www.nature.com/aps

ARTICLE

Acta Pharmacologica Sinica
®

Check for
Updates

Lp-PLA?2 inhibition prevents Ang II-induced cardiac
inflammation and fibrosis by blocking macrophage
NLRP3 inflammasome activation

Si-lin Lv', Zi-fan Zeng', Wen-qiang Gan', Wei-qi Wang', Tie-gang Li', Yu-fang Hou', Zheng Yan', Ri-xin Zhang' and Min Yang'

Macrophage-mediated inflammation plays an important role in hypertensive cardiac remodeling, whereas effective
pharmacological treatments targeting cardiac inflammation remain unclear. Lipoprotein-associated phospholipase A2 (Lp-PLA2)
contributes to vascular inflammation-related diseases by mediating macrophage migration and activation. Darapladib, the most
advanced Lp-PLA2 inhibitor, has been evaluated in phase lll trials in atherosclerosis patients. However, the role of darapladib in
inhibiting hypertensive cardiac fibrosis remains unknown. Using a murine angiotensin Il (Ang Il) infusion-induced hypertension
model, we found that Pla2g7 (the gene of Lp-PLA2) was the only upregulated PLA2 gene detected in hypertensive cardiac tissue,
and it was primarily localized in heart-infiltrating macrophages. As expected, darapladib significantly prevented Ang ll-induced
cardiac fibrosis, ventricular hypertrophy, and cardiac dysfunction, with potent abatement of macrophage infiltration and
inflammatory response. RNA sequencing revealed that darapladib strongly downregulated the expression of genes and signaling
pathways related to inflammation, extracellular matrix, and proliferation. Moreover, darapladib substantially reduced the Ang |I
infusion-induced expression of nucleotide-binding oligomerization domain-like receptor with pyrin domain 3 (NLRP3) and
interleukin (IL)-18 and markedly attenuated caspase-1 activation in cardiac tissues. Furthermore, darapladib ameliorated Ang II-
stimulated macrophage migration and IL-1B secretion in macrophages by blocking NLRP3 inflammasome activation. Darapladib
also effectively blocked macrophage-mediated transformation of fibroblasts into myofibroblasts by inhibiting the activation of the
NLRP3 inflammasome in macrophages. Overall, our study identifies a novel anti-inflammatory and anti-cardiac fibrosis role of
darapladib in Lp-PLA2 inhibition, elucidating the protective effects of suppressing NLRP3 inflammasome activation. Lp-PLA2
inhibition by darapladib represents a novel therapeutic strategy for hypertensive cardiac damage treatment.
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INTRODUCTION

Hypertension is a significant public health challenge. Persistent
hypertension leads to adverse cardiac remodeling, which is
characterized by left ventricular hypertrophy and cardiac fibrosis
and is a determinant of the clinical course of heart failure (HF) as
well as one of the leading causes of death worldwide [1]. Despite
its prevalence, efficacious therapies for inhibiting or reversing
cardiac fibrosis are still lacking [2]. Therefore, identifying novel
therapeutic strategies for pathological cardiac remodeling and
dysfunction is of great importance.

Inflammation plays an important role in the pathogenesis of
hypertensive cardiac remodeling [3]. Angiotensin (Ang) Il, a key
component of the renin-angiotensin system (RAS), mediates early
infiltration of pro-inflammatory cells, especially monocytes/macro-
phages, in hypertensive cardiac remodeling [4]. Monocytes/macro-
phages release pro-fibrotic cytokines to stimulate the trans-
differentiation of resident cardiac fibroblasts into myofibroblasts,
leading to excess production of extracellular matrix (ECM) [5].

Previous studies have demonstrated that the balance between
macrophage infiltration, polarization, and tissue clearance deter-
mines inflammation resolution and cardiac remodeling [6, 7]. Thus,
targeting macrophages-associated inflammatory response may
alleviate the progression of cardiac remodeling and improve cardiac
function.

The inflammasome is an important mediator of innate
immunity. The nucleotide-binding oligomerization domain-like
receptor family pyrin domain containing 3 (NLRP3) inflammasome
is the best-characterized inflammasome, expressed mainly in
monocytes and macrophages [8]. Once activated, NLRP3 initiates
the formation of inflammasomes by interacting with the
apoptosis-associated speck-like protein containing a C-terminal
caspase recruitment domain (ASC), which recruits and activates
pro-caspase-1 to generate the active caspase-1, which in turn
activates the pro-inflammatory and pro-fibrotic cytokines, IL-13
and IL-18 [9]. Notably, NLRP3 inflammasomes play a key role in the
progression of hypertension and are strongly linked to the
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development of hypertensive end-organ damage [10]. Thus,
finding therapeutic interventions targeting NLRP3 inflammasome
activation in macrophages may prove beneficial in preventing
hypertensive cardiac remodeling.

Phospholipases A2 (PLA2s) are a superfamily of enzymes
characterized by their ability to hydrolyze the ester bond at the
sn-2 position of membrane glycerophospholipids and metabolize
them into various inflammatory mediators [11]. Alterations in PLA2
expression or activity result in the progression of numerous
inflammatory diseases, including arthritis, cardiovascular diseases,
and autoimmune diseases [12, 13]. Thus, PLA2s are increasingly
receiving attention as potential drug targets to treat inflammatory
diseases.

Lp-PLA2 belongs to group VII of the PLA2 superfamily and is
principally secreted by macrophages [14]. Lp-PLA2 hydrolyzes
glycerophospholipids to generate bioactive lipids, many of which
have pro-inflammatory and pro-oxidative activities. Lysopho-
sphatidylcholine (LysoPC) is responsible for the majority of Lp-
PLA2-derived proinflammatory effects. Elevated plasma Lp-PLA2
levels are associated with a number of vascular diseases [15, 16].
Elevated Lp-PLA2 levels were also observed in hypertension
patients [17]. However, the role of Lp-PLA2 in hypertensive cardiac
inflammation and cardiac remodeling remains unknown.

Darapladib is a potent oral inhibitor of Lp-PLA2, which has been
evaluated in phase Il trials in atherosclerosis patients, demon-
strating that darapladib is safe for use [18-20]. Several recent
clinical and preclinical studies showed the promising therapeutic
effects of Lp-PLA2 inhibition in diabetic macular edema and
Alzheimer’s diseases, indicating the potential pharmacological
significance of targeting Lp-PLA2 [21, 22]. However, the effect of
darapladib on hypertensive cardiac remodeling is still
uncharacterized.

In the present study, we investigated the roles of the Lp-PLA2
inhibitor, darapladib, in hypertension-induced cardiac inflamma-
tion and fibrosis in a mouse model of hypertension induced by
Ang Il infusion, and we explored the underlying molecular
mechanisms of darapladib’s protective effect. Our findings
suggest that darapladib treatment may be a potential therapeutic
approach to limit the progression of hypertension-induced cardiac
remodeling and dysfunction through the downregulation of
macrophage NLRP3 inflammasome activation. Thus, Lp-PLA2
inhibition may represent a novel therapeutic strategy for
preventing cardiac fibrosis and the development of HF.

MATERIALS AND METHODS

Antibodies and reagents

Primary antibodies for immunohistochemistry (IH), immunofluor-
escence (IF), Western blotting (WB), and imaging flow cytometry
analysis included rabbit anti-Lp-PLA2 (A9796) and rabbit anti-ASC
(A11433) from ABclonal (Wuhan, China), mouse anti-Collagen |
(bsm-33401m) and mouse anti-Collagen Ill (bsm-33129m) from
Bioss (Beijing, China), rabbit anti-Mac-2 (ab76245; IH and IF), rabbit
anti-IL-1B (ab9722; IF), rabbit anti-a-smooth muscle actin (a-SMA)
(ab5694), and rabbit anti-transforming growth factor-B (TGF-B)
(ab92486) from Abcam (Cambridge, MA, USA), mouse anti-Mac-2
(sc-32790; IF and WB), goat anti-NLRP3 (ab4207; IF), and mouse
anti-caspase-1 (sc-56036) from Santa Cruz Biotechnology (CA,
USA), rabbit anti-GAPDH (5174s), mouse anti-IL-13 (12242s; WB),
and rabbit anti-NLRP3 (15101s; WB) from Cell Signaling Technol-
ogy (Danvers, MA, USA), and rat anti-CD45 PE/Dazzle-594 (103146;
Biolegend, San Diego, CA, USA) and rat anti-CD11b PE (557397; BD
Bioscience, Franklin Lakes, NJ, USA).

