
RESEARCH PAPER

Compound 21, a selective
agonist of angiotensin AT2

receptors, prevents
endothelial inflammation
and leukocyte adhesion
in vitro and in vivo
Amanda K Sampson1*, Jennifer C Irvine1*, Waled A Shihata1,
Dragana Dragoljevic1, Natalie Lumsden1, Olivier Huet1, Tyrone Barnes1,2,
Thomas Unger3, Ulrike M Steckelings4, Garry L Jennings1,
Robert E Widdop2 and Jaye P F Chin-Dusting1

1Vascular Pharmacology, Baker IDI Heart and Diabetes Institute, Melbourne, Vic., Australia,
2Department of Pharmacology, Monash University, Melbourne, Vic., Australia, 3CARIM – School

for Cardiovascular Diseases, Maastricht University, Maastricht, The Netherlands, and 4Institute

of Molecular Medicine, University of Southern Denmark, Odense, Denmark

Correspondence
Dr Amanda K Sampson, Vascular
Pharmacology, Baker IDI Heart
and Diabetes Institute, 75
Commercial Road, Melbourne,
Vic. 3004, Australia. E-mail:
Amanda.sampson@bakeridi.edu.au
----------------------------------------------------------------

*Indicates joint first author.
----------------------------------------------------------------

Received
20 November 2014
Revised
24 February 2015
Accepted
23 March 2015

BACKGROUND AND PURPOSE
Angiotensin AT2 receptors are upregulated in disease states such as atherosclerosis and blockade of the AT2 receptors
exacerbates plaque formation. Direct stimulation of these receptors is anti-atherogenic but the mechanisms and pathways
involved remain unknown. We examined the effect of direct AT2 receptor stimulation with Compound 21 (C21) on the
leukocyte adhesion cascade in vitro, right through to plaque formation in vivo.

EXPERIMENTAL APPROACH
Effects of C21 on TNFα-induced inflammation were assessed in human umbilical vein endothelial cells (HUVECs), activation of
monocytes, polarisation of monocyte-derived macrophages and in intact mouse aortae.

KEY RESULTS
C21 attenuated TNFα-induced: monocyte adhesion to cultured HUVECs, adhesion molecule expression and abolished
TNFα-induced ROS production. TNFα-induced NFκB translocation from the cytoplasm to the nucleus, essential for cytokine
production, was prevented by C21. C21 did not influence monocyte activation or macrophage polarisation but did reduce
TNFα and IL-6 mRNA expression in M1 macrophages. The anti-inflammatory effects of C21 were abolished by an AT2

receptor antagonist confirming that the effects of C21 were AT2 receptor-mediated. Also, leukocyte adhesion and cytokine
gene expression, induced by high-fat diet (HFD), was attenuated in ApoE-/- mice treated with C21. Plaque size and stability
were improved with C21 treatment with increased smooth muscle cell composition and decreased lipid size, compared with
HFD-saline treated mice.

CONCLUSION AND IMPLICATIONS
C21 prevented TNFα-induced and HFD-induced vascular inflammation in vitro and in vivo. Our data provide strong evidence
that the anti-atherosclerotic actions of C21 were due to vascular anti-inflammatory effects, mediated by AT2 receptors.
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Abbreviations
ApoE−/−, apolipoprotein E knockout; C21, compound 21; HFD, high fat diet; ICAM, intracellular adhesion molecule-1;
M1, macrophage type 1; M2, macrophage type 2; PPOH, 6-(2-propargyloxyphenyl) hexanoic acid; ROS, reactive oxygen
species; SRB1, scavenger receptor class B type 1

Introduction

In atherosclerosis, deletion or pharmacological blockade of
the angiotensin AT1 receptor reduces inflammation and
plaque formation (Daugherty et al., 2004; Li et al., 2004; Iwai
et al., 2005). An equally important consequence of blockade
of AT1 receptors is the possibility for increased angiotensin II
stimulation of the opposing angiotensin AT2 receptors that
mediate anti-inflammatory effects (Iwai et al., 2005; Rompe
et al., 2010) and are up-regulated in disease states such as
atherosclerosis (Sales et al., 2005).

Direct or indirect stimulation of AT2 receptors reduced
lesion area (Hu et al., 2008; Tesanovic-Kljajic et al., 2013) and
increased lesion stability, shown by a reduction in lipid depo-
sition and macrophage content and increased collagen
content in the plaque (Sales et al., 2005; Hu et al., 2008;
Tesanovic-Kljajic et al., 2013). Further effects of stimulation of
AT2 receptors, which may result in an anti-atherosclerotic
effects, are inhibition of inflammatory cytokine gene and
protein expression, reported via anti-oxidant activities and
prevention of NF-κB activation (Hu et al., 2008; Rompe et al.,
2010) observed in human and mouse dermal fibroblasts,
smooth muscle cells and in the brain (Wu et al., 2004;
McCarthy et al., 2009; Rompe et al., 2010). Because the
majority of studies examining AT2 receptors are dependent on
blockade of AT1 receptors rather than direct stimulation of
AT2 receptors, interpretation can be limited as to the exact
nature of the role of AT2 receptors. Although direct stimula-
tion of the AT2 receptor in the setting of atherosclerosis has
been reported to reduce plaque size and inflammatory
cytokine profiles, it is unclear whether these anti-
inflammatory effects following direct AT2 receptor stimula-
tion mediate the anti-atherosclerotic effects observed.

