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Abstract: Atherosclerosis is a chronic pathological process characterized by the accumulation of inflammation. 
Overactivation of the sympathetic nervous system accelerates the progression of atherosclerosis. Renal denerva-
tion (RDN) reduces the activity of the sympathetic nerve system (SNS) by disrupting sympathetic nerves surround-
ing renal arteries. We sought to determine whether RDN could mitigate atherosclerosis through the suppression of 
inflammation. First, we investigated the correlation between plasma norepinephrine concentrations and circulatory 
inflammation in the progression of atherosclerosis. Then, forty ApoE-/- mice underwent renal denervation or a sham 
operation after 6 weeks or 12 weeks of feeding with a high-fat diet. The effects of RDN on atherosclerosis in mice 
were explored. In the development of atherosclerosis, positive correlations were found between SNS activation and 
the accumulation of circulatory myeloid cells and inflammatory cytokines. In the second part of the study, inhibition 
of the increase in plaque size was found in both RDN groups compared with that in the sham operation (SO) groups 
(P<0.05), and RDN also ameliorated inflammation in plaques. Furthermore, RDN attenuated the accumulation of 
circulating neutrophils and monocytes (P<0.05), which is associated with a significant reduction in levels of several 
circulating inflammatory cytokines related to hemopoiesis (P<0.05). Flow cytometry analysis revealed comparable 
levels of neutrophils and monocytes in the bone marrow between all four groups. However, RDN decreased the 
production and proportions of neutrophils and monocytes in the spleen and reduced splenic sympathetic activity 
(P<0.05). In summary, our study reveals a novel link between SNS activity and inflammation in atherosclerosis and 
identifies RDN as a potential anti-inflammatory therapeutic strategy for the treatment of atherosclerosis by restrict-
ing the production of splenic immune cells.
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Introduction

Atherosclerosis is a chronic pathological pro-
cess characterized by the accumulation of lip-
ids and increases in inflammation in both the 
circulation and arterial vessel walls [1-3]. To 
date, lipid-lowering and anti-inflammatory ther-
apies are the two major strategies that have 
been used to combat atherosclerosis. In addi-
tion, as a concomitant condition and an inde-
pendent risk factor for stroke, hypertension, 
diabetes and cardiovascular disease, sympa-
thetic overactivation caused by these diseases 
aggravates the progression of atherosclerosis, 
suggesting that sympathetic nerve system 
(SNS) is also a factor that promotes the pro-
gression of atherosclerosis [4-9].

Renal denervation (RDN) reduces SNS activity 
by disrupting the sympathetic nerves surround-
ing renal arteries [10-13]. It was initially used 
as an interventional treatment for resistant 
hypertension, and its use has gradually expand-
ed to alleviate the pathological state of overall 
sympathetic overactivation and improve metab-
olism caused by conditions such as myocardial 
infarction and metabolic syndrome, which are 
the promoting factors of atherosclerosis 
[14-17].

Although an earlier study reported that RDN 
can inhibit the development of atherosclerosis 
in normotensive mice independently of lower-
ing blood pressure, later studies have come to 
the opposite conclusion, which is that RDN 
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accelerates the development of atherosclero-
sis in hypertensive mice [18, 19]. To our knowl-
edge, there are very few articles about RDN in 
atherosclerosis, and most of them are limited 
to exploring the related phenomena. Little is 
known about the underlying mechanism.

Therefore, based on the contradictory conclu-
sions of previous studies and the pathogenesis 
of atherosclerosis, we wanted to determine the 
effect of SNS on atherosclerosis and whether 
RDN can relieve atherosclerosis independently 
of its progression. For this purpose, we 
designed this experiment to explore the rela-
tionship between SNS or RDN and atheroscle-
rosis. We hypothesized that RDN can relieve 
atherosclerosis either by inhibiting inflamma-
tion or improving lipid metabolism. The results 
may have broader clinical applications for RDN 
and provide explanations for potential hyperre-
sponsiveness to RDN in hypertensive patients 
complicated by atherosclerosis.

Materials and methods

Animals and experimental protocol

All animal-related protocols complied with the 
National Institutes of Health Guide for the Care 
and Use of Laboratory Animals and were 
approved by the Animal Care and Use Comm- 
ittee of Zhongshan Hospital, Fudan University.

Male ApoE-/- mice (5 weeks old, n=56) were 
purchased from Nanjing Biomedical Research 
Institute of Nanjing University, Nanjing, China. 
After one week of acclimation, all mice were 
given a high-fat diet (HFD; D12109C, Research 
Diets, NJ, USA), which was defined as the 
baseline.

