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Objective: Elevated plasma cholesterol concentrations contributes to ischemic
cardiovascular diseases. Recently, we showed that inhibiting hepatic (pro)renin receptor
[(P)RR] attenuated diet-induced hypercholesterolemia and hypertriglyceridemia in
low-density lipoprotein receptor (LDLR) deficient mice. The purpose of this study was
to determine whether inhibiting hepatic (P)RR could attenuate atherosclerosis.

Approach and Results: FEight-week-old male LDLR~/~ mice were injected with either
saline or N-acetylgalactosamine-modified antisense oligonucleotides (G-ASOs) primarily
targeting hepatic (P)RR and were fed a western-type diet (WTD) for 16 weeks. (P)RR
G-ASOs markedly reduced plasma cholesterol concentrations from 2,211 + 146 to
1,128 + 121 mg/dL. Fast protein liquid chromatography (FPLC) analyses revealed that
cholesterol in very low-density lipoprotein (VLDL) and intermediate density lipoprotein
(IDL)/LDL fraction were potently reduced by (P)RR G-ASOs. Moreover, (P)RR G-ASOs
reduced plasma triglyceride concentrations by more than 80%. Strikingly, despite marked
reduction in plasma lipid concentrations, atherosclerosis was not reduced but rather
increased in these mice. Further testing in ApoE~/~ mice confirmed that (P)RR G-ASOs
reduced plasma lipid concentrations but not atherosclerosis. Transcriptomic analysis of
the aortas revealed that (P)RR G-ASOs induced the expression of the genes involved in
immune responses and inflammation. Further investigation revealed that (P)RR G-ASOs
also inhibited (P)RR in macrophages and in enhanced inflammatory responses to
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exogenous stimuli. Moreover, deleting the (P)RR in macrophages resulted in accelerated
atherosclerosis in WTD fed ApoE~/~ mice.

Conclusion:

(P)PRR G-ASOs reduced the plasma lipids in atherosclerotic mice due

to hepatic (P)RR deficiency. However, augmented pro-inflammatory responses in
macrophages due to (P)RR downregulation counteracted the beneficial effects of lowered
plasma lipid concentrations on atherosclerosis. Our study demonstrated that hepatic
(P)RR and macrophage (P)RR played a counteracting role in atherosclerosis.

Keywords: macrophage, cholesterol, V-ATPase = vacuolar H+-adenosine triphosphatase, renin- angiotensin

system, (Pro)renin receptor (PRR)

INTRODUCTION

Atherosclerosis is a major cause of morbidity and mortality.
Increased concentrations of plasma cholesterol and triglycerides,
elevated blood pressure, and impaired blood glucose metabolism
are the major risk factors for developing atherosclerosis and
ischemic cardiovascular diseases (CVD). The (pro)renin receptor
[(P)RR] can bind both renin and prorenin, and activate
intracellular signaling cascades, including extracellular signal-
regulated kinase 1/2 and phosphatidylinositol 3-kinase /Akt (1).
Upon binding, the (P)RR activates prorenin in a non-proteolytic
manner, leading to a renin-angiotensin system (RAS) activation.
However, the interaction of (P)RR with renin/prorenin at
supraphysiological concentrations questioned the physiological
relevance of RAS. Indeed, recent studies show that the (P)RR
is an accessory protein of the vacuolar H*-ATPase (V-ATPase)
and is also indispensable for V-ATPase integrity and functions
(2-5). We recently identified that the (P)RR played an RAS-
independent role in regulating lipoprotein and lipid metabolism
(6, 7). Suppressing the (P)RR in hepatocytes reduced the
protein abundance of the low-density lipoprotein receptor
(LDLR), which is the major receptor for low-density lipoprotein
(LDL), thus reducing cellular LDL uptake (6). Inhibiting the
hepatic (P)RR on one hand impairs plasma LDL clearance
as a consequence of decreased hepatic LDLR abundance, but,
on the other hand, it also reduces hepatic very low density
lipoprotein (VLDL) secretion, resulting in a diet-dependent
phenotype in plasma cholesterol (7). However, when LDLR
functions are impaired, hepatic (P)RR inhibition reduces plasma
cholesterol and triglycerides regardless of the diet being fed.
We, thus, hypothesized that (P)RR inhibition would be an
effective way to lower plasma cholesterol and triglycerides
concentrations and to reduce the risk for atherosclerosis in
familial hypercholesterolemia patients, whose LDLR activity is
reduced or diminished, and whose responses to statin is less
pronounced than in normal patients (8).

Abbreviations: CVD, cardiovascular diseases; GalNAc, N-acetylgalactosamine;
IDL, intermediate density lipoprotein; LDL, low-density lipoprotein; LDLR, low-
density lipoprotein receptor; LPS, lipopolysaccaride; ox-LDL, oxidized LDL;
(P)RR, (pro)renin receptor; RAS, renin-angiotensin system; TNE, tumor necrosis
factor; V-ATPase, vacuolar H-ATPase; VLDL, very low density lipoprotein;
WTD, western type diet.

MATERIALS AND METHODS

The data that support the findings reported in this
manuscript are available from the corresponding authors
upon reasonable request.