Plaque progression is initiated by activation of the
endothelium, and the consequent activation, recruitment and

infiltration of monocytes. Once infiltrated, monocytes differ-
entiate into macrophages and can be polarized into either the
type 1 phenotype (M1), with the capacity to secrete inflam-
matory cytokines, or the type 2 phenotype(M2), with the
capacity to secrete anti-inflammatory cytokines. Within the
atherosclerotic plaque, AT2 receptor expression has been
co-localized with macrophage staining (Sales et al., 2005) sug-
gesting that macrophages express AT2 receptors. Whether
direct activation of monocyte AT2 receptors inhibits activation
and/or influences macrophage polarization remains unclear.

In the current study we aimed to determine the pathways
involved in the anti-atherosclerotic effects of direct activation
of the AT2 receptors on the adhesion cascade in vitro, ex vivo
and plaque formation in vivo.

Methods

Cell culture
HUVECs (passage 2–6, Lonza, Allendale, NJ, USA) and
human monocytic cell line (Thp-1) monocytes (ATCC,
Manassas, VA, USA) were cultured in endothelial basal
medium-2 media with endothelial growth media growth
supplements and 100 U·mL−1 antibiotic/antimitotic (Life
Technologies, Auckland, New Zealand) or RPMI medium
(Life Technologies) with 10% FBS respectively. Cultured cells
were maintained at 37°C in 5% CO2.

HUVEC treatment
HUVECs were cultured to 80% confluency and were incubated
for 4 h with media alone or in the presence of human TNF-α
(10 ng·mL−1, R&D Systems, Minneapolis, MN, USA), the AT2

receptor agonist, compound 21 (C21, 0.1–100 μM, Vicore
Pharma, Sweden) and either the AT2 receptor antagonist

Tables of Links

TARGETS

GPCRsa

AT1 receptors

AT2 receptors

Enzymesb

CYP2C

NOS

Serine palmitoyltransferase

Tyrosine phosphatase

LIGANDS

C21, compound 21

CCL2

CGP 42112

IL-6

Myriocin

PD123319

TNF-α

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (a,bAlexander et al., 2013a,b).

730 British Journal of Pharmacology (2016) 173 –729 740

A K Sampson et al.BJP

http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=34
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=35
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=262#1325
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=253
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=788
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=333
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=6918
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=771
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=3944
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=4998
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=6664
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=597
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2635
http://www.guidetopharmacology.org
http://www.guidetopharmacology.org


PD 123319 (100 μM, Sigma-Aldrich, St Louis, MO, USA) or
pharmacological inhibitors of the published AT2 receptor
intracellular signalling pathways (Lokuta et al., 1994;
Jacobs and Douglas, 1996; Johren et al., 2004; Rompe
et al., 2010) using the CYP2C/CYP2J inhibitor [6-(2-
prp(argyloxyphenyl)hexanoic acid (PPOH), 10 μM; Sapphire
Bioscience, Redfern, NSW, Australia], the NOS inhibitor [Nω-
nitro-L-arginine methyl ester hydrochloride (L-NAME),
100 μM; Sigma-Aldrich], the tyrosine phosphatase inhibitor
sodium orthovanadate, (50 μM; Sigma-Aldrich) or the serine
palmitoyltransferase inhibitor (myriocin, 10 μM; Sigma-
Aldrich). Inflammation was assessed via cytokine gene expres-
sion, protein expression and static adhesion of Thp-1
monocytes to the treated HUVEC monolayer.

Real-time PCR
Cells were treated as detailed earlier and RNA was extracted
using TRIzol (Life Technologies) methodology as described
previously (Fu et al., 2012). One microgram of RNA was
DNAse treated and reverse transcribed into cDNA. Gene
expression for intracellular adhesion molecule-1 (ICAM), the
chemokine CCL2 and IL-6 (primers obtained from Gene-
works, Thebarton, SA, Australia) was assessed using real-time
RT-PCR (ABI Prism 7500, Perkin-Elmer Inc, PE Biosystems,
Waltham, MA, USA) with SYBR green chemistry (Roche Diag-
nostics, Indianapolis, IN, USA). Gene expression was quanti-
fied using the ΔCT method as previously described (Sampson
et al., 2008).

Flow cytometry
Protein expression of ICAM, CCL2 and IL-6 was quantified in
treated HUVECs using flow cytometry. Cells were treated,
harvested and stained with anti-ICAM (1:200, BD Biosciences,
North Ryde, NSW, Australia), anti- CCL2 (1:200, BD Bio-
sciences) and anti-IL-6 (1:200, BD Biosciences). Fluorescence
was detected on the FACS Calibur II Flow Cytometer (BD
Biosciences, San Jose, CA, USA) and Cell Quest Pro software
(BD Biosciences).

Static adhesion assay
HUVECs were cultured on glass coverslips to 80% confluency.
Following 4 h of treatment as detailed earlier, the cultured
HUVEC monolayer was incubated with 3 × 105 Thp-1 mono-
cytes for further 2 h. The HUVEC/Thp-1 cell layer was fixed,
mounted and imaged using phase contrast microscopy at 4×
magnification (Olympus FSX100, Olympus Life Sciences,
Notting Hill, Vic, Australia). The number of adhered mono-
cytes was counted using ImageJ software (version 1.44p, NIH,
Sacaton, AZ, USA). Four fields of view were averaged per well
with triplicate wells analysed per assay. Each n represents an
individual assay. Preliminary findings were used to determine
that a sample size of n = 4 was required to detect a difference
in adhesion of 1174 with a SD of 431, α = 0.05, power = 0.80.

