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A B S T R A C T

Receptors-for-Advanced-Glycation-End-products (RAGE) activate pro-inflammatory programs mediated by car-
boxymethyllysine (CML) and high-mobility-group-box1 protein (HMGB1). The soluble isoform sRAGE neu-
tralizes RAGE-ligands preventing cardiovascular complications in conditions associated with increased sympa-
thetic activation like hypertension and diabetes. The effects of sympathetic modulation on RAGE/sRAGE-balance
and end-organ damage in metabolic syndrome on top of hypertension remains unknown. We hypothesized that
increased sympathoadrenergic activity might lead to an unfavourable RAGE/sRAGE regulation. Renal de-
nervation (RDN) was used to modulate sympathetic activation in obese spontaneously hypertensive rats
(SHRobRDN) versus sham-operated obese spontaneously hypertensive rats (SHRob), their hypertensive lean
controls (SHR) and non-hypertensive controls. Cardiac fibrosis was assessed by histological analysis and sRAGE/
RAGE and ligand levels by Western blotting. Levels of CML and HMGB1 were highest in SHRob and were
significantly lowered by RDN in serum (−44% and −45%) and myocardium (−25% and −52%). Myocardial
RAGE was increased in SHR (+72% versus controls) and in SHRob (+68% versus SHR) while sRAGE decreased
(−50% in SHR versus controls and −51% in SHRob versus SHR). RDN reduced myocardial RAGE expression.

(−20%) and increased sRAGE levels in heart (+80%) and serum (+180%) versus sham-operated SHRob.
Myocardial fibrosis correlated inversely with myocardial sRAGE content (r=−0.79; p= .004; n= 10).
Myocardial sRAGE shedding active A-Disintegrin-And-Metalloprotease-10 (ADAM-10) was decreased in SHR
(−33% versus controls) and in SHRob (−54% versus SHR), and was restored after RDN (+129% versus
SHRob). Serum ADAM-10 activity was also decreased in SHRob (−66% versus SHR) and restored after RDN
(+150% versus SHRob). In vitro, isoproterenol induced a ß1-adrenergic receptor mediated increase of RAGE
expression in splenocytes (+200%) and decreased sRAGE secretion of splenocytes and cardiac fibroblasts
(−50% and −49%) by ß2-adrenergic receptor stimulation mediated suppression of ADAM-10 activity. In
conclusion, sympathetic activity affects sRAGE/RAGE-balance, which can be suppressed through sympathetic
modulation by RDN, preventing RAGE-induced cardiac damage in hypertension with metabolic syndrome.

1. Introduction

The multi-ligand receptor RAGE (Receptor-for-Advanced-Glycation-
End-products) was initially described as the signal-transducing receptor
for advanced glycation end products (AGEs) and is involved in micro-
vascular complications and end-organ damage associated with in-
creased sympathetic activation in hypertension, diabetes and heart
failure [1–6]. The soluble form of RAGE (sRAGE) comprises only the

RAGE ectodomain and acts as a ligand decoy, competitively inhibiting
RAGE activation and oxidative stress [1, 6]. Endogenous soluble RAGE
isoforms are circulating in plasma and tissues and are suspected to in-
versely reflect cellular RAGE activity [7], with most sRAGE being
produced by ADAM-10 mediated RAGE cleavage [8–9]. Whether
modulation of sympathetic activation is responsible for the observed
changes in RAGE/sRAGE balance, however, is unknown. Renal sym-
pathetic denervation (RDN) reduces afferent and efferent sympathetic
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nerve activity and has been developed to lower blood pressure in pa-
tients with uncontrolled hypertension [10–12]. Experimental and ob-
servational data suggest additional effects beyond blood pressure low-
ering such as reduction in myocardial hypertrophy, improved glucose
tolerance and amelioration of microalbuminuria [13–16]. We have re-
cently characterized a rat model of metabolic syndrome with hy-
pertension, the spontaneously hypertensive obese rat (SHRob) carrying
an additional mutation in the leptin receptor [17, 18]. In addition to
hypertension, SHRob express further abnormal phenotypes including
obesity, hyperinsulinemia and hyperlipidemia, a moderate decrease in
LV-systolic function and diastolic dysfunction [18]. The exact me-
chanisms of how metabolic syndrome on top of hypertension results in
more pronounced end-organ damage are still unknown. However,
sympathetic modulation by RDN in SHRob for example has led to an
improvement in renal and cardiac function [19].

The present study aimed to investigate the effect of in-vivo mod-
ulation of sympathoadrenergic activity by RDN on the cardiac ligand-
RAGE/sRAGE-axis and subsequent cardiac remodelling in a rat model
of metabolic syndrome on top of hypertension. In order to control for
blood-pressure confounding, β-adrenergic receptor mediated RAGE/
sRAGE regulation was studied in isolated rat mononuclear cells (sple-
nocytes) and cardiac fibroblasts.

2. Materials and methods

2.1. Animals

Male obese spontaneously hypertensive rats (SHRob), their hetero-
zygous hypertensive control rats (lean SHR) and non-hypertensive non-
obese control rats (Sprague Dawley; controls) were purchased from
Charles River GmbH (Sulzfeld, Germany) at the age of 10 weeks. The
animals were housed individually in standard cages and received
standard chow (standard diet #1320, Altromin, Lage, Germany) and
tap water ad libitum. RDN or sham-operation was performed in SHRob
at the age of 32 weeks and rats were killed at the age of 45 weeks. For
the isolation of primary rat cardiac fibroblasts, Sprague Dawley rats
from Charles River GmbH (Sulzfeld, Germany) aged 52weeks were
sacrificed instantly under general deep anaesthesia. All animal studies
were performed in accordance to the German law for the protection of

animals. Furthermore, the investigation conforms with the guide for the
Care and Use of laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised 1996). The
study was approved by the regional commission in charge (Darmstadt,
Germany).

2.2. Reagents

See online supplement.