Animal Experiments

Low-density ~lipoprotein receptor ~deficient (LDLR™/7),
ApoE~/~, and Lyz2-Cre mice were purchased from the Model
Animal Research Center of Nanjing University (Nanjing, China),
and mice carrying floxed (P)RR allele were kindly provided for
by Prof. Michael Bader and Prof. Genevieve Nguyen (9). Mice
were housed on a 10-h light/14-h dark cycle. Eight-week-old
male LDLR™/~ and ApoE~/~ mice were subcutaneously injected
on a weekly basis with either saline or N-acetylgalactosamine
(GalNAc)-modified antisense  oligonucleotides, therefore
targeting the (P)RR [(P)RR G-ASOs]. Only male mice were
studied because our previous study also focused on male mice.
Also, the estrus cycle in female mice may affect atherosclerosis
and other parameters (10). ASOs were synthesized as described
before (7, 11, 12). G-(P)RR ASOs were injected subcutaneously
at 3.0 mg/kg/week at the first 4 weeks and were then reduced to
1.5 mg/kg/week. Mice were fed a western-type diet (WTD, 42%
kcal/keal fat, 0.2% wt/wt cholesterol, cat Nr. TD88137, Envigo)
for 16 weeks. Blood samples were collected via submandibular
bleeding after 6h of fasting. Systolic blood pressure was
measured on conscious mice with a computerized noninvasive
tail-cuff system (Softron, BP-2010A, Japan). Blood pressure was
measured weekly for 4 weeks, prior to the end of the study.
The mean of five repeated measurements at the last week (16th
week) is reported. To isolate peritoneal macrophages, C57BL/6]
mice were first injected with saline or 3.0 mg/kg (P)RR G-ASOs,
then 4 days later, mice were injected with 6% autoclaved starch
broth into its intraperitoneal cavity. Three days after starch broth
injection, peritoneal macrophages were isolated as described
(13). To obtain macrophage (P)RR knockout mice on ApoE_/ -
background, Lyz2-Cre and (P)RR flox mice were first crossed
with ApoE~/~ mice, and the offspring were intercrossed to
obtain Lyz2-Cre/? (P)RR"/Y ApoE~/~ mice and Lyz2-Cre*/°
(P)RR YApoE_/ ~ mice, which were further intercrossed to
obtain macrophage (P)RR knockout mice. Genotyping primers
were listed in Supplementary Table 1. These mice were fed with
WTD for 12 weeks to assess the consequences on atherosclerosis.
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Experimental procedures were approved by the Animal Ethics
Committee of Shenzhen Health Science Center (no. 2014-0140).

Isolation of Mouse Aortas and en Face

Analysis

Aortic segments between the ascending aorta and the iliac
arteries were dissected and fixed with 4% paraformaldehyde for
24h. After fixation, adventitial tissues were carefully removed,
and the aortas were cut open. Isolated aortas were quantified with
or without Oil Red O (ORO), as described in the AHA statement
(14). En face aortas were imaged with a microscope (Nikon,
SMZ1270, Japan), and lesion areas were measured and quantified
using Image J. In addition to quantification of plaque sizes in the
whole aorta, plaque sizes of the ascending aorta, arch, and from
the aortic orifice of left subclavian artery to 3 mm below were also
quantified, which was designated as aortic arch in the figures.

Histology Analysis of Aortic Root

Mice hearts were removed and fixed with 4% paraformaldehyde
for 24 h, embedded in OCT, and cryosectioned at 7 um thickness.
Aortic root sections were prepared as recommended, but with
some modifications (14). In short, serial tissue sections were
acquired from the initial appearance of the aortic valves. Three
tissue sections were placed on a single slide, and in total, 45-48
slides were obtained. The slide showing the largest aortic valves
were chosen for hematoxylin and eosin (H&E) and ORO staining.
Stained slides were scanned using Cytation 5 Cell Imaging Multi-
mode reader (Biotek, US). Lesion areas of the aortic root were
measured using ORO staining for the three sections on the same
slide with Image J, and mean lesion size was reported.

Biochemical Measurements

The total cholesterol of plasma and triglycerides concentration
were measured by commercial kit (Wako, Japan) following
the manufacturer’s protocol. Plasma renin concentrations were
measured by enzyme-kinetic assay in the presence of excess
sheep angiotensinogen as described previously (15). The plasma
concentrations of apolipoprotein B (ApoB) were determined by
ELISA kit (Signalway Antibody, EK0320, US). Fractionation of
plasma was described earlier (7), and cholesterol and triglycerides
concentrations in each fraction were determined by commercial
kit (Wako).

RNA Isolation, Quantitative PCR, and RNA

Sequencing

Total RNA was extracted using Direct-zolTM RNA MiniPrep kit
(ZYMO Research). One microgram of total RNA was reverse-
transcribed with Prime ScriptTM RT Master Mix (TaKaRa,
Japan). SYBR Green real-time quantitative PCR assays were
performed on a qTOWER apparatus (Analytic Jena, Germany)
using SYBR® Premix Ex TaqTM II kit (TaKaRa). Primers
used in the study were listed in Supplementary Table I. Total
RNAs extracted from aortic arch region were used to construct
RNA sequencing libraries, which were sequenced on Illumina
HiSeq X10 platform. DESeq2 was used to identified differently
expressed genes (DEGs). Gene ontology (GO) and KEGG
enrichment analysis were performed using clusterProfiler.