NF-κB translocation to the nucleus
HUVECs were cultured on a glass coverslip and were treated
as described earlier (see HUVEC treatment section) for
15 min. Following treatment, cells were fixed (10% formalin;
Sigma-Aldrich), blocked with 0.3% Triton X-100 (Sigma-
Aldrich) and 5% normal rabbit serum (Vector, Burlingame,

CA, USA), incubated with anti-NF-κB-p65 (1:50; Cell Signal-
ling, Danvers, MA, USA) for 24 h at 4°C and subsequently
with a secondary antibody conjugated with Alexa Fluor 546
(1:750; Life Technologies, Auckland, New Zealand) for 1 h.
Cells were mounted in ProLong® Gold antifade reagent with
4′,6-diamidino-2-phenylindole (DAPI) for nuclear staining
(Life Technologies) and were imaged using fluorescence
microscopy (0.75 μm z-stack sections, Nikon AR1 confocal
microscope). DAPI-positive staining determined the nuclear
area mask for each z-stack that was used to quantify NF-κB-
positive staining in the nucleus and cytoplasm. NF-κB stain-
ing was quantified as the fluorescence intensity/area for each
z-stack slice and is presented as the average fluorescence
intensity per cell.

Reactive oxygen species (ROS) production
HUVECs were cultured to 90% confluency on a glass coverslip
that was mounted in a cell chamber. As previously described,
cellular ROS production was assessed using perfused naïve
endothelial cells exposed to the protocol described below
(Huet et al., 2013). Cellular ROS generation was measured
using 2,7-dichlorofluorescein (DCFH; Molecular Probes
Europe BV, Leiden, The Netherlands) and dihydroethidium
(DHE; Molecular Probes Europe BV). Results are reported as a
percentage increase of fluorescence using the following
formula [(fluorescence at T120 − fluorescence at T60)/
fluorescence at T60] × 100. Endothelial ROS production was
quantified in the presence or absence of TNF-α (1 ng·mL−1;
Sigma Chemical Co., St Louis, MO, USA) (Huet et al., 2013)
alone or in conjunction with C21 (100 μM). C21 was added
to the perfusion 10 min after TNF-α perfusion was started.
After 1 h of exposure to TNF-α, with or without C21, perfu-
sion was continued with Krebs–Henseleit buffer, and the cells
observed for a further hour. Fluorescent images were obtained
every 10 min and analysed to assess ROS production. For
each group the experiment was repeated four times, based on
the power calculation described above.

Monocyte activation
Fresh whole human blood (1mL) was obtained via venepunc-
ture, from healthy, medication free donors aged between
20–50 years of age, in compliance with the requirements of
the Alfred Human Research and Ethics Unit (HREC; Ref. No.
195/13). Samples were collected in sodium citrate (13 mM;
Merck, Bayswater, Vic, Australia) Whole blood (200 μL) was
pretreated with C21 (1 μM) or C21 + PD 123319 (10 μM) or
left untreated for 15 min at 37°C prior to staining with anti-
CD14 (1:100, BD Biosciences) and anti-CD11b (1:100, BD
Biosciences) and activated with LPS (100 ng·mL−1; Sigma-
Aldrich, Castle Hill, NSW, Australia) for 15 min at 37°C. Cells
were subsequently lysed and expression of the activation
marker CD11b determined in CD14+ monocytes by flow
cytometry (FACS Calibur II, BD Biosciences). Each n repre-
sents an independent monocyte isolation from human blood
(n = 4–6 independent samples) with n derived from the
average of triplicate wells within each independent sample.
SEM was calculated from the single n value per independent
sample. Surface protein expression is presented relative to the
untreated isolated monocytes from each blood sample.
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Macrophage differentiation and polarization
Human monocytes were isolated from 60 mL buffy coats
(Australian Red Cross Blood Bank using a Material Supply
Agreement 13-05VIC-12) using magnetic-activated cell
sorting (MACS), pan monocyte negative selection kit and LS
MACS columns (Miltenyi Biotec, Germany). Isolated mono-
cytes were differentiated into macrophages using M-CSF
(100 ng·mL−1; R&D Systems) for 7 days. Macrophages were
then cultured in media alone (unpolarized, M0) or polarized
into either M1 phenotype [with LPS (100 ng·mL−1) + IFNγ
(20 ng·mL−1; R&D Systems)] or M2 phenotype [with IL-4
(20 ng·mL−1; R&D Systems)] in the presence or absence of C21
(1 μM) or C21 + PD 123319 (10 μM). To examine macrophage
phenotype, macrophages were harvested after 6 h for mRNA
gene expression analysis of TNF-α, IL-6, scavenger receptor
class B type 1 (SRB1) and 18S as detailed earlier (primers
obtained from Geneworks) or 24 h for surface marker expres-
sion of CD64 (M1 marker, anti-CD64; R&D Systems) or
CD200R (M2 marker, anti-CD200R; R&D Systems) that was
assessed via flow cytometric analysis. Each n represents an
independent monocyte isolation from human blood (n = 4–6
independent samples) with n derived from the average of
triplicate wells within each independent sample. SEM was
calculated from the single n value per independent sample.
Surface protein expression is presented relative to the
untreated isolated monocytes from each blood sample.