Human angiotensin Il (Ang 1) and lipopolysaccharides (LPS)
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Lp-PLA2
inhibitor darapladib was obtained from Biorbyt Ltd. (Cambridge,
United Kingdom). NLRP3 inhibitor MCC950 was obtained from
MedChem Express (Monmouth Junction, NJ, USA).
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Animal maintenance and experimental treatments

We used the established hypertensive mouse model, as
previously reported [6, 23]. Twelve-week-old male C57BL/6J mice
(weight, 24-26 g) were provided by Beijing Vital River Laboratory
Animal Technology Co. Ltd. (Beijing, China). Mice were main-
tained under constant temperature and humidity with a 12-h
light-dark cycle in a temperature-controlled environment, and
they had free access to standard mouse chow and water [24].
Darapladib Lp-PLA2 inhibitor was dissolved in DMSO at a
concentration of 100 mg/mL and then diluted in 0.5% CMC-Na
to a final concentration of 5 mg/mL for oral administration. DMSO
with similar dilutions as the darapladib solution was used as
solvent control. Mice received a final volume of 1% of their body
weight. Darapladib was administered by gavage (50 mg-kg™"-d ")
once per day for 3 days prior to Ang Il infusion [20, 25].
Then, mice were infused for 7 days with saline or Ang Il
(1500 ng-kg™"min~") by osmotic mini-pumps (Alzet MODEL
1007D; DURECT, Cupertino, CA, USA) which were implanted
subcutaneously [24]. During this process, mice were continuously
given darapladib or solvent control once daily [20, 25]. Following
experimental treatment, heart function and blood pressure were
measured on day 7. Finally, mice were anesthetized with
isoflurane (2%) and euthanized. The left ventricle was punctured
and flushed with 20 mL of saline to remove blood from systemic
circulation. Hearts were removed and prepared for further
histological and molecular analyses. All of the animal protocols
complied with the Animal Management Rule of the Ministry of
Health, People’s Republic of China (Documentation no. 55, 2001)
and the guidelines from EU Directive 2010/63/EU of the European
Parliament on the protection of animals used for scientific
purposes. The protocols were also approved by the Institutional
Animal Care and Use Committee of the Institute of Materia
Medica, Chinese Academy of Medical Sciences and Peking Union
Medical College.

Real-time polymerase chain reaction (RT-PCR) analysis

Total RNA was extracted from cardiac tissue or cells using an
RNAeasy™ animal RNA isolation kit with spin column (Beyotime,
Shanghai, China) in accordance with the manufacturer’s instruc-
tions. First-strand cDNA was synthesized using a PrimeScript RT
reagent kit with gDNA Eraser (Takara Bio Inc., Shiga, Japan).
Quantitative PCR was performed using TB Green Premix (Takara),
and specific primers (Supplementary Table S1) using an Applied
Biosystems 7900 (ABI, USA).

RNA sequencing analysis
Total RNA was extracted from mouse ventricular chambers. RNA
quality was assessed using an Agilent 2100 Bioanalyzer (Agilent
Technologies, CA, USA). Library construction and RNA sequencing
were performed via the BGISEQ-500 platform at Beijing Genomics
Institute (BGI, Shenzhen, China). The raw sequencing reads were
filtered by removing low-quality reads, adapter-polluted reads, and
reads with more than 10% of unknown bases. After filtering, clean
reads were mapped to the mouse genome (GRCm38.p5) by HISAT2.
Gene expression was calculated by fragments per kilobase of
transcript per million mapped reads (FPKM). Genes with the
absolute value of Log, fold change =0 and false discovery rate
(FDR)<0.05 were considered to be significantly differentially
expressed, and these genes are shown in Fig. 5. Heatmap analysis
was conducted using the R package pheatmap. Molecular interac-
tion network analysis was performed by protein—protein interaction
(PPI) network analysis using STRING (https://www.string-db.org/) and
ingenuity pathway analysis (IPA hereafter, Qiagen Redwood City Inc,,
CA, USA). Gene function and pathway enrichment were analyzed via
the web-accessible program Database for Annotation, Visualization,
and Integrated Discovery (DAVID) (https://david.abcc.ncifcrf.gov/),
Cytoscape plug-in ClueGO, and CluePedia. The significance levels of
terms and pathways were identified by FDR < 0.05.
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Histology, IH, and IF staining

Cardiac tissue samples were fixed in 4% paraformaldehyde,
dehydrated, embedded in paraffin, and cut into 5-pm slides.
Masson trichrome staining and hematoxylin & eosin (HE) staining
were performed using standard procedures. The interstitial fibrotic
areas were calculated as the ratio of the total area of interstitial
fibrosis to the total area of the section using ImageJ.

For the IH staining, the heart sections were dewaxed, under-
went antigen retrieval by high pressure in repairing citrate buffer,
treated with 3% H,0,, were blocked with non-specific antigen
with 10% goat serum or 10% bovine serum albumin, were
incubated with primary antibodies for Lp-PLA2, a-SMA, TGF-§, IL-
1B, and Mac-2 at 4 °C overnight, and finally were detected using
the HRP-DAB detection method. For negative controls, the primary
antibody was replaced with corresponding non-immune IgG (in all
cases, negative controls exhibited non-significant staining).

For IF staining, cardiac sections were incubated with primary
antibodies for Mac-2, Lp-PLA2, caspase-1, NLRP3, ASC, and a-SMA,
followed by appropriate second antibodies, then counterstained
with 4'6-diamidino-2-phenylindole (DAPI) and mounted with
glycerol before imaging via confocal laser scanning microscopy
(Leica, Wetzlar, Germany). For negative controls, the primary
antibody was replaced with corresponding IgG. FITC-conjugated
wheat germ agglutinin (WGA, Invitrogen) was used to evaluate the
cardiomyocyte cross-sectional area. Cell area determinations were
based on measurements of at least 200 cells per slide.

Imaging flow cytometry (Amnis)

Cardiac cell suspensions were prepared, as previously described [26].
The mouse hearts were perfused, removed, and washed in cold
perfusion buffer. After removing the atria, the left ventricle chamber
was minced into fine pieces and digested in 4mL of 02%
collagenase Il and 1 U/mL dispase | (Sigma) by shaking (160 rpm)
at 37°C for 30min. The obtained cell suspension was gently
pipetted up and down and filtered through a 70-um cell strainer.
Cells were collected and re-suspended in DPBS. The cell suspensions
were blocked with CD16/32 antibody (BD Biosciences) for 1h at
room temperature, then stained with rat anti-CD45 PE/Dazzle and
rat anti-CD11b PE, as well as their homologous isotype-matched
negative controls (BD Biosciences), at 4°C for 30 min in the dark.
Finally, the cells were washed, re-suspended, measured by Image-
Stream Markll imaging flow cytometry, and analyzed by IDEAS
statistical image analysis software (Amnis, EMD-Millipore, Seattle,
WA, USA). Putative single cells were selected by gating only the area
consistent with single cells based on a scatter plot of the bright field
area versus the aspect ratio and cell imaging of each dot. The
images and the percentage of CD457CD11b™ cells were determined
based on the frequency of the counts over isotype controls.

Magnetic resonance imaging

Magnetic resonance imaging (MRI) was performed after 7 days of
Ang Il infusion. Mice were anesthetized in a chamber (2-4%
isoflurane mixed with 0.2-L/min 100% O,) and maintained with a
face mask (1-2% isoflurane with 0.2-L/min 100% O,). We obtained
cine images of the left ventricle short axis with a 70T scanner
(Bruker BioSpec, Bruker Medical, Ettlingen, Germany) using the
following parameters: repetition time 8.0 ms, echo time 2.4 ms, field-
of-view 25 mm x 25 mm, image size 192 mmx 192 mm, 0.8-mm
thickness with no gap, bandwidth: 89285.7 Hz, 8 averages, and flip
angle of 15°. We obtained 15 phases during the cardiac cycle.
Continuous slices were applied from base to apex covering the
entire heart. Images were analyzed using the software Segment
(http://segment.heiberg.se). The end-diastolic volume (EDV), end-
systolic volume (ESV), and ejection fraction (EF) were measured.