Gene set variation analysis (GSVA) was performed as
described previously (16), using described curated datasets
(Supplementary Table II) from the literature (17, 18).

Cellular Experiments

RAW264.7 cells were maintained with DMEM high glucose
medium supplemented with 10% fetal bovine serum. To inhibit
(P)RR expression, 0.1 mg/ml final concentrations of (P)RR G-
ASOs were incubated with cells. Twenty-four hours later, cells
were incubated, with or without 100 ng/ml lipopolysaccharide
(LPS, In vivoGen), for 4 h to measuring gene abundance, and 12 h
for measuring cytokine production, respectively. To stimulate
cytokine release, cells were incubated with 10 wM nigericin for
30 min before collecting the cell culture medium. Concentrations
of secreted cytokines in the cell culture medium were measured
using commercial kits from Thermo Scientific (TNF-a: # 88-
7324-88; IL-1b: # 88-7013-22; IL-6: # 88-7064-88; IL-10: 88-7105-
88), following the manufacturer’s protocol.

Fast Protein Liquid Chromatography

(FPLC) Analysis of Plasma Lipoproteins

Fast Protein Liquide Chromatography (FPLC) analysis was
performed as described previously (7). In short, plasma samples
from eight mice were pooled, and cleared by centrifugation
and further filtered through a 0.22 pm filter. Two hundred fifty
microliters of filtered plasma were loaded for FPLC analysis
using Superous-6 Increase 10/300 GL column (GE) on an AKTA
purifier (GE). Flow rate was set to 0.5 mL/min, and fractions
between 10 and 16 mL were collected at an interval of 0.25
ml/fraction. Cholesterol and triglycerides concentrations in each
fraction were measured.

Statistics

All values are presented as mean = SEM. The Kolmogorov-
Smirnov test was performed to test normality. All samples
passed normality test. Data were not tested for equal variance.
Two-tailed Student ¢-test was performed when comparison was
made between two groups: one-way ANOVA followed by the
Bonferroni test was performed for comparison in case of >2
groups. P < 0.05 were considered significant. Statistical analysis
was performed using Prism 9 (Graphpad Software).

RESULTS

(P)RR G-ASOs Did Not Ameliorate but

Increased Atherosclerosis in LDLR™~ Mice
To evaluate whether hepatic (P)RR inhibition attenuates
atherosclerosis, we administered (P)RR G-ASOs to LDLR™/~
mice. The efficacy and specificity of G-(P)RR ASOs in reducing
hepatic (P)RR were demonstrated in our previous study
(7). Inhibiting the (P)RR in hepatocytes reduced the plasma
cholesterol concentrations by ~50% (2,211 £ 146 vs. 1128 +
121 mg/dL), and FPLC analysis revealed that the cholesterol
contents of VLDL and IDL/LDL fractions were the most
reduced (Figure 1A). Plasma triglyceride concentrations were
also significantly reduced, mainly by reducing VLDL and
IDL/LDL-triglycerides (Figure 1B). Strikingly, lesion sizes in the
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FIGURE 1 | (Pro)renin receptor [(P)RR] N-acetylgalactosamine-modified antisense oligonucleotides (G-ASOs) reduced plasma cholesterol and triglyceride
concentrations but not atherosclerosis in low-density lipoprotein receptor deficient (LDLR~/~) mice fed a western-type diet (WTD). Eight-week-old male LDLR~/~ mice
were administered with saline (blue) or (P)RR G-ASOs (red) and fed a WTD for 16 weeks. N = 8/group. Total plasma cholesterol (A) and triglycerides concentrations
(B). Pooled plasma samples were resolved by FPLC for lipoprotein fractionation analysis, and cholesterol (A) and triglycerides content (B) in each fraction was
determined. Representative images of the aorta arch and Oil Red O-stained whole aorta (C). Quantification of lesion areas of the whole aorta (D) and aortic arch
region (E). Representative images of cross-sectioned aortic root stained with H&E and ORO and quantification of lesion areas of the aortic root (F). Bar = 1,000 pm.
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aortic arch region and the entire aorta were increased rather than
reduced by (P)RR inhibition (Figures 1C-E). However, lesions
sizes in the aortic root, revealed by H&E and ORO staining,
were unaltered by (P)RR inhibition (Figure 1F). It is worthy
to notice that lesions development in the aortic root and in
the aortic region can exhibit considerable differences (14, 19).
Opverall, our results indicate that atherosclerosis was accelerated
by (P)RR G-ASOs. A previous study reported that systolic blood
pressure was elevated in adipose (P)RR knockout mice (20),
suggesting that (P)RR inhibition may affect RAS activity and
blood pressure. However, (P)RR inhibition did not alter systolic
blood pressure or plasma renin concentrations in LDLR™/~
mice (Supplementary Figure I), ruling out altered RAS activity
as the counteracting factor for the beneficial effects of lowered
lipid concentrations.

