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Novel approaches to analyse glomerular proteins from

smallest scale murine and human samples using DIGE

saturation labelling

Barbara Sitek1*, Sebastian Potthoff2*, Thomas Schulenborg1, Johannes Stegbauer2,
Tobias Vinke2, Lars-Christian Rump2, Helmut E. Meyer1, Oliver Vonend2** and Kai Stühler1**
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Loss of renal function is often associated with the injury of kidney glomeruli. It is therefore
necessary to understand the mechanisms leading to progressive glomerular diseases; this may be
addressed using proteomics. Until now, however, analysis of the glomeruli proteome using 2-DE
has been technically hampered by low protein yields from scarce samples. To circumvent this
problem, we developed a procedure which allows the human and mouse glomeruli proteome to
be analysed. In this study, two different approaches were used to isolate mouse and human glo-
merular protein from kidney cortex. Mouse glomeruli were extracted by embolisation magnetic
beads into the glomerular capillaries. Laser capture microdissection (LCM) was utilised to har-
vest glomeruli from human biopsy material. Human and murine samples were analysed using a
fluorescence saturation labelling technique. Using 3 mg mouse glomerular protein a total of 2900
spots were resolved for differential proteome analysis. Moreover, it was also demonstrated for the
first time that only ten glomeruli (0.5 mg) picked by LCM from a slide of a human kidney biopsy
material were sufficient to visualise 900 spots. This novel strategy paves the way for future
experiments aimed at investigating functional proteomics of glomerular diseases in humans and
in mice.
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1 Introduction

The kidney plays a vital physiological role in vertebrate
homeostasis, e.g. in acid-base balance, the regulation of
plasma volume and hormone secretion. These intricate
mechanisms are achieved through functional compartmen-

talisation of the kidney, the major functional unit of which
is the nephron. Nephrons are responsible for renal function
per se and consist of a glomerulus and a draining tubular
system. In humans, glomeruli are able to produce up to
150 mL ultrafiltrate per minute and are the target of many
renal diseases. One main focus of kidney research should,
therefore, attempt to understand glomerular physiology and
pathophysiology to prevent disease progression [1–3]. This
may be addressed using proteomic and/or transcriptomic
technologies; however, as levels in gene expression (mRNA)
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may not necessarily reflect levels in protein abundance,
arguably a proteomics methodology is preferred (for review
see [4]).

Animal models are commonly used to find out more
about underlying mechanisms leading to disease progres-
sion. Substantial progress has been made in the past by
generating knockout mice. Using these models, it became
possible to study the effect of single genes, for example, on
glomerulosclerosis in vivo [5]. The main disadvantage of
using mice, however, is the limited amount of sample avail-
able; this is particularly so when analysing protein expres-
sion of glomeruli. Even though the kidney cortex is enriched
in glomeruli only a small percentage of glomerular protein is
expected in the kidney cortex lysate.

The problem becomes even more pronounced when hu-
man samples are analysed. In this case, small needle biopsy
material of kidney cortex is the only material that is available
and a maximum of only 30 glomeruli can be expected in
these kinds of samples.

Very few publications are available that report the analysis
of the renal proteome using 2-DE. In a pioneering study
Arthur et al. [6] separated the glomerulus-rich cortex from the
medulla to describe a differential expression pattern within
the kidney. Very recently, however, Yoshida and coworkers [7]
were able to profile the kidney glomerulus proteome.
Employing a serial sieving technique, it was possible to sepa-
rate glomeruli from kidney tissue to provide the 500 mg pro-
tein that was needed for 2-DE analysis [7]. However, these
techniques require a relatively high amount of protein. This
prerequisite immediately excludes ‘scarce samples’ such as
those derived from mouse models (e.g. subtotal 5/6 nephrect-
omy) and biopsies from diseased human tissue.

To overcome these limitations, we established a protocol
allowing us to analyse scarce sample amounts from mouse
glomerulus preparations or human biopsy material by dif-
ferential proteome analysis. The method of choice to analyse
scarce sample amount using a proteomics approach is the
so-called DIGE saturation labelling. This method enables
complete 2-DE analysis and quantification of changes in
protein abundance in scarce samples, i.e. approx. 2 mg pro-
tein/image. The applied dyes (Cy3 and Cy5) react via a mal-
eimide group with all available cysteine residues in the pro-
tein sample, giving a high labelling concentration. Due to
their net zero charge, there is no charge alteration of the
labelled protein. As with all DIGE experiments an internal
standard sample containing an equal amount of each sample
is run on each gel. Sensitivity is 20-fold higher compared to
silver staining. This enhanced sensitivity allows the analysis
of scarce samples from murine and human glomeruli micro-
preparations using ferromagnetic beads and laser capture
microdissection (LCM), respectively.

Sample preparation for proteome analysis is a very criti-
cal step. Therefore, we established two different approaches
allowing us to select specifically for glomeruli. Working with
a murine model, embolisation of ferromagnetic beads allows
a fast and effective purification of glomeruli. LCM is the

method of choice for isolating glomerular cells from human
kidney since biopsy tissue is the only material available for
diagnostic purpose.

Here, we present novel approaches to analyse scarce
sample amounts from murine and human kidney glomeruli
by differential proteome analysis in a range of 0.5–3 mg pro-
tein.

2 Materials and methods

2.1 Tissue preparation

2.1.1 Isolation of mouse glomeruli

White FVB mice were obtained from Janvier (Belgium). All
mice were 70 6 15 days old, and weighted between 21 and 26 g.
The investigations were performed in accordance with institu-
tional guidelines. Mice were anaesthetised intraperitoneally
with Ketanest® and Xylazin® (0.168 mg and 8 mg/g body
weight). The kidneys were perfused with PBS via abdominal
aorta according to an amended method described previously
[8]. The distal aorta was cannulated with polyethylene tubing
(Portex, Germany; id 0.28 mm) and perfused in situ at a con-
stant rate of 7.2 mL/min/g kidney. The proximal aorta was
ligated. To ensure venous drainage, a hole was cut into the
inferior cava vein. Initially, kidneys were perfused with ice-cold
PBS to free the blood vessels from any remaining blood.

After preparation, kidneys were perfused with Dyna-
beads (diameter 4.5 mm) (Dynal Biotech/Invitrogen, Ger-
many) in a concentration of 46106/mL PBS (Fig. 1A). The
kidneys were removed and minced through a 100-mm cell
mesh with intermittent PBS flushing (2–3 times, 5 mL ice-
cold sterile PBS). After centrifugation at 41856g for 5 min,
the cell pellet was dissolved in 2 mL cooled PBS and trans-
ferred to a 2-mL tube. Using a magnet catcher and a three-
step washing procedure, the ferromagnetic beads containing
glomeruli (Fig. 1A) were purified to approximately 95%
homogeneity determined microscopically (Zeiss Axiovert,
Germany). Approximately 40 mg glomerular protein were
prepared from one single kidney.

The extracted glomeruli were lysed in 20 mL 2-DE lysis
buffer (30 mM Tris-HCl, 2 M thiourea, 7 M urea, 4%
CHAPS, pH 8) and sonicated (6610-s pulses on ice). To
remove Dynabeads, lysates were centrifuged at 93006g for
10 min. Protein concentration was determined using the Bio-
Rad protein assay (Bio-Rad). The samples were stored at
2807C.

2.1.2 Cortex tissue

Mouse kidneys were removed and placed into ice-cold PBS.
Cortical tissue was manually separated from medulla. The
cortex tissue was then cut into small pieces, minced in 2-DE
lysis buffer, sonicated, centrifuged and stored as described
above.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
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Figure 1. (A) A mouse kidney cut in half and a schematic drawing of a nephron with visible dark brown microbeads, embolised in vasa
afferenti and glomeruli. Glomeruli were isolated using a magnetic catcher. (B) A 6-mm section of two human glomeruli before and after
LCM. Glomerular proteins were labelled, mixed with labelled internal standard and separated by 2-DE.

2.1.3 Isolation of human glomeruli

The study was approved by the Ethics Committee of the
Ruhr-University Bochum. Kidney biopsy tissue was
obtained from patients that underwent nephrectomy due
to renal carcinoma. Material was mounted in Tissue-Tek
OCT and snap frozen (2807C). Tissue blocks were serially
sectioned (6-mm sections) and stored on dry ice. Sections
were fixed, stained and dehydrated using HistoGene™

LCM Frozen Section Staining Kit (Arcturus, USA) accord-
ing to the supplier’s manual. Glomeruli were isolated
using an AutoPix™ Automated LCM System (Arcturus)
(Fig. 1B). The following laser beam settings were used:
Laser power 70 mW, laser time 2500 ms. The isolated glo-
meruli were lysed, sonicated, centrifuged and stored as
described above.

2.2 Protein labelling

2.2.1 Labelling of murine proteins

To perform a differential proteome analysis, three inde-
pendent isolated glomeruli and cortex preparations from
three mice were considered. For cysteine reduction, cell
lysates containing 3 mg protein were incubated with 1 nmol
Tris (2-carboxyethyl) phosphine hydrochloride (TCEP;
Sigma) at 377C in the dark for 1 h. Saturation CyDyes™

(Amersham Biosciences/GE Healthcare, Freiburg, Ger-
many) were diluted with anhydrous DMF p.a. (2 nmol/mL;
Sigma) and 2 nmol CyDye was added to the reduced TCEP
sample. The samples were vortexed, centrifuged briefly and
left at 377C in the dark for 30 min. The glomeruli and cortex
lysates (3 mg) were labelled with Cy5. For internal standardi-

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
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sation, a pool of all analysed samples (cortex and glomeruli)
was created and labelled with Cy3. The labelling reaction was
stopped by adding 2 mL DTT (1.08 g/mL; Bio-Rad) and finally
2 mL Ampholine 2–4 (Amersham Biosciences/GE Health-
care) was added. Before IEF, 3 mg labelled internal standard
was mixed with labelled glomeruli or cortex samples. For
preparative gels, 400 mg reference proteome lysate (70% kid-
ney cortex tissue, 30% glomerular extract) was reduced with
105 nmol TCEP and labelled with 210 nmol Cy3.