Cell culture

Bone marrow-derived macrophages (BMDMs) were obtained from
the tibias and femurs of C57BL/6J mice. BM was flushed from the
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femur and tibia using a 1 mL syringe with DEME medium and
purified through Ficoll-Paque gradient (Amersham Biosciences,
Freiburg, Germany). Cells were incubated in DMEM medium with
10% fetal bovine serum (FBS) and 1% penicillin and streptomycin
and stimulated with 10 ng/mL macrophage colony-stimulating
factor (PeproTech, Rocky Hill, NJ, USA) for 3 days to differentiate to
macrophages. Next, the medium was changed, and attached
macrophages were obtained after 5 days. BMDMs were primed
with LPS (100 ng/mL, Sigma) for 3 h before treatment with
100-nmol/L darapladib or 1-pmol/L MCC950 for 1 h, followed by
Ang Il (100 nmol/L) treatment for the indicated time [24]. Control
cells received DMSO vehicle.

Cardiac fibroblasts were isolated from neonatal rats born within
48 h, as described previously [27]. All of the cardiac fibroblasts
were used at the second to six passages. In brief, mouse hearts
were isolated, washed, minced, and digested in a solution of 100
U/mL collagenase type | and 0.1% trypsin for sequential 10-min
periods of digestion with constant stirring at 37 °C. The super-
natant from each digestion was suspended in DMEM medium
with 15% FBS and 1% penicillin and streptomycin, and the above
digestion process was repeated until all of the pieces disappeared.
Single-cell suspensions were filtered through nylon 40-um size
sterile filters, centrifuged at 1000 rpm for 5 min, re-suspended, and
incubated in plates. After a 90-min incubation period, the cardiac
fibroblasts were attached to culture plates, and the medium was
changed to DMEM with 10% FBS. Cardiac fibroblasts were starved
for 24 h in the DMEM medium with 5% FBS before treatment, then
cultured in the BMDM culture supernatant or co-cultured with
macrophages in transwell plates for 48 h.

Enzyme-linked immunosorbent assay (ELISA)

IL-1B levels were analyzed from BMDM culture supernatant using
the ELISA MAX™ Deluxe Set Mouse IL-1B (Biolegend) in accordance
with the manufacturer’s instructions.

Transwell migration assay

BMDMs (5% 10* cells per chamber) were plated on the top
chambers of a 6.5-mm transwell with an 8-um pore polycarbonate
membrane insert (Corning, NY, USA) and co-cultured with starved
cardiac fibroblasts in 24-well plates. Cells were incubated with
darapladib (100 nmol/L) or/and MCC950 (1 umol/L) for 1 h before
stimulation with Ang Il (1 umol/L). After a 48-h incubation period,
the migrated cells at the bottom of the transwell membrane were
detected by crystal violet staining (Shanghai Yuanye Bio-
Technology Co. Ltd., Shanghai, China). The numbers of migrated
cells were visualized and counted using a microscope (Nikon,
Konan, Tokyo, Japan).

WB analysis

Total protein of cardiac tissue or macrophages was collected using
lysis buffer (Cwbio, Beijing, China) plus protease inhibitor cocktail
(Roche, Basel, Switzerland).

Protein was quantified by bicinchoninic acid protein assay
(Pierce Biotechnology, Rockford, IL, USA), then separated by 10%
or 12% sodium dodecyl sulphate-polyacrylamide gel electrophor-
esis and transferred to nitrocellulose membranes (Bio-Rad,
Hercules, CA, USA). Membranes were incubated with special
primary antibodies against NLRP3, IL-1f, Mac-2, GAPDH (1:1000),
caspase-1, collagen |, and collagen Il (1:500) at 4 °C overnight,
followed by incubation with appropriate second antibodies.
Images were obtained using an ImageQuant™ LAS 4000 lumines-
cent image analyzer (GE, Boston, USA).

Measurement of serum Lp-PLA2 activity

Serum Lp-PLA2 activity was measured using a PAF Acetylhydro-
lase Assay Kit from Cayman Chemical (Ann Arbor, MI, USA). The
assay uses 2-thio-PAF as the substrate. In brief, 10 uL of plasma
was added to 5puL of 1T mmol/L EGTA and 10 uL of 2 mmol/L
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5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) in 0.1 mol/L Tris-HCl
(pH 7.2) and then incubated for 30 min at room temperature to
allow any free thiols in the sample to react with DTNB. Next, the
reactions were initiated by adding a 200-uL substrate solution
containing 200 umol/L 2-thio-PAF. The absorbance was read once
every minute at 414 nm. The Lp-PLA2 activity was calculated by
the change in absorbance per minute.

Plasma lipid

At study endpoint, mice were anesthetized, and blood was
collected immediately via cardiac puncture using a 25G needle
and a 1 mL syringe [28]. Total plasma cholesterol (TC), triglycerides
(TG), and low-density lipoprotein (LDL) and high-density lipopro-
tein (HDL) levels were detected using kits from Zhong Sheng Bio-
technology (Beijing, China) with an ACCUTE TBA-40 FR automated
biochemical analyzer (Toshiba, Konan, Tokyo, Japan). Mice were
not subjected to fasting before plasma lipid analysis [28, 29].

Blood pressure recordings

The blood pressure of mice infused with Ang Il for 7 days was
measured by the tail-cuff system (Softron BP-98A; Softron, Tokyo,
Japan) [30].

Statistical analysis

All of the data were presented as the mean + standard deviation
for at least three independent experiments. Then, statistical
analysis was performed using GraphPad software (GraphPad
Prism version 7.0 for Windows, GraphPad Software, San Diego, CA,
USA). The values were tested by the Shapiro-Wilk normality test to
determine whether the data were normally distributed. If data
were normally distributed, Student’s t test was used to determine
the significant difference between the two groups, and one-way
ANOVA followed by Tukey's post hoc test was used for multiple
comparisons. If the data were not normally distributed, the
Mann-Whitney test was used for two-group comparisons, and
Kruskal-Wallis followed by Dunn’s test was used for multiple
comparisons. P < 0.05 was considered to be statistically significant.

RESULTS

Ang Il infusion increases Lp-PLA2 expression in mouse cardiac
tissue

To investigate the role of Lp-PLA2 in hypertensive cardiac
remodeling, we first performed RNA-seq analysis to examine
PLA2 gene expression in Ang ll-infused hearts (Ang Il infusion
1500 ngkg min~" for 1 week). Among the 23 PLA2 genes,
Pla2g7 (also known as Lp-PLA2) was the only gene to be
significantly upregulated in Ang Il-infused hearts compared with
control hearts (fold change>2 and probability>0.8 were
considered statistically significant) (Fig. 1a; Supplementary
Table S2). Notably, the fold changes of four housekeeping genes
were within the range of 0.846-1.569 and showed no significant
difference between the two groups, suggesting the high quality of
our RNA-seq analysis and the specificity of Pla2g7 upregulation
(Fig. 1a; Supplementary Table S2). The increased expression of Lp-
PLA2 was validated by RT-PCR analysis and immunohistochemical
staining (Fig. 1b, c). Moreover, plasma Lp-PLA2 activity was also
significantly increased in Ang ll-infused mice (Fig. 1d). Bioinfor-
matics analysis showed that Lp-PLA2 was expressed almost
exclusively by myeloid cells, especially by macrophages and
monocytes (Supplementary Figs. S1 and S2), and Lp-PLA2
expression dramatically increases during the maturation of
monocytes into macrophages [31]. RNA-seq analysis showed that
the macrophage-specific gene, Lgals3 (galectin-3, also known as
Mac-2), was upregulated in Ang ll-infused hearts, indicating
increased macrophage infiltration (Supplementary Table S3). IF
staining showed the co-localization of Mac-2 and Lp-PLA2 in Ang
Il-infused hearts, indicating that macrophages are the major
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source of Lp-PLA2 in cardiac tissue (Fig. 1e). Ang Il stimulation also
increased macrophage Pla2g7 expression In vitro (Supplementary
Fig. S3). Collectively, these results suggest that Lp-PLA2 was
upregulated in the Ang ll-infused mouse heart, and may play a
critical role in hypertensive cardiac remodeling.