(P)RR G-ASOs Did Not Ameliorate

Atherosclerosis in ApoE~~ Mice

We further tested the effect of (P)RR inhibition on atherosclerosis
in another atherosclerotic mice model, namely ApoE~/~
mice. We found that (P)RR G-ASOs also effectively reduced
both plasma cholesterol and triglyceride concentrations in
ApoE~/~ mice (Figures 2A,B; Supplementary Figure II), into
a similar extent as observed in LDLR™/~ mice. Since plasma
lipid-lowering effects were observed in both LDLR™/~ and
ApoE~/~ mice, while (P)RR inhibition reduces hepatic LDLR

abundance, the results therefore indicate that LDLR and ApoE
were not required for the lipid-lowering effects of (P)RR
inhibition. However, despite the marked reduction in plasma
lipids concentrations, lesion size in the whole aorta and
aortic arch region has remained unaltered by (P)RR inhibition
(Figures 2C-E). Moreover, lesion sizes of the aortic root, revealed
by H&E and ORO staining, were also unaltered by (P)RR G-
ASOs (Figure 2F). As a whole, it is clear that (P)RR G-ASOs were
unable to attenuate atherosclerosis in ApoE™/~ mice.

(P)RR G-ASOs Promoted Immune
Responses by Stimulating Macrophage

Inflammatory Cytokines

Our observation that (P)RR G-ASOs markedly reduced plasma
lipid concentrations, but not atherosclerosis in two different
atherosclerotic models, suggested that (P)RR G-ASOs can
promote other crucial atherogenic factor(s) to counteract the
potential benefit of lowered plasma lipids. To clarify this, we
mapped the transcriptomic changes in aortic arch region of
saline and (P)RR G-ASOs administered LDLR™/~ mice that
was fed with a WTD for 4 weeks (Figure 3A). Using aortic arch
region of normal diet-fed 8-week-old LDLR™/~ mice as control,
we identified 58 upregulated and 3 downregulated genes in saline
administered LDLR™/~ mice, and the GO enrichment analysis
of DEGs revealed that immune response-related biological
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processes were the most affected (Supplementary Table III;
Supplementary Figure III). In comparison, (P)RR G-ASOs
upregulated 256 genes and downregulated 4 genes, which are
also enriched in immune- response-related biological processes
(Supplementary Table IV;  Supplementary Figure IV). We
then compared the DEGs and found that 206 genes were
specifically altered by (P)RR G-ASOs (Supplementary Table V;
Figure 3B). GO enrichment analysis revealed that these genes
were related to immune responses (Supplementary Figure V),
while KEGG enrichment analysis revealed that inflammation
related pathways, such as NF-kB signaling pathway, chemokine
signaling pathway, and Toll-like receptor signaling pathway,
were mostly affected (Figure 3C). GSVA analysis demonstrated
that inflammatory gene set, which is type I interferon response
gene set, and M1 macrophage signature gene set were activated
(Figure 3D), suggesting enhanced inflammation in the aortic
arch region of (P)RR G-ASOs administered LDLR™/~ mice.
Despite the relatively high specificity of GalNAc-modified
ASOs toward hepatocytes (21), macrophages could also be a
target as they express asialoglycoprotein receptors which bind
GalNAc (22). We therefore suspected that (P)RR G-ASOs may
inhibit (P)RR expression in macrophages and consequently
promotes inflammation, thereby counteracting the benefit
of lowered plasma lipids concentrations. Indeed, isolated
peritoneal macrophages from C57BL/6] mice administered
(P)RR G-ASO for 1 week have showed marked reduction in
(P)RR expression (Supplementary Figure VIA). Moreover, a
successfully inhibited (P)RR expression in murine RAW264.7

(Supplementary Figure VIB), a widely used murine macrophage
cell line, has enhanced LPS-stimulated expression of pro-
inflammatory cytokines, including Tnfa, 116 and I11b (Figure 3E).
In RAW264.7 cells, inhibiting the (P)RR has reduced the
abundance of 1110, which is an anti-inflammatory cytokine, done
either with or without LPS stimulation (Figure 3E). In line with
the gene expression findings, (P)RR inhibition in RAW264.7
increased TNF-a, IL-6 and IL-1p secretion, and decreased IL-10
secretion (Figure 3F; Supplemental Figure VII). To confirm the
effect of macrophage (P)RR downregulation in atherosclerosis,
we generated macrophage-specific (P)RR knockout mice on
ApoE~/~ background (Supplementary Figure VIII). We found
that deleting the (P)RR in macrophages did not affect plasma
cholesterol and triglyceride concentrations (Figures4A,B),
further confirming that lowered plasma lipid concentrations
were due to hepatic (P)RR deficiency. But, macrophage
(P)RR-deleted mice did show accelerated atherosclerosis
development (Figures 4C-F). Collectively, these findings
suggested that suppressed (P)RR expression in macrophages
has enhanced inflammatory responses in lesions, counteracting
the benefits of lowered plasma lipid concentrations by hepatic
(P)RR inhibition.