2.3. Renal denervation

Renal denervation (RDN) was performed in SHRob at the age of
32 weeks (SHRobRDN) when metabolic syndrome was fully established
to test the role of renal sympathetic innervation on the further pro-
gression of cardiac end-organ damage. The detailed procedure is de-
scribed in the online supplements.

2.4. Metabolic cages, cardiac MRI and invasive functional measurements,
sample asservation, histological analysis and immunoblotting

The protocols are described in detail in the online-only data sup-
plement.

2.5. Isolation of primary rat cardiac fibroblasts and splenocytes, culture
conditions, cell fractionation, protein and gene expression analyses

Detailed protocols are provided in the online supplements.

2.6. Statistics

Statistical analysis was performed with Graph Pad Prism (version
5.0; GraphPad Software, San Diego California, USA). Results are pre-
sented as means ± SEM. Significance was estimated with two-way-
ANOVA with Fisher-LSD post hoc test for multiple comparisons. Normal
contribution of data was tested by Kolmogorov-Smirnov and Lilliefors
test and Spearman's or Pearson's correlations are shown respectively. A
value of p < .05 was considered significant.

Table 1
Metabolic parameters, left ventricular and renal function.

Control SHR SHRob SHRobRDN Control Vs.
SHR

SHR Vs.
SHRob

SHRob Vs.
SHRobRDN

Control Vs. SHRob
RDN

n=5–6 n=6–7 n=5–6 n=5–6

Parameters P-value
Creatinine umol/l 21 ± 1.3 29 ± 0.9 32.3 ± 5.3 21.3 ± 7.3 0.062 0.437 0.038 0.958
GFR l/kg/h 0.6 ± 0.02 0.4 ± 0.02 0.2 ± 0.02 0.3 ± 0.07 <0.001 <0.001 0.019 < 0.001
EF (%) 66.0 ± 1.8 51.2 ± 1.2 45.7 ± 1.6 54.1 ± 1.2 <0.001 0.041 0.007 < 0.001
LVedP mmHg 4.7 ± 1.4 6.0 ± 2.7 16.1 ± 2.3 7.4 ± 2.2 0.703 0.012 0.051 0.494
RR (MAP) mmHg 116 ± 2.9 199 ± 5.6 224 ± 5 179 ± 12.2 <0.001 0.031 <0.001 <0.001
HR bpm 328 ± 1.3 305 ± 13.7 276 ± 9.6 277 ± 13.4 0.285 0.119 0.994 0.026
HW g 1.55 ± 0.05 1.64 ± 0.07 1.61 ± 0.06 1.66 ± 0.07 0.234 0.738 0.646 0.214
BW g 618 ± 8.4 419 ± 11 697 ± 20.2 632 ± 36.7 <0.001 <0.001 0.157 0.999
HW/100 g BW ratio 0.24 ± 0.004 0.39 ± 0.011 0.23 ± 0.016 0.27 ± 0.025 <0.001 <0.001 0.094 0.201
Insulin Pg/ml 854 ± 231 1157 ± 294 10,126 ± 1518 7714 ± 1289.3 0.809 < 0.001 0.118 < 0.001
Glucose mmol/l 5.0 ± 0.11 5.76 ± 0.17 5.99 ± 0.17 5.13 ± 0.37 0.055 0.571 0.038 0.569
HbA1C % (mmol/mol) 3.9% ± 0.01 3.6% ± 0.04 3.7% ± 0.1 3.7% ± 0.14 0.132 0.464 0.462 0.879

(19 ± 0.05) (16 ± 0.18) (17 ± 0.46) (17 ± 0.64)
Renal Norepinephrine pg/mg 103.5 ± 14.7 98.2 ± 2.3 108.7 ± 8.9 10.9 ± 2.4 0.628 0.634 <0.001 <0.001

GFR: glomerular filtration rate.
EF: left-ventricular ejection fraction.
LVedP: left-ventricular end-diastolic pressure.
MAP: mean arterial pressure.
HR: heart rate.
HW: heart weight.
BW: body weight.
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3. Results

3.1. Effects of renal denervation on renal and metabolic parameters

Metabolic parameters are summarized in Table 1. A reduction in
renal norepinephrine tissue content was observed in RDN-treated

SHRob rats (SHRobRDN) at 3months after the procedure as compared
to sham-operated SHRob pointing out to a successful sympathetic de-
nervation of the kidneys (Table 1; 108.7 ± 8.9 pg/ml in SHRob vs.
10.9 ± 2.4 pg/ml in SHRobRDN, p < .001). Renal function as de-
picted by GFR was markedly reduced in SHRob as compared to SHR and
normotensive controls (SHRob 0.2 ± 0.02 l/kg/h versus SHR

Fig. 1. A) Representative histological pictures (picrosirius red staining) and B) Quantification of left ventricular fibrotic area (interstitial fibrillar collagen fractional
area (%)) in normotensive controls (n=5), SHR (n= 6), SHRob (n= 5) and SHRobRDN (n= 5). C) Representative Western blot of myocardial collagen type I
(upper panel; images from different parts of the same gel) and quantification of collagen type I (lower panel) in normotensive controls (n= 5), SHR (n= 6), SHRob
(n=5) and SHRobRDN (n= 5). Collagen type I in arbitrary units (AU) normalized to GAPDH. D) Representative Western blot of myocardial collagen type III (upper
panel) and quantification of collagen type III (lower panel) in normotensive controls (n=5), SHR (n= 6), SHRob (n=5) and SHRobRDN (n=5). Collagen type III
in arbitrary units (AU) normalized to GAPDH. *p < .05 versus Control; #p < .05 versus SHRob. E) Representative Western blot (upper panel) and quantification of
collagen type I secretion in supernatants of rat cardiac fibroblasts repeatedly stimulated with isoproterenol (ISO) 0.1 umol/l (n= 4) in the presence or absence of
CGP (ß1-selective antagonist; 0.3 umol/l) or ICI (ß2-selective antagonist; 0.1 umol/l) for 72 h every 24 h. *p < .05 versus Control and ISO+CGP; #p < .05 versus
ISO+CGP. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 1. (continued)

Table 2
Interstitial fibrosis, myocardial and serum RAGE/sRAGE, and RAGE-ligand levels (CML and HMGB1) and inflammatory cytokines.