Eight ApoE-/- mice (6 W group) were sacrificed 
after 6 weeks on a HFD, and another 8 were 
sacrificed after 12 weeks (12 W group). For the 
main experiment, the remaining 40 mice were 
evenly divided into two subgroups: the early 
and late groups. After 6 weeks on a HFD, 20 
mice from the early group were subjected to 
renal denervation (6 W-RDN group) or a sham 
operation (6 W-SO group). The remaining 20 
mice from the late group were subjected to 
RDN (12 W-RDN group) or a SO (12 W-SO group) 
after 12 weeks on a HFD. Ten mice were includ-
ed in each group. After surgery, mice were 
maintained on a HFD for an additional 6 weeks 

until they were sacrificed, and samples were 
harvested (Figure 1A).

All mice were euthanized by cervical dislocation 
under 4% isoflurane inhalation with 0.5 L/min 
of 100% O2. Blood and tissues were collected 
accordingly for further processing and anal- 
ysis.

Renal denervation

Bilateral RDN was performed as previously 
described. In brief, mice were first anaesthe-
tized with 4% isoflurane (0.5 L/min of 100% O2) 
in an induction chamber, and 1.5% isoflurane 
(0.5 L/min of 100% O2) was used for anesthe-
sia maintenance. The abdomen was opened 
through a ventral midline laparotomy. After gen-
tly moving the small intestine and other abdom-
inal organs aside, the visible intrarenal nerves, 
fat, and connective tissue wrapped around 
renal vessels were severed. Then, the renal 
vessels were covered with 10% phenol in 95% 
ethanol solution to further destroy the remain-
ing nerves. The abdominal cavity was then 
closed with a stratified suture.

For SO mice, all procedures were identical to 
those used for the RDN mice, except that the 
renal nerves were kept intact.

Biological parameters

The blood pressure and heart rate were mea-
sured without anesthesia by a noninvasive tail-
cuff BP-2000 Blood Pressure Analysis System 
(Visitech System, Apex, NC) every 6 weeks from 
baseline until the mice were sacrificed. Body 
weight was monitored every other week from 
baseline.

Plasma renin activity was detected by a renin 
assay kit (Sigma, MO, USA), and angiotensin II 
and aldosterone were measured by ELISA (R&D, 
MO, USA) by following the manufacturers’ 
instructions. Cholesterol, triglycerides, LDL, 
and HDL in plasma and the liver were deter-
mined by the corresponding kits (Nanjing 
Jiancheng, Nanjing, China).

RDN verification and norepinephrine measure-
ment

To verify the success of RDN, the renal arteries 
distal from the excision site in all mice were 
stained with hematoxylin and eosin (HE) and 
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tyrosine hydroxylase (TH; Abcam, MA, USA) 
immunohistochemical stains. NE concentra-
tions in the renal cortex and blood were mea-
sured by phase isocratic high-performance liq-
uid chromatography (HPLC). Splenic sympa- 
thetic activity was measured using the same 
methods.

Histological analysis

Formalin-fixed aortas free of the surrounding 
adventitia were opened longitudinally, rinsed 
with 60% isopropanol, and then stained with 
0.5% oil red O (Sigma Aldrich, MO, USA) in iso-
propanol. Hearts embedded in OCT were sec-
tioned at the point at which the three leaflets of 
the aortic root emerged. A total of 15 slides 
spanning all portions of the aortic root were 
stained with HE, Masson’s trichrome, 0.5% oil 
red O, and antibodies against αSMA and CD68 
(Abcam, MA, USA), with 3 slides for each stain. 
The distal renal arteries were embedded in  
paraffin for HE and TH (Abcam, Ma, USA) immu-
nohistochemical staining. Samples of spleen 
were embedded for immunohistochemistry and 
immunofluorescent staining.

Quantification of gene expression by real-time 
RT-PCR

Total RNA was extracted from the aorta with a 
RNeasy Mini Kit (Qiagen, Hombrechtikon, Swit- 
zerland). Reverse transcription was performed 
using Prime Script RT Master Mix (Takara, 
Osaka, Japan). Quantitative PCR was perfo- 
rmed using SYBR Premix Ex Taq II (Takara, 
Osaka, Japan) on a CFX96 Real-Time PCR 
detection system (Bio-Rad, Cressier, Switze- 
rland) in 96-well PCR plates. Gene expression 
analysis was performed by determining the  
relative gene expression compared with the 
expression of the control gene GAPDH. Data 
were analyzed using the 2-ΔΔCt method.  
The pairs of mouse primers are listed in 
Supplementary Table 1.