Inhibition of Lp-PLA2 by darapladib did not affect blood pressure
or major plasma lipid levels

To evaluate whether pharmacological inhibition of Lp-PLA2 can
prevent Ang ll-induced cardiac remodeling, we used the highly
selective small-molecule Lp-PLA2 inhibitor darapladib to block Lp-
PLA2 activity in vivo [20]. The results showed that intragastric
administration of darapladib (50 mgkg™"-d™") decreased Ang II-
increased plasma Lp-PLA2 activity (Supplementary Fig. S4a). Ang
ll-induced cardiac Lp-PLA2 protein expression was also efficiently
decreased by darapladib (Supplementary Fig. S4b). Besides, the
in vitro experiment showed that darapladib decreased the Ang II-
increased macrophage Pla2g7 expression (Supplementary Fig. S4c).
These data indicated the successful inhibition of systemic and
local Lp-PLA2 activation. We next sought to determine whether
inhibition of Lp-PLA2 activity by darapladib could affect Ang II-
induced hypertension. Systolic blood pressure was markedly
elevated in mice undergoing Ang Il infusion for 7 days compared
to non-infused controls. Darapladib administration, however, did
not affect systolic blood pressure in Ang Il-infused mice
(Supplementary Fig. S4d). As Lp-PLA2 mediates lipid metabolism,
we also detected plasma lipid levels in Ang ll-infused mice that
underwent darapladib treatment. The results showed that Ang Il
significantly increased plasma TC, HDL, and LDL, but darapladib
had no effects on these phenomena (Supplementary Fig. S4e). TG
showed no significance across all groups (Supplementary Fig. S4e).
Thus, darapladib significantly inhibited Lp-PLA2 activity without
affecting blood pressure or major plasma lipid levels.

Inhibition of Lp-PLA2 by darapladib ameliorated Ang Il infusion-
induced collagen deposition and cardiac fibrosis

We examined whether darapladib treatment affects the
progression of cardiac injury in response to Ang Il. We found
that Ang Il infusion caused markedly increased fibrosis,
indicated by Masson staining, whereas darapladib administra-
tion was associated with significantly lower fibrosis in Ang
ll-infused animals (Fig. 2a). Ang Il-induced a-SMA-positive
myofibroblasts and pro-fibrosis cytokine TGF-$ were attenuated
in darapladib-treated mice when compared with saline-infused
mice (Fig. 2b). Furthermore, cardiac collagen deposition
increased by Ang-ll, which was detected by WB of collagen |
and collagen Ill, was also reduced by darapladib treatment
(Fig. 2c). Similarly, fibrotic gene expression of Ctgf, Collal, and
Col3al in the heart was elevated by Ang Il infusion and
diminished upon darapladib treatment (Fig. 2d). Lp-PLA2
inhibition by darapladib thus suppressed cardiac myofibroblast
trans-differentiation, decreased matrix overproduction, and
reduced cardiac fibrosis associated with Ang Il.

Inhibition of Lp-PLA2 attenuated Ang Il infusion-induced cardiac
hypertrophy and dysfunction in mice

We further assessed the effect of darapladib on myocardial
histology. Ang Il infusion-induced cardiac hypertrophy, as reflected
by an increase in the heart size, and the heart weight to tibia length
(HW/TL) ratio was markedly attenuated in darapladib-treated mice
(Fig. 3a). The cardiomyocyte cross-sectional area was examined by
FITC-labeled WGA staining. No significant effect was observed when
darapladib was administered to saline-infused mice, but darapladib
treatment significantly decreased cardiomyocyte transverse cross-
sectional area after Ang Il infusion (Fig. 3b). Atrial natriuretic factor
(Anf) and brain natriuretic peptide (Bnp), the hypertrophic markers,
were significantly increased in Ang ll-infused mouse hearts and
reduced upon darapladib treatment (Fig. 3c). To test the role of
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Fig. 1 Upregulation of Lp-PLA2 in Ang Il-infused mice. C57BL/6J mice were infused with Ang Il (1500 ng-kg™"-min™") or saline for 7 days

before euthanasia. The hearts and plasma of these mice were collected for analysis. a RNA-seq analysis of mouse hearts. Volcano plot showing
fold change and statistical probability value of PLA2 genes and four housekeeping genes (Gapdh, Eif5, Actb, and Nono) (n = 3; fold change > 2
and probability > 0.8 were considered statistically significant; black triangle, significantly increased PLA2 genes; white triangle, significantly
decreased PLA2 genes; gray square, unchanged PLA2 genes; empty circle, control housekeeping genes). b RT-PCR analysis of the mRNA
expression of Pla2g7 in mouse heart (n = 5). ¢ Immunohistochemical staining of Lp-PLA2 in heart tissues and quantification (n = 5; scale bar =
200 pm). d Analysis of plasma Lp-PLA2 activity (n =7). e Double immunofluorescence analysis of macrophage (Mac-2, red) and Lp-PLA2
(green) expression in hearts. Hoechst nuclear staining is shown in blue. Three independent experiments were performed. Scale bar = 25 pm.

Data are presented as mean + standard deviation, and n represents the number of animals. ***P < 0.001.

Lp-PLA2 in heart function, we performed magnetic resonance
imaging in vivo in Ang Il-infused mice treated with or without
darapladib. Ang Il infusion elevated the EF and reduced the EDV and
the ESV, which were successfully rescued by darapladib treatment
(Fig. 3d). Therefore, darapladib ameliorated Ang ll-induced cardiac
hypertrophy and dysfunction.

Inhibition of Lp-PLA2 by darapladib attenuated cardiac
inflammation in response to Ang Il

To examine darapladib’s effects on Ang ll-induced cardiac
inflammation, we analyzed proinflammatory cell infiltration in
cardiac tissues. ImageStream analysis revealed that the Ang Il
infusion-induced increase in accumulation of CD457CD11b"
monocytes was markedly reduced by darapladib treatment
(Fig. 4a). HE staining confirmed increased infiltration of pro-
inflammatory cells in Ang Il-infused heart tissue, which
was significantly reduced by darapladib treatment (Fig. 4b).
Moreover, immunohistochemical staining showed that the
number of Mac-2 positive macrophages was markedly increased
in Ang ll-infused mice and reduced by darapladib administration
(Fig. 4b). The decreased Mac-2 protein levels in cardiac tissue
were also confirmed by WB analysis (Fig. 4c). In addition, the
Ang ll-stimulated expression of proinflammatory genes Mcp],
Tnfa, and /[12p40 were markedly lower in darapladib-treated
mice (Fig. 4d). These data revealed that darapladib suppressed
Ang ll-induced cardiac inflammation.

SPRINGERNATURE

RNA sequencing identified transcriptomes of mouse cardiac tissue
when Lp-PLA2 was inhibited by darapladib

To elucidate the transcriptional changes and identify the molecular
events that give rise to the protective effects of Lp-PLA2 inhibition
in a hypertensive mouse model, we performed RNA-sequencing
experiments using heart samples from Ang ll-infused mice with or
without darapladib administration. RNA sequencing revealed that
243 genes were upregulated and 26 genes were downregulated in
the Ang Il group compared with the saline group, effects which
were reversed in the Ang ll4 darapladib group, suggesting that the
Ang ll-induced alteration of genes in pathological remodeling can
be rescued by Lp-PLA2 inhibition with darapladib (Fig. 5a). We then
compared the Ang Il + darapladib group with the Ang Il group,
establishing differences in gene expression versus significance (P <
0.05) to visualize changes in gene expression (Fig. 5b). There were
363 differently expressed genes between the two groups, in which
75.2% (273 genes) were downregulated and 24.8% (90 genes) were
upregulated in Ang Ill+ darapladib heart samples compared with
Ang |l heart samples. This indicates darapladib’s transcriptional
suppression ability on Ang ll-treated mouse hearts (Fig. 5b).