Control SHR SHRob SHRobRDN Control vs.
SHR

SHR vs.
SHRob

SHRob vs.
SHRobRDN

Control vs.
SHRobRDN

n=5–6 n=6–7 n=5–6 n=5–6

Parameters p-value
Myocardial fibrosis % 2.3 ± 0.6 6.6 ± 1.3 13.3 ± 0.7 10.3 ± 0.7 0.008 < 0.001 0.041 <0.001
Myocardial sRAGE AU/GAPDH 2.6 ± 0.2 1.3 ± 0.2 0.6 ± 0.1 1.2 ± 0.1 0.005 0.042 0.043 0.006
Myocardial RAGE AU/GAPDH 1.6 ± 0.2 2.7 ± 0.5 4.5 ± 0.2 3.4 ± 0.6 0.044 0.003 0.066 0.003
Serum sRAGE AU/mg/ml serum

protein
11.4 ± 5.0 15.4 ± 2.7 4.9 ± 1.7 13.9 ± 2.9 0.265 0.008 0.033 0.558

Myocardial CML AU/GAPDH 12.1 ± 1.2 16.5 ± 1.4 19.2 ± 1.2 14.4 ± 0.8 0.015 0.156 0.017 0.171
Serum CML AU/mg/ml serum

protein
12.7 ± 0.9 19.3 ± 2.5 18.0 ± 1.4 10.0 ± 1.3 0.012 0.565 0.001 0.194

Myocardial HMGB1 AU/GAPDH 1.5 ± 0.2 1.5 ± 0.3 3.5 ± 0.6 1.7 ± 0.4 0.817 0.003 0.022 0.545
Serum HMGB1 AU/mg/ml serum

protein
4.6 ± 0.3 5.7 ± 0.5 8.8 ± 1.8 4.9 ± 0.5 0.386 0.035 0.026 0.793

Collagen type I AU/GAPDH 1.03 ± 0.09 1.28 ± 0.11 1.85 ± 0.11 1.43 ± 0.05 0.123 < 0.001 0.008 0.022
Collagen type III AU/GAPDH 0.44 ± 0.05 0.5 ± 0.02 0.58 ± 0.1 0.45 ± 0.08 0.614 0.409 0.219 0.910
TGFß AU/GAPDH 0.23 ± 0.07 0.25 ± 0.09 0.16 ± 0.04 0.18 ± 0.02 0.799 0.271 0.876 0.497
CTGF AU/GAPDH 0.26 ± 0.16 0.41 ± 0.07 0.45 ± 0.13 0.31 ± 0.08 0.323 0.816 0.349 0.758
Myocardial esRAGE AU/GAPDH 0.18 ± 0.02 0.18 ± 0.01 0.23 ± 0.01 0.21 ± 0.01 0.909 0.031 0.407 0.171
Serum esRAGE AU/mg/ml serum

protein
39.34 ± 6.71 46 ± 5.05 33.35 ± 5.52 38.11 ± 5.56 0.337 0.068 0.522 0.888

Myocardial Active ADAM-10 AU/
GAPDH

13.06 ± 0.97 8.71 ± 0.64 3.97 ± 0.48 9.08 ± 1.24 0.015 0.005 0.003 0.024

Serum active ADAM-10 AU/mg/ml
serum protein

52.74 ± 5.02 36.97 ± 7.94 12.7 ± 2.8 31.83 ± 5.62 0.102 0.015 0.028 0.079

TNFalpha AU/GAPDH 2.02 ± 0.14 1.96 ± 0.16 1.6 ± 0.19 1.12 ± 0.19 0.828 0.165 0.083 0.006
IL-6 AU/GAPDH 1.1 ± 0.09 1.25 ± 0.03 1.34 ± 0.13 0.59 ± 0.12 0.283 0.592 0.001 0.012

AU: arbitrary units.
sRAGE: soluble receptor for advanced glycation end products.
esRAGE:endogenous secretory RAGE.
CML: carboxymethyllysine.
HMGB1: high mobility group box1 protein.
GAPDH: Glyceraldehyde 3-phosphate dehydrogenase.
TGFß: Transforming Growth Factor ß.
CTGF: Connective Tissue Growth Factor.
ADAM-10: A Disintegrin And Metalloprotease− 10.
TNFα: Tumor Necrosis Factor α.
IL-6: Interleukine 6.
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Fig. 2. A) Representative Western blot and B) Quantification of sRAGE in serum samples from normotensive controls (n=5), SHR (n= 6), SHRob (n=5) and
SHRobRDN (n= 5). sRAGE in arbitrary units (AU) normalized to serum protein concentration. C) Representative Western blot and D) Quantification of myocardial
RAGE and E) myocardial sRAGE in myocardial homogenates from normotensive controls (n=5), SHR (n= 6), SHRob (n= 5) and SHRobRDN (n= 5). RAGE and
sRAGE in arbitrary units (AU) normalized to GAPDH. F) Representative Western blot (upper panel; images from different parts of the same gel) and quantification of
active ADAM-10 (lower panel) in serum samples from normotensive controls (n=5), SHR (n=6), SHRob (n= 5) and SHRobRDN (n= 5). Active ADAM-10 in
arbitrary units (AU) normalized to serum protein concentration. G) Representative Western blot (upper panel; images from different parts of the same gel) and
quantification of myocardial active ADAM-10 (lower panel) in homogenates from normotensive controls (n= 5), SHR (n= 6), SHRob (n= 5) and SHRobRDN
(n=5). Active ADAM-10 in arbitrary units (AU) normalized to GAPDH. *p < .05 versus Control; #p < .05 versus SHRob.
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0.4 ± 0.02 and controls 0.6 ± 0.02, p < .001 for each comparison),
but was significantly improved after RDN (0.3 ± 0.07 l/kg/h, p= .019
versus SHRob). Also, creatinine levels decreased after RDN (SHRob
32.3 ± 5.3 umol/l versus SHRobRDN 21.3 ± 7.3 μmol/l; p= .038).
Fasting insulin levels were significantly increased in SHRob compared
with their lean hypertensive littermates and to normotensive controls
(SHRob 10,126 ± 1518 pg/ml versus SHR 1157 ± 294 pg/ml and
controls 854 ± 231 pg/ml, p < .001 for each comparison) and
showed a trend towards improvement after RDN, however without
reaching statistical significance (Table 1). As the SHRob phenotype
does not yet display overt diabetes, HbA1C data were similar in all four
groups (Table 1).