Inflammation measurements

Plasma MCP-1 was detected using an ELISA kit 
(Sigma Aldrich, MO, USA). The cytokine profile 
was analyzed using a fluorescence-based mul-
tiplex ELISA array chip (RayBiotech, GA, USA). 
The screened cytokines included G-CSF, GM- 

Figure 1. SNS sympathetic activity is associated with an increased level of inflammation in atherosclerosis. A. A 
diagram of the experimental design. B. Representative images and quantification analysis of aortic oil red O staining 
after 6 and 12 weeks of a high-fat diet (HFD). With the extension of the HFD feeding time, atherosclerotic plaques 
in the aorta developed gradually. C and D. Circulatory levels of MCP-1 and inflammatory cells, as assessed by flow 
cytometry after 6 weeks or 12 weeks of a HFD, were increased with prolonged feeding of the HFD. E. A positive 
correlation was found between the norepinephrine (NE) concentration and the plaque size and circulating inflam-
matory cells. Data were analyzed by an unpaired t test or 1-way ANOVA and expressed as the mean ± SEM, where 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 compared with the 6 W groups. n=4-8 per group.
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Figure 2. RDN reduces sympathetic activity. A. Representative photomicrographs of hematoxylin and eosin (HE) and 
tyrosine hydroxylase (TH) staining of intrarenal arteries of ApoE-/- mice from the early and late groups. The intact 
neural structure in the adventitia was destroyed, and TH intensity, a marker of the activity of the sympathetic nerve 
system (SNS) in both renal denervation (RDN) groups, was significantly reduced compared with that in the corre-
sponding sham groups. The TH staining intensity was scored on a scale of 0 to 3, where 0 indicated no reaction, 1 
indicated a patchy/very weak reaction, 2 indicated a weak to moderate reaction, and 3 indicated a strong reaction. 
B and C. NE concentrations in the kidneys and peripheral blood of ApoE-/- mice were increased with the extension 
of HFD feeding, which was alleviated by RDN. D. The plasma renin activity and angiotensin II (Ang II) concentra-
tion were comparable in all 4 groups. Aldosterone levels decreased significantly after RDN. Data were analyzed by 
an unpaired t test or 1-way ANOVA and expressed as the mean ± SEM, where *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001 compared with the corresponding SO group. n=5-10 per group.

CSF, IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, 
IL-9, IL-10, IL-12p70, IL-13, IL-15, IL-17, IL-21, 
IL-23, IFNγ and TNFα.

Flow cytometry analysis

Flow cytometry of inflammatory cells in periph-
eral blood, femurs and spleens was conducted 
with a BD FACS Aria II (BD Biosciences, NJ, 
USA) and analyed by FlowJo 7 software 

(Treestar, USA). The antibodies and fluoro-
phores were purchased from BioLegend (CA, 
USA) and BD Biosciences and are listed in 
Supplementary Table 2.

Statistical analysis

All data are presented as the mean ± SEM. 
Statistical analysis was performed using Gra- 
phPad Prism 8 (GraphPad Software, CA, USA). 
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The results were analyzed using an unpaired t 
test or 1-way ANOVA for comparisons. P values 
<0.05 were defined as statistically significant.

Results

Sympathetic activity is associated with an 
increased level of circulatory inflammation in 
atherosclerosis

We first simulated the different stages of ath-
erosclerosis. Sixteen ApoE-/- mice were fed a 
HFD for 6 weeks or 12 weeks. Aortas in mice 
from the 12 W group exhibited larger plaque 
areas and higher levels of inflammation in the 
circulation than those in mice from the 6 W 

group (Figure 1B). Specifically, the MCP-1 con-
tent in the peripheral blood of 12 W mice was 
significantly higher than that of 6 W mice 
(Figure 1C). Flow cytometry analysis showed 
that the proportions of circulatory neutrophils, 
monocytes and proinflammatory Ly6Chigh mono-
cytes also increased over time (Figure 1D).

In addition, with the progression of atheroscle-
rosis, circulatory sympathetic activity increased, 
which was manifested by the tendency of plas-
ma NE toward elevation. Through further analy-
sis, we found that the circulatory NE concentra-
tion was positively correlated with plaque size 
and plasma MCP-1. Correlations between the 
plasma NE concentration and the proportions 

Figure 3. RDN attenuates the progression and inflammation of plaques. A. Representative images and quantifica-
tion of aortic oil red O-staining in ApoE-/- mice from the early and late groups. Six weeks after the operation, athero-
sclerotic plaques in the aortas of ApoE-/- mice were quantified by oil red O staining. The positive area was decreased 
in the aortas from both RDN groups. B and C. Representative photomicrographs and quantification of HE, Masson’s 
trichrome, a-SMA, oil red O and CD68 staining of aortic root cross-sectional lesions of ApoE-/- mice from the early 
and late groups. RDN delayed the progression and inflammation of atherosclerotic plaques in both the early and 
late groups as measured by HE, Masson’s trichrome, oil red O and CD68 staining, whereas the a-SMA-positive area 
remained unchanged by RDN. D. The effect of RDN on the mRNA expression of Ccl-2, Il-6, Tnfα, Ifnγ, Caspase1, 
Nlrp3, Il-1β and Il-18 was significantly decreased by RDN in ApoE-/- mice from the early and late groups. Data were 
analyzed by an unpaired t test or 1-way ANOVA and expressed as the mean ± SEM, where *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001 compared with the corresponding SO group. n=5-10 per group.
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of circulatory neutrophils, monocytes and in- 
flammatory monocytes were also detected 
(Figure 1E).