We compared RNA-seq of Ang Il and saline groups and
performed gene ontology (GO) analysis to determine functional
changes that occurred during hypertensive cardiac remodeling.
Upregulated genes included genes involved in proliferation,
fibrosis, inflammation, and several signaling pathways (Fig. 5c).
The activation of ECM organization and collagen fibril organization
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Fig. 2
received darapladib (50 mg-kg™~'-d ™

Inhibition of Lp-PLA2 by darapladlb ameliorated Ang Il infusion-induced collagen deposition and cardlac ﬁbrosu C57BL/6J mice
') or vehicle by gavage and were infused with saline or Ang Il (1500 ng-kg™"-min~

') for 7 days. a Masson'’s

trichrome staining of myocardial fibrosis and quantification of fibrotic area (n =5; scale bar = 100 pm). b Immunohistochemical staining of
myofibroblasts with a-SMA and pro-fibrotic cytokine TGF-f. The quantifications are shown (n = 5; scale bar = 200 pm). ¢ Western blot analysis
of collagen | and collagen Il protein levels in hearts, and the quantification of protein bands (n =6). d RT-PCR analysis of Ctgf, Collal, and
Col3a1 mRNA expression levels in heart tissues (n = 5). Ctgf connective tissue growth factor, Col1al collagen type | alpha 1, Col3al collagen

type lll alpha 1. Data are presented as the mean * standard deviation, and n represents the number of animals. **P < 0.01, ***P < 0.001.

was consistent with findings of disruption and excess deposition
of ECM in cardiac fibrosis (Fig. 5¢). The significant upregulation of
cell migration, the cytokine-mediated signaling pathway, and
cellular responses to interleukin-1 (IL-1) confirmed the accumula-
tion of immune cells and suggested that inflammatory response
mediated by cytokine, especially IL-1, may play a critical role in
cardiac pathological remodeling (Fig. 5¢c). Upregulated genes were
also enriched in the TGF-$ and ERK signaling pathways, which

Acta Pharmacologica Sinica (2021) 42:2016 -2032

have been identified as critical pathways in cardiac fibrosis
(Fig. 5¢). Downregulated genes were involved in mitochondrial
function, lipid metabolism, and amino acid metabolism (Supple-
mentary Fig. S5a). We further compared RNA-seq between the
Ang Il 4 darapladib and Ang Il groups to investigate the effects of
darapladib on Ang Il-induced alteration of genes in pathological
remodeling. As expected, we found that downregulated genes
were also enriched in proliferation, fibrosis, and inflammation,
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Fig. 3 Inhibition of Lp-PLA2 by darapladib attenuated Ang Il infusion-induced cardiac hypertrophy and dysfunction in mice. C57BL/6J

mice received darapladib (50 mg-kg~'-d™") or vehicle by gavage and were infused with saline or Ang Il (1500 ng-kg™"-min~") for 7 days. a HE
staining of heart sections and the ratio of heart weight to tibia length (HW/TL) (n = 6; scale bar = 2 mm). b FITC-WGA staining of heart sections
and the quantification of myocyte cross-sectional area (n = 5; scale bar =50 pm). ¢ RT-PCR analysis of the mRNA levels of Anf and Bnp in the
hearts (n = 6). d MRI analysis of mouse heart. Representative images of end-systole and end-diastole are shown. EF ejection fraction, EDV end-
diastolic volume, ESV end-systolic volume (n =6). Data are presented as the mean * standard deviation, and n represents the number of

animals. *P < 0.05, **P < 0.01, ***P < 0.001.

indicating the reversal effect of darapladib on Ang Il-induced
abnormal gene expression (Fig. 5d). Genes involved in Wnt, TGF-(3,
and MAPK signaling pathways were also decreased in the Ang Il +
darapladib group compared with the Ang Il group (Fig. 5d).
Upregulated genes were involved in the apoptotic process,
mitochondrial function, and circadian rhythm (Supplementary

SPRINGERNATURE

Fig. S5b). We also performed the Kyoto encyclopedia of genes and
genomes (KEGG) pathway analysis, which further confirmed that
Ang Il upregulated the genes of proliferation, fibrosis, and
inflammation, and darapladib showed suppressed effects on
these processes (Fig. 5e, f). Supplementary Figure S6 shows the
top 20 differentially expressed genes involved in inflammation,
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Fig. 4 Inhibition of Le-PLAz by darapladib attenuated Ang Il infusion-induced cardiac inflammation in mice. C57BL/6J mice received
darapladib (50 mg-kg™'-d™") or vehicle by gavage and were infused with saline or Ang Il (1500 ng-kg™"-min~") for 7 days. a ImageStream
analysis of CD45'CD11b* monocytes in the hearts (n=5; scale bar=7pm). b HE staining and immunohistochemical staining of
macrophages (Mac-2) in the hearts (n=5; scale bar =200 pum). ¢ Western blot analysis of Mac-2 protein level in the hearts and the
quantification of protein bands (n = 6). d RT-PCR analysis of Mcp1, Tnfa, and I112p40 mRNA expression levels in the heart tissues (n = 5). Mcp1
monocyte chemotactic protein 1, Tnfa tumor necrosis factor-alpha, //12p40 interleukin 12b. Data are presented as the mean + standard
deviation, and n represents the number of animals. *P < 0.05, **P < 0.01, ***P < 0.001.

proliferation, and fibrosis, which were both significantly upregu- processes. Taken together, the RNA-seq results support the role of
lated by Ang Il and significantly downregulated in the presence of darapladib in regulating a transcriptional profile that is consistent
darapladib. We found that several genes were involved in more with its role in pathological cardiac remodeling and dysfunction.
than one process, indicating the close connection between these
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Inhibition of Lp-PLA2 by darapladib blocked NLRP3-mediated
inflammasome activation in cardiac tissue associated with Ang |l
infusion

C-C motif chemokine ligand 2 (CCL2, also known as MCP-1)
regulates monocyte/macrophage migration. Cardiac Ccl2 gene

SPRINGERNATURE

expression was significantly upregulated by Ang Il and markedly
downregulated by darapladib (Figs. 4d, 6a; Supplementary Fig. S6),
and the infiltration of cardiac monocytes/macrophages showed
the same tendency (Fig. 4a, b). This indicates that darapladib may
regulate monocyte/macrophage infiltration and the associated
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Fig. 5 RNA-seq analysis of mouse cardiac tissues. C57BL/6) mice received darapladib (50 mg-kg~"-d™") or vehicle by gavage and were
infused with saline or Ang Il (1500 ng-kg™"-min~") for 7 days. Hearts were collected for RNA-seq analysis. a Heatmap of differentially expressed
genes that were both significantly changed in Ang Il (compared to saline) and darapladib+Ang Il (compared to Ang Il) groups. Each column
represents an individual replicate, with three replicates per group. Each row represents an individual gene. The top of the heatmap is the
cluster of genes that are upregulated in Ang ll-infused hearts compared with saline-infused hearts and those that are downregulated in
darpladib + Ang Il hearts, whereas the bottom is the cluster of genes that are downregulated in Ang ll-infused hearts compared with saline-
infused hearts and those that are upregulated in darapladib + Ang Il hearts. The color bar represents the relative gene expression of log-
transformed and normalized fragments per kilobase of transcript per million mapped reads (FPKM). Upregulated genes are shown in red, and
downregulated genes are shown in blue. b Volcano plot shows the fold change and the significance of genes that were altered in darapladib
+Ang Il hearts vs. Ang Il hearts. Upregulated genes are plotted in red, downregulated genes are plotted in blue, and genes not significant are
plotted in gray. GO analysis of biological processes for the genes upregulated in the Ang Il group compared with the saline group (c), and the
genes downregulated in the darapladib+Ang Il group compared with the Ang Il group (d). Significantly changed ontology terms are mainly
involved in inflammation, proliferation, fibrosis, and several fibrotic signaling pathways (c, d). KEGG pathway analysis of upregulated genes in
the Ang Il group compared with the saline group (e) and downregulated genes in the darapladib + Ang Il group compared with the Ang Il
group (f). Significantly changed signaling pathways are mainly involved in inflalmmation, proliferation, and fibrosis (e, f). NS indicates not

significant. P adj < 0.05 is considered to be different.