3.2. Effects of renal denervation on cardio-functional parameters

Averaged values of the MRI-derived and invasively measured car-
diac functional parameters are summarized in Table 1. LV-ejection
fraction as determined by cardiac magnetic resonance imaging was
slightly reduced in SHRob compared with SHR and controls
(45.7 ± 1.6% in SHRob vs. 51.2 ± 1.2% in SHR, p= .041, and
66 ± 1.8% in controls, p < .001 versus SHRob) and was significantly
improved after RDN (SHRobRDN 54.1 ± 1.2%, p= .007 versus
SHRob). Left-ventricular end-diastolic pressure (LVedP) as determined
by invasive measurement procedures was markedly increased in SHRob
compared to lean littermates or normotensive controls and was reduced
after RDN (Table 1). Mean arterial pressure was significantly increased
in SHR and SHRob as compared with controls (Table 1) and was re-
duced after RDN (179 ± 12mmHg in SHRobRDN vs.224 ± 5mmHg
in SHRob, p < .001).

3.3. Effect of renal denervation on myocardial fibrosis

Interstitial collagen deposition, as determined by Sirius Red Staining
(Fig. 1A), was significantly increased in SHR compared to normotensive
controls (Table 2, Fig. 1B; 6.6 ± 1.3% in SHR versus 2.3 ± 0.6% in
controls, p= .008) and further increased in SHRob compared to SHR
(13.3 ± 0.7% in SHRob versus 6.6 ± 1.3% in SHR, p < .001), but
was attenuated by RDN (10.3 ± 0.7% in SHRobRDN; p= .041 versus
SHRob). Differential analysis of collagen types I and III showed a nu-
merical increase in collagen I content in SHR compared to controls

(Table 2, Fig. 1C; 1.28 ± 0.11 AU/GAPDH in SHR versus 1.03 ± 0.09
in controls, p= .123) and a significant increase in SHRob compared to
SHR (1.85 ± 0.11 AU/GAPDH in SHRob versus 1.28 ± 0.11 in SHR,
p < .001). Collagen type I expression was reduced by RDN
(1.43 ± 0.05 AU/GAPDH in SHRobRDN, p= .008 versus SHRob).
Collagen type III showed no differences between the groups (Table 2,
Fig. 1D). In vitro stimulation of rat cardiac myocytes with isoproterenol
augmented secretion of collagen type I into the supernatant, which
could be prevented by selective ß1-AR-blockade (Fig. 1E).

Expression analyses of the pro-fibrogenic factors TGFß
(Transforming Growth Factor ß) and CTGF (Connective Tissue Growth
Factor) in rat myocardial samples showed no significant differences
between the groups (Table 2, Supplemental Figs. 1A und 2A), neither
could TGFß or CTGF secretion be induced in vitro by isoproterenol
treatment of cardiac fibroblasts or splenocytes (Supplemental
Figs. 1B–C and 2B–C).

3.4. Renal denervation increases circulating serum sRAGE levels and
myocardial sRAGE

Serum sRAGE levels as assessed by Western blot analysis (Table 2,
Fig. 2A) were significantly decreased in SHRob as compared to lean
SHR (Fig. 2B; 4.9 ± 1.7 AU/mg/ml in SHRob versus 15.4 ± 2.7 in
SHR, p= .008) and were significantly augmented after RDN
(13.9 ± 2.9 AU/mg/ml in SHRobRDN, p= .033 versus SHRob).

Myocardial RAGE (Table 2, Fig. 2C and D) was markedly increased
in SHRob as compared to SHR and to normotensive controls
(4.5 ± 0.2 AU/GAPDH in SHRob versus 2.7 ± 0.5 AU/GAPDH in SHR
and 1.6 ± 0.2 AU/GAPDH in controls; p < .003 for each comparison)
(Table 2, Fig. 2D). RDN did not significantly affect myocardial content
of full-length RAGE, although it showed a trend towards RAGE-down-
regulation in the SHRobRDN group (Table 2, Fig. 2D). sRAGE myo-
cardial content (Fig. 2E) on the other hand was significantly decreased
in SHRob as compared to SHR and controls (Table 2, Fig. 2E;
0.6 ± 0.1 AU/GAPDH in SHRob versus 1.3 ± 0.2 AU/GAPDH in SHR
versus 2.6 ± 0.2 AU/GAPDH in controls; p= .0001–0.02 for each
comparison) while in SHRobRDN sRAGE levels were significantly im-
proved (1.2 ± 0.1 AU/GAPDH, p= .043 versus SHRob). Myocardial
sRAGE expression showed a strong negative correlation with LV-fibrosis
data (Supplemental Fig. 3; r=−0.79, p= .004, n= 10 SHRob

Fig. 2. (continued)
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+SHRobRDN).
Assessment of the splice variant esRAGE (endogenous secretory

RAGE) in both serum (Supplemental Fig. 4A) and myocardial samples
(Supplemental Fig. 4B) showed no significant regulation after RDN,
although there was a slight but significant increase in myocardial
esRAGE in SHRob versus SHR (Table 2; Supplemental Fig. 4B;
0.23 ± 0.01 AU/GAPDH in SHRob versus 0.18 ± 0.01 in SHR,
p= .031). Serum esRAGE showed no significant regulation between the
groups (Table 2; Supplemental Fig. 4A) and in-vitro cellular esRAGE
secretion could not be influenced by isoproterenol stimulation (Sup-
plemental Fig. 4C–D).