RDN reduces sympathetic activity

The above results indicate that chronic SNS 
activation may be involved in the progression of 
atherosclerosis. Next, we designed an experi-
ment to investigate the effect of RDN on ath-
erosclerosis by reducing SNS activation. Forty 
ApoE-/- mice fed a HFD for 6 or 12 weeks were 
divided into four groups prior to RDN or the 
sham operation. As shown in the representa-
tive photomicrographs, the TH staining intensi-
ty in both RDN groups was significantly reduced 
compared with that in the corresponding sham 
groups (Figure 2A). Renal NE levels were 
decreased significantly by approximately 70% 
in both the early and late groups after RDN, 
whereas the decrease in plasma NE was rela-
tively mild, indicating successful denervation 
(Figure 2B and 2C).

Since the SNS also has a certain regulatory 
effect on the RAAS system, we measured the 
concentration of relevant indicators in periph-
eral blood. The plasma renin activity and angio-
tensin II concentration were comparable in all 4 
groups. However, aldosterone levels decreased 
significantly after RDN (Figure 2D).

In addition, the blood pressure and heart rate 
remained relatively consistent among the four 
groups, and there was no difference in body 
weight between the RDN and SO groups 
(Supplementary Table 3).

RDN mitigates plaque progression

Six weeks after the operation, atherosclerotic 
plaques in the aortas of ApoE-/- mice were 
quantified by oil red O-staining, and the positive 
area was decreased in the aortas from the RDN 
groups (Figure 3A). In the early group, the 
plaque area in the 6 W-RDN group was smaller 
than that in the 6 W-SO group. Although the 
plaque area in the 12 W-RDN group was 
increased compared with that in the 6 W-RDN 
group, the progression rate was reduced signifi-
cantly in the 12 W-RDN group compared with 
that in the corresponding 12 W-SO group.

The aortic root cross-sectional lesion area also 
showed a similar significant difference. Based 
on the HE and Masson staining, RDN delayed 

the progression of atherosclerotic plaques in 
both the early and late groups. When compar-
ing the 12 W-RDN and 6 W-RDN groups, the 
progression of the aortic root plaques was 
inhibited but significantly different between the 
12 W-SO and 6 W-SO groups. Although the 
smooth muscle cell content remained relatively 
constant in the 4 groups, as determined by 
α-smooth muscle cell actin immunostaining, 
with the prolongation of the administration of 
the HFD, the oil red O-stained positive area 
increased gradually. When comparing the early 
and late groups, we found that the rate of 
increase of the oil red O-stained positive area 
was reduced after RDN (Figure 3B).

RDN does not improve lipid metabolism

As dyslipidemia plays a certain role in the initia-
tion and development of atherosclerosis, we 
therefore explored whether RDN improves ath-
erosclerotic plaques by regulating lipid metabo-
lism. No differences were found in lipid me- 
tabolism-related mRNA expression or the total 
cholesterol and triglyceride concentrations 
(Supplementary Figure 1A and 1B). The circula-
tory concentrations of total cholesterol, triglyc-
erides, LDL and HDL were equivalent after RDN 
or SO (Supplementary Figure 1C).

RDN reduces inflammation in plaques

Inflammation is another important contributor 
to plaque development. The effect of RDN on 
inflammation in atheroma was assessed in all 
4 groups. As the plaque progressed, more 
inflammatory cells infiltrated into the lesion. 
There were fewer CD68 immunohistochemical-
stained areas in the RDN groups than in the SO 
groups, suggesting that the infiltration of circu-
lating inflammatory cells into the plaque was 
reduced after RDN (Figure 3C). In accordance 
with this finding, the production of inflammato-
ry cytokines in the aorta was reduced. Briefly, in 
the 6 W-RDN group, the mRNA expression of 
Ccl-2, Il-6, Tnfα, Caspase1, Nlrp3, and Il-1β 
were significantly lower than that in the 6 W-SO 
group. The mRNA expression of Ccl-2, Tnfα, 
Caspase1, Nlrp3, Il-1β and Il-18 were also sig-
nificantly reduced at the mRNA level in the 12 
W-SO group (Figure 3D).