inflammatory response to influence Ang ll-induced pathological
damage. Excessive secretion of IL-13 resulting from inflamma-
some activation was found to be a key pathogenic mechanism for
myofibroblast trans-differentiation and might account for the
macrophage infiltration and subsequent remodeling seen in Ang
Il-infused hearts [24]. Therefore, we investigated darapladib’s
effects on the expression of inflammasome components after Ang
Il infusion. RNA-seq analysis revealed that many inflammasome
genes upregulated in Ang ll-infused hearts showed downregu-
lated tendencies in the presence of darapladib (Fig. 6a). Gene
expression of Nirp3, II-18, and II-18 was also validated by RT-PCR
(Fig. 6b). WB also confirmed that darapladib treatment attenuated
Ang ll-upregulated NLRP3, cleaved-caspase-1, pro-IL-13, and
mature IL-1B in cardiac tissues (Fig. 6¢). Dual-IF staining revealed
that the majority of cells in cardiac tissues expressing caspase-1
were macrophages and that darapladib treatment restored the
upregulation (Fig. 6d). Immunostaining indicated that IL-1 was
increased and localized to the inflammatory and fibrotic areas in
Ang Il mouse hearts, an effect that was attenuated by darapladib
(Fig. 6e). These data indicate that darapladib attenuated Ang II-
induced cardiac macrophage NLRP3 inflammasome activation as
well as the production of IL-13, which may contribute to the
amelioration of cardiac inflammation.

Darapladib-treated macrophages inhibited myofibroblast trans-
differentiation in vitro via inhibition of the NLRP3/Caspase-1/IL-13
secretion axis

To confirm darapladib’s effects on the NLRP3 inflammasome/
caspase-1/IL-1f3 axis, we used BMDMs for further investigation. IF
staining showed that Ang Il increased the expression of NLRP3
and ASC in BMDMs, which were restored by darapladib treatment
(Fig. 7a). Ang ll-induced IL-13 intracellular expression and
extracellular secretion were both inhibited by darapladib treat-
ment (Fig. 7b, c¢). MCC950 is a selective NLRP3 inflammasome
inhibitor. We found that Ang Il-stimulated IL-13 secretion in
BMDMs was downregulated to a similar extent by MCC950 or
darapladib treatment, but did not further decrease when the two
treatments were used in conjunction (Fig. 7c). Additionally, Ang II-
promoted macrophage migration was also decreased to a similar
extent by MCC950 and darapladib, and was not further decreased
by the two when used in conjunction (Fig. 7d). To determine
whether darapladib’s inhibition of Ang Il-stimulated IL-1(3 produc-
tion in BMDMs could affect myofibroblast transformation, we
cultured fibroblasts with BMDM culture supernatant. Major
markers of myofibroblasts, Sm22 and a-Sma, were strongly
expressed by fibroblasts cultured in Ang Il-stimulated BMDM
supernatant (Fig. 7e, f). Darapladib or MCC950 inhibited myofi-
broblast trans-differentiation induced by Ang Il-stimulated BMDM
supernatant, but the inhibition was not further enhanced by
treatment with darapladib plus MCC950 (Fig. 7e, f). Besides, we
also detected the direct effects of darapladib and MCC950 on Ang
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[I-stimulated fibroblasts. Ang Il increased the expression of Sm22
and Tgfb, but neither MCC950 nor darapladib reversed these
effects (Supplementary Fig. S7a, b). Cell proliferation was detected
by CCK8 assay. We found that darapladib failed to decrease Ang II-
induced fibroblast proliferation, but MCC950 showed inhibitory
effects, and the inhibition was enhanced when MCC950 was used
in combination with darapladib (Supplementary Fig. S7c). Thus,
compared to fibroblasts, macrophages are more sensitive and
more efficiently regulated by darapladib upon Ang Il stimulation.
These data indicate that darapladib attenuates myofibroblast
trans-differentiation by suppressing macrophage NLRP3 inflam-
masome activation and IL-1f3 production.

Darapladib regulated macrophage inflammation and
myofibroblast trans-differentiation by targeting Lp-PLA2

To confirm whether darapladib targets Lp-PLA2 in the context
of Ang ll-induced cardiac inflammation and fibrosis, we used
Lp-PLA2-knockout mice for further investigation. The expres-
sion of Pla2g7 was significantly reduced in the hearts of Lp-
PLA2 knockout mice compared with that of WT mice
(Supplementary Fig. S8a). We found that Ang ll-stimulated
II-18 and Nirp3 expression in WT BMDMs were downregulated
in Lp-PLA2-knockout BMDMs but did not further decrease
when darapladib was added (Supplementary Fig. S8b). Then,
we cultured fibroblasts with different BMDM culture super-
natants. The gene expression of Sm22 and a-Sma were
upregulated in fibroblasts cultured in Ang ll-stimulated WT-
BMDM supernatants and reduced in Lp-PLA2-knockout-BMDM
supernatants, but the reduction was not further enhanced by
darapladib (Supplementary Fig. S8c). These data indicate that
darapladib targets Lp-PLA2 to attenuate Ang ll-induced
macrophage inflammation and myofibroblast trans-differentia-
tion in vitro.

Bioinformatics analysis revealed darapladib may regulate NLRP3
inflammasome activation by regulating lysoPC metabolism and
the LDL receptor (LDLR) signaling pathway

In order to reveal the detailed molecular mechanisms of
darapladib in NLRP3 inflammasome activation in Ang ll-infused
mouse heart, we conducted a detailed bioinformatics analysis
using PPl analysis and IPA. Key genes regulated by darapladib in
the heart and the associated genes found from related literature
were put into STRING for network construction. PPl network
showed NLRP3/IL-1B and PLA2G7 (Lp-PLA2) were connected via
LDLR, which was downregulated by darapladib in response to Ang
Il (Supplementary Fig. S9). The LDLR pathway plays an important
role in the regulation of cholesterol homeostasis. It can be
activated by inflammation, RAS, and hyperglycemia, and it is
associated with a series of diseases, such as atherosclerosis,
nonalcoholic fatty liver disease, and kidney fibrosis [32-34]. IPA
network further confirmed the interactions among NLRP3, IL-1(,
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Fig. 6 Inhibition of Lp-PLA2 by darapladib attenuated Ang Il infusion-induced NLRP3 inflammasome activation. C57BL/6J mice received
darapladib (50 mg-kg~'d™") or vehicle by gavage and were infused with saline or Ang Il (1500 ng-kg™"-min~") for 7 days. a Hearts were
detected by RNA-seq analysis, and NLRP3 inflammasome-associated genes are shown in the heatmap (n = 3). The color bar represents the
log-transformed and normalized relative fold change (FC) of genes. b RT-PCR analysis of Nirp3, II-1B, and /I-18 mRNA expression levels in
the heart tissues (n =5). ¢ Western blot analysis of NLRP3 inflammasome-associated proteins (NLRP3, pro-caspase-1, cleaved-caspase-1,
pro-IL-1B, and mature IL-1p) in hearts and the quantification of protein bands (n=6). d Double immunofluorescence analysis of
macrophage (Mac-2, green) and caspase-1 (red) expression in hearts. Hoechst nuclear staining is shown in blue. Three independent
experiments were performed. Scale bar=25pm. e Immunohistochemical staining of IL-1f in the hearts (n=5; scale bar =200 pm).
Data are presented as the mean * standard deviation, and n represents the number of animals. P adj < 0.05 is considered to be different,
*P < 0.05, **P < 0.01, ***P <0.001.
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Fig. 7 Darapladib-treated macrophages inhibited myofibroblast differentiation in vitro via inhibition of the NLRP3/caspase-1/IL-1f secretion
axis. BMDMs were primed with LPS (100 ng/mL) for 3 h, then treated with darapladib (10 or 100 nmol/L) for 1 h before stimulation with 100-nmol/L
Ang |l for 3 h to detect NLRP3 and ASC (a). Otherwise, they were stimulated with Ang Il for 48 h to detect IL-1 (b) by immunofluorescence staining.
Three independent experiments were performed. Scale bar = 10 pm in (a) and 40 um in (b). ¢ BMDMs were primed with LPS (100 ng/mL) for 3 h,
then either treated with darapladib (100 nmol/L), MCC950 (1 pmol/L) or both for 1 h before stimulation with 100-nmol/L Ang Il for 48 h to detect IL-
1B in supernatants by ELISA (n = 6). d Macrophages were co-cultured with fibroblasts via transwell inserts. Cells were either treated with darapladib
(100 nmol/L), MCC950 (1 pmol/L), or both for 1 h before stimulation with 1-umol/L Ang Il for 48 h to detect the migration of macrophages with
crystal violet staining (n = 5; scale bar = 50 pm). Macrophages were treated as in (c), and the supernatants were collected. Starved fibroblasts were
cultured in different macrophage supernatants for 24 h. The protein expression of a-SMA was detected by immunofluorescence staining (e) (scale
bar = 40 pm). The mRNA levels of Sm22 and a-Sma were detected by RT-PCR (f). Sm22 smooth muscle protein 22-alpha. Data are presented as the
mean + standard deviation, and n represents the number of animals. NS indicates not significant. **P < 0.01, ***P < 0.001.
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Fig. 8 Ingenuity pathway analysis (IPA) network to uncover the detailed molecular mechanisms of darapladib in NLRP3 inflammasome
activation. The interaction networks of DEGs regulated by darapladib and the associated molecules found from related literature were generated
through the use of IPA. PLA2G7, NLRP3, IL-1p, CCL2, and LDLR are highlighted in green. Phospholipids and lysophosphatidylcholines are
highlighted in blue. Key interactions associated with PLA2G7 and NLRP3 are highlighted in red.