2.2.2 Labelling of human proteins

For DIGE saturation labelling of microdissected human glo-
meruli, three different protein extracts (4.5, 2.7 and 0.5 mg)
were reduced with 1 nmol TCEP and subsequently incubated
with 2 nmol Cy5 and than processed as described above.

2.3 2-DE

Carrier ampholyte-based IEF was performed in a self-made
IEF chamber using tube gels (20 cm61.5 mm) as described
elsewhere [9]. After running a 21.25-h voltage gradient, the
ejected tube gels were incubated in equilibration buffer
(125 mM Tris, 40% glycerol, 3% SDS, 65 mM DTT, pH 6.8)
for 10 min. The second dimension was performed in a
Desaphor VA 300 system using polyacrylamide gels (15.2%
total acrylamide, 1.3% bisacrylamide) as described else-
where [9]. The IEF tube gels were placed onto the poly-
acrylamide gels (20 cm630 cm61.5 mm) and fixed using
1.0% agarose containing 0.01% bromophenol blue dye
(Riedel deHaen, Seelze, Germany). For protein identifica-
tion, 400 mg labelled protein sample from the reference
proteome was applied on an identically sized gel system
under identical conditions. Silver post-staining was per-
formed after gel scanning using a MS-compatible protocol
as described elsewhere [10].

2.4 Scanning and image analysis

After 2-DE, the gels were left between the glass plates and
images were acquired using the Typhoon™ 9400 scanner
(Amersham Biosciences/GE Healthcare). Excitation wave-
lengths and emission filters were chosen specific for each of
the CyDyes according to the Typhoon user guide. Before
image analysis with DeCyder software (Amersham Bio-
sciences/GE Healthcare) the images were cropped with
ImageQuant™ software (Amersham Biosciences/GE Health-
care). The intra-gel spot detection and quantification were
performed using the Differential In-gel Analysis (DIA) mode
of the DeCyder software. The estimated number of spots was
set to 3000. An exclusion filter was applied to remove spots
with a slope greater than 1.6. Images from different gels
were matched using the BVA mode of DeCyder software.
Protein spots represented in all gels (n = 3) with expression
level greater then 1.5-fold change and p,0.05 were defined
as being differentially expressed.

To determine the degree of reproducibility of the glo-
merular protein preparations, the mean SD of protein quan-
tification was ascertained. A randomly chosen number of
278 protein spots from three different 2-DE gels were
checked in respect of correct matching and the intensities of
protein spots were normalised considering internal standard
using DeCyder image analysis software.

2.5 MS nanoLC-ESI-MS/MS

The proteins were excised from the gel, tryptically digested
and afterwards preconcentrated and separated in a Dionex
LC Packings HPLC system (Dionex LC Packings, Idstein,
Germany) containing the components Famos™ (auto-
sampler), the Switchos™ (loading pump and switching
valves), and the Ultimate (gradient pump and UV-detector).
Peptides were loaded on-line and preconcentrated with
0.1% TFA at a flow rate of 30 mL/min for 6 min on a m-pre-
column (0.3-mm id65 mm, 5 mm, PepMap; Dionex LC
Packings) using an isocratic loading pump (Switchos; Dio-
nex LC Packings). For separation by RP nano-HPLC (75-mm
id6250 mm 5 mm, Pep-Map; Dionex LC Packings) using
the Ultimate system (Ultimate; Dionex LC Packings), a sol-
vent system consisting of solvent A (0.1% formic acid) and
solvent B (0.1% formic acid, 84% ACN) was used. A gra-
dient of 5–50% solution B in 35 min was carried out. Flow
rates were generally adjusted to 250 nL/min. During
separation the second precolumn was washed with 50%
ACN/0.1% TFA for 20 min plus 84% ACN/0.1% TFA for
10 min using the isocratic loading pump as described by
Schaefer et al. [11].

ESI-MS/MS spectra were recorded using a 4000 Q Trap®

(Applied Biosystems, Foster City, CA, USA) high-perfor-
mance hybrid triple quadrupole/linear IT LC/MS/MS mass
spectrometer equipped with NanoSpray® source and non-
coated SilicaTips (FS360–20–10-N; New Objective). The nee-
dle voltage was set at 2800 V and the interface was heated to
1507C. Nitrogen was used as curtain and collision gas. Each
scan cycle consist of an MS scan (EMS), an enhanced reso-
lution scan (ER) and up to three MS/MS scans (EPI) with an
overall duration of 3.5 s. The mass range of the EMS was m/z
400–1400 and m/z 100–1750 in EPI mode. To determine
more precisely the m/z value and the charge state (11 to 13),
an ER scan was performed for the three most intense ions.

For protein identification, uninterpreted ESI-MS/MS-
spectra were correlated with the NCBI-protein sequence
database (http://www.ncbi.nlm.nih.gov) applying the
SEQUEST™ algorithm [12–14] with the following search pa-
rameters: variable modification due to methionine oxidation,
two maximal missed cleavage sites in case of incomplete
trypsin hydrolysis and no details about 2-DE-derived protein
mass and pI, including mass tolerances of 6 1.5 Da for par-
ent ions and 6 0.5 Da fragment ions. Proteins were con-
sidered as identified if two peptides were explained by the
spectra and had a SequestMetaScore (Proteinscape™) greater
than 3.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
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3 Results

3.1 2-DE of glomerular protein using ferromagnetic

microbeads

Embolisation of mouse glomeruli by injecting ferromagnetic
microbeads is a robust method to isolate glomerular proteins
suitable for 2-DE. Following the labelling process, 3.0 mg
total protein from glomerular samples and the internal
standard (pool of all analysed samples) were loaded onto the
2-DE gel. After electrophoresis and image acquisition using a
confocal fluorescence scanner approximately 2900 protein
spots were detected on an average (Fig. 2, Tables 1, 2) with a
mean SD of 30.32% in protein spot quantification for three
independent glomerular preparations.

3.2 Identification of differentially expressed proteins

from mouse glomeruli

After establishing the protocol for a reproducible preparation
of glomerular proteins using ferromagnetic microbeads, we
performed a differential proteome analysis to determine
proteins with aberrant expression in kidney glomerulus and
cortex. Before analysing the glomerulus and cortex proteome
using saturation DIGE, we optimised the labelling condi-
tions according to the procedure as described elsewhere [15].

Table 1. Differentially expressed protein spots (n=48; p,0.05,
fold change .1.5) in the cortex and glomerular pro-
teome

No. of spots 2900

No. of spots analysed in all gels 1900

No. of high abundant spots in glomeruli
(fold change.5)

4

No. of up-regulated spots in glomeruli
(fold change,5 and .1.5)

23

No. of high abundant spots in cortex
(fold change.5)

14

No. of up-regulated spots in cortex
(fold change,5 and .1.5)

7

For differential proteome analysis, glomerulus or cortex
specimens from three independently prepared samples were
labelled with Cy5 and separately analysed with Cy3-labelled
internal standard to achieve high accuracy in protein quanti-
fication. For the cortex proteome (Fig. 3 A) and the glo-
merular proteome (Fig. 3 B), 2800 and 2900 protein spots,
respectively, were detected using DeCyder software (Tables 1,
2). In Fig. 3A, a representative 2-DE gel of cortex proteome

Figure 2. 2-DE gels of glomeruli lysate (A) or cortex lysate (B). Analysis of 3 mg glomeruli and 3 mg cortex revealed a pattern of 2900 (A) and
2800 (B) protein spots, respectively. Significantly up-regulated protein spots in glomeruli and cortex are numbered in gels A and B,
respectively.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



4342 B. Sitek et al. Proteomics 2006, 6, 4337–4345

Table 2. Identified proteins of the differential proteome of murine kidney cortex and glomerulus

No. Spot
name

NCBI
accession

Protein Experimental Theoretical t-test Fold
change

Se-
quence
coverage
(%)

Peptide
count

Se-
quest-
Meta
score

pI Mol.
mass
(kDa)

pI Mol.
mass
(kDa)

Up-regulated proteins in glomerular tissue

1 2227 27369886 Chloride intracellular channel 5 6.0 43.1 5.5 28.3 0.012 5.59 17.1 3 17.4
NADH dehydrogenase 1 alpha

subcomplex 10
2 1709 13195624 subcomnplex 10 6.9 58.5 7.7 40.6 0.0032 2.85 8.5 2 8.8

Enoyl Coenzyme A hydratase,
short

3 2298 29789289 chain, 1 7.2 40.1 8.8 31.3 0.022 4.14 41.3 9 72.9
4 1261 809561 Gamma-actin 5.6 71 5.6 41 0.041 6.24 11.4 3 15.8
5 868 6680027 Glutamate dehydrogenase 1 7.1 84.3 8.5 61.3 0.0054 2.86 11.5 4 22.7
6 1181 13385454 Glycine amidinotransferase

3-Hyxdroxyisobutyrate
dehydrogenase, mitoch.
precursor

6.9 74 9 48.3 0.009 3.19 6.4 3 32.4

7 1897 21704140 genase, mitoch. precursor 6.4 52.9 8.4 35.4 0.019 4.11 8 2 18.3
8 905 54114929 D-Lactate dehydrogenase 6.3 83 6.1 51.8 0.041 3.97 5.4 2 12.9
9 791 346883 Lamin A 6.5 87.2 6.4 74.2 0.022 2.56 5.1 3 13

10 873 31982755 Vimentin 5.4 84.1 5.1 53.7 0.0041 4.46 45.5 18 130.9
11 877 31982755 Vimentin 5.4 84 5.1 53.7 0.046 3.64 52.6 16 139.3