DISCUSSION

Increased plasma cholesterol concentrations are thought to
initiate atherosclerosis by causing abnormal lipid deposition in
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mice were administered with either saline or (P)RR G-ASOs and fed a WTD for 4 weeks, and aortas were isolated for transcriptomic analyses. Aortas from 8-week-old
LDLR~/~ mice (O week) served as control. Experimental procedure (A). Venn graph showing overlapped and non-overlapped DEGs (B). KEGG enrichment analysis
(C) and GSVA analysis of curated gene sets (D). (E,F) RAW264.7 cells were incubated with saline (blue) or (P)RR G-ASOs (red) and stimulated with or without LPS.
Expression and production of cytokines were determined.

the artery wall (23). Reducing plasma cholesterol concentrations,
for instance, with statins, is an effective way to reduce CVD
risk. However, in the current study, we demonstrated that a
~50% reduction in plasma cholesterol concentrations by hepatic
(P)RR inhibition failed to attenuate atherosclerosis in either

LDLR™/~ or ApoE~/~ mice. It is worthy to note that reduced
plasma cholesterol concentrations were observed as early as 1
week after hepatic (P)RR inhibition (7). Thus, the reduction of
plasma cholesterol concentrations was maintained throughout
the experimental period. Moreover, IDL/LDL cholesterol, the
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most potent atherogenic cholesterol, was reduced by ~30%
by inhibiting hepatic (P)RR inhibition. LDL particles are
heterogenous in terms of size, density, and lipid compositions,
and LDL particles with smaller size and higher density (more
apolipoproteins and less lipids) have higher atherogenic ability
(24, 25). Thus, it is possible that (P)RR inhibition alters
the size and density of LDL. Indeed, we found that plasma
ApoB concentrations were increased by inhibiting hepatic
(P)RR (Supplementary Figure IX). Since sortilin-1 promotes
ApoB degradation and the (P)RR inhibition reduces sortilin-
1 abundance (6, 7, 26), increased ApoB is likely a result
of reduced sortilin-1 abundance. This finding, together with
reduced cholesterol content in the IDL/LDL fraction, suggested
that the densities of LDL particles were likely increased by
hepatic (P)RR inhibition. Since small dense LDL enters arterial
intima more easily and is more prone to be oxidized (27, 28), it
may also elicit immune responses smoothly. This may explain
the overactivated immune responses in the aortas of (P)RR
inhibited mice.

Activation of immune responses, characterized by infiltration
of macrophages, mast cells, and T lymphocytes, is another
hallmark in atherosclerosis development (29). The number
of macrophages accumulating in aorta can increase up to
20-fold during atherogenesis (30). These macrophages can
internalize accumulated oxidized LDL, leading to foam cell
formation and the production of inflammatory cytokines, such
as IL-1B. Oxidized LDL can also directly interact with Toll-
like receptors to activate the expression of proinflammatory

cytokines and chemokines (29), which leads to activation of both
innate and adaptive immune responses. Unexpectedly, we found
that inhibiting macrophagic (P)RR promoted inflammatory
cytokine production in the presence of exogenous stimuli,
providing another possibility of why (P)RR G-ASOs did not
attenuate atherosclerosis although they did reduce plasma lipid
concentrations. A recent study demonstrated that WTD feeding
increased angiotensinogen, as well as the angiotensin type 1
receptor expression in peritoneal macrophages, while blocking
the RAS with the angiotensin type 1 receptor antagonist,
valsartan, reduced ox-LDL concentrations, and expression of
Il1b and Tnfa in macrophages (31). This study also highlighted
that RAS activation plays a role in inflammatory responses
of macrophages. However, despite the debate on the role
of (P)RR in RAS (32), inhibiting the (P)RR would inhibit
rather than activate the RAS. Thus, (P)RR depletion is an
unlikely cause of macrophage inflammatory responses via RAS
activation. In fact, we found no effect on renin concentrations
by (P)RR G-ASOs. Thus, the observed effect might be linked
with its functions related to V-ATPase. V-ATPase is expressed
at the plasma membrane and in lysosomes in macrophages
(33). Inhibiting V-ATPase using bafilomycin induces TNF-a
production in macrophages with and without LPS stimulation,
and extends the duration of LPS-stimulated TNF-a production
(33). Moreover, deleting macrophage Atp6v0d2, a subunit of
the V-ATPase complex, augmented LPS-stimulated IL-1f and
TNF production in vivo (34). Interestingly, this study also
showed that LPS stimulation itself reduced Atp6v0d2 expression,
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indicating that inhibition of V-ATPase is required for activating
inflammatory responses in macrophages. V-ATPase also plays
a role in cholesterol efflux in macrophages (35). Inhibiting
V-ATPase using bafilomycin dose-dependently reduced ATP
cassette, binding protein Al-mediated cholesterol efflux in
RAW264.7 cells, inhibiting V-ATPase using bafilomycin dose-
dependently reduced cholesterol efflux mediated by ATP cassette
binding protein Al. In fact, our transcriptomic result shows that
the expression of ATP-binding cassette transporters was altered
by (P)RR G-ASOs. Thus, it is possible that (P)RR deficiency
in macrophages augments inflammation and impairs cholesterol
efflux by impairing V-ATPase activity.

In summary, we showed that (P)RR G-ASOs lowered
the plasma lipid concentrations in WTD-fed LDLR™/~ and
ApoE~/~ mice due to hepatocyte (P)RR inhibition. However,
unexpectedly, downregulation of (P)RR in macrophages due to
(P)RR G-ASOs promotes inflammatory cytokine production
and suppressed anti-inflammatory cytokine production,
thus counteracting the benefits of lowering plasma lipid
concentrations. Overall, (P)RR G-ASOs did not attenuate
atherosclerosis in WTD-fed LDLR™/~ and ApoE~/~ mice.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: NCBI accession
number: GSE167972.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Ethic
Committee of Shenzhen Health Science Center.

