLRP3 inflammasome by injurious dangerous factor caused
HMGB1 release and disruption of interendothelial junctions in cul-
tured MECs.1? At the same time, our data confirmed that AE could sig-
nificantly inhibit the release of HMGB1 in serum, which means that AE
could significantly inhibit the activation of inflammasome. Our previ-
ous study has shown that NLRP3 inflammasome resulted in the disrup-
tion of endothelial tight junction and endothelial permeability.2> In the
present work, our data confirmed that AE decreased NLRP3 inflamma-
some activation and HMGB1 release in vivo. We also found that the
AE has a significant effect in vitro on restoring the endothelial perme-
ability and junction protein ZO-1/2 (Fig. 3). And we confirmed that AE
could effectively inhibit the Ang Il-induced NLRP3 inflammasome for-
mation and activation (Fig. 4). The results of in vitro and in vivo experi-
ments showed that AE could restore endothelial tight junction proteins
Z0-1/2 and endothelial permeability via inhibiting the formation and
activation of NLRP3 inflammasome. It means AE is effective in protect-
ing vascular endothelium.

Straight after the shallow relationship between AE and NLRP3
inflammasome, we intended to further confirm the role of NLRP3
inflammasome on Ang ll-induced endothelial dysfunction in AE group.
The reduced capacity of endothelial cells transfected with NLRP3
shRNA to release HMGB1 is consistent with recent findings that
NLRP3 inflammasome activation could lead to translocation and secre-
tion of HMGB1 by immune cells.1? Thus, we guessed that AE may
recover endothelial tight junction disruption by inhibiting endothelial
NLRP3 inflammasome activation and release of HMGB1. In our exper-
iment, we knocked down the NLRP3 gene and detected the junction
protein, IL-18, and HMGB1 (Fig. 5A). We demonstrated that AE inhib-
ited the NLRP3 signaling pathway to alleviate endothelial dysfunction
because ZO-1/2 of gNLRP3 cells has no significant change in the nor-
mal group, model group, or administration group (Fig. 5B-E). In cul-
tured endothelial cells, Ang Il induced IL-1p activation and HMGB1
production, which were blocked by NLRP3 gene silencing (Fig. 5F-I).
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To sum up, AE was verified that it relieved Ang Il-induced endothe-
lial junction dysfunction, which is related to NLRP3 inflammasome
signaling pathway.

At the same time, we found an interesting phenomenon that AE
treatment dramatically down-regulated the expression of NLRP3 in
endothelium induced by Ang Il (Fig. 6A, B). As we know, NLRP3 pro-
tein plays a pivotal role in NLRP3 inflammasome formation. Sev-
eral mechanisms about inhibiting the NLRP3 protein have been
reported. For example, BCL6 suppresses the NLRP3 transcription
through binding to the NLRP3 promoter.2? TRIM31 as an E3 ubiqui-
tin ligase, accelerates the degradation of NLRP3 via promoting K48-
linked polyubiquitination.3° Pellino2, which is dependent on Pellino2
forkhead-associated (FHA) and really interesting new gene (RING)-
like domains, facilitates NLRP3 ubiquitination.3! These data highlight
the fact that ubiquitination is a pivotal mechanism of suppressing
NLRP3 inflammasome activation. Consequently, we further hypothe-
sized that AE suppresses the NLRP3 inflammasome by increasing the
ubiquitination of NLRP3, resulting in the good protection of endothe-
lial cells. Our experiment also demonstrated that AE facilitated the
ubiquitination of NLRP3 to inhibit activation of the NLRP3 inflamma-
some whereas the Ang Il had no effect on the NLRP3 ubiquitination
(Fig. 6C). Subsequently, the expression of NLRP3 and the activated
caspase-1were reversed with the proteasome inhibitor MG-132 treat-
ment compared with the AE treatment (Fig. 6D, E, H, ). In conclu-
sion, AE relieves Ang Il-induced NLRP3 inflammasome via promoting
NLRP3 ubiquitination.

5 | CONCLUSION

AE was explored to exert protective effects on hypertension-related
cardiovascular disease. The present results reveal a new protection
mechanism of AE that inhibits NLRP3 inflammasome activation and
decreases the release of HMGB1 by promoting NLRP3 ubiquitination,
and thus restoring the endothelial tight junction proteins and perme-
ability. Our findings indicate that AE exhibits immense potential ther-
apeutic value in hypertension-related cardiovascular disease and the
development of an innovative drug.