Up-regulated proteins in cortical tissue

12 1135 6680117 Glutathione synthetase 5.9 75.2 5.7 52.2 0.038 26.59 9.1 2 20.1
13 3109 62185646 Heat-responsive protein 12 6.78 13.3 8.7 14.2 0.0055 22.91 20 3 8.8
14 2044 319837 Malate dehydrogenase 6.3 51 6.3 36.5 0.014 22.19 12 5 42.3

Contaminants

15 3057 4760586 Haemoglobin beta-1 chain 7.3 14.5 7.7 15.8 0.0068 224.55 14.4 2 22.4
16 3061 4760586 Haemoglobin beta-1 chain 7.5 14.5 7.7 15.8 0.055 29.18 53.1 4 38.1
17 3062 4760586 Haemoglobin beta-1 chain 7.7 14.4 7.7 15.8 0.029 214.96 63.7 7 52.3
18 3104 28175802 Haemoglobin alpha 7.8 13.2 8.7 15.1 0.038 213.89 31.7 5 44.8
19 3090 4760586 Haemoglobin beta-1 chain 7.5 13.6 7.7 15.8 0.0057 230.96 22 3 32.1
20 344 3647327 Serum albumin 6.0 106.1 5.8 68.7 0.00014 279.82 9.5 3 24.1
21 357 3647327 Serum albumin 6.1 106.1 5.8 68.7 0.00005 262.37 9.7 5 43.5
22 361 3647327 Serum albumin 6.1 106.1 5.8 68.7 0.00051 223.07 8.2 4 32.5
23 363 3647327 Serum albumin 6.1 106.1 5.8 68.7 0.0016 221.25 6.7 3 24.9

(Cy5, red labelled) versus internal standard (Cy3, green label-
led) is shown. Figure 3B illustrates a glomerular sample
(Cy5, red labelled) and internal standard (Cy3, green label-
led).

Significant differences in glomerular and cortical pro-
tein expression are given in Tables 1 and 2. Altogether, 48
differentially expressed protein spots (p,0.05) with at
least a 1.5-fold up- or down-regulation were evaluated by
DeCyder software in cortex and glomerular proteome
(Table 1). For 27 protein spots, a higher protein expres-
sion (positive expression ratio) was detected in the glo-
merular proteome, whereas 21 differentially expressed
protein spots showed a higher abundance in cortical tis-

sue (negative expression ratio) (Table 1). Using nanoLC-
ESI-MS/MS, we identified 23 proteins with different bio-
logical functions.

Representative gels illustrate the expression change of
spot 357 and spot 2227 (Fig. 3A, B). Spot 357 is almost
equally abundant in cortex and reference proteome leading
to a yellow overlay. Expression of spot 357 in glomerular
proteome is barely detectable, resulting in a green (refer-
ence) spot only. After protein identification we could assign
this protein spot belonging to a high abundant spot cluster to
contaminating serum albumin. In contrast, spot 2227 (chlo-
ride channel 5) is in low abundance in the cortex and is more
highly expressed (factor 5.56) in the glomerular proteome.
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Figure 3. (A) A gel on which 3.0 mg cortex proteome (Cy5, red labelled) and 3.0 mg internal standard (Cy3, green labelled) were loaded. (B) A
gel on which 3.0 mg glomerular proteome (Cy5, red labelled) and 3.0 mg internal standard (Cy3, green labelled) were loaded. The figures in
between show the glomerular (Glom) and cortical (Cortex) expression levels of spot 357 and spot 2227 in comparison to the internal
standard (Std) in a representative gel and statistically evaluated by DeCyder in three independent samples (three different kidney pre-
parations). The upper evaluated spot 357 is almost equally abundant in cortex (red labelled) and reference (green labelled) proteome
leading to a yellow overlay. Expression of spot 357 in glomerular (red labelled) proteome is barely detectable, resulting in a green (refer-
ence) spot only. The lower evaluated spot 2227 shows an opposite expression pattern. Spot 2227 is low abundant in cortex (red labelled)
compared to reference (green labelled) proteome leading, to a green spot. Expression of spot 2227 in glomerular (red labelled) proteome is
higher compared to reference (green labelled) proteome leading to a red spot.

3.3 Isolating glomeruli from cryopreserved

histological slices of human kidney biopsy

material using LCM

Human kidney biopsy samples were embedded in Tissue-
Tek OCT and cryopreserved. Serial sections of 6 mm were cut
and slices were fixed and stained. Various quantities of hu-
man glomeruli (100, 75, 10) were captured using automated
LCM Arcturus autopix100™. The area captured by LCM is
given by Arcturus software for every individual cap. Corre-
sponding areas used for exemplary 2-DE shown in Fig. 4A–C
were 1.53 mm2 for 100 glomeruli (Fig. 4A, 1400 spots),
0.91 mm2 for 75 glomeruli (Fig. 4B, 1350 spots) and
0.18 mm2 for 10 glomeruli (Fig. 4C, 900 spots). Estimated
protein amount labelled and loaded for 2-DE was 4.5, 2.7 and
0.5 mg, respectively.

4 Discussion

The present study was performed to establish a new method
allowing us to perform a differential proteome analysis of
kidney glomeruli from human and mouse tissue using a
minimal sample amount. The expression of a variety of renal
proteins, including those originating from the glomerulus,
has previously been reported using Western blotting or
immunohistochemistry. However, only a limited number of

proteins can be studied at a time and the existence of specific
antibodies is a prerequisite. Moreover, both techniques
require a prior knowledge from previous studies about the
protein of interest. In contrast, 2-DE in combination with MS
allows the detection and identification of many unknown
marker proteins. Indeed, after numerous technical mod-
ifications as many as 10 000 polypeptide spots can be detect-
ed in one gel [9]. Furthermore, with the introduction of DIGE
technology, proteome analysis of unparalleled accuracy and
sensitivity can be performed [15, 16].

Even though 2-DE gives a high resolution separation of
the renal proteome, a protein amount of at least 75 mg [6] and
500 mg [7] was required to visualise 1095 [6] and 1713 [7] spots,
respectively. This requirement places a significant constraint
on the experimental procedure, in particular when glo-
merular protein and not full cortex protein is to be analysed.
This, however, is a basic requirement, since kidney cortex is
enriched in glomeruli but only a small percentage of glo-
merular protein can actually be found in kidney cortex lysate.
The present study was able to demonstrate the marked differ-
ence between the full-cortex and isolated glomeruli proteome.

To understand the underlying mechanisms leading to
glomerular injury and, furthermore, to be able to compre-
hend how pharmacological treatment influences diseases
progression, differential analyses of the glomerular pro-
teome should be performed [17]. There are no data at this
time correlating changes in clinical parameters with changes
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Figure 4. (A–C) Representative 2-D gels of human glomerular proteins extracted from serial sections of human kidney biopsy material
using LCM. In (A), 100 glomeruli (4.5 mg, 1400 spots) were applied, in (B) 75 glomeruli (2.7 mg, 1350 spots), and in (C) 10 glomeruli (0.5 mg,
900 spots) to 2-DE.

in the glomerular proteome, either in humans or in animals.
However, the protein amount available for glomerular pro-
teome analysis is exceedingly low. We therefore established
novel approaches that combine specific separation of glo-
merular proteins with the highly sensitive DIGE saturation
labelling.

Mouse glomeruli were extracted using ferromagnetic
Dynabeads (adapted method of [18]). These 4.5-mm-diameter
ferromagnetic particles embolised the glomerular capillaries
allowing the isolation of glomeruli with a magnetic catcher.
Compared to the small organ size, a reasonable amount of
glomerular protein could be provided even in subtotally (5/6)
nephrectomised mice. In contrast, the classical serial sieving
technique leads to a reduced yield of glomerular protein
(unpublished observation). Considering the differential
analysis (Table 2), we found a number of mitochondrial- and
energy metabolism-associated proteins, which are highly
abundant in glomeruli. The important role of intact mito-
chondrial function has been recently shown in glomerular
endothelial cells [19]. Furthermore, the enrichment of
vimentin, a protein known to be typically expressed in glo-
merular podocytes [20], by a factor of three to four proved the
feasibility of the presented method. In contrast, interfering
contaminants like serum albumin and haemoglobin were
significantly depleted (by a factor 9–79). The high abundance
of contaminants demonstrated again the necessity of sub-
proteome analysis for in-depth elucidation of a compart-
ment’s (e.g. glomerulus) function.

Extraction of human glomeruli using ferromagnetic beads
can not be applied since biopsies may only be performed for
diagnosis. LCM has been shown to be a useful tool for per-
forming segmental analysis of renal material [21]. However,
studies demonstrating a proteome analysis of renal LCM tis-
sue are still lacking. The major limiting factor in the past was

the low amount of protein available by LCM. Using our opti-
mised procedure, we demonstrate for the first time that glo-
meruli picked from serial 6-mm-thick sections of human renal
biopsy material is sufficient for further proteome analyses.