AUTHOR CONTRIBUTIONS

DY and XY: performed the experiments, analyzed the data,
and wrote the draft manuscript. LR, YuS, NW, HL, and LT:
assisted in acquiring and analyzing the data, and preparation

REFERENCES

1. Nguyen G. Renin, (pro)renin and receptor: an update. Clin Sci. (2011)
120:169-178. doi: 10.1042/CS20100432

2. Ludwig J, Kerscher S, Brandt U, Pfeiffer K, Getlawi F, Apps DK, et al.
Identification and characterization of a novel 9.2-kDa membrane sector-
associated protein of vacuolar proton- ATPase from chromaffin granules. J
Biol Chem. (1998) 273:10939-47. doi: 10.1074/jbc.273.18.10939

3. Kinouchi K, Ichihara A, Sano M, Sun-Wada GH, Wada Y, Kurauchi-
Mito A, et al. The (pro)renin receptor/ATP6AP2 is essential for vacuolar
H+-ATPase assembly in murine cardiomyocytes. Circ Res. (2010) 107:30-
34. doi: 10.1161/CIRCRESAHA.110.224667

4. Cruciat CM, Ohkawara B, Acebron SP, Karaulanov E, Reinhard C,
Ingelfinger D, et al. Requirement of prorenin receptor and vacuolar H+-
ATPase-mediated acidification for Wnt signaling. (2010) Science 327:459-
63. doi: 10.1126/science.1179802

5. LuX, Garrelds IM, Wagner CA, Danser AH, Meima ME. (Pro)renin receptor
is required for prorenin-dependent and -independent regulation of vacuolar

of the manuscript. FL and XL designed the study and revised
the manuscript. HSL: provided technical guidance over the
execution of the study. HSL, GN, MB, AHJD, AD, AM,
YJ, and YiS: discussed the data and revised the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

The author XL is supported by National Natural Science
Foundation of China (81870605), Shenzhen Municipal Science
and Technology Innovation Council (JCYJ20190808170401660),
and Shenzhen Key Laboratory of Metabolism and Cardiovascular
Homeostasis (ZDSYS20190902092903237). YuS is supported by
National Natural Science Foundation of China (81800383).
FL is supported by National Natural Science Foundation
of China (81670702), and Shenzhen Municipal Science and
Technology Innovation Council (GJHZ20170310090257380).
AH]JD is supported by the Top Institute Pharma (T2-301). YiS
is supported by Guangdong Basic and Applied Basic Research
Foundation (2019A1515110993). Y] is supported by Shenzhen
Municipal Science and Technology Innovation Council (Grant
No. JCYJ20180305124812444).

ACKNOWLEDGMENTS

We thank Dr. Shaojun Xing and his laboratory members for
their technical assistance in measuring macrophage cytokines
production. We thank Dr. Ingrid M. Garrelds for her technical
assistance in measuring plasma renin concentrations.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2021.725203/full#supplementary-material

H(+)-ATPase activity in MDCK.C11 collecting duct cells. Am J Physiol Renal
Physiol. (2013) 305:F417-25. doi: 10.1152/ajprenal.00037.2013

6. Lu X, Meima ME, Nelson JK, Sorrentino V, Loregger A, Scheij
S, et al of the (Pro)renin receptor as
regulator of low-density lipoprotein metabolism. Circ Res.
118:222-29. doi: 10.1161/CIRCRESAHA.115.306799

7. Ren L, Sun Y, Lu H, Ye D, Han L, Wang N, et al. (Pro)renin
receptor inhibition reprograms hepatic lipid metabolism and protects mice
from diet-induced obesity and hepatosteatosis. Circ Res. (2018) 122:730-
41. doi: 10.1161/CIRCRESAHA.117.312422

8. Choumerianou DM, Dedoussis GV. Familial hypercholesterolemia and
response to statin therapy according to LDLR genetic background. Clin Chem
Lab Med. (2005) 43:793-801. doi: 10.1515/CCLM.2005.134

9. Riediger F, Quack I, Qadri F, Hartleben B, Park JK, Potthoff SA, et al. Prorenin
receptor is essential for podocyte autophagy and survival. (2011) J Am Soc
Nephrol. 22:2193-202. doi: 10.1681/ASN.2011020200

10. Robinet P, Milewicz DM, Cassis LA, Leeper NJ, Lu HS, Smith JD.
Consideration of sex differences in design and reporting of experimental

a novel
(2016)

Identification

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2021 | Volume 8 | Article 725203


https://www.frontiersin.org/articles/10.3389/fcvm.2021.725203/full#supplementary-material
https://doi.org/10.1042/CS20100432
https://doi.org/10.1074/jbc.273.18.10939
https://doi.org/10.1161/CIRCRESAHA.110.224667
https://doi.org/10.1126/science.1179802
https://doi.org/10.1152/ajprenal.00037.2013
https://doi.org/10.1161/CIRCRESAHA.115.306799
https://doi.org/10.1161/CIRCRESAHA.117.312422
https://doi.org/10.1515/CCLM.2005.134
https://doi.org/10.1681/ASN.2011020200
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Ye et al.