ACKNOWLEDGMENTS

This project was supported by the National Natural Science Founda-
tion of China (No.81603587); the National Key Research and Develop-
ment Program of China (No. 2017YFC1700400, 2017YFC1700404);
the Guangdong Natural Science Funds for Distinguished Young Scholar
of China (No. 2018B030306027); the Major Basic Research Program
of Guangdong (No. 2018KZDXMO023); and the Youth Foundation of
Guangzhou University of Chinese Medicine (No. 2019QNPY03).

AUTHOR CONTRIBUTIONS

Yi Zhang, Ziging Song and Shan Huang contributed to the animal
experiments, cell experiments and data analysis. Li Zhu and Tianyi Liu



JOURNAL OF
1746 JLBLEUKOCYTE

ZHANGET AL.

BIOLOGY

contributed to the study analysis and data analysis. Hongyan Shu and

Lei Wang contributed to the revision of the manuscript. Yi Huang and

Yang Chen contributed to the conception and design of the project.

DISCLOSURES

The authors declare no conflicts of interest.

ORCID

Yang Chen

https://orcid.org/0000-0003-0206-1889

REFERENCES

10.

11.

12.

13.

14.

. Xiang R, Chen J, Li S, et al. VSMC-Specific deletion of FAM3A atten-

uated Angll-promoted hypertension and cardiovascular hypertrophy.
Circ Res. 2020.

. Masi S, Uliana M, Virdis A. Angiotensin Il and vascular damage in

hypertension: role of oxidative stress and sympathetic activation. Vas-
cul Pharmacol. 2019;115:13-17.

. LiXC, Zhu D, Zheng X, Zhang J, Zhuo JL. Intratubular and intracellular

renin-angiotensin system in the kidney: a unifying perspective in blood
pressure control. Clin Sci (Lond). 2018;132:1383-1401.

. Kagota S, Maruyama-Fumoto K, Shimari M, McGuire JJ, Shinozuka

K. Angiotensin Il type 1 receptor antagonist azilsartan restores vas-
cular reactivity through a perivascular adipose tissue-independent
mechanism in rats with metabolic syndrome. Cardiovasc Drugs Ther.
2019;33(5):501-509.

. Xue F, Cheng J, Sui W, et al. Angiotensin-(1-7) mitigated angiotensin

Il-induced abdominal aortic aneurysms in apolipoprotein E knockout
mice. Br J Pharmacol. 2019;177(8):1719-1734.

. Wang M, Yin X, Zhang S, et al. Autoantibodies against AT1 receptor

contribute to vascular aging and endothelial cell senescence. Aging Dis.
2019;10:1012-1025.

. Hasan HF, Radwan RR, Galal SM. Bradykinin potentiating factor iso-

lated from Leiurus quinquestriatus scorpion venom alleviates car-
diomyopathy in irradiated rats via remodeling of the RAAS pathway.
Clin Exp Pharmacol Physiol. 2019;47(2):263-273.

. Wong PF, Tong KL, Jamal J, Khor ES, Lai SL, Mustafa MR. Senescent

HUVECs-secreted exosomes trigger endothelial barrier dysfunctionin
young endothelial cells. EXCLI J. 2019;18:764-776.

. Reza Nazifi SM, Asgharshamsi MH, Dehkordi MM, Zborowski KK.

Antioxidant properties of Aloe vera 486 components: a DFT theoret-
ical evaluation. Free Radic Res. 2019;53:922-931.

Shanmugam MK, Warrier S, Kumar AP, Sethi G, Arfuso F. Potential role
of natural compounds as anti-angiogenic agents in cancer. Curr Vasc
Pharmacol. 2017;15:503-519.

Chen R, Zhang J, Hu Y, Wang S, Chen M, Wang Y. Potential antineo-
plastic effects of Aloe-emodin: acomprehensive review. Am J Chin Med.
2014;42:275-288.

Devi G, Harikrishnan R, Paray BA, Al-Sadoon MK, Hoseinifar SH, Bal-
asundaram C. Effects of aloe-emodin on innate immunity, antioxidant
and immune cytokines mechanisms in the head kidney leucocytes of
Labeo rohita against Aphanomyces invadans. Fish Shellfish Immunol.
2019;87:669-678.