RDN relieves inflammation in the circulation

Inflammatory cells infiltrating the plaque origi-
nate from the circulation. Since the first part of 
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our study revealed that the levels of circulating 
inflammatory cells and chemokines were corre-
lated with the NE concentration, we sought to 
determine whether blocking the renal sympa-
thetic nerve had an impact on inflammation in 
the circulation. Flow cytometry analysis of 
peripheral blood was performed. As atheroscle-
rosis progressed, circulatory neutrophils and 
proinflammatory monocytes increased, but 
RDN diminished these increases. Although the 
proportion of Ly6Clow monocytes decreased 
over time, this trend was neutralized by RDN. 
The increases in the monocyte Ly6Chigh/low ratio 
and macrophage M1/M2 ratio were also dimin-
ished in both the 6 W-and 12 W-RDN groups 
compared with those in the corresponding SO 
groups (Figure 4A). Consistently, correlations 
were also detected between the plasma NE 
concentration and the levels of circulatory neu-
trophils, monocytes and proinflammatory mo- 
nocytes (Figure 4B). Then, we determined 

whether the reduction in the number of myeloid 
cells was associated with the decrease in che-
mokines. Therefore, we detected the level of 
circulating MCP-1 and found that the accumula-
tion of MCP-1 was mitigated by RDN (Figure 
4C).

Along with inflammatory cells, inflammatory 
cytokines in the circulation were systematically 
decreased by RDN, and as shown in the heat-
map, this tendency was more obvious in the 
early group (Figure 4D). In the early groups, the 
plasma levels of IL-1a, IL-4, IL-7, IL-9, IL-10, 
IL-12a and TNFα were significantly lower in the 
6 W-RDN group. In the late groups, the plasma 
levels of IL-3, IL-6, IL-15, IL-17, IL-23 and IFNγ 
were significantly lower in the 12 W-RDN group. 
G-CSF decreased in both the early and late 
groups, but the decreases were not significant 
(Figure 4E). GO analysis revealed that in both 
the early and late groups, the main physiologi-

Figure 4. RDN relieves inflammation in the circulation. A. As assessed by flow cytometry, the levels of circulating 
neutrophils, monocytes and inflammatory monocytes in ApoE-/- mice from both RDN groups were lower than those 
in the corresponding SHAM groups, and there were decreased proportions of Ly6C high/low monocytes and M1/
M2 macrophages. B. A positive correlation was found between the plasma NE concentration and levels of circula-
tory neutrophils, monocytes and proinflammatory monocytes in all four groups. C. The increase in the concentra-
tion of circulatory MCP-1 in ApoE-/- mice was mitigated by RDN in both the early and late groups. D. Heatmap of 
20 inflammatory cytokines within the early and late groups showing an overall decreased level of inflammation in 
both RDN groups. E. Concentration of inflammatory cytokines with significance measured by cytokine microarrays. 
F. GO analysis of biological processes identified the regulation of hemopoiesis and cytokine production as major 
changes within the early and late groups. Data were analyzed by an unpaired t test or 1-way ANOVA and expressed 
as the mean ± SEM, where *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 compared with the corresponding 
SO group. n=5-10 per group.
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cal pathways inhibited by RDN involved the 
positive regulation of cytokine production and 
the hematopoietic system (Figure 4F).

RDN suppresses the production of inflamma-
tory cells in the spleen

Circulating inflammatory cells are mainly 
derived from the hematopoietic system. Based 
on the GO analysis indicating that RDN can 
inhibit the positive regulation of hematopoiesis 
in atherosclerosis, we determined whether the 
reduction in circulating inflammatory cells was 
echoed by changes in the BM and spleen. In 
the stable state, bone marrow is responsible 
for the production and mobilization of immune 
cells. Therefore, we first measured the propor-
tion of immune cells in bone marrow. However, 
flow cytometry showed that the proportions of 
neutrophils and monocytes remained at rela-
tively constant levels in all 4 groups (Figure 5A).

Then, we explored whether the spleen is 
responsible for the regulation of circulating 
inflammatory cells by RDN. As expected, with 
the development of atherosclerosis, the pro-
portions of neutrophils and monocytes in the 
spleen increased, and these increases were 
mitigated by RDN (Figure 5B). Additionally, the 
expression of genes related to the cell cycle 
(Ccnb1, Ccnd1, Cdk2, Cdk4 and Cdk6) as well 

as Scf increased over time and were higher in 
the sham groups than the RDN groups (Figure 
5C). These trends were further reinforced by 
the detection of the expression of PCNA protein 
in the spleen tissue, which was suppressed by 
RDN (Figure 5D). These data indicate that RDN 
reduced the overactivation of the production of 
myeloid cells during the development of 
atherosclerosis.