Animals
All animal care and experimental procedures conformed to
National Health and Medical Research Institute Animal
Welfare Committee guidelines and were approved by the
Alfred Medical Research and Education Precinct (AMREP)
ethics committee (E/1090/2011/B) and the Alfred Human
Research and Ethics Unit (HREC, Ref No. 397/09). All mice
were specific pathogen free and were housed on a 12 h light/
dark cycle with food and water provided ad libitum. Studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 114 animals were used in the experiments described here.

Quantification of endothelial inflammation
in an intact vessel
Aortae were collected from 8- to 10-week-old male C57/Bl6
mice following CO2 asphyxiation (AMREP Animal Services,
Melbourne, Vic, Australia), cleared of connective tissue and
were either untreated or incubated with mouse TNF-α
(10 ng·mL−1; R&D Systems), C21 (1, 10, 100 μM) and/or PD
123319 (10 μM) for 4 h. Real-time leukocyte to endothelial
cell adhesion or gene expression of ICAM, CCL2and IL-6 was
assessed. Briefly, treated aortae were mounted on a vessel
chamber (Michell et al., 2011) and perfused with whole
human blood (0.12 mL·min−1) labelled with Vybrant DiI
(1:1000, Lonza) to fluorescently label leukocytes as previously
described (Woollard et al., 2008). Fresh whole human blood
was obtained via venepuncture, as described above, and col-
lected in heparin to prevent coagulation (40 U·mL−1 of
blood). Leukocyte to endothelial cell interactions were
imaged using a Zeiss Discovery V.20 microscope (Zeiss,
Oberkochen, Germany) coupled to a high-definition camera

(Hamamatsu, Shizuoka Prefecture, Japan) and AxioVision
software (release 4.8.2.0, Zeiss). Fifteen second video record-
ings of at least two fields of view were taken at each time
point and adhered/stationary leukocytes were counted and
averaged. We have previously observed that leukocyte adhe-
sion to intact aorta treated with TNF-α was the same when
either mouse or human blood was used (Woollard et al.,
2008). For cytokine gene expression, RNA was extracted from
a separate cohort of treated vessels using TRIzol extraction
and 1 μg was reverse transcribed into cDNA. ICAM, CCL2 and
IL-6 mRNA gene expression (primers were obtained from
Geneworks) was determined via real-time PCR with SYBR
green chemistry (Roche Diagnostics) with relative expression
quantified using the ΔCT method (Sampson et al., 2008).

In vivo atherosclerosis-prone mouse model
Six-week-old male apolipoprotein E knockout (ApoE−/−) mice
(AMREP Animal Services) were fed either a normal chow diet
(4.9% fat, 24% protein, 47.5% carbohydrate) or high fat diet
(HFD; 21% fat, 0.15% cholesterol; Specialty Feeds, Glen
Forrest, WA, Australia) for 10 weeks. Mice were housed with
environmental enrichment with three mice per cage and each
cage was randomly assigned to standard chow or HFD. After 6
weeks on the HFD, mice were administered either C21
(100 ng·kg−1·min−1) or saline via osmotic minipump (model
2004, Alzet, DURECT, CA, USA) for 4 weeks. Systolic blood
pressure was measured at week 6 prior to osmotic minipump
implantation and at the conclusion of the study in week 10 by
tail-cuff plethysmography. Following the 10 week treatment
period, plasma cholesterol levels were measured via the
COBAS Integra (Roche Diagnostics Ltd.) and the aorta was
collected for either assessment of endothelial inflammation or
immunohistochemical analysis. Endothelial inflammation
was assessed by quantifying leukocyte adhesion to the
endothelium in real time using the vessel chamber apparatus
and by real-time PCR analysis of ICAM, CCL2 and IL-6 gene
expression as described above. In a separate cohort of mice, the
aortae were collected, fixed in 10% neutral buffered formalin,
dissected longitudinally and mounted en face. Plaque content
in the aortic arch was assessed using en face Sudan IV staining
as described previously (Woollard et al., 2014) and were
imaged using a Motic SMZ-168 light microscope and analysed
using Fiji 1.47h software (Woollard et al., 2014). The aortic
sinus was dissected from within the heart and embedded in
OCT compound and sectioned at 6 μm. Sections were stained
for lipid content (Oil Red O), anti-CD68 content (macrophage
marker, Serotec, Kidlington, Oxfordshire, UK), smooth muscle
cell content (α-smooth muscle actin, Abcam, Cambridge, UK)
and collagen content (0.1% Sirius Red F3BA, Sigma-Aldrich,
Australia) as described previously (Woollard et al., 2014). Sec-
tions were imaged and analysed using an FSX100 Olympus
microscope and Fiji 1.47h software. All staining data are
expressed as the percentage of total plaque area positively
stained.