3.5. Renal denervation restores RAGE cleaving active ADAM-10

RAGE-cleaving/sRAGE-shedding protease ADAM-10 showed a sig-
nificant reduction of the active form in SHRob versus SHR (Table 2;
Fig. 2F; 12.7 ± 2.8 AU/mg/ml in SHRob, p= .015 versus SHR). Renal
denervation restores serum ADAM-10 activity (31.83 ± 5.62 AU/mg/
ml in SHRobRDN, p= .028 versus SHRob).

Correspondingly, myocardial ADAM-10 showed decreased activity
in SHR (Table 2; Fig. 2G; 8.71 ± 0.64 AU/GAPDH in SHR versus
13.06 ± 0.97 in controls, p= .015) and in SHRob (3.97 ± 0.48 AU/
GAPDH, p= .005 versus SHR) and was increased after RDN
(9.08 ± 1.24 AU/GAPDH in SHRobRDN, p= .003 versus SHRob).
Myocardial ADAM-10 activity correlated positively with myocardial
sRAGE (Supplemental Fig. 5: r= 0.85, p= .003, n=10
SHRob+SHRobRDN).

3.6. Renal denervation decreases circulating and myocardial RAGE-ligand
levels of the AGE carboxymethyllysine (CML)

Western blot analysis demonstrated similar levels of the AGE CML in
SHR and SHRob in serum samples (Table 2, Fig. 3A) and myocardial
tissue (Table 2, Fig. 3B) as well. Renal denervation resulted in a sig-
nificant reduction of serum CML generation (Fig. 3A; 10 ± 1.3 AU/
mg/ml in SHRobRDN versus 18 ± 1.4 AU/mg/ml in SHRob, p= .001)
reaching similar CML levels as in normotensive controls
(12.7 ± 0.9 AU/mg/ml in controls). The observed changes in serum
CML were paralleled by corresponding changes in myocardial CML
content (Fig. 3B; 14.4 ± 0.8 AU/GAPDH in SHRobRDN versus
19.2 ± 1.2 AU/GAPDH in SHRob, p= .017). There was a positive
correlation between serum CML and myocardial interstitial fibrosis
(Supplemental Fig. 6; r= 0.76, p= .04).

3.7. Renal denervation decreases circulating and myocardial RAGE-ligand
levels of high-mobility-group-box-1 protein (HMGB1)

Serum HMGB1 levels were significantly higher in SHRob as com-
pared to SHR and normotensive controls (Table 2; Fig. 3C;
8.8 ± 1.8 AU/mg/ml in SHRob versus 5.7 ± 0.5 AU/mg/ml in SHR
and 4.6 ± 0.3 AU/mg/ml in controls; p= .035 for SHRob versus SHR).
RDN treatment resulted in a significant reduction of HMGB1 serum

levels (Fig. 3C; 4.9 ± 0.5 AU/mg/ml in SHRobRDN versus
8.8 ± 1.8 AU/mg/ml in SHRob, p= .026).

SHRob further demonstrated significantly increased myocardial
HMGB1 levels as compared to lean SHR and controls (Table 2; Fig. 3D;
3.5 ± 0.6 AU/GAPDH in SHRob versus 1.5 ± 0.3 in SHR and
1.5 ± 0.2 in controls, p < .003 for each comparison). However,
again, RDN treatment normalized myocardial HMGB1 protein levels
(Fig. 3D; 1.7 ± 0.4 AU/GAPDH in SHRobRDN, p= .022 versus
SHRob), achieving similar levels as in lean SHR (1.5 ± 0.3 AU/
GAPDH) and normotensive controls alone (1.5 ± 0.2 AU/GAPDH).
There was a significant positive correlation between myocardial
HMGB1 levels and serum HMGB1 levels in SHRob and SHRobRDN
(Supplemental Fig. 7A; r= 0.65; p= .04; n=10), and between myo-
cardial HMGB1 content and serum CML (Supplemental Fig. 7B; r= 0.7;
p= .04). Myocardial HMGB1 also correlated with myocardial RAGE
expression (Supplemental Fig. 7C; r= 0.85, p= .003).

3.8. Renal denervation decreases pro-inflammatory cytokines

Western blot analysis of Tumor Necrosis Factor α (TNFα) expression
showed a numerical decrease in SHRob versus controls and SHR
without statistical significance and without significant regulation after
RDN (Table 2; Fig. 3E). Myocardial Interleukine-6 (IL-6) protein con-
tent was similar between controls, SHR and SHRob (Table 2, Fig. 3F)
and was significantly decreased after RDN (0.59 ± 0.12 AU/GAPDH in
SHRobRDN versus 1.34 ± 0.13 in SHRob, p= .001).

3.9. In-vitro-ß-adrenergic stimulation of rat splenocytes decreases sRAGE
secretion and increases RAGE expression

Repeated in vitro stimulation (every 24 h) of splenocytes with iso-
proterenol significantly increased RAGE mRNA expression (Fig. 4A;
91% increase) and membraneous RAGE protein content
(Fig. 4B;> 3fold increase). Simultaneously, isoproterenol treatment
decreased sRAGE secretion into the cell culture medium (−50%) in a
time dependent manner (Fig. 4C), reaching statistical significance after
72 h. Stimulated splenocytes showed no increased apoptosis rate under
isoproterenol stimulation as assessed by immunoblot analysis of BAX/
BCL-2 in cellular homogenates (not shown).