Since leukocytosis in the spleen is regulated by 
the SNS, we measured the markers of sympa-
thetic neural activity. We found that the splenic 
NE concentration in both SO groups was signifi-
cantly higher than that in the RDN groups, and 
similar results were found in the TH-positive 
area of the spleen, suggesting an overall reduc-
tion of SNS activity in the spleen (Figure 5E and 
5F). Taken together, these results indicated 
that RDN decreased sympathetic neural activi-
ty in the spleen and prevented the production 
of monocytes and neutrophils.

Discussion

In the first part of the study, we first revealed 
that the atherosclerotic plaque area and the 
levels of circulating inflammatory cells were 
correlated with SNS activity during the progres-
sion of atherosclerosis. Subsequent experi-
ments confirmed that RDN in ApoE-/- mice had 

Figure 5. RDN suppresses the production of inflammatory cells in the spleen. A and B. As assessed by flow cy-
tometry, RDN had no effect on the proportions of neutrophils and monocytes in bone marrow but reduced their 
proportions in spleen. C. The mRNA expression of genes related to the cell cycle (Ccnb1, Ccnd1, Cdk2, Cdk4 and 
Cdk6) as well as Scf increased over time and were increased in the sham groups. D. Quantification of proliferating 
cell nuclear antigen (PCNA)-positive cells in spleen showed the relatively decreased proliferation rate in the RDN 
groups. E. The increase in the splenic NE concentration in ApoE-/- mice was reduced by RDN. F. Representative 
photomicrographs of TH staining in the spleen of ApoE-/- mice from the early and late groups. As a marker of SNS 
activity, the splenic TH intensity in both renal denervation (RDN) groups was significantly reduced compared with 
that in the corresponding sham groups. Data were analyzed by an unpaired t test or 1-way ANOVA and expressed 
as the mean ± SEM, where *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 compared with the corresponding 
SO group. n=5-10 per group.
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an inhibitory effect on plaque progression at 
different time points, specifically in terms of 
plaque size and the oil red O-stained positive 
area, that resulted from an overall decrease in 
circulatory and plaque inflammation. Further 
analysis suggests that RDN may have an inhibi-
tory effect on atherosclerosis by regulating 
hematopoiesis and that both sympathetic 
activity and the proportions of neutrophils and 
monocytes in the spleen decreased. Taken 
together, the results of our study revealed the 
relationship between SNS activation and chron-
ic inflammation in atherosclerosis and identi-
fied that RDN plays an anti-inflammatory role in 
atherosclerosis by inhibiting splenic inflamma-
tory cell production. In addition, the anti-inflam-
matory effect was independent of the timing of 
the RDN intervention in atherosclerosis, but 
early RDN was better than late RDN.

Abnormal lipid metabolism initiates inflamma-
tion and atherogenesis but targeting LDL levels 
alone may not be sufficient to reduce immune 
cell production to normal levels [2, 20-24]. This 
can be partially explained by the activation of 
central neural circuits by the continuous 
release of inflammatory cytokines and chemo-
kines in atherosclerosis. Activated sympathetic 
efferent nerves carry impulses to peripheral 
organs [8, 25-27]. Increased activity of sympa-
thetic neurons in the spleen induces granulo-
cyte-monocyte progenitor (GMP) proliferation 
and differentiation, stimulates inflammatory 
cells to further release inflammatory factors 
and chemokines and increases the plaque load 
[28-30]. In this study, we observed a correla-
tion between the plasma concentration of NE 
and the levels of circulating inflammatory cells 
in atherosclerosis, reinforcing the important 
role of SNS activation in the production of leu-
kocytes in atherosclerosis.

From the perspective of histology, we confirmed 
that RDN can improve the plaque size and com-
position. The protective effects occurred in the 
absence of changes in liver and plasma lipids, 
suggesting that instead of improving lipid 
metabolism, the beneficial effects of RDN 
occur through other mechanisms. In addition, 
although Wang et al. speculated that RDN 
exerted an anti-atherosclerosis effect via aldo-
sterone blockade, RDN performed on hyperten-
sive ApoE mice infused with Ang II accelerated 
plaque growth [18, 19]. Angiotensin-aldost- 
erone system (RAAS) inhibition by RDN may be 

weaker than RAAS stimulation by exogenous 
Ang Il. SNS and RAAS may influence atheroscle-
rosis through two relatively independent path-
ways, suggesting that in addition to RAAS inhi-
bition, there should be other mechanisms 
involved in the inhibitory effect of RDN on ath-
erosclerosis. The anti-inflammatory effects of 
RDN have been demonstrated in response to in 
situ renal inflammation and various acute 
inflammatory responses [31-34]. We hypothe-
sized that the sympathetic regulation of chronic 
inflammation is affected by RDN.