Data analysis
All data are presented as mean ± SEM. Body weight, systolic
blood pressure, plasma cholesterol levels, the number of
monocytes adhered to the HUVEC monolayer, protein expres-
sion (ICAM, CCL2, IL-6 and CD11b), gene expression (ICAM,
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CCL2, IL-6, CD64, TNF-α, CD200R and SRB1) and NF-κB-p65
fluorescent intensity was analysed using one-way ANOVA with
Tukey’s post hoc test to account for multiple comparisons. ROS
production (DCFH and DHE fluorescence) and leukocyte
adhesion to intact mouse aortae were analysed using one-way
ANOVA with repeated measures and Tukey’s post hoc test to
account for multiple comparisons. Plaque size and composi-
tion was analysed using Student’s t-test. P < 0.05 was taken to
indicate significant differences between group means.

Results

We examined the effect of C21 on TNF-α-induced endothelial
inflammation in vitro. TNF-α induced ICAM, CCL2 and IL-6
mRNA and protein expression in endothelial cells (Figure 1B,
C) as well as monocyte adhesion to the treated endothelial
cell monolayer (Figure 1A). Given that C21 has been reported
to elicit AT2 receptor-mediated effects in vitro at concentra-

tions ranging from 10−11 to 10−3 M (Barber et al., 1999;
Matrougui et al., 1999; Widdop et al., 2002; Rompe et al.,
2010; Dhande et al., 2015), we first performed a
concentration-response study. C21 at 100 μM reduced TNF-
α-induced ICAM, CCL2 and IL-6 gene and protein expression
(Figure 1B, C). TNF-α-induced monocyte adhesion to
endothelial cells was reduced by 40% in the presence of C21
(Figure 1A). The anti-inflammatory effects of C21 were abol-
ished in the presence of the AT2 receptor antagonist PD
123319 (Figure 1). Monocyte adhesion and expression of
ICAM, CCL2 and IL-6 was not different in untreated HUVECs
compared with HUVECs treated with C21 or PD 123319 treat-
ment alone (data not shown).

We next examined the intracellular signalling pathways
of the AT2 receptor. Pharmacological inhibition of known
intracellular signalling pathways of AT2 receptors with PPOH,
sodium orthovanadate, L-NAME or myriocin did not prevent
the anti-inflammatory effects of C21 as assessed by monocyte
adhesion or ICAM protein expression (Figure 2A, B).

Figure 1
Endothelial inflammation in response to stimulation with TNF-α (10 ng·mL−1), the AT2 receptor agonist C21 (0.1–100 μM) and/or the AT2 receptor
antagonist PD 123319 (PD; 10 μM). Endothelial inflammation was assessed by (A) static adhesion of Thp-1 monocytes to a treated HUVEC
monolayer; (B) ICAM, CCL2 or IL-6 protein expression; and (C) ICAM, CCL2 and IL-6 gene expression. Data are presented as mean ± SEM,
n = 4 for the control group with n = 5–6 in all other groups representing individual experiments performed in triplicate and were analysed using
one-way ANOVA with Tukey’s post hoc test to account for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.005 compared with control.
#P < 0.05, ##P < 0.01, ###P < 0.005 compared with TNF-α. +P < 0.05, ++P < 0.01, +++P < 0.005.
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Figure 2
Investigation of the intracellular inflammatory signalling pathway. Endothelial inflammation was assessed via (A) Thp-1 adhesion to a treated
HUVEC monolayer, SO, sodium orthovanadate. (B) ICAM protein expression in treated HUVECs, intracellular ROS production assessed by (C)
hydrogen peroxide production (measured as DCFH production) and (D) superoxide production (measured as DHE production) with the arrow
indicating the time which TNF-α and/or C21 incubation was started. (E–F) cytoplasmic and nuclear NF-κB-p65 subunit staining. Data are
presented as mean ± SEM, n = 4 for the control group with n = 5–6 in all other groups representing individual experiments performed in triplicate.
Panels A, B and F were analysed using one-way ANOVA with Tukey’s post hoc test to account for multiple comparisons. Panels C and D were analysed
using one-way repeated measures ANOVA with Tukey’s post hoc analysis to account for multiple comparisons. *P < 0.05, ***P < 0.005 compared
with control. #P < 0.05, ###P < 0.005 compared with TNF-α. +++P < 0.005, significantly different as indicated.
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However, TNF-α-induced ROS production and NF-κB-p65
translocation from the cytoplasm to the nucleus were
reduced in the presence of C21, an effect abolished by
co-incubation with PD 123319 (Figure 2C–F).

We then examined whether C21 treatment prevented
LPS-induced monocyte activation and influenced mac-
rophage polarization or macrophage cytokine profiles.
Although LPS increased expression of the activation marker
CD11b on CD14+ monocytes, this activation was unaffected
by treatment with either C21 or C21 + PD 123319 (Figure 3A).
Treatment of macrophages with LPS + IFN-γ polarized mac-

rophages to the M1 phenotype as shown by the increase in
CD64 surface expression (Figure 3B). Co-incubation of mac-
rophages with LPS + IFN-γ + C21 did not influence the
expression of CD64 indicating that polarization to the M1
phenotype was unchanged by C21 (Figure 3B). Similarly,
treatment of macrophages with IL-4 increased the expression
of CD200R indicating polarization to the M2 phenotype but
this was not affected by C21 (Figure 3C). Consistent with the
M1 surface expression, mRNA gene expression profiles of
TNF-α and IL-6 were increased in macrophages treated with
LPS + IFN-γ (Figure 3D, F) compared with untreated cells.