To differentiate ß-adrenergic receptor subtype-dependent signal-
ling, we also assessed RAGE/sRAGE expression after isoproterenol sti-
mulation in the presence of ß-adrenergic receptor antagonists with
differing selectivity: CGP 201712A (ß1-selective) or ICI118.551 (ß2-
selective). Isoproterenol induced RAGE-expression was abrogated by
ß1-adrenergic receptor blockade with CGP, but not by the ß2-adre-
nergic receptor blocker ICI (Fig. 4A and B). Contrary to this, sRAGE
secretion into the cell culture medium was restored after ß2-adrenergic
receptor blockage, but not with ß1-adrenergic receptor blockage
(Fig. 4C).

Fig. 3. A) Representative Western blot of CML-modified serum proteins (upper panel; images from different parts of the same gel) and quantification of CML by
Western blot in serum samples (lower panel) from normotensive controls (n= 5), SHR (n= 6), SHRob (n=5) and SHRobRDN (n=5). CML in arbitrary units (AU)
normalized to serum protein concentration. The antibody specifically binds to carboxymethyllysine modified proteins and reacts species independently. The antibody
recognizes any proteins which have carboxymethyllysine groups. The Western blot shows multiple bands belonging to different proteins. B) Representative Western
blot of myocardial CML-modified proteins (left panel) and quantification of CML (right panel) in normotensive controls (n=5), SHR (n= 6), SHRob (n=5) and
SHRobRDN (n=5). CML in arbitrary units (AU) normalized to GAPDH. C) Representative Western blot (upper panel) and quantification of HMGB1 in serum samples
(lower panel) from normotensive controls (n= 5), SHR (n=6), SHRob (n= 5) and SHRobRDN (n= 5). HMGB1 in serum samples in arbitrary units (AU) normalized
to serum protein concentration. D) Representative Western blot (upper panel; images from different parts of the same gel) and quantification of myocardial HMGB1
(lower panel) in homogenates from normotensive controls (n= 5), SHR (n= 6), SHRob (n=5) and SHRobRDN (n=5). HMGB1 in arbitrary units (AU) normalized
to GAPDH. E) Representative Western blot (upper panel) and quantification of myocardial TNFα (lower panel) in homogenates from normotensive controls (n=5),
SHR (n= 6), SHRob (n= 5) and SHRobRDN (n=5). TNFα in arbitrary units (AU) normalized to GAPDH. F) Representative Western blot (upper panel; images from
different parts of the same gel) and quantification of myocardial IL-6 (lower panel) in homogenates from normotensive controls (n=5), SHR (n= 6), SHRob (n= 5)
and SHRobRDN (n= 5). IL-6 in arbitrary units (AU) normalized to GAPDH. *p < .05 versus Control; #p < .05 versus SHRob; §p < .05 versus SHR.
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3.10. In-vitro-ß-adrenergic stimulation of rat cardiac fibroblasts decreases
sRAGE secretion

Neither RAGE mRNA nor membraneous RAGE protein expression
were significantly increased in primary rat cardiac fibroblasts after 72 h
of isoproterenol treatment (Fig. 4D and E). However, similar to the
observed effects in splenocytes, repeated in vitro stimulation (every
24 h) of fibroblasts with isoproterenol decreased sRAGE secretion into
the cell culture medium in a time dependent manner (Fig. 4F; −49%
decrease after 72 h). Cell vitality in stimulated fibroblast cultures was
similar to control.

Again, to better differentiate ß-adrenergic receptor subtype-depen-
dent signalling, cells were co-treated with ß-adrenergic receptor an-
tagonists, and ß2-adrenergic receptor blockage with ICI118.551 pre-
vented the reduction in sRAGE secretion seen with isoproterenol
treatment, while ß1-adrenergic receptor blockage had no effect
(Fig. 4F).

3.11. In-vitro-ß-adrenergic stimulation of rat splenocytes and rat cardiac
fibroblasts decreases sRAGE shedding active ADAM-10

We assessed active ADAM-10 protein levels in supernatants of pri-
mary rat cardiac fibroblasts and splenocytes after 72 h of isoproterenol
treatment (Fig. 4G–H): active ADAM-10 protein was significantly de-
creased after isoproterenol treatment (Fig. 4G; −46% decrease in rat
splenocytes versus control, and− 72% decrease in cardiac fibroblasts
versus control). Co-treatment with ß-adrenergic receptor antagonists
showed that ß2-adrenergic receptor blockage with ICI118.551 restored
ADAM-10 activity under isoproterenol treatment in both splenocytes
and cardiac fibroblasts (Fig. 4G–H).

4. Discussion

Our study characterizes the relationship between sympathoa-
drenergic activation and RAGE/sRAGE balance in vivo and in vitro. We
report favourable effects of sympathetic modulation by renal denerva-
tion on serum and myocardial sRAGE/RAGE balance with reduced

expression of RAGE ligands like the AGE carboxymethyllysin (CML) and
HMGB1 (high-mobility-group-box1 protein) and reduced pro-in-
flammatory IL-6 in spontaneously hypertensive obese rats, an animal
model of hypertension and metabolic syndrome. Furthermore, in vitro
ß1-adrenergic stimulation demonstrates direct sympathoadrenergic ef-
fects on RAGE expression, as well as ß2-adrenergic stimulation de-
monstrates direct effects on sRAGE secretion in rat mononuclear cells
(splenocytes) and primary cardiac fibroblasts by increasing sRAGE
shedding ADAM-10 activity. Taken together, our data indicate a sym-
pathoadrenergic-related and sustained RAGE-mediated pro-in-
flammatory vicious circle resulting in myocardial remodelling and fi-
brosis in hypertension and metabolic syndrome.