Low amount of human and murine glomerular protein
in a range of 0.5–3.0 mg was analysed using a new DIGE
saturation labelling technique [15]. With these techniques,
we were able to increase the sensitivity of 2-DE analysis to an
extent that enables glomerular protein analysis of one single
section with ten human glomeruli. This offers the opportu-
nity to plan further experiments examing the functional
proteome of glomerular diseases in humans and mice. With
this knowledge we will be able to elucidate those cellular
mechanisms that lead to end stage renal failure, and, in
addition, deduce the molecular background of new pharma-
cological approaches.
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Adequate kidney function is crucial in sustaining vertebrate homeostasis. Certain diseases can
diminish renal function and lead to end-stage renal disease. Diabetes mellitus and hypertension are
the main causes of glomerulosclerosis and albuminuria in adults. The molecular mechanisms that
trigger these maladaptive changes are still unsatisfyingly described. We previously introduced 2-D
DIGE in combination with focused tissue isolation methods to analyze protein expression in glo-
meruli. Glomeruli, the crucial compartments in albuminuric renal diseases, were extracted using
magnetic particles from subtotally nephrectomized FVB mice (n = 6); this 5/6 nephrectomy in FVB
mice is a model of chronic kidney disease. Analysis of protein expression levels from glomerular
protein lysates was performed using 2-D DIGE and compared with glomerular protein lysates from
mice that underwent sham surgery. The comparison of about 2100 detectable spots between both
groups revealed 48 protein spots that showed significant differential expression. Of those, 33 proteins
could be identified using nanoLC-ESI MS. The metalloproteinase meprin 1 alpha, the beta galacto-
side-binding-lectin galectin-1 and dimethylarginine dimethylaminohydrolase 1, a key enzyme in NO
metabolism, were found to be differentially regulated, thus implying a role in the pathogenesis and
pathophysiology of progressive kidney disease. In conclusion, 2-D DIGE protein analysis of smallest
sample sizes from specific organ compartments provides focused protein expression results, which
help in gaining an understanding of the molecular mechanisms of chronic kidney disease.
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1 Introduction

The kidney’s role in acid-base balance, regulation of plasma
volume and hormone secretion is crucial in sustaining ver-
tebrate homeostasis, but can be diminished by many kidney

diseases that lead to a loss of organ function. Progressive
chronic kidney disease (CKD) can lead to end-stage renal
disease with the necessity of dialysis.

The nephron is the essential anatomic unit within the
kidney for maintaining renal function. It consists of a filter
unit, the glomerulus, and a draining system, the tubulus
system. In humans, intact glomeruli structure is essential
for its proper function as the main filter unit of the plasma,
ensuring the excretion of up to 150 mL ultrafiltrate per min-
ute and retaining cellular and protein content within the
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capillary lumen. The glomerulus is target of many kidney
diseases that are associated with the development and the
progression of renal fibrosis and glomerulosclerosis. These
two entities imply a reduction of healthy and vital tissue and
the accumulation of extracellular matrix with a loss in organ
function; thus leading to proteinuria and a reduction of
excretion. Understanding the pathophysiology leading to a
progressive loss of glomerulus function due to sclerosis is
the subject of ongoing research with the purpose of prevent-
ing disease progression [1–3]. Although measurement of
gene expression levels (mRNA) are widely used to assess
pathophysiological changes in vivo and in vitro, they may not
necessarily reflect levels in protein abundance, and therefore
lack a certain predictive value of changes in tissue/cellular
function. In our study, a proteomics methodology is pre-
ferred to avoid this restriction [4].

We have previously shown that 2-D DIGE in combina-
tion with focused tissue isolation is a sophisticated tool to
overcome the limitations of protein analysis caused by the
compartmentalization of the kidney. Distinct glomerular
protein analysis of smallest sample sizes can be performed
by isolating glomeruli with magnetic particles or laser cap-
ture microsdissection (LCM) [5].

Recent publications using 2-DE comparing the glomer-
ulus-rich cortex with the medulla showed differences in
protein expression. Very few publications are available that
report the analysis of the renal proteome using 2-DE. One
of the first studies approaching the renal proteome was
performed by Arthur et al. [6] who separated the glomer-
ulus-rich cortex from the medulla to describe a differential
expression pattern within the kidney. Yoshida and co-
workers [7] were able to profile parts of the kidney proteome.
Xu et al. [8] directly analyzed glomerular samples from LCM
slides using MALDI-MS to find differences in glomerular
protein expression of sclerosed and non-sclerosed glomer-
uli.

In this study, FVB mice were divided into two groups
(n = 6). One group underwent 5/6 nephrectomy, the other
group sham-surgery only. The loss of nephrons due to 5/6
nephrectomy leads to hyperfiltration, hypertrophy and the
development and progression of glomerulosclerosis [9].
From a clinical point of view, these mice develop CKD with
retention of creatinine and urea, proteinuria and hyperten-
sion [10]. At 5 weeks after surgery, glomeruli from these
mice were extracted with magnetic particles as described
previously [5]. The glomerular protein analysis was per-
formed using the highly sensitive fluorescence dye protein
saturation labeling (2-D DIGE) to overcome the limitation
caused by the small sample size and to achieve a high res-
olution in the proteomic analysis [5]. In contrast to 2-D
DIGE minimal labeling where three fluorescence dyes (Cy2,
Cy 3 and Cy5) are available, 2-D DIGE saturation labeling
utilizes only two fluorescence dyes (Cy3 and Cy5), of which
Cy3 is used for internal standardization (for detailed
description see [11, 12]). DIGE saturation labeling enables
complete 2-DE analysis and quantification of changes in

protein abundance in scarce samples, i.e., ,2 mg protein/
image. The applied dyes (Cy3 and Cy5) react via a mal-
eimide group with all available cysteine residues in the
protein sample, giving a high labeling concentration. Due to
their net zero charge, there is no charge alteration of the
labeled protein. As with all DIGE experiments an internal
standard is run on each gel.

The main goal of the presented study was to find specific
glomerular proteins that are regulated in the state of CKD
due to a loss of functional tissue. These proteins are implied
to play a role in the pathophysiology of the ongoing disease
and offer targets for future research.

2 Materials and methods

2.1 Animal care

FVB mice were obtained from Janvier (Belgium). At the date
of surgery, all mice were 65 6 10 days old and weighed
21–26 g. The investigations and surgery were performed in
accordance with institutional guidelines. The animals were
housed in type III Makrolon polycarbonate cages at 45%
humidity, 20–227C temperature and a 12-h day/night cycle
with free access to water and food. Standard food was Altro-
min (Altromin 1314: 20% protein, 0.4% NaCl; Lage/Lippe,
Germany). At 2 days prior to surgery (sham and SNx) food
was changed to Altromin with 40% protein and 0.6% NaCl
fraction. This food was maintained during the period of
study.

2.2 Subtotal nephrectomy and sham surgery

The animals were randomly allocated to two groups (n = 6
each); Group 1: sham-surgery control group, and group 2:
subtotally nephrectomized group (SNx).

The mice were anesthetized intraperitoneally with
Ketanest® and Xylazin® (0.168 mg and 8 mg/g bodyweight).
Subtotal nephrectomy was performed through two dorsal
incisions with complete resection of the right kidney and
two-thirds removal of the left kidney by ligation of the upper
and lower renal pole. Kidney weight was measured at the
time of removal. Kidney weight of the completely removed
kidney was assumed to measure half of the total healthy
kidney weight (two kidneys) at the time of surgery. Sham
surgery was performed only by skin and abdominal muscle
incisions.

2.3 Preparation of urinary, serum and tissue samples

The mice were killed 35 6 2 days after surgery. Blood sam-
ples were gathered by retro orbital vein puncture and were
centrifuged for serum aliquotation. A 24-h urine was col-
lected using metabolic cages (Techniplast, Italy). Remnant
and control kidneys of pilot experiments were harvested and
paraffin embedded.
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2.4 Isolation of mouse glomeruli

Mice were anesthetized intraperitoneally with Ketanest®

and Xylazin® (0.168 mg and 8 mg/g bodyweight). Mouse
glomeruli were extracted as described previously [5]. In
brief, the kidneys were perfused in situ with ice-cold PBS
through the abdominal aorta at a constant rate of 1.8 mL/
min. The aorta was ligated proximal the renal arteries and
distal the canula. To ensure venous drainage, a hole was cut
into the inferior cava vein on the level of the kidneys. After
preparation, the kidneys were perfused with magnetic par-
ticles (Dynabeads M-450 Epoxy, Dynal Biotech/Invitrogen,
Germany) in a concentration of 46106/mL PBS. The kid-
neys were removed and minced through a 100-mm cell
mesh. After centrifugation, the cell pellet was dissolved in
2 mL ice-cold PBS and transferred to a 2-mL tube. Through
multiple washing steps using a magnet catcher, the glo-
meruli containing magnetic particles were purified to ap-
proximately 90–95% homogeneity, controlled micro-
scopically (Zeiss Axiovert, Germany). Approximately 40 mg
glomerular protein was prepared from one single healthy
kidney (sham-surgery group) and approximately 10 mg glo-
merular protein from a single remnant kidney (SNx group).
The extracted glomeruli were lysed in 20 mL 2-D DIGE lysis
buffer (30 mM Tris-HCl, 2 M thiourea, 7 M urea, 4%
CHAPS, pH 8) and sonicated (6610 s pulses on ice). To
remove the magnetic particles, lysates were centrifuged at
93006g for 10 min. Protein concentration was determined
using a Bradford protein assay (Bio-Rad). The samples were
stored at –807C.

2.5 Blood pressure

Blood pressure (BP) measurement was performed on trained
mice 1–2 days before they were killed. Hatteras Instru-
ments® single channel blood pressure analysis system
SC1000 was used to measure BP in all mice according to the
manufacturer’s protocol.

2.6 Serum/urinary parameters

Measurement of creatinine levels in serum and urine were
performed using a standard kit supplied by Labor&Technik®,
Germany. The analysis was performed following the manu-
facturer’s protocol.

Method of choice for measuring serum urea level was
based on the urease reaction. A standard kit for urea meas-
urement supplied by Randox®, Germany, was used and
measurement was performed following manufacturer’s pro-
tocol.

To measure serum albumin levels, a test kit supplied by
Randox was used. Measurement was performed following
manufacturer’s protocol. Urinary albumin levels were
measured using the Albuwell M Kit by Exocell, USA.
Measurements were performed following manufacturer’s
protocol.

2.7 Podocyte cell culture

Podocytes were obtained from Peter Mundel (Mount Sinai
Medical Center, NY, USA). The specific cell type of immor-
talized podocytes has been described previously [13]. The
cells were cultured under described conditions and harvested
for RT-PCR analysis.