(Pro)renin Receptor and Atherosclerosis

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

arterial pathology studies- statement from ATVB Council. Arterioscler
Thromb Vasc Biol. (2018) 38:292-303. doi: 10.1161/ATVBAHA.117.309524
Prakash TP, Yu J, Migawa MT, Kinberger GA, Wan WB, Ostergaard
ME, Carty RL, et al. Comprehensive structure-activity relationship of
triantennary n-acetylgalactosamine conjugated antisense oligonucleotides
for targeted delivery to hepatocytes. | Med Chem. (2016) 59:2718-
33. doi: 10.1021/acs.jmedchem.5b01948

eth PP, Siwkowski A, Allerson CR, Vasquez G, Lee S, Prakash TP, Kinberger G,
et al. Design, synthesis and evaluation of constrained methoxyethyl (cMOE)
and constrained ethyl (cEt) nucleoside analogs. Nucleic Acids Symp Ser. (2008)
8:553-54. doi: 10.1093/nass/nrn280

Ray A, Dittel BN. Isolation of mouse peritoneal cavity cells. ] Vis Exp. (2010)
10:1488. doi: 10.3791/1488

Daugherty A, Tall AR, Daemen MJAP, Falk E, Fisher EA, Garcia-
Cardena G, et al. Recommendation on design, execution, and reporting
of animal atherosclerosis studies: a scientific statement from the
american heart association. Arterioscler Thromb Vasc Biol. (2017)
37:e131-57. doi: 10.1161/ATV.0000000000000062

de Lannoy LM, Danser AH, van Kats JP, Schoemaker RG, Saxena PR,
Schalekamp MA. Renin-angiotensin system components in the interstitial
fluid of the isolated perfused rat heart. local production of angiotensin I.
Hypertension. (1997) 29:1240-51. doi: 10.1161/01.HYP.29.6.1240
Lambrechts D, Wauters E, Boeckx B, Aibar S, Nittner D, Burton O, et al.
Phenotype molding of stromal cells in the lung tumor microenvironment. Nat
Med. (2018) 24:1277-89. doi: 10.1038/s41591-018-0096-5

Azizi E, Carr AJ, Plitas G, Cornish AE, Konopacki C, Prabhakaran S, et
al. Single-Cell map of diverse immune phenotypes in the breast tumor
microenvironment. Cell. (2018) 174:1293-308. doi: 10.1016/j.cell.2018.05.060
Orecchioni M, Ghosheh Y, Pramod AB, Ley K. Macrophage polarization:
different gene signatures in MI(LPS+) vs. Classically and M2(LPS-
) vs. Alternatively Activated Macrophages. Front Immunol. (2019)
10:1084. doi: 10.3389/fimmu.2019.01084

Paigen B, Morrow A, Holmes PA, Mitchell D, Williams RA. Quantitative
assessment of atherosclerotic lesions in mice. Atherosclerosis. (1987) 68:231-
40. doi: 10.1016/0021-9150(87)90202-4

Wu CH, Mohammadmoradi S, Thompson ], Su W, Gong M, Nguyen G,
et al. Adipocyte (Pro)Renin-Receptor deficiency induces lipodystrophy, liver
steatosis and increases blood pressure in male mice. Hypertension. (2016)
68:213-19. doi: 10.1161/HYPERTENSIONAHA.115.06954

Springer AD, Dowdy SF. GalNAc-siRNA conjugates: leading the way
for delivery of RNAi therapeutics. Nucleic Acid Ther. (2018) 28:109-
18. doi: 10.1089/nat.2018.0736

Tobst ST, Drickamer K. Selective sugar binding to the carbohydrate
recognition domains of the rat hepatic and macrophage asialoglycoprotein
receptors. ] Biol Chem. (1996) 271:6686-93. doi: 10.1074/jbc.271.12.6686
Bergheanu SC, Bodde MC, Jukema JW. Pathophysiology and
treatment of atherosclerosis: current view and future perspective
on lipoprotein modification treatment. Neth Heart J. (2017)
25:231-42. doi: 10.1007/s12471-017-0959-2

Toft-Petersen AP, Tilsted HH, Aarge ], Rasmussen K, Christensen T, Griffin
BA, et al. Small dense LDL particles—a predictor of coronary artery disease
evaluated by invasive and CT-based techniques: a case-control study. Lipids
Health Dis. (2011) 10:21. doi: 10.1186/1476-511X-10-21

Ikezaki H, Lim E, Cupples LA, Liu CT, Asztalos BE, Schaefer EJ. Small
dense low-density lipoprotein cholesterol is the most atherogenic lipoprotein

parameter in the prospective framingham offspring study. ] Am Heart Assoc.
(2021) 21:e019140. doi: 10.1161/JAHA.120.019140

26. Strong A, Ding Q, Edmondson AC, Millar JS, Sachs KV, Li X, et al. Hepatic
sortilin regulates both apolipoprotein B secretion and LDL catabolism. J Clin
Invest. (2012) 122:2807-16. doi: 10.1172/JCI163563