Figure 3
C21 treatment did not influence monocyte activation or macrophage polarization but did influence inflammatory gene expression profiles. (A)
Monocytes were activated with LPS and activation was assessed as surface expression of the monocyte activation marker CD11b, represented as
mean fluorescent intensity (Geo-MFI) as the percentage of untreated monocytes. Macrophages were incubated with LPS + IFNγ to promote
polarization to the M1 phenotype that was assessed by (B) surface expression of the M1 marker CD64 or (C) IL-4 to promote polarization to
the M2 phenotype that was assessed by surface expression of the M2 marker CD200R. Data are represented as the fold change in mean
fluorescence intensity (Geo-MFI) relative to the untreated samples. mRNA gene expression of the inflammatory genes (D) TNF-α and (F) IL-6 and
the anti-inflammatory gene (E) SRB1 was quantified in unpolarized, M1 and M2 macrophages. Data are represented relative to 18S and are
expressed as mean ± SEM and were analysed using one-way ANOVA with Tukey’s post hoc test to account for multiple comparisons. *P < 0.05,
**P < 0.01, ***P < 0.005 compared with untreated controls. #P < 0.05, ##P < 0.01. Data are presented as mean ± SEM, n = 4 for the control group
with n = 5–6 in all other groups representing individual experiments performed in triplicate.
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Macrophages treated with C21 in addition to LPS + IFN-γ had
significantly lower TNF-α and IL-6 gene expression compared
with LPS + IFN-γ treated cells (Figure 3D, F). Expression of the
anti-inflammatory gene SRB1 was increased in macrophages
treated with IL-4 compared with untreated macrophages
(Figure 3E) and mRNA expression of SRB1 was not influenced
by the presence of either C21 or PD 123319.

To investigate whether the anti-inflammatory effect of
C21 in endothelial cells translates to the whole vessel, we
next examined leukocyte adhesion and inflammatory gene
expression in the intact mouse aorta. Four hour treatment
with C21 prevented TNF-α-induced leukocyte adhesion in a
concentration-dependent manner which was blocked by PD
123319 (Figure 4). Leukocyte adhesion in vessels treated with
C21 or PD 123319 alone was similar to untreated vessels (data
not shown).

To examine the anti-inflammatory effects of C21 in vivo,
we examined endothelial inflammation in the setting of ath-
erosclerosis using ApoE−/− mice. Treatment of ApoE−/− mice
with HFD did not increase body weight but increased systolic
blood pressure, total cholesterol, LDL and HDL (Table 1).
Body weight, systolic blood pressure and cholesterol levels
were not different between ApoE−/− + HFD mice and ApoE−/− +
HFD mice treated with C21 for 4 weeks (Table 1). We
observed higher leukocyte to endothelial adhesion and gene
expression of ICAM, CCL2 and IL-6 in aortae from ApoE−/− +
HFD mice compared with ApoE−/− fed a normal chow diet
(Figure 5A, B). Treatment of ApoE−/− + HFD mice with C21 for
the final 4 weeks significantly reduced leukocyte to endothe-
lial adhesion (Figure 5A) and gene expression of ICAM, CCL2
and IL-6 to levels similar to that of the normal chow fed mice
(Figure 5B). Furthermore, plaque size was significantly lower

in the aortae from mice treated with C21 compared with
ApoE−/− +HFD mice (Figure 5C). We also observed a reduction
in lipid deposition (Figure 5D) and macrophage content
(Figure 5E) and an increase in smooth muscle cell content
(Figure 5G) of the plaques from ApoE−/− + HFD + C21 mice
compared with ApoE−/− + HFD. There was no difference in
collagen content of the plaques from ApoE−/− + HFD and
ApoE−/− + HFD + C21.

Discussion

Activation of AT2 receptors reduced plaque formation and
improved plaque stability in atherosclerosis-prone mouse
models (Sales et al., 2005; Hu et al., 2008; Tesanovic-Kljajic
et al., 2013), but the mechanisms underlying these effects
remained unclear. We provide evidence, for the first time,
that activation of the AT2 receptors on endothelial cells pre-
vents endothelial inflammation via inhibition of ROS-
induced NF-κB translocation and inflammatory cytokine
expression. Previous reports had shown separately that AT2

receptor activation in the setting of atherosclerosis reduced
NADPH oxidase activity and ROS production in whole aorta
(Dandapat et al., 2008; Tesanovic-Kljajic et al., 2013), pre-
vents NF-κB translocation in dermal fibroblasts (Rompe et al.,
2010) and prevents inflammatory gene expression in
endothelial cells and whole aorta (Rompe et al., 2010;
Tesanovic-Kljajic et al., 2013). This study is the first to eluci-
date the signalling pathway (from stimulation of AT2 recep-
tors to ROS production, NF-κB translocation, gene expression
and protein expression) in endothelial inflammation. In
addition, we observed that the anti-inflammatory effects of
C21 on the endothelium are preserved both ex vivo, in intact
aorta and in vivo as shown by a reduction in TNF-α-induced
and chronic HFD-induced leukocyte to endothelial adhesion.
Importantly, our data suggest that neither monocyte activa-
tion nor macrophage polarization are influenced by C21,
pointing to the fact that the anti-inflammatory effects of C21
in vivo are primarily mediated by activation of endothelial AT2

receptors. Chronic C21 treatment also reduced HFD-induced
endothelial inflammation, inflammatory cytokine expression
and plaque formation. This finding is of particular interest as
C21 was administered for the final 4 weeks of the 10 week
HFD suggesting that therapeutically, C21 treatment may have
beneficial effects on established plaques as well as preventing
plaque formation.