2.8 RNA preparation/cDNA

Cryo-preserved glomeruli from glomeruli isolation and
immortalized podocytes [13] from cell culture were analyzed
for RNA expression. RNA was extracted using the guanidi-
nium–thiocyanate–phenol–chloroform extraction method
(TRIzol®, Invitrogen). Following DNA digestion (RNase-free
DNase; Invitrogen, Germany), cDNA synthesis was per-
formed using Enhanced Avian Reverse Transcriptase (eAMV-
RT; Sigma-Aldrich) following the manufacturer’s protocol.

2.9 Real-time PCR

Specific primer pairs were acquired from Applied Biosys-
tems (Foster City, CA, USA). TaqMan® Gene Expression
Assays (Applied Biosystems) were used with a 7300 Real-
Time PCR System (Applied Biosystems). Real-time PCR was
performed following the manufacturer’s protocol.

All real-time PCR experiments were repeated two times
to reduce technical variations. The amplification cycle, when
threshold level is reached, is described as CT value and is
detected automatically by the 7300 Real-Time PCR System.
Comparing CT values allows the estimation of changes in
mRNA (cDNA) expression level [3].

The following TaqMan® Assays were used: lectin,
galactose binding, soluble 1 (galectin-1; assay ID:
Mm00839408_g1); glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (assay ID: Mm99999915_g1); meprin 1 a
(assay ID: Mm00484970_m1).

2.10 Immunohistochemistry

Immunohistochemistry staining was based on the streptavi-
din-biotin-method. Sections, 2 mm thick, were deparaffinized
using xylene and acetone and rehydrated in Tris buffer.
Demasking of antigen structures was achieved with target
retrieval solution (Dako, Germany) at 987C (water bath).
Avidin-biotin blocking was performed with a biotin-blocking
system (Dako) for 15 min at room temperature. Sections
were then treated with peroxidase and alkaline phosphatase
blocking reagent (Dako).

The following primary antibodies were used: anti-galec-
tin-1 antibody (Santa Cruz, sc-19277) diluted 1:100 in anti-
body diluent (Dako, S3022); anti-C4-antibody (Santa Cruz,
sc-23483) diluted 1:50 in antibody diluent; and anti-meprin 1
a (Santa Cruz, sc-23487) diluted 1:50 in antibody diluent.

The sections were incubated for 30 min at room temper-
ature and then rinsed with Tris buffer. Incubation for an ad-
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ditional 30 min with the secondary-antibody (donkey anti-
goat; Dianova, 705-065-147) diluted to 1:1000 was performed.
Sections were conjugated with streptavidin (1:1000; Dianova,
016-050-084) for 30 min at room temperature. The sections
were then processed with fuchsin chromogen substrate
(Dako, K0625), and counterstained with hematoxylin.

2.11 Protein labeling

Protein labeling for 2-D DIGE and MS (nanoLC-ESI-MS/
MS) was performed as previously described [5]. In brief, to
obtain free thiol groups of cysteines, cell lysates containing
3 mg protein were reduced with 1 nmol Tris (2-carboxyethyl)
phosphine hydrochloride (TCEP; Sigma) at 377C in the dark
for 1 h. Protein samples were labeled with saturation CyDyes
(Amersham Biosciences/GE Healthcare, Freiburg, Ger-
many). The glomeruli lysates (3 mg) were labeled with Cy5.
For internal standardization, a pool of all analyzed samples
plus kidney cortex was created and subsequently labeled with
Cy3. The additional sample from kidney cortex was added to
ensure a sufficient amount of sample for protein identifica-
tion after in-gel digestion (reference proteome). The labeling
reaction was stopped by adding 2 mL DTT (1.08 g/mL; Bio-
Rad) and finally 2 mL Ampholine 2–4 (GE Healthcare) was
added. Before IEF, 3 mg labeled internal standard was mixed
with labeled glomeruli samples. For preparative gels, 400 mg
reference proteome lysate was reduced with 105 nmol TCEP
and labeled with 210 nmol Cy3.

2.12 2-D DIGE

For the separation in the first dimension (IEF) the samples
were placed onto the anodic side of the carrier ampholyte (CA)
mixture containing polyacrylamide tube gels (4% acrylamide,
7 M urea; 20 cm61.5 mm) [5, 12]. The CA-based IEF was
performed in a self-made vertical IEF chamber. After running
a 21.25-h voltage gradient, the ejected tube gels were incu-
bated in equilibration buffer (125 mM Tris, 40% glycerol, 3%
SDS, 65 mM DTT, pH 6.8) for 10 min. The second dimension
was performed in a Desaphor VA 300 system using poly-
acrylamide gels (15.2% total acrylamide, 1.3% bisacrylamide)
as described elsewhere [5]. The IEF tube gels were placed onto
the polyacrylamide gels (20 cm630 cm61.5 mm) and fixed
using 1.0% agarose containing 0.01% bromophenol blue dye
(Riedel deHaen, Seelze, Germany). For protein identification,
the preparative-sized gel system (IEF: 20 cm61.5 mm, SDS-
PAGE: 20 cm630 cm61.5 mm) was applied under identical
conditions. Silver post staining was performed after gel scan-
ning using a MS-compatible protocol as described elsewhere
[5, 12]

2.13 Scanning and image analysis

The 2-D DIGE protein spot pattern was acquired using the
Typhoon™ 9400 scanner (GE Healthcare) with dye-specific
filters. The intra-gel spot detection and quantification were

performed using the Differential In-gel Analysis (DIA) mode
of the DeCyder software (GE Healthcare). Images from dif-
ferent gels were matched using the BVA mode of DeCyder
software.

The estimated number of spots was set to 3000. An
exclusion filter was applied to remove spots with a slope
greater than 1.6. Images from different gels were matched
using the BVA mode of DeCyder software. Protein spots
represented in all gels with a change in expression level
greater than 1.5-fold with p,0.05 were defined as being dif-
ferentially expressed.

2.14 MS analysis using nanoLC-ESI-MS/MS

Protein spots of interest were excised from the gel, diges-
ted with trypsin and analyzed via nanoLC-ESI-MS/MS as
preciously described [5]. In brief, peptides were loaded on-
line and pre-concentrated with 0.1% TFA at a flow rate of
30 mL/min for 6 min on a m-pre-column (0.3 mm
id65 mm, 5 mm, PepMap; Dionex LC Packings) using the
Ultimate system (Ultimate; Dionex LC Packings). ESI-MS/
MS spectra were recorded using a 4000 Q Trap® (Applied
Biosystems) high performance hybrid triple quadrupole/
linear ion trap LC/MS/MS mass spectrometer equipped
with NanoSpray® source and non-coated SilicaTips
(FS360–20–10-N; New Objective). The needle voltage was
set at 2800 V and the interface was heated to 1507C. Nitro-
gen was used as the curtain and collision gas. Each scan
cycle consisted of an MS scan (EMS), an enhanced resolu-
tion scan (ER) and up to three MS/MS scans (EPI) with an
overall duration of 3.5 s. The mass range of the EMS was
m/z 400–1400 and m/z 100–1750 in EPI mode. To deter-
mine more precisely the m/z value and the charge state
(11 to 13) the ER scan was performed of the three most
intense ions.

For protein identification, uninterpreted ESI-MS/MS-
spectra were correlated with the NCBI protein sequence
database (http://www.ncbi.nlm.nih.gov) applying the
SEQUEST™ and MASCOT algorithm [14–16]. Proteins were
considered as identified if two peptides were explained by the
spectra and had a SequestMetaScore (Proteinscape™) greater
than 3 or a MASCOT score greater than 25.

3 Results

3.1 Physiological data

Various clinical parameters that were needed to confirm
renal disease after 5/6 nephrectomy were monitored,
including serum creatinine, urea and albumin levels as well
as urine creatinine, urea and albumin levels (Table 1). The
creatinine clearance was calculated from 24-h urine collec-
tions. The SNx mice showed a significant increase in albu-
min excretion and a distinct loss of glomerular filtration rate
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Table 1. Physiological data of sham-operated (Sham) and subtotally (SNx) nephrectomized mice

Sham n = 6 SNx n = 6

Kidney weight at surgerya) (mg) 1956 22 82 6 13
Kidney weight 5 weeks after surgerya) (mg) 3376 11 2776 31
Blood pressuresystolic (mmHg) 1466 7 1656 13*
24-h urine volume (mL/24 h) 2.906 0.7 7.526 2.1*
Ucreatinine (mg/dl) 26.116 5.00 4.746 0.67*
Uurea (mg/dl) 15 6126 2087 40156 901*
Ualbumin (mg/l) 9.6 6 4.3 151.56 20.1*
Albumin excretion over 24 h (mg/die) 0.266 0.09 11.56 3.55*
Albumin-creatinine-ratio (mg/g) 3706 180 32706 740*
Screatinine (mg/dl) 0.526 0.14 2.226 1.15*
Surea (mg/dl) 127.06 37.4 621.76 127.3*
Salbumin (mg/dl) 19.46 3.8 14.86 1.4
Creatinine clearance (mL/min) 0.1046 0.037 0.0156 0.001*

a) indicates the kidney weight of only one kidney in sham-operated mice and the one remaining remnant kidney
in SNx mice.

*= p,0.05.

(GFR). Urinary albumin levels rose 44-fold and GFR drop-
ped to 15% compared to sham-surgery mice (p,0.05). The
mice developed polyuria with a reduced concentration of
creatinine and urea in the urine (Table 1).