PLA2G7, and LDLR and revealed that the interactions were
associated with phospholipid/lysoPC metabolism (Fig. 8). Interest-
ingly, in the network, PLA2G7 was found to affect NLRP3/IL-1( via
lysoPC and LDLR, while IL-13 was found to affect PLA2G7, forming
a regulatory loop (Fig. 8). These data indicate that darapladib may
inhibit NLRP3 inflammasome activation by regulating phospholi-
pid/lysoPC metabolism and the LDLR signaling pathway.

Biological pathway networks mediated by darapladib in
hypertensive cardiac remodeling

To understand the networks of significant biological pathways
involved in darapladib’s protective effects on hypertensive cardiac
remodeling, the key genes regulated by darapladib and validated
in our study were submitted to the ClueGO tool for further
analysis. As expected, these genes were clustered in three major
aspects, including inflammation (regulation of leukocyte chemo-
taxis, regulation of mononuclear cell migration, cytokine produc-
tion involved in immune response, regulation of cytokine
production involved in immune response), proliferation (positive
regulation of cell cycle process, regulation of fibroblast prolifera-
tion, positive regulation of fibroblast proliferation), and fibrosis
and hypertrophy (ECM organization and regulation of cardiac
muscle cell differentiation). They were closely linked by the cellular
response to the interleukin-1 pathway. Inhibition of Lp-PLA2 by
darapladib diminished Pla2g7, Nirp3, IL-18, and Ccl2-mediated
leukocyte migration and cytokine production, especially the
migration of mononuclear cells and the production of IL-1.

SPRINGERNATURE

Thus, darapladib suppressed the pathway networks that were
involved in inflammation, proliferation, fibrosis, and hypertrophy,
and centered on the cellular response to the interleukin-1
pathway as the core (Fig. 9).

DISCUSSION

The present study identified the critical role of Lp-PLA2 in
hypertensive cardiac fibrosis for the first time and demonstrated
that pharmacological inhibition of Lp-PLA2 by darapladib
prevented Ang ll-induced cardiac remodeling and inflammation,
which benefited from the suppression of NLRP3 inflammasome.
Thus, darapladib could potentially be used as a therapeutic
approach to address hypertensive cardiac damage.

Despite the prevalence of cardiac fibrosis, efficacious therapies
are lacking. Current treatment of hypertensive cardiac fibrosis
focusing on blood pressure control and blood volume reduction is
intractable with adverse drug reactions, such as postural
hypotension and hyperkalemia [35]. In recent years, inflammation
has emerged as a critical biological process contributing to
hypertensive cardiac remodeling [3]. Thus, finding new therapeu-
tic strategies targeting cardiac inflammation is of great signifi-
cance. Lp-PLA2 is a calcium-independent serine lipase that
belongs to group VIl of the PLA2 superfamily, mediates vascular
inflammation through the regulation of lipid metabolism, and is
implicated in several vascular inflammation-related diseases
[15, 16]. Chimeric mice with bone marrow-derived leukocytes
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deficient in Lp-PLA2 (bmLp-PLA2 ™/~ mice) developed smaller and
fewer inflamed infarcts with reduced numbers of infiltrating
neutrophils and inflammatory Ly-6C"9" monocytes after myocar-
dial infarction [36]. Moreover, elevated Lp-PLA2 levels were
observed in both the plasma of hypertension patients and the
pathological tissues of fibrotic disease patients [17, 37, 38]. These
studies indicate that Lp-PLA2 may be associated with hyperten-
sion and fibrosis, but the detailed effect of Lp-PLA2 on
hypertensive cardiac damage is still unknown. In this study, we
demonstrated that Ang Il infusion highly increased Lp-PLA2
expression in hypertensive cardiac tissue, and the most advanced
Lp-PLA2 inhibitor, darapladib, inhibited Ang ll-induced cardiac
fibrosis, hypertrophy, and dysfunction, independently of its effects
on blood pressure. These findings indicate that pharmacological
inhibition of Lp-PLA2 by darapladib is a potential therapeutic
approach in retarding the progression of hypertensive cardiac
remodeling.

The protective effects of darapladib in atherosclerosis have
been demonstrated previously both in preclinical and clinical
studies [25, 39]. Unfortunately, darapladib subsequently failed to
meet the primary endpoints of two large phases lll trials in
atherosclerosis patients cotreated with standard medical care in
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2014 [18, 19]. However, there were several limitations in these
clinical trials: nearly 95% of the patients received statins as the
basic treatment, which could not only lower plasma lipid levels
but also inhibit plasma Lp-PLA2 levels [40]; all of the patients were
screened based on their Lp-PLA2 activity levels, but the beneficial
effects of darapladib on patients with higher baseline levels of Lp-
PLA2 activity were not evaluated separately [41]. Although the
discovery of an anti-inflammatory drug for atherosclerosis is dim,
the research on Lp-PLA2 and darapladib has not been terminated
[41]. Over the past few years, Lp-PLA2 inhibition showed
promising therapeutic effects in diabetic macular edema and
Alzheimer's disease [21, 22]. Darapladib lowered IL-13 and IL-6
levels in the kidney at type 2 diabetes mellitus [42]. The potential
anti-glioma effects of darapladib were also investigated [43].
Moreover, mice deficient in bone marrow Lp-PLA2 had fewer ly-
6CM9" monocytes in the peripheral blood and myocardium and
showed ameliorated adverse left ventricle remodeling and
improved heart function recovery after myocardial infarction
[36]. These indicate the role of Lp-PLA2 in regulating myocardial
inflammatory responses and heart function, which is distinct from
the effects on atherosclerotic plaques [36]. In the present study,
we revealed the protective effects of Lp-PLA2 inhibition by
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darapladib on hypertension-induced cardiac remodeling and
dysfunction, illuminating a new potential application for darapla-
dib. Considering the complex etiology mechanism of hypertensive
cardiac fibrosis, it can be concluded that Lp-PLA2 may be one of
the prime inflammatory factors in this process.