The initial stages of plaque formation involve a complex
interplay between endothelial activation and monocyte
recruitment, infiltration and polarization. Stimulation of AT2

receptors has been reported to prevent inflammatory
cytokine expression in human and mouse dermal fibroblasts,
smooth muscle cells and brain (Wu et al., 2004; McCarthy
et al., 2009; Rompe et al., 2010). We observed, consistent with
previous reports (Iwai et al., 2005), that C21 blunts TNF-α-
induced ICAM, CCL2 and IL-6 gene and protein expression in
endothelial cells. Although the anti-inflammatory effects of
C21 were inhibited by the AT2 receptor antagonist PD
123319, inhibition of the known intracellular signalling
pathways of the AT2 receptor either alone or in combination
did not prevent the anti-inflammatory effects of C21. In
addition to stimulation of these intracellular signalling path-

Figure 4
Endothelial inflammation in the intact mouse aortae in response to
stimulation with TNF-α (10 ng·mL−1), the AT2 receptor agonist C21
(1–100 μM) and/or the AT2 receptor antagonist PD 123319 (PD,
10 μM) as assessed by leukocyte to endothelial adhesion ex vivo
[number of adhered leukocytes per field of view (FOV); n ≥ 6]. Data
are presented as mean ± SEM and were analysed using one-way
repeated measures ANOVA with Tukey’s post hoc test to account for
multiple comparisons. **P < 0.01, ***P < 0.005 compared with
control. ##P < 0.01, ###P < 0.005 compared with TNF-α.
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ways, activation of AT2 receptors has been reported to prevent
AT1 receptor intracellular signalling (Yamada et al., 1998).
Therefore, we hypothesized that the anti-inflammatory
effects of C21-induced activation of AT2 receptors may be
mediated by a prevention of a common AT1 receptor and
TNF-α intracellular signalling pathway, such as ROS produc-
tion. Consistent with this hypothesis, we observed that C21
reduced TNF-α-induced ROS and NF-κB translocation sug-
gesting that the anti-inflammatory effects of C21 were medi-
ated via prevention of TNF-α-induced ROS production, NF-κB
translocation and subsequent inflammatory cytokine produc-
tion. In addition, we provide the first functional evidence
that C21 prevents TNF-α-induced and HFD-induced leuko-
cyte to endothelial adhesion in vitro, ex vivo and in vivo via a
reduction in ROS-induced NF-κB translocation.

We hypothesized that, in addition to blunting endothelial
activation, C21 treatment may prevent monocyte activation
and promote macrophage polarization to the atheroprotec-
tive M2 phenotype, consistent with the reported C21-
induced reduction in macrophage content in plaques (Sales
et al., 2005). Macrophage phenotype, and subsequent
cytokine production, is both a cause and consequence of the
plaque microenvironment. In the presence of inflammatory
cytokines, polarization of macrophages to the M1 phenotype
is enhanced resulting in a greater number of M1 macrophages
capable of secreting inflammatory cytokines, further enhanc-
ing the inflammatory milieu within the plaque (Gordon and
Taylor, 2005). Importantly, macrophages retain their plastic-
ity and are able to re-polarize to an alternative phenotype in
response to alterations in the surrounding microenviron-
ment. Indeed, pharmacological blockade of the inflammatory
AT1 receptor promoted repolarization of M1 cells into the M2
phenotype (Hisada et al., 1999). Although AT1 receptor
knockout mice have reduced numbers of M1 macrophages
within the plaque, whether this is due to the absence of AT1

receptor signalling or the increased activation of AT2 recep-
tors was unclear. C21 had no influence on the ability of
macrophages to polarize to either M1 or M2 but did reduce
the inflammatory gene expression profile of the M1

macrophages as evidenced by a lower TNF-α and IL-6 gene
expression profile consistent with previous findings (Dhande
et al., 2015). Moreover, we demonstrated that LPS-induced
monocyte activation is not attenuated in the presence of C21.
Taken together, our in vitro data suggest that C21 prevents
endothelial inflammation but had little to no effect on mono-
cytes or macrophage phenotypes.

Treatment with C21 did not influence blood pressure
or serum cholesterol levels as shown previously (Hilliard
et al., 2012; Rehman et al., 2012; Brouwers et al., 2013;
Tesanovic-Kljajic et al., 2013), but did reduce HFD-induced
plaque formation and improve plaque morphology. Specifi-
cally, plaques from mice treated with C21 had a lower lipid
and macrophage content and higher smooth muscle cell
content than ApoE−/− + HFD mice suggesting that the plaques
from C21 treated mice were of a more stable phenotype.
These findings are consistent with previous studies involving
LDLR−/− mice with AT2 receptor overexpression and ApoE−/−

mice treated with the AT2 receptor peptide agonist CGP
42112 (Hu et al., 2008; Tesanovic-Kljajic et al., 2013). The
reduction in macrophage staining in the plaques from mice
treated with C21 suggests that C21 treatment may influence
endothelial recruitment and/or proliferation of monocytes
and/or macrophages. Indeed, the reduction in TNF-α-induced
or HFD-induced ICAM, CCL2 and IL-6 cytokine expression
supports this hypothesis. We did not observe any difference
in collagen content in the plaques from ApoE−/− + HFD and
ApoE−/− + HFD + C21 in contrast to recent evidence from
Tesanovic-Kljajic et al. (2013). This is likely to be due to the
difference in plaque development and location between the
two studies. Tesanovic-Kljajic et al. examined plaques in
the brachiocephalic artery after 16 weeks of HFD in contrast
to our study with plaques from the aortic arch after 10 weeks
of treatment in. Indeed, Sales et al. (2005) reported that col-
lagen staining in plaques from the aortic arch of ApoE−/− and
ApoE−/−AT2R−/− mice was not different at 10 weeks of age but
were higher in ApoE−/−AT2R−/− mice at 16 weeks suggesting
that perhaps activation of AT2 receptors may reduce collagen
deposition in the later stages of plaque development (Sales