In addition, BP was measured in all groups at the end
of the study. The mice had a significantly increased BP
after subtotal nephrectomy compared to sham-surgery
mice (Table 1). To determine hypertrophy in nephrecto-
mized remnant kidneys compared to sham-surgery kid-
neys, the weight of the remaining remnant kidney (SNx
group) or one healthy kidney (sham-surgery group) was
measured on the day of sacrifice and compared to the
weight of only one healthy kidney on the day of the initial
surgery. SNx mice showed an approximate 230% increase
in kidney mass as compared to 70% in sham-surgery
mice.

3.2 2-D DIGE of protein lysates from extracted

glomeruli

The extraction of mouse glomeruli using magnetic particles
has been proven to be a robust alternative to the established
sieving technique [5]. In particular, if scarce amounts of
samples from 5/6 nephrectomized have to be analyzed the
magnetic particle method can be applied very successfully in
combination with fluorescence dye saturation labeling. We
have shown that applying fluorescence dye saturation label-
ing (2-D DIGE) for the analysis of 3.0 mg total protein from
glomerular samples revealed up to 2100 protein spots and
that the whole procedure of sample preparation, protein
labeling and 2-D DIGE with a mean SD of ,30% is highly
reproducible and allowed quantitative proteome analysis
studies (Fig. 1, Table 2).

3.3 Proteomic analysis: Sham surgery vs. subtotal

nephrectomy

The differential proteome analysis of sham-surgery and
subtotal nephrectomized mice (n = 6 in each group) revealed
that subtotal nephrectomy led to a significant expression
change of 48 protein spots (Table 2). Using MS we could
identify 33 protein spots (Fig. 2) representing 24 non-redun-
dant proteins (Table 3 and Supporting Information). The
reason for these redundancies is not a subject of this manu-
script, but the protein isoforms are probably caused either by
PTMs (phosphorylation, proteolytic processing etc.) or
charge variant isoforms [17]. For the detailed elucidation,
detailed studies utilizing MS/MS experiments have to be
performed. For vimentin, showing a diametric expression
change for two isoforms, we assume changes in proteolytic
processing as the main cause.

Altogether, a high number of protein spots (25) were
found that showed an expression change of more than five-
fold after subtotal nephrectomy (Table 2). Meprin 1 a showed
a 14-fold decrease in glomeruli from nephrectomized mice.
Whereas galectin-1 (23-fold), C4-complement (21-fold) and
dimethylarginine dimethylaminohydrolase 1 (DDAH-1; 165-
fold) revealed an increase of glomerular expression in the
SNx group (Table 3).

3.4 Immunohistochemistry in FVB mice

For in situ verification of the protein expression of C4 com-
plement, galectin-1 and meprin, immunohistochemistry was
performed on 2-mm sections of paraffin-embedded kidneys
(sham vs. SNx). Glomeruli of remnant subtotal nephrecto-
mized kidneys show a distinct staining for complement C4
in the area of the glomerular capillaries (Figs. 3A and B).
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Figure 2. 2-D DIGE gels of SNxmice lysate (A) or sham-surgerymice lysate (B). In operated SNxmice significantly up- and down-regulated
proteins are numbered in gel A and in gel B.

Table 2. List of 48 differentially expressed protein spots (p,0.05,
fold change .2.0) in the sham and SNx-glomerular pro-
teome

Number of spots analyzed in all gels 2100

Number of high abundant spots in operated mice
(fold change .5)

18

Number of up-regulated spots in operated mice
(fold change ,5 and .2)

13

Number of highly down-regulated spots in operated mice
(fold change .–5)

7

Number of down-regulated spots in operated mice
(fold change ,–5 and .–2)

10

Staining for galectin-1 reveals an enhancement in the area of
the Bowman’s capsule from subtotal nephrectomized kidneys
in comparison to sham-surgery control mice (Figs. 3C and D).

Although meprin is predominantly expressed in the epi-
thelium of the proximal tubules, immunohistochemistry
shows additional reduced expression in healthy glomeruli.
In SNx-mice none of the glomeruli can be stained for meprin

with a reduced expression in the tubulus system (Figs. 3E
and F).

3.5 Real-time PCR for galectin-1 and meprin –

glomerular gene expression in FVB mice

Common housekeeping genes for real-time RT-PCR such as
GAPDH and HPRT1 were not suitable for mRNA expres-
sion changes in this study due to inconsistency in their
expression (regulation in 2-D DIGE analysis detected).
Therefore, we directly compared the difference in CT values
between the SNx group and the sham-surgery group with-
out referring to a housekeeping gene (Table 4). In sham-
surgery animals, there was almost no difference in the CT
values between meprin 1 a and galectin-1, indicating com-
parable mRNA expression levels. Contrary to these findings,
in SNx animals, the threshold level of galectin-1 was
reached 3.41 cycles earlier than meprin (DCT meprin-galec-
tin). Assuming doubling of cDNA in each cycle of the PCR,
one can estimate a 23.41 (,10.6-fold) higher expression of
galectin-1 compared to meprin 1 a mRNA in SNx mice.
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Table 3. Differentially expressed and identified proteins in the sham and SNx-glomerular proteome

Spot NCBI accession Protein

Down-regulated spots in SNx mice

1 gi)21707669 Aldolase 2, B isoform
2 gi)192065 Argininosuccinate synthetase
3 gi)6996911 Argininosuccinate synthetase
4 gi)34222621 CCG1-interacting factor B
5 gi)13385454 Glycine amidinotransferase
6–9 gi)19072778 Hydrophilic CFTR-binding protein

gi)10946938 PDZ domain containing 1
10–12 gi)31982199 Meprin 1 a
13 gi)6678413 Triosephosphate isomerase 1
14 gi)31982755 Vimentin

Up-regulated spots in SNx mice

15 gi)17511847 ACTG1 protein
16 gi)18606328 Serine hydrolase
17 gi)30794164 Clathrin, light polypeptide (Lcb)
18 gi)467517 Collagen
29 gi)2944420 Complement C4
20 gi)38371755 Dimethylarginine dimethylaminohydrolase 1
21, 22 gi)23958822 Glucose regulated protein
23 gi)16923998 Heterogeneous nuclear ribonucleoprotein K
24–26 gi)54887356 Hydroxyacyl-coenzyme A dehydrogenase, a subunit
27 gi)15929761 Lamin A
28 gi)293689 Lamin B
29 gi)12805209 Lectin, galactose binding, soluble 1
30 gi)1083311 Protein disulfide-isomerase, ERp61 precursor
31 gi)3851614 Succinate dehydrogenase Fp subunit
32 gi)19353393 Tropomyosin 2
33 gi)31982755 Vimentin

Table 4. Differences in mRNA expression by comparing CT
values: galectin-1 vs. meprin

Sham SNx

Meprin 1 a 25.16 2.9 30.46 3.5
Galectin-1 25.16 1.6 27.06 3.2
Delta (meprin–galectin) 0.046 1.9 3.416 0.6

3.6 Meprin expression in vitro

In the kidney, meprin is predominantly expressed in the
brush border membrane of the tubulus system [18]. The
expression of meprin in the glomerulus has not been
described previously. Our proteomic approach found a
change in expression in the extracted glomeruli. To verify a
glomerular meprin and also galectin-1 expression, mRNA
for RT-PCR was extracted from immortalized podocytes [19].
Podocytes are glomerulus-specific cells; the expression of
meprin and galectin-1 in these cells support our findings in
the proteomic analysis. RT-PCR was performed for the sub-
unit meprin 1 a to verify meprin expression. GAPDH served
as a control in this experiment (Fig. 4).

4 Discussion

4.1 General

In this study we focused on the analysis of the glomerular
proteome in a model of CKD. Subtotal nephrectomy in
rodents is a well-established model to induce CKD [20–22]. It
is known that particular cellular mechanisms that involve a
distinct balance in apoptosis and proliferation play a major
role in the disease progression and adaptation processes that
take place after the loss of functional tissue [9]. The interaction
of podocytes, glomerular endothelium cells and mesangial
cells, as well as local inflammatory processes with activation
of cytokines and macrophages and cell-to-matrix or cell-to-cell
interactions through integrins, are key players in the com-
plexity of glomerulosclerosis. Although the pathology of these
processes has been well described, the molecular mechan-
isms that lead to a self-sustaining progression of tissue injury
at the site of the glomerulus are not very well understood.

In this study we used FVB mice to achieve a severe phe-
notype of disease. It has been previously described that this
strain has a higher susceptibility for renal diseases compared
to others [10, 23, 24].
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Figure 3. Immunohistochemistry of selected candidate proteins.
Complement C4 protein (A, B), galectin-1 protein (C, D) and
meprin a protein in murine kidney (E, F) considering tissue from
sham-surgery mice (A, C, E) and SNx mice (B, D, F) in 400x mag-
nification.

Figure 4. RT-PCR for meprin 1 a (a), galectin-1 (b) und GAPDH (c)
– cDNA of immortalized podocytes.

To assess the degree of CKD, we obtained clinical pa-
rameters from both treatment groups 5 weeks after surgery
(Table 1). The SNx mice developed significant albuminuria,
which was found to be 44-fold higher compared to the sham-
surgery group. Albuminuria is a marker for glomerular
injury, indicting an alteration of its filter function, in partic-
ular the slit membrane [25–27]. The GFR measured by crea-
tinine clearance was significantly decreased. With only 15%
of GFR remaining after 5 weeks compared to the sham-sur-
gery group, these mice suffer from stage 4 CKD if adapted to
the K/DOQI criteria for humans [28]. CKD regularly leads to

increased activity of the renin-angiotensin-aldosterone sys-
tem (RAAS), resulting in increased BP [29]. Compared to the
sham-surgery group, the SNx mice had a significantly higher
BP 5 weeks after surgery (Table 1). To support the clinical
findings of CKD in our study, we assessed the histology of
exemplary kidney sections, which revealed a progressed glo-
merulosclerosis in the SNx group (Figs. 5A and B).