Metabolic syndrome associated with obesity and hypertension is an
increasingly relevant condition. Chronic sympathoadrenergic activation
plays a critical role in the development of arterial hypertension [20],
which leads to cardiac end-organ damage and heart failure [2, 7, 21].
These pathologies as well as diabetes [1] and obesity [22] have been
linked to increased RAGE expression and RAGE activation. A mounting
body of evidence suggests that sRAGE is protective by acting as a
competitive inhibitor of RAGE [7, 23], not only by neutralizing RAGE-
ligands, but also by forming dimers with membrane RAGE and thus
blocking RAGE-activation itself [23]. Herein, we show that sponta-
neously hypertensive rats (SHR), and even more so obese spontaneously
hypertensive rats (SHRob) demonstrate a RAGE/sRAGE dysbalance
leading to pro-inflammatory and pro-fibrotic processes.

RDN in hypertensive patients has been suggested to induce addi-
tional effects beyond blood pressure reduction [14, 21, 24–27]. Here,
we provide evidence that suppression of the sympathetic nervous
system by RDN has a strong inhibitory effect on the RAGE/sRAGE-ratio
under the pathophysiological condition of metabolic syndrome. The
observation that ß-adrenergic stimulation resulted in an increase in the
RAGE/sRAGE-ratio in vitro in spleen mononuclear cells and cardiac
fibroblasts suggests blood pressure-independent immunomodulatory
effects after RDN in our animal model for metabolic syndrome. Taken
together, our data indicate a sympathoadrenergic- induced and sus-
tained RAGE-mediated pro-inflammatory vicious circle resulting in
myocardial remodelling and fibrosis in metabolic syndrome. Our results

Fig. 3. (continued)
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deliver a plausible explanation for the observed anti-fibrotic effects of
RDN in rats [19], as sRAGE is upregulated after RDN and has been
shown to have antifibrotic effects when for example administered in
mice with myocardial infarction [26]. In our study, myocardial sRAGE
expression showed a strong negative correlation with myocardial fi-
brosis, potentially representing a sRAGE mediated anti-fibrotic effect.
Additionally, RDN also reduced myocardial and blood levels of the AGE
CML in RDN-treated rats, which is suggested to be another anti-fibrotic
mechanism, as AGEs are known to inhibit collagen degradation [28–31]
and are potentially involved in cardiac fibrosis in SHRob and its al-
teration by RDN.

SHRob rats show a more pronounced diastolic dysfunction com-
pared to their lean littermates SHR. RDN slightly improved systolic and
diastolic function in RDN-treated SHRob 3months after the

intervention, as depicted by improved ejection fraction and reduced
LVEDP data and reduced fibrosis. Augmentation of systolic and dia-
stolic function has been documented in patients with essential hy-
pertension 6months after RDN [15]. Nevertheless, our results on
RAGE/sRAGE dysbalance in SHRob compared to lean SHR deliver an
explanation for the observed add-on effect of metabolic syndrome and
obesity in hypertension with regard to aggravation of diastolic dys-
function and systolic dysfunction. Also, myocardial HMGB1 was in-
creased in SHRob as compared to lean SHR and to controls. HMGB1 has
been shown by other groups to have negative inotropic effects in iso-
lated contracting cardiac myocytes and might, therefore, worsen car-
diac performance [32, 33].

The second RAGE-ligand investigated herein, N-epsilon-carbox-
ymethyl-lysine (CML or carboxymethyllysine), is generated by the non-

(caption on next page)
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enzymatic Schiff base reaction of glucose with proteins, followed by an
Amadori rearrangement and oxidation leaving a carboxymethyl group
attached to lysine. The levels of CML adducts accumulate over time,
indicating both serum glucose levels and oxidative protein damage.
Mostly, elevated serum CML modified proteins have been associated
with diabetes and complications like diabetic nephropathy, angiopathy
and retinopathy. However, CML levels have also been described to be
increased in patients and animal models of isolated hypertension
[34–36]. Accordingly, we also observed similarly increased CML levels
in SHR and SHRob in the absence of diabetes. The exact mechanisms for
the increased CML levels remain unclear and warrant future studies.

Recently, soluble fms-like Tyrosine kinase-1 (sFlt-1) has been pro-
posed as a predictive marker for blood pressure reduction after RDN in
patients with resistant hypertension [37]. This is particularly intri-
guing, because AGEs have been shown to be upstream molecules, which
trigger ROS-induced sFlt-1 production through a RAGE/NADPH oxidase
dependent pathway [38]. Future studies in patients with resistant hy-
pertension are warranted to investigate whether serum levels of AGEs
and particularly CML as indicators of long-term oxidative stress could
be even more useful biomarkers with predictive value indicating re-
sponder and non-responder to sympathomodulation by RDN.

It can only be speculated about the cell types responsible for the
observed myocardial and serum sRAGE regulation. Given the cell cul-
ture results in primary cardiac fibroblasts, this study strongly implicates
the involvement of cardiac fibroblasts in maintaining the myocardial
RAGE/sRAGE balance. However, blood mononuclear cells also seem to
contribute to the serum sRAGE pool. Furthermore, the induction of
membraneous RAGE on monononuclear cells under β-adrenergic sti-
mulation is especially intriguing, as RAGE is also known to promote
cellular adhesion of leukocytes to the vessel wall and migration through
the vessel wall into tissue [39]. The effect of sympathoadrenergic hy-
peractivity affecting RAGE/sRAGE balance is particularly strong in
mononuclear cells, by increasing RAGE-expression through ß1-adre-
nergic receptors on the one hand and decreasing the secretion of sRAGE
through ß2-adrenergic receptors signalling on the other hand. This
implies a relevant role for the endogenous sympathoadrenergic system
in the modulation of the migratory capacity of mononuclear immune
cells. In vitro secretion of the RAGE-scavenger sRAGE in cardiac adult
fibroblasts also seems to be controlled by the ß2-adrenergic signalling

pathway, as seen in mononuclear cells. Thus, sympathetically mediated
RAGE-related inflammation is induced by ß1-adrenergic receptor acti-
vation and is further augmented by ß2-mediated reduction of sRAGE
release.