Byun EB, Kim HM, Sung NY, et al. Gamma irradiation of aloe-emodin
induced structural modification and apoptosis through a ROS- and
caspase-dependent mitochondrial pathway in stomach tumor cells. Int
J Radiat Biol. 2018;94:403-416.

Bai Y, Su Z, Sun H, et al. Aloe-emodin relieves high-fat diet induced
QT prolongation via MiR-1 inhibition and IK1 up-regulationinrats. Cell
Physiol Biochem. 2017;43:1961-1973.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Yu Y, Liu H, Yang D, et al. Aloe-emodin attenuates myocardial infarc-
tion and apoptosis via up-regulating miR-133 expression. Pharmacol
Res.2019;146:104315.

Alshatwi AA, Subash-Babu P. Aloe-emodin protects RIN-5F (pancre-
atic p-cell) cell from glucotoxicity via regulation of pro-inflammatory
cytokine and downregulation of Bax and caspase 3. Biomol Ther (Seoul).
2016;24:49-56.

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

Shao BZ, Xu ZQ, Han BZ, Su DF, Liu C. NLRP3 inflammasome and its
inhibitors: a review. Front Pharmacol. 2015;6:262.

Chen Y, Pitzer AL, Li X, Li PL, Wang L, Zhang Y. Instigation of
endothelial Nlrp3 inflammasome by adipokine visfatin promotes inter-
endothelial junction disruption: role of HMGB1. J Cell Mol Med.
2015;19:2715-2727.

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.

Lian D, Yuan H, Yin X, et al. Puerarin inhibits hyperglycemia-induced
inter-endothelial junction through suppressing endothelial Nirp3
inflammasome activation via ROS-dependent oxidative pathway. Phy-
tomedicine. 2019;55:310-319.

Atis M, Akcan U, Ugur Yilmaz C, et al. Effects of methyl-beta-
cyclodextrin on blood-brain barrier permeability in angiotensin II-
induced hypertensive rats. Brain Res. 2019;1715:148-155.

Liu L, MengL, Zhang P, et al. Angiotensin Il inhibits the protein expres-
sion of ZO1 in vascular endothelial cells by downregulating VEcad-
herin. Mol Med Rep. 2018;18:429-434.

Li RR, Liu XF, Feng SX, et al. Pharmacodynamics of five anthraquinones
(aloe-emodin, emodin, rhein, chysophanol, and physcion) and recip-
rocal pharmacokinetic interaction in rats with cerebral ischemia.
Molecules. 2019;24:1898.

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 (Berl).
2016;94:1335-1347.

Shridas P, De Beer MC, Webb NR. High-density lipoprotein inhibits
serum amyloid A-mediated reactive oxygen species generation and
NLRP3 inflammasome activation. J Biol Chem. 2018;293:13257-
13269.

Meng Y, Yu CH, Cai SX, Li X. [Anti-fibrotic effects of angiotensin1-7 on
bleomycin-induced pulmonary fibrosis in rats]. Zhonghua Yi Xue Za Zhi.
2013;93:1585-1589.

Lee CW, Chi MC, Hsu LF, et al. Carbon monoxide releasing molecule-
2 protects against particulate matter-induced lung inflammation by
inhibiting TLR2 and 4/ROS/NLRP3 inflammasome activation. Mol
Immunol. 2019;112:163-174.

Chen D, Xiong XQ, Zang YH, et al. BCL6 attenuates renal inflamma-
tion via negative regulation of NLRP3 transcription. Cell Death Dis.
2017;8:e3156.

Song H, Liu B, Huai W, et al. The E3 ubiquitin ligase TRIM31 attenuates
NLRP3 inflammasome activation by promoting proteasomal degrada-
tion of NLRP3. Nat Commun. 2016;7:13727.

Humphries F, Bergin R, Jackson R, et al. The E3 ubiquitin ligase
Pellino2 mediates priming of the NLRP3 inflammasome. Nat Commun.
2018;9:1560.

How to cite this article: Zhang Y, Song Z, Huang S, et al.
Aloe emodin relieves Ang ll-induced endothelial junction dys-
function via promoting ubiquitination mediated NLRP3 inflam-
masome inactivation. J Leukoc Biol. 2020;108:1735-1746.
https://doi.org/10.1002/JLB.3MA0520-582R



https://orcid.org/0000-0003-0206-1889
https://orcid.org/0000-0003-0206-1889
https://doi.org/10.1002/JLB.3MA0520-582R