Figure 5. Masson’s trichrome staining. Normal glomerulus
(Sham) (A) and focal segmental glomerulosclerosis (SNx) (B) in
4006magnification

4.2 Glomerular protein analysis

Compartmentalization is one major feature of kidney ana-
tomy. To understand the molecular processes involved in the
pathophysiology of CKD, this very unique characteristic of
the kidney has to be taken into account. Our recent approach
using magnetic particles for glomerular isolation in combi-
nation with 2-D DIGE proved to be a suitable tool to over-
come this issue and to achieve a high-resolution protein
analysis of the glomerular proteome [5]. The extraction of
glomeruli from kidneys 5 weeks after subtotal nephrectomy
or sham surgery, respectively, allowed us to identify 48 sig-
nificantly regulated protein spots.

In the following discussion, we only focus on selected
significantly regulated proteins. This selection was based on
the expression level, its possible impact on the pathogenesis
of CKD and the discussions found in recent literature con-
cerning key proteins of renovascular research. However, it
should be pointed out that this is a random selection and
does not indicate that other non-discussed proteins are of
minor importance.

4.3 Dimethylarginine dimethylaminohydrolase 1

The analysis revealed a 160-fold increase in DDAH expression
in SNx mice compared to the sham-surgery group. DDAH is
essential for the degradation of asymmetric dimethylarginine
(ADMA) to L-citrulline and dimethylamine. ADMA serves as
an endogenous inhibitor of the endothelial nitric oxide syn-
thase (eNOS) (Fig. 6A). Besides enzymatic degradation,
ADMA is eliminated through renal excretion [30].

CKD is associated with high serum levels of ADMA in
rodents and humans [31]. Elevated serum levels of ADMA
cause an inhibition of the eNOS and therefore a reduced
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Figure 6. Illustration of the
DDAH-ADMA-eNOS-NO path-
way in healthy glomeruli (A),
CKD (B) and the possible rescue
mechanism in the analyzed glo-
meruli (C).
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release of NO. A reduction in NO leads to increased vascular
tonus and, therefore, an increase in perfusion pressure. In
this context, high serum levels of ADMA have been shown to
be an independent cardiovascular risk factor [32].

Previous studies have found that DDAH activity and its
expression are reduced in CKD [31, 33]. It was assumed that
this reduction was the cause of higher ADMA serum levels
that correlate with the increase in BP and progression of
CKD [31, 34] (Fig. 6B). The reduced DDAH activity in com-
bination with higher ADMA levels further reduces the
release of NO through eNOS causing further endothelial
dysfunction, which might be a cause of the self-sustaining
progression of CKD [35, 36].

Due to our exclusive focus on glomerular protein
expression, we found that the DDAH expression is drasti-
cally increased in glomeruli of mice with CKD. Previous
studies, which analyzed a homogenate of the whole kidney
without taking in account the compartmentalization of the
kidney, found the overall renal activity of DDAH to be
decreased. It is likely that this overall reduction of DDAH
activity is caused by an increase in extracellular matrix and
fibrotic tissue as well as a reduction of functional tissue. A
glomerular DDAH expression has been described by Tojo
and coworkers [37]. They found in rat kidneys a distinct glo-
merular DDAH staining, in particular after challenging the
animals with angiotensin II.

Our findings suggest a mechanism within the glo-
merular endothelium that might counteract endothelial dys-
function caused by a reduced NO release as a consequence of
high ADMA serum levels and reduced availability of L-argi-
nine [38, 39] (Fig. 6C).

4.4 Galectin-1

Galectin-1 is the first protein identified from the family of
b-galactoside-binding lectins (galectins) [40]. It is a glo-
merular protein that showed a 23-fold up-regulation in SNx
mice compared to sham-surgery mice.

Galectin-1 is involved in the regulation of a variety of
processes including T cell homeostasis and immune re-
sponse, inflammation, apoptosis and cell-to-cell and/or cell-
to-matrix adhesion [41]. However, its specific role on the
background of CKD is unclear.

An increase in galectin-1 expression has been shown in
other diseases that are also associated with tissue fibrosis
[42]. Its anti-inflammatory effects and influence on prolifer-
ation and apoptosis might play a role in the development and
progression of glomerulosclerosis [43–45]. Its affinity to
extracellular matrix proteins such as fibronectin and laminin
suggest a role in cell-to-extracellular matrix adhesion and
other extracellular matrix-related processes [46]. This might
play a role in the interaction of glomerular cells with the
glomerular basement membrane and/or the mesangial
matrix. A distinct role of galectin-1 in the pathology of glo-
meruli is emphasized by the finding that galectin glycopro-

tein interactions are important in the maintenance of the
renal epithelial phenotype [18].

It remains unclear whether the reduction in renal func-
tion after subtotal nephrectomy or the progression of tissue
injury in this CKD model is the main cause of the increased
expression of galectin-1. The specific role of galectin-1 in this
pathology has to be elucidated in future studies.

4.5 Meprin 1 Æ

Meprin is a membrane-bound or secreted metalloproteinase
composed of two subunits a and/or b. The homodimer
serves as secreted form of meprin and is composed of two a
subunits. Meprin is also expressed as a membrane-bound
protein, which is composed as homodimer (b-b) or hetero-
dimer (a-b) [47, 48]. The analysis of the glomerular proteome
showed at least a 14-fold reduction of meprin 1 a expression
in the SNx group compared to the sham-surgery group,
which implies a reduction in secreted meprin.

In the kidney, meprin is predominantly expressed at the
brush border membrane of tubules [49–52]. The results of
this study show that meprin is also expressed in the glomer-
ulus. These findings have been confirmed by immunohis-
tochemistry (Figs. 3C and D). RT-PCR of cultured podocytes
showed meprin 1 a mRNA expression in these glomerulus-
specific cells (Fig. 4).

Meprin acts as a matrix-degrading metalloproteinase. A
reduced expression of meprin is commonly found in kidney
diseases [49, 53, 54]. This is associated with increased tissue
fibrosis [27]. It is feasible that the reduction in secreted
meprin and meprin expression might facilitate fibrosis.

Angiotensin-converting enzyme inhibitors (ACEI) or
angiotensin receptor 1 antagonists (ARB) are known to pre-
vent or even ameliorate glomerulosclerosis and tubulointer-
stitial fibrosis [55]. In the quoted study, meprin expression
was increased under treatment with ACEI, suggesting a link
between the anti-fibrotic effects of the inhibition of the renin-
angiotensin system and meprin. This further emphasizes
the role of meprin in the development of fibrosis/sclerosis.
Future research will reveal the impact of meprin expression
on the pathogenesis of glomerulosclerosis and glomerular
disease.

In addition to the discussed proteins, other proteins that
are not primarily synthesized in the glomerulus and there-
fore cannot be detected by mRNA analysis were accessible
through 2-D DIGE. Complement C4 is one of these proteins
(Table 3); glomerular-bound complement C4 is known to
play a major role in various kidney diseases [56].

In contrast to previous studies that were unable to assess
the compartmentalization of the kidney and/or analyze
smallest sample sizes, our study reveals changes in the glo-
merular proteome in an disease model that do not reflect the
overall change in the renal proteome shown in other studies,
thus underlining the necessity of focused protein analysis for
distinct tissue compartments. The specific approach used in
this study allowed us to identify proteins that are implied in
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the pathogenesis and pathophysiology of CKD. These pro-
teins will be target of future research. In particular a correla-
tion of clinical outcome and regulation of local protein
expression after pharmacological interventions will help to
understand the underlying mechanisms that reduce the
progression of proteinuric kidney disease.
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BACKGROUND AND PURPOSE
ApolipoproteinE-deficient [apoE (-/-)] mice, a model of human atherosclerosis, develop endothelial dysfunction caused by
decreased levels of nitric oxide (NO). The endogenous peptide, angiotensin-(1-7) [Ang-(1-7)], acting through its specific
GPCR, the Mas receptor, has endothelium-dependent vasodilator properties. Here we have investigated if chronic treatment
with Ang-(1-7) improved endothelial dysfunction in apoE (-/-) mice.

EXPERIMENTAL APPROACH
ApoE (-/-) mice fed on a lipid-rich Western diet were divided into three groups and treated via osmotic minipumps with
either saline, Ang-(1-7) (82 mg·kg-1·h-1) or the same dose of Ang-(1-7) together with D-Ala-Ang-(1-7) (125 mg·kg-1·h-1) for 6
weeks. Renal vascular function was assessed in isolated perfused kidneys.

KEY RESULTS
Ang-(1-7)-treated apoE (-/-) mice showed improved renal endothelium-dependent vasorelaxation induced by carbachol and
increased renal basal cGMP production, compared with untreated apoE (-/-) mice. Tempol, a reactive oxygen species (ROS)
scavenger, improved endothelium-dependent vasorelaxation in kidneys of saline-treated apoE (-/-) mice whereas no effect
was observed in Ang-(1-7)-treated mice. Chronic treatment with D-Ala-Ang-(1-7), a specific Mas receptor antagonist,
abolished the beneficial effects of Ang-(1-7) on endothelium-dependent vasorelaxation. Renal endothelium-independent
vasorelaxation showed no differences between treated and untreated mice. ROS production and expression levels of the
NAD(P)H oxidase subunits gp91phox and p47phox were reduced in isolated preglomerular arterioles of Ang-(1-7)-treated
mice, compared with untreated mice, whereas eNOS expression was increased.

CONCLUSION AND IMPLICATIONS
Chronic infusion of Ang-(1-7) improved renal endothelial function via Mas receptors, in an experimental model of human
cardiovascular disease, by increasing levels of endogenous NO.