Table 1
Body weight, systolic blood pressure (SBP) and serum cholesterol levels in ApoE−/− mice fed either a normal chow or HFD for 10 weeks with or
without chronic C21 treatment

Normal chow (n = 7) HFD + saline (n = 8) HFD + C21 (n = 8)

Week 0 body weight (g) 23 ± 1 23 ± 1 23 ± 1

Week 10 body weight (g) 27 ± 0.4 28 ± 0.5 28 ± 0.6

Week 6 SBP (mmHg) 86 ± 6 95 ± 1 93 ± 3

Week 10 SBP (mmHg) 94 ± 2 104 ± 1*** 100 ± 1**

Total cholesterol (mM) 23.7 ± 2.6 69.8 ± 5.5*** 71.6 ± 5.4***

HDL cholesterol (mM) 4.6 ± 0.3 14.5 ± 1*** 16.4 ± 0.6***

LDL/vLDL cholesterol (mM) 14.6 ± 1.9 66.2 ± 5.4*** 72.5 ± 5.1***

Body weight and serum cholesterol levels (HDL and LDL/vLDL) at week 0, week 6 or at the conclusion of the 10 week treatment period. Data
are presented as mean ± SEM and were analysed using one-way ANOVA with Tukey’s post hoc test to account for multiple comparisons. **P <
0.01, ***P < 0.001 compared with ApoE−/− normal chow-treated group.
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et al., 2005). In any case, atherosclerosis plaque stability was
improved in both locations by activation of AT2 receptors in
our study (shown by an increase in SMC staining) consistent
with Tesanovic-Kljajic et al. (2013, shown by an increase in
collagen staining).

The reduction in plaque size in mice treated with C21 is
particularly promising therapeutically, as C21 was adminis-
tered for the final 4 weeks of the 10 week HFD, suggesting
that C21 treatment may exert anti-atherogenic effects on

established plaques in addition to preventing plaque forma-
tion. To put this in context, the magnitude of the reductions
in plaque size, lipid content and macrophage content was
similar in the current study to results from models which
stimulated AT2 receptors from plaque onset (Sales et al., 2005;
Hu et al., 2008).

In summary, we demonstrated for the first time that direct
activation of AT2 receptors with the specific non-peptide
agonist C21 prevented endothelial recruitment and adhesion

Figure 5
Chronic C21 treatment in ApoE−/− mice prevented HFD-induced (A) leukocyte to endothelial adhesion ex vivo [number of adhered leukocytes per
field of view (FOV); n ≥ 11] (B) ICAM, CCL2 and IL-6 gene expression (n ≥ 5); (C) plaque size in the aortic arch (% area positive for Sudan IV, n
= 8); and altered plaque morphology by reducing (D) lipid content (% area positive for Oil Red O staining) and (E) macrophage content in the
plaque (% area positive for CD68, n ≥ 8). There was no difference in (F) collagen content [% area positive for collagen, n ≥ 8, representative images
of both light (top) and polarized (lower) microscopy sections] but chronic C21 treatment increased (G) smooth muscle cell content in the plaques
of ApoE−/− fed HFD (% area positive for α-smooth muscle actin, n ≥ 6). Representative images are given for each analysis with grouped data
presented as mean ± SEM. Scale bar = 100 μm. Panel A was analysed using one-way repeated measures ANOVA with Tukey’s post hoc analysis to
account for multiple comparisons, panel B was analysed using one-way ANOVA with Tukey’s post hoc test to account for multiple comparisons and
panels C–G were analysed using Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.005; #P < 0.05, compared with HFD+saline treated group.
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of monocytes, the critical first step in plaque formation.
Importantly, we observed that treatment with C21 prevented
endothelial inflammation via inhibition of ROS-induced
NF-κB translocation. Furthermore, our data demonstrated
that AT2 receptor stimulation did not influence monocyte
activation or macrophage polarization despite the fact that
these receptors were expressed on both monocytes and mac-
rophages. In an atherosclerosis model, we observed that a 4
week treatment with C21 significantly reduced plaque size
and improved plaque stability. Taken together, our findings
suggest that the anti-atherogenic effects of direct AT2 receptor
stimulation are mediated by the prevention of endothelial
inflammation. Given the striking reduction in endothelial
inflammation and plaque formation in the setting of athero-
sclerosis together with the well-reported up-regulation of AT2

receptors in atherosclerosis, our data provide strong evidence
not only of the therapeutic potential of C21 in the treatment
of atherosclerosis but, moreover, that its anti-atherosclerotic
actions are due to its vascular anti-inflammatory effects.
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