Previous studies have confirmed that circulat-
ing neutrophils promote the recruitment and 
infiltration of monocytes into plaques [35, 36]. 
Consistent with this evidence, in our study, the 
local plaque showed a decrease in CD68-
positive cells, which may explain the decrease 
in local inflammatory factors and the oil red 
O-stained area of the plaque, as Ly6Chigh cells 
are the main cells in lesions that secrete inflam-
matory cytokines and engulf liposomes. We 
showed that after RDN, the decrease in circu-
lating proinflammatory Ly6Chigh monocytes was 
accompanied by a change in the ratio of proin-
flammatory/anti-inflammatory cells. In addition, 
since the presence of inflammatory factors 
suggest that RDN inhibits the positive regula-
tion of hematopoiesis in atherosclerosis, we 
explored the sources of inflammatory cells. The 
spleen is a reservoir for inflammatory cells. All 
of the splenic monocytes that infiltrated into 
the plaque were pro-inflammatory Ly6Chigh [28]. 
Previous studies have found that the spleen, 
unlike the bone marrow, maintains inflamma-
tion as well as chronicity [37]. Our data also 
showed that RDN had a considerable effect on 
the spleen, as it reduced the production and 
proportions of mature monocytes and neutro-
phils, which remained unchanged in the bone 
marrow. Splenic leukocytosis is regulated by 
the central sympathetic nervous system [38]. 
Splenic sympathectomy or β2 blockers have 
been reported to mitigate inflammation-in- 
duced extramedullary hematopoiesis [4, 5, 28]. 
Consistently, increases in splenic myeloid cells, 
NE concentration and TH-positive areas were 
observed in both SO groups, and RDN reduced 
sympathetic neural activity in the spleen. 
However, unlike the inhibitory effect of RDN on 
the release of splenic inflammatory cells 
observed under acute sympathetic activation, 
our study found that in atherosclerosis, the pro-
portions of mature monocytes and neutrophils 
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in the spleen decreased, suggested by decr- 
eased cell proliferation markers [34]. These dif-
ferences suggest that RDN, which is partially 
mediated by β2 signals, reduces the produc-
tion of monocytes and neutrophils in the spleen 
by inhibiting splenic sympathetic activity. 
However, more studies are needed in the future 
to explore the specific mechanism by which 
RDN reduces leukocyte production.

Currently, as statin intervention alone cannot 
restore circulating inflammatory cells to normal 
levels, many anti-inflammatory drugs for ath-
erosclerosis are being studied, such as cana- 
kinumab, tocilizumab, and colchicine [39-41]. 
Most of them are in the preclinical stage, and 
their clinical effect remains to be further deter-
mined. RDN was originally regarded as an inter-
ventional treatment for hypertension. In this 
study, we explored its chronic anti-inflammato-
ry effect on atherosclerosis via the regulation 
of the production of splenic immune cells and 
related inflammatory cytokines. These benefits 

of RDN are not affected by the timing of pro-
cessing. On the one hand, it has been suggest-
ed that the antihypertensive mechanism of 
RDN involves not only the inhibition of SNS and 
RAAS and the antagonism of the release of 
vasoconstrictor substances but also, in part, 
anti-inflammation. On the other hand, although 
the anti-hypertensive effect of RDN has been 
widely recognized, optimal selection of the 
patient population has not been determined. 
However, it is certain that the level of sympa-
thetic activation is a relevant measure. Since 
hypertension and atherosclerosis are common 
comorbidities that are both associated with 
activation of the SNS, individuals with com-
bined hypertension and atherosclerosis may be 
hyperresponsive and benefit more from RDN.

In conclusion, based on the immunomodulato-
ry effect of the SNS on atherosclerosis, we 
found that RDN played an anti-inflammatory 
role in atherosclerosis by reducing the produc-
tion and number of inflammatory cells released 

Figure 6. Schematic diagram illustrating how RDN plays an anti-inflammatory role in atherosclerosis. The inflam-
matory cytokines released in atherosclerosis pass through the blood-brain barrier, stimulating the sympathetic 
nerve center. Excitatory sympathetic nerve signals are then transmitted to the kidney and spleen. RDN reduces 
the excitability of the SNS. Decreased sympathetic signaling in the spleen attenuates the production of monocytes 
and neutrophils. As a result, there is a decrease in the number of inflammatory cells released into the blood and 
infiltrating into the plaque.
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into the blood that infiltrated into the plaque 
(Figure 6). The underlying mechanism remains 
to be explored, but our study is helpful in identify- 
ing the wider clinical application prospects of 
RDN and provides a potential therapeutic strat-
egy for hypertensive patients complicated by 
atherosclerosis.
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Supplementary Table 1. Primer set
Gene Sequence
Il-6 Forward TACCACTTCACAAGTCGGAGGC