Lp-PLA2 is principally secreted by monocyte-derived macro-
phages and dramatically upregulated during macrophage
differentiation [14]. Darapladib decreased macrophage Pla2g7
gene expression and macrophage accumulation in the heart.
Thus, darapladib may reduce Lp-PLA2 levels in heart in two ways,
i.e., by directly reducing Ang Il-induced Lp-PLA2 expression and
by decreasing macrophage accumulation. Meanwhile, inhibition
of Lp-PLA2 by darapladib markedly reduced Ang Il-induced
cardiac pro-inflammatory cytokine secretion both in vivo and In
vitro. These results indicate that the inhibition of Lp-PLA2 by
darapladib may suppress hypertensive cardiac inflammation by
decreasing macrophage migration and cytokine production in
response to Ang Il

RNA-sequencing analysis showed that Ang Il activated the
biological process of cellular response to IL-1 in the mouse heart.
IL-1B is a critical member of the IL-1 cytokine family, which has
both pro-inflammatory and pro-fibrotic abilities. II-13 activation
and secretion is dependent on the inflammasome/caspase-1 axis,
and previous studies have shown that Ang Il induces NLRP3
inflammasome activation and IL-1$3 release in macrophages and
mouse cardiac tissue [24, 44]. A recent study revealed that
homocysteine elevated adipocyte lyso-PC generation, which was
dependent on phospholipase A2 group 16, to activate the NLRP3
inflammasome in adipocyte tissue macrophages and also
promoted insulin resistance, suggesting that PLA2 enzyme plays
a role in regulating NLRP3 inflammasome activation [45]. Thus, we
hypothesized that the protection against Ang Il-induced cardiac
inflammation and fibrosis by darapladib through Lp-PLA2 inhibi-
tion may depend on the NLRP3 inflammasome/IL-1(3 axis. RNA-
sequencing showed that darapladib suppressed NLRP3
inflammasome-associated genes. WB analysis confirmed that
darapladib inhibited Ang Il infusion-increased protein levels of
NLRP3, cleaved-caspase-1, and IL-1B, without affecting the
upregulation of pro-caspase-1, suggesting that darapladib may
affect inflammasome function via regulating gene expression and
suppressing the assembly of inflammasome components. Further-
more, the suppression of darapladib on macrophage NLRP3
inflammasome assembly and IL-1 production was also confirmed
in Ang Il-stimulated BMDMs In vitro. We found that either NLRP3
inflammasome-specific inhibitor MCC950 or Lp-PLA2 inhibitor
darapladib prevented the production of IL-1f in macrophages
stimulated with Ang II, but the combination of the two showed no
further suppression. These data indicate that darapladib-mediated
Lp-PLA2 inhibition exerts anti-inflammatory properties in Ang II-
induced cardiac remodeling via dampening NLRP3 inflammasome
activation.

PPl and IPA revealed the possible molecular mechanisms of
darapladib in NLRP3 inflammasome activation. NLRP3/IL-1(3 and
LP-PLA2 were connected by phospholipid/lysoPC metabolism and
the LDLR pathway. Lp-PLA2 hydrolyzes oxidized LDL into two
bioactive products, lysoPC and oxidized nonesterified fatty acids
[41]. Accumulating evidence demonstrates that lyso-PC is a critical
proinflammatory mediator in modulating NLRP3 inflammasome
activation and IL-13 secretion [46, 47], and darapladib has been
found to decrease IL-1f in the kidney at type 2 diabetes mellitus
[42]. Darapladib decreased atherosclerotic plaque and the necrotic
core area, with reduced lysoPC content and decreased expression
of multiple genes associated with macrophage functioning [48].
Besides, the lysoPC content affects the affinity of LDL to LDLR, and
the LDLR pathway is positively related to NLRP3 inflammasome
activation in white adipose tissues and macrophages [49-52].
Thus, darapladib may inhibit NLRP3 inflammasome activation by
regulating lysoPC metabolism and the LDLR pathway.
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IL-1B exerts both pro-inflammatory and pro-fibrotic effects on
Ang ll-infused cardiac tissues. IL-1( initiates and propagates sterile
inflammation, including macrophage recruitment, activation of
the pro-inflammatory cytokine IL-6, and modulating chemokine
expression [53-55]. Moreover, IL-1f upregulates the expression of
TGF-B1, as well as other pro-fibrotic genes, and induces
myofibroblast trans-differentiation and collagen production
[56, 57]. As expected, we found that both Lp-PLA2 inhibition by
darapladib and NLRP3 inflammasome inhibition by MCC950
decreased the migration of Ang Il-promoted macrophages to
fibroblasts. Moreover, supernatants of Ang lI-stimulated macro-
phage promoted fibroblast transformation into myofibroblasts,
which could be attenuated by either darapladib or MCC950
treatment, but the combination of the two showed no further
effect. These results indicate that the protective effect of
darapladib-mediated Lp-PLA2 inhibition on Ang lI-stimulated
macrophage-promoted myofibroblast trans-differentiation and
fibrotic remodeling is dependent on NLRP3-regulated IL-1f
secretion.

RNA sequencing and bioinformatics analysis further improved
understanding of the molecular mechanisms underlying the
morphology [58]. Most of the differentially expressed genes in
darapladib + Ang Il hearts vs. Ang Il hearts were downregulated,
indicating the suppressive effects of darapladib on Ang II-
stimulated transcription. Enrichment analysis uncovered a number
of darapladib-regulated signaling pathways upon Ang Il stimula-
tion, including Wnt, ERK, MAPK, and TGF-f receptor signaling
pathways, which have been demonstrated to function in cardiac
fibrosis [27, 59]. Moreover, the differentially expressed genes were
mainly enriched in cellular processes involved in cardiac
hypertrophy, fibrosis, proliferation, and inflammation. Biological
processes involving cellular response to interleukin-1 seemed to
function as a bridge linking the four aspects of inflammation,
proliferation, fibrosis, and hypertrophy. Inhibition of Lp-PLA2 by
darapladib regulated both leukocyte migration and pro-
inflammatory cytokine production to affect Ang ll-induced cardiac
inflammation, which is consistent with the reduction of mono-
cytes/macrophage and IL-1(3 observed by histological analysis. The
dampened inflammatory response may lead to decreased cell
proliferation, especially fibroblast proliferation, as well as reduc-
tion of ECM deposition and cardiac muscle cell differentiation,
which were also demonstrated by histological analysis. Therefore,
our findings at the physiological, histological, cellular, and
molecular levels consistently and strongly indicate that the
inhibition of Lp-PLA2 by darapladib has obvious protective effects
on hypertensive cardiac inflammation, remodeling, and dysfunc-
tion. Lp-PLA2 inhibition by darapladib may represent a novel
therapeutic strategy in combating cardiac diseases associated
with adverse remodeling.

In addition, we also observed that darapladib decreased plasma
Lp-PLA2 activity as well as Lp-PLA2 expression in cardiac tissues.
Elevated circulating levels of Lp-PLA2 are associated with a
number of vascular diseases observed in a series of epidemiolo-
gical studies, supporting the proinflammatory action of Lp-PLA2
[15, 16, 60, 61]. Lp-PLA2 affects endothelial cell functions and the
homing of immune cells by generating proinflammatory media-
tors [62]. In the myocardial-infarction mouse model, bone marrow
Lp-PLA2-deficiency reduced plasma Lp-PLA2 activity accompanied
by reduced plasma inflammatory cytokines, fewer neutrophils,
and Ly-6C"9" cells in both blood and ischemic myocardium [36].
In the atherosclerosis mouse model, silencing Lp-PLA2 by lentiviral
vector delivery reduced plasma Lp-PLA2 levels and decreased
MCP-1 and MMP-8 in both blood and plaques of ApoE ™/~ mice
[63]. Thus, Lp-PLA2 inhibition may reduce both systemic and local
inflammatory responses, which are closely linked to cardiovascular
diseases. In the present study, the inhibition of Lp-PLA2 by
darapladib  decreased the migration capacity of Ang
Il-stimulated monocytes/macrophages and resulted in reduced
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monocytes/macrophages numbers and lower pro-inflammatory
cytokine levels in cardiac tissues. Thus, the plasma Lp-PLA2 may
contribute to Ang ll-induced cardiac dysfunction by regulating
peripheral monocytes/macrophages migration to cardiac tissues
to amplify the local inflammatory response, and darapladib plays a
protective role in this process. Future studies by our group will
further investigate the underlying mechanisms.

In summary, we demonstrated that Lp-PLA2 is highly upregu-
lated in the mouse heart and modulates cardiac inflammation and
fibrosis in response to Ang Il. Importantly, we shed light on the
protective mechanism of darapladib, a selective Lp-PLA2 inhibitor,
on Ang ll-induced cardiac inflammation and fibrosis by inhibiting
the NLRP3 inflammasome/IL-13 axis. In conjunction with the
findings of phase Ill atherosclerosis trials that darapladib is a safe
drug, our results may inform the development of novel strategies
to treat hypertensive cardiac injury.
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