The antibody used to identify RAGE and total sRAGE did not dif-
ferentiate between the distinctive soluble RAGE isoforms, namely
cRAGE (soluble RAGE formed by protease-mediated cleavage of mem-
braneous full-length RAGE) [8] and esRAGE (endogenous secretory
RAGE as a RAGE splice variant lacking the intracellular and trans-
membrane domain and thus being regularly secreted by cells) [40].
Recent studies have shown that the two isoforms have different re-
levance as biomarkers in cardiovascular diseases [40]. Differential as-
sessment of serum and myocardial esRAGE in our study showed no
significant regulation after RDN, additionally esRAGE secretion in vitro
was not influenced by isoproterenol treatment. These observations
suggest a RAGE-cleavage mechanism and imply that most of the mea-
sured sRAGE in our study is cleaved sRAGE. The in-vitro results point
towards a ß2-mediated suppression of RAGE cleavage/sRAGE-shedding
by suppression of active ADAM-10, the constitutive sRAGE-producer
[8–9]. Additionally, ADAM-10 activity in serum and myocardium was
decreased in SHRob and restored after RDN, matching the sRAGE reg-
ulation and showing a positive correlation with sRAGE in the heart.

There are some limitations to this study:
We focused in this study on the in vitro effects of ß-adrenergic sti-

mulation. An additional effect of the alpha-adrenergic pathway on
RAGE/sRAGE regulation in vivo cannot be excluded. Furthermore, we
did not include a group of SHR with RDN because of early re-in-
nervation of the kidney in SHR after the RDN procedure in own pilot
experiments (not shown) and the results of previous studies [41, 42].
Consequently, it is difficult to distinguish in vivo between metabolic
versus blood pressure effects of RDN. The in-vitro results however are
not diminished by this limitation.

5. Conclusions

Sympathoadrenergic activation deteriorates RAGE/sRAGE balance
in vivo and in vitro, most likely being involved in cardiovascular end-
organ damage. Renal denervation decreases myocardial RAGE/sRAGE-
ratio by restoring ADAM-10 activity. These observations might

Fig. 4. A) Quantification of RAGE mRNA in splenocytes repeatedly stimulated with isoproterenol (ISO) 0.1 μmol/l (n=4) in the presence or absence of CGP (ß1-
selective antagonist; 0.3 μmol/l) or ICI (ß2-selective antagonist; 0.1 μmol/l) for 72 h every 24 h. RAGE mRNA in arbitrary units (AU) with the control sample assigned
a value of 1. B) Representative Western blot (upper panel) and quantification of membrane RAGE expression in rat splenocytes (lower panel) repeatedly stimulated
with isoproterenol (ISO) 0.1 umol/l (n= 4) in the presence or absence of CGP (ß1-selective antagonist; 0.3 umol/l) or ICI (ß2-selective antagonist; 0.1 umol/l) for
72 h every 24 h. RAGE expression in arbitrary units (AU) with the control sample assigned a value of 1. C) Representative Western blot (upper panel) and quan-
tification of sRAGE secretion in supernatant of splenocytes (lower panel) repeatedly stimulated with isoproterenol (ISO) 0.1 umol/l (n= 4) in the presence or
absence of CGP (ß1-selective antagonist; 0.3 umol/l) or ICI (ß2-selective antagonist; 0.1 umol/l) for 72 h every 24 h. sRAGE expression in arbitrary units (AU) with
the control sample assigned a value of 1. D) Quantification of RAGE mRNA in rat cardiac fibroblasts repeatedly stimulated with isoproterenol (ISO) 0.1 umol/l
(n=4) in the presence or absence of CGP (ß1-selective antagonist; 0.3 umol/l) or ICI (ß2-selective antagonist; 0.1 umol/l) for 72 h every 24 h. RAGE mRNA in
arbitrary units (AU) with the control sample assigned a value of 1. E) Representative Western blot (upper panel) and quantification of membrane RAGE expression in
rat cardiac fibroblasts (lower panel) repeatedly stimulated with isoproterenol (ISO) 0.1 umol/l (n= 4) in the presence or absence of CGP (ß1-selective antagonist; 0.3
umol/l) or ICI (ß2-selective antagonist; 0.1 umol/l) for 72 h every 24 h. RAGE expression in arbitrary units (AU) with the control sample assigned a value of 1. F)
Representative Western blot (upper panel) and quantification of sRAGE secretion in supernatant of rat cardiac fibroblasts (lower panel) repeatedly stimulated with
isoproterenol (ISO) 0.1 umol/l (n=4) in the presence or absence of CGP (ß1-selective antagonist; 0.3 umol/l) or ICI (ß2-selective antagonist; 0.1 umol/l) for 72 h
every 24 h. sRAGE expression in arbitrary units (AU) with the control sample assigned a value of 1. G) Representative Western blot (upper panel; images from
different parts of the same gel) and quantification of active ADAM-10 in supernatants of rat splenocytes (lower panel) repeatedly stimulated with isoproterenol (ISO)
0.1 umol/l (n= 4) in the presence or absence of CGP (ß1-selective antagonist; 0.3 umol/l) or ICI (ß2-selective antagonist; 0.1 umol/l) for 72 h every 24 h. Active
ADAM-10 protein in arbitrary units (AU) with the control sample assigned a value of 1. H) Representative Western blot (upper panel; images from different parts of
the same gel) and quantification of active ADAM-10 in supernatants of rat cardiac fibroblasts (lower panel) repeatedly stimulated with isoproterenol (ISO) 0.1 umol/l
(n=4) in the presence or absence of CGP (ß1-selective antagonist; 0.3 umol/l) or ICI (ß2-selective antagonist; 0.1 umol/l) for 72 h every 24 h. Active ADAM-10
protein in arbitrary units (AU) with the control sample assigned a value of 1. *p < .05 versus Control and ISO+CGP; #p < .05 versus Control and ISO+ ICI.
§p < .05 versus Control.
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therefore be relevant in a wide range of diseases in which the ligand-
RAGE axis has been shown to be involved. Prospective studies in pa-
tients are needed to confirm this hypothesis.
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