Reverse CTGCAAGTGCATCATCGTTGTTC
Tnfα Forward GGTGCCTATGTCTCAGCCTCTT

Reverse GCCATAGAACTGATGAGAGGGAG
Caspase1 Forward GGCACATTTCCAGGACTGACTG

Reverse GCAAGACGTGTACGAGTGGTTG
Nlrp3 Forward TCACAACTCGCCCAAGGAGGAA

Reverse AAGAGACCACGGCAGAAGCTAG
Il-1β Forward TGGACCTTCCAGGATGAGGACA

Reverse GTTCATCTCGGAGCCTGTAGTG
Il-18 Forward GACAGCCTGTGTTCGAGGATATG

Reverse TGTTCTTACAGGAGAGGGTAGAC
Ccnb1 Forward AGAGGTGGAACTTGCTGAGCCT

Reverse GCACATCCAGATGTTTCCATCGG
Ccnd1 Forward GCAGAAGGAGATTGTGCCATCC

Reverse AGGAAGCGGTCCAGGTAGTTCA
Cdk2 Forward TCATGGATGCCTCTGCTCTCAC

Reverse TGAAGGACACGGTGAGAATGGC
Cdk4 Forward CATACCTGGACAAAGCACCTCC

Reverse GAATGTTCTCTGGCTTCAGGTCC
Cdk6 Forward ACCTCTGGAGTGTCGGTTGCAT

Reverse TTCCTCTCCTGGGAGTCCAATG
Scf Forward ATCTGCGGGAATCCTGTGACTG

Reverse CCATATCTCGTAGCCAACAATGAC
Gapdh Forward CATCACTGCCACCCAGAAGACTG

Reverse ATGCCAGTGAGCTTCCCGTTCAG

Supplementary Table 2. Antibodies in flow 
cytometry
Cell type Markers
Neutrophils CD11b+ Ly6G+
Monocytes CD11b+ Ly6C+
Ly6Clow monocyte CD11b+ Ly6Clow

Ly6Chigh monocytes CD11b+ Ly6Chigh

M1 macrophage CD11b+ F4/80+ CD206+
M2 macrophage CD11b+ F4/80+ CD86+
7AAD for live/dead staining; APC-conjugated anti-CD11b; 
PE/Cy7-conjugated anti-Ly6G; FITC-conjugated anti-Ly6C; 
FITC-conjugated anti-F4/80; APC-conjugated anti-CD86; and 
PE-conjugated anti-CD206.
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Supplementary Table 3. Basic parameters of ApoE-/- mice

Parameter
Baseline Pre-RDN 6 weeks Post-RDN

Early Group Late Group Early Group Late Group Early Group Late Group
6 W-RDN 6 W-SO 12 W-RDN 12 W-SO 6 W-RDN 6 W-SO 12 W-RDN 12 W-SO 6 W-RDN 6 W-SO 12 W-RDN 12 W-SO

Body weight (g) 18.06±1.19 18.44±1.48 18.77±1.78 18.83±1.02 22.56±2.12 23.30±1.63 23.72±1.95 24.67±2.17 24.61±1.76 24.80±1.97 25.42±2.42 25.57±1.19

SBP (mm Hg) 95.33±8.97 93.66±11.28 95.56±14.17 93.84±11.76 93.00±10.48 94.77±6.49 103.46±6.10 102.85±12.48 100.916±10.53 103.69±14.01 107.76±5.54 112.27±7.03

DBP (mm Hg) 44.83±6.95 46.30±7.57 49.40±8.85 49.82±5.07 49.40±8.85 49.82±5.07 50.19±4.95 47.89±6.18 49.36±8.83 51.20±5.44 52.60±8.30 56.01±7.03

Heart rate (bpm) 560.48±63.45 571.62±5.45 543.62±71.54 561.21±53.76 570.25±53.70 566.16±31.35 590.40±58.31 589.40±58.31 582.98±60.83 592.45±40.96 599.74±44.26 606.33±42.84
SBP, systolic blood pressure; DBP, diastolic blood pressure. Data are presented as mean ± SEM (Student’s t-test or One-Way ANOVA). n=5-10.
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Supplementary Figure 1. RDN does not affect lipid metabolism in development of atherosclerosis. A. mRNA expres-
sion related to lipid metabolism (Hmgcr, Srebfs, Acat, Pparγ, Lxr, Abca1, Abcg1, Abcg5) in liver showed no differ-
ences among ApoE-/- mice from 6 W-RDN, 6 W-SO, 12 W-RDN and 12 W-SO group. B. Total cholesterol (TC) and tri-
glyceride (TG) in liver were not affected by RDN. C. The level of high-density lipoprotein (HDL), low-density lipoprotein 
(LDL), TC and TG in the circulation were similar in RDN groups and SO groups. Data were analyzed by an unpaired t 
test or 1-way ANOVA and expressed as the mean ± SEM, where *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 
compared with the corresponding SO group. n=5-10 per group.