27. Nordestgaard BG, Zilversmit DB. Comparison of arterial intimal clearances
of LDL from diabetic and nondiabetic cholesterol-fed rabbits. differences
in intimal clearance explained by size differences. Arteriosclerosis. (1989)
9:176-83. doi: 10.1161/01.ATV.9.2.176

28. de Graaf J, Hak-Lemmers HL, Hectors MP, Demacker PN, Hendriks JC,
Stalenhoef AF. Enhanced susceptibility to in vitro oxidation of the dense
low density lipoprotein subfraction in healthy subjects. Arterioscler Thromb.
(1991) 11:298-306. doi: 10.1161/01.ATV.11.2.298

29. Hansson GK, Hermansson A. The immune system in atherosclerosis. Nat
Immunol. (2011) 12:204-12. doi: 10.1038/ni.2001

30. Barrett T.J. Macrophages in atherosclerosis regression. Arterioscler Thromb
Vasc Biol. (2020) 40:20-33. doi: 10.1161/ATVBAHA.119.312802

31. Nagai N, Kawashima H, Toda E, Homma K, Osada H, Guzman NA, et al.
Renin-angiotensin system impairs macrophage lipid metabolism to promote
age-related macular degeneration in mouse models. Commun Biol. (2020)
3:767. doi: 10.1038/s42003-020-01483-2

32. Sun Y, Danser AHJ, Lu X. (Pro)renin receptor as a therapeutic target for
the treatment of cardiovascular diseases? Pharmacol Res. (2017) 125:48-
56. doi: 10.1016/j.phrs.2017.05.016

33. Conboy IM, Manoli D, Mhaiskar V, Jones PP. Calcineurin and vacuolar-type
H+-ATPase modulate macrophage effector functions. Proc Natl Acad Sci U S
A. (1999) 96:6324-29. doi: 10.1073/pnas.96.11.6324

34. Xia Y, Liu N, Xie X, Bi G, Ba H, Li L, et al. The macrophage-specific V-
ATPase subunit ATP6VOD?2 restricts inflammasome activation and bacterial
infection by facilitating autophagosome-lysosome fusion. Autophagy. (2019)
15:960-75. doi: 10.1080/15548627.2019.1569916

35. Lorkowski SW, Brubaker G, Gulshan K, Smith JD. V-ATPase (Vacuolar
ATPase) activity required for ABCA1 (ATP- Binding cassette protein Al)-
mediated cholesterol efflux. Arterioscler Thromb Vasc Biol. (2018) 38:2615-
25. doi: 10.1161/ATVBAHA.118.311814

Conflict of Interest: AM is an employee and shareholder of Ionis Pharmaceuticals.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Ye, Yang, Ren, Lu, Sun, Lin, Tan, Wang, Nguyen, Bader, Mullick,
Danser, Daugherty, Jiang, Sun, Li and Lu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2021 | Volume 8 | Article 725203


https://doi.org/10.1161/ATVBAHA.117.309524
https://doi.org/10.1021/acs.jmedchem.5b01948
https://doi.org/10.1093/nass/nrn280
https://doi.org/10.3791/1488
https://doi.org/10.1161/ATV.0000000000000062
https://doi.org/10.1161/01.HYP.29.6.1240
https://doi.org/10.1038/s41591-018-0096-5
https://doi.org/10.1016/j.cell.2018.05.060
https://doi.org/10.3389/fimmu.2019.01084
https://doi.org/10.1016/0021-9150(87)90202-4
https://doi.org/10.1161/HYPERTENSIONAHA.115.06954
https://doi.org/10.1089/nat.2018.0736
https://doi.org/10.1074/jbc.271.12.6686
https://doi.org/10.1007/s12471-017-0959-2
https://doi.org/10.1186/1476-511X-10-21
https://doi.org/10.1161/JAHA.120.019140
https://doi.org/10.1172/JCI63563
https://doi.org/10.1161/01.ATV.9.2.176
https://doi.org/10.1161/01.ATV.11.2.298
https://doi.org/10.1038/ni.2001
https://doi.org/10.1161/ATVBAHA.119.312802
https://doi.org/10.1038/s42003-020-01483-2
https://doi.org/10.1016/j.phrs.2017.05.016
https://doi.org/10.1073/pnas.96.11.6324
https://doi.org/10.1080/15548627.2019.1569916
https://doi.org/10.1161/ATVBAHA.118.311814
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	(Pro)renin Receptor Inhibition Reduces Plasma Cholesterol and Triglycerides but Does Not Attenuate Atherosclerosis in Atherosclerotic Mice
	Introduction
	Materials and Methods
	Animal Experiments
	Isolation of Mouse Aortas and en Face Analysis
	Histology Analysis of Aortic Root
	Biochemical Measurements
	RNA Isolation, Quantitative PCR, and RNA Sequencing
	Cellular Experiments
	Fast Protein Liquid Chromatography (FPLC) Analysis of Plasma Lipoproteins
	Statistics

	Results
	(P)RR G-ASOs Did Not Ameliorate but Increased Atherosclerosis in LDLR–/– Mice
	(P)RR G-ASOs Did Not Ameliorate Atherosclerosis in ApoE–/– Mice
	(P)RR G-ASOs Promoted Immune Responses by Stimulating Macrophage Inflammatory Cytokines

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