Abbreviations
Ang, angiotensin; apoE, apolipoproteinE; AT1 receptor, angiotensin II type 1 receptor; GSNO, S-nitrosoglutathione;
IBMX, 3-isobutyl-1-methylxanthine; ROS, reactive oxygen species
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Introduction

Endothelial dysfunction is caused by decreased levels of nitric
oxide (NO) derived from the endothelium. This deleterious
condition is strongly associated with hypertension and there-
fore an important predictor of cardiovascular risk. The amount
of biologically active NO, which plays a pivotal role in vascular
homeostasis, is determined by the balance between the bio-
synthesis of NO and its degradation by endogenous reactive
oxygen species (ROS) (Cai and Harrison, 2000).

Angiotensin (Ang) II, the major effector molecule of the
renin-angiotensin-system (RAS) has an important effect on
the genesis of endothelial dysfunction. Ang II, through its
actions at the angiotensin II type 1 (AT1) receptor (nomen-
clature follows Alexander et al., 2009), increases ROS produc-
tion which leads subsequently to NO degradation (Mehta and
Griendling, 2007). Thus, inhibition of Ang II generation by
angiotensin converting enzyme (ACE) inhibitors or blockade
of the AT1 receptor ameliorates endothelial dysfunction and
thereby reduces cardiovascular morbidity and mortality. New
components and functions of the RAS are still being uncov-
ered. Besides the classical main effector Ang II, other peptides
of the RAS, like Ang III, Ang IV and Ang-(1-7) have been
shown to have biological actions (Ferrario et al., 1998; Steg-
bauer et al., 2003). Ang-(1-7) can be formed from Ang I or Ang
II by several peptidases including the carboxypetidases ACE
and ACE2 (Iusuf et al., 2008) whereas the conversion of Ang
II to Ang-(1-7) by ACE2 seems to be the preferred pathway of
Ang-(1-7) generation. Ang-(1-7) activates its own GPCR, the
Mas receptor and this receptor has been characterized as a
physiological antagonist of the AT1 receptor (Santos et al.,
2003; Kostenis et al., 2005). Moreover, Ang-(1-7)-mediated
activation of Mas receptors has been shown to inhibit endot-
helial cell growth, proliferation and cardiac remodelling by
influencing MAP kinase signalling (Sampaio et al., 2007a;
Mercure et al., 2008), and to improve cardiac function after
myocardial infarction (Loot et al., 2002; Grobe et al., 2007).
Moreover, activation of Mas receptors located in the endot-
helium induced vasodilation by generating NO and pro-
staglandins (Castro et al., 2005; Sampaio et al., 2007b). Also,
Ang-(1-7) improved endothelial-dependent vasorelaxation in
normotensive rats by increasing NO bioavailability (Faria-
Silva et al., 2005). Consequently, Mas receptor-deficient mice
showed decreased endothelial NO synthase and increased
NAD(P)H oxidase activity, leading to endothelial dysfunction
and subsequently to hypertension (Xu et al., 2008).

However, not much is known about the effects of Ang-(1-7)
on endothelial dysfunction. To answer that question, we have
used apolipoproteinE (apoE) (-/-) mice, as an experimental
model for human atherosclerosis. These animals develop pro-
nounced endothelial dysfunction when fed a lipid- and
cholesterol-rich diet (Wassmann et al., 2004). Thus, they
provide an ideal model to dissect the consequences of Ang-(1-
7)-mediated Mas receptor signalling for endothelial function.

Methods

Animals and osmotic minipump implantation
All animal care and experimental investigations were in accor-
dance with the Guide for Care and Use of Laboratory Animals

published by the US National Institutes of Health (NIH Pub-
lication no. 85–23, revised 1996) and were approved by the
local Animal Care Committee (licence no. 50.8735.1 Nr. 109/
6). Six-week-old male apoE (-/-) mice (C57Bl/6 background)
and their littermates were obtained from Jackson Labs, Bar
Harbor. Mice were fed with ‘Western-type’ diet (Sniff, Soest,
Germany) (42% fat, 0.15% cholesterol) and allowed free
access to tap water. After 6 weeks, mice were treated with
either saline, Ang-(1-7) or with a combination of Ang-(1-7)
and D-Ala-Ang-(1-7), delivered over 6 weeks by osmotic
minipumps. The minipumps (Alzet Model 1004) were filled
with either saline, Ang-(1-7) (to deliver 82 mg·kg-1·h-1)
(Bachem) or D-Ala-Ang-(1-7) (to deliver 125 mg·kg-1·h-1)
(Bachem). Osmotic minipumps were inserted subcutaneously
during anaesthesia with ketamine (100 mg·kg-1, i.p.) and xyla-
zine (5 mg·kg-1, i.p.) and replaced after 3 weeks. When both
Ang-(1-7) and D-Ala-Ang-(1-7) were administered together,
two osmotic minipumps were implanted.

Blood pressure measurements
Systolic blood pressure was measured in conscious mice by
tail-cuff plethysmography (BP-98A; Softron Co.). For habitu-
ation, mice were trained daily for 5 days. After training
period, 10 measurements per mouse were recorded daily for 5
days, 1 week before and 6 weeks after minipump implanta-
tion respectively.

Preparation of isolated perfused
kidneys from mice
Eighteen-week-old apoE (-/-) mice and their wild-type litter-
mates were anesthetized i.p. with ketamine (100 mg·kg-1) and
xylazine (5 mg·kg-1). Kidneys were isolated under a micro-
scope (Olympus CO11) and perfused with Krebs–Henseleit
buffer according to an amended method described previously
(Stegbauer et al., 2005). Changes in perfusion pressure refl-
ected changes in vascular resistance of renal resistance vessels.

Immediately after preparation, a bolus injection of
60 mM KCl was delivered to test the viability of the prepara-
tion followed by a stabilization period of 30 min. After the
stabilization period, renal vasoconstriction was induced by
noradrenaline (1 mM; Sigma-Aldrich) and concentration–
response curves of the vasodilators carbachol (Sigma-Aldrich)
in the presence or absence of Tempol (1 mM; Sigma-Aldrich)
and S-nitrosoglutathione (GSNO, Alexis Corp.) were assessed.
Vasodilation induced by GSNO was recorded in the presence
of L-NG-nitro-arginine methyl ester (L-NAME; 0.3 mM;
Sigma-Aldrich) and diclofenac (3 mM). Renal relaxation was
calculated as percentage of reduction in the precontracted
kidneys which was set as 100%.

Measurement of H2O2
Isolation of preglomerular vessels does not yield enough
tissue for reliable measurement of H2O2 production. Thus,
H2O2 production of renal cortex including preglomerular
vessels was measured with the Amplex Red H2O2/Peroxidase
Assay Kit (Molecular Probes) in triplicates. Kidneys were per-
fused with cold Krebs–Henseleit buffer. After removing the
renal capsule, renal cortex was cut into three 2 mm cubes and
placed into warm buffer (37°C) and incubated in the reaction
mixture for 1 h at 37°C in the dark. The supernatant was then
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read in a fluorescence spectrophotometer (Cary eclipse,
Varian Inc.). The fluorescent values were normalized to the
protein content measured in the samples.

Determination of cGMP content in renal
cortical slices
Renal cortical slices (250 mm) were cut with a vibratome
(NVSLM1 from WPI) and equilibrated for 10 min in tempered
(37°C), oxygenated (with 95% O2, 5% CO2) Krebs–Henseleit
buffer. Slices were incubated with the non-specific phos-
phodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX,
300 mM; Sigma Aldrich) for 10 min at 37°C. Subsequently, in
the presence of IBMX the slices were incubated either with
carbachol (100 mM; Sigma-Aldrich) or with diethylamine
nitric oxide (DEA-NO) (100 mM; Alexis) for an additional
3 min. To extract cGMP, slices were frozen in liquid nitrogen,
homogenized in 70% (v/v) ice-cold ethanol using a glass/glass
homogenizer and then centrifuged (14 000x g, 15 min, 4°C).
Supernatants were dried at 95°C and the cGMP content was
measured by RIA (Brooker et al., 1979). Preparation of tracer,
acetylation of samples and standards and incubation with
antibody were performed as described. In order to standardize
the different samples, protein pellets were dissolved in 0.1 M
NaOH/0.1% SDS and protein content was determined using
the bicinchoninic acid method (Uptima).

Measurement of urinary nitrite/nitrate
concentrations (Griess assay)
Twenty-four-hour urine samples were collected in metabolic
cages at the end of the experimental period. Urinary concen-
trations of nitrite (NO2) and nitrate (NO3) were measured
using a colorimetric assay kit (Cayman Chemical Company).

Measurement of urinary
8-isoprostane concentration
Twenty-four-hour urine samples were collected in metabolic
cages at the end of the experimental period. Urinary concen-
trations of 8-isoprostane were measured using a colorimetric
assay kit (Cayman Chemical Company) and normalized to
urinary creatinine.

Isolation of preglomerular vessels
Preglomerular vessels, containing mainly interlobular arteries
and afferent arterioles, were isolated by a modified iron oxide-
sieving technique as described previously (Patzak et al., 2008).
As minor modifications, the kidneys were perfused via can-
nulation of the aorta, smaller needles (G20, G23) and pore
sieves (100 mm) were used for tissue separation and separation
of renal particles respectively.

Quantitative real-time PCR
Preglomerular vessels were used to study the expression of
catalase and endothelial NO synthase (eNOS) and of the NAPH
proteins, Nox1, gp91phox (Nox2), Nox4, p22pox and
p47phox. After homogenization of isolated vessels with a
Tissue Ruptor (Qiagen, Germany), total RNA was isolated
using a RNA Micro Kit (Qiagen, Germany) according to the
manufacturer’s instructions. Quantitative real-time PCR was
performed with an ABI PRISM 7300 (Applied Biosystem,
Germany) and the SYBR Green master mix (Qiagen,

Germany). The PCR reaction was performed in a total volume
of 20 mL with 1 mL cDNA corresponding to 100 ng RNA as
template and 1 pmol·mL-1 of each primer [Nox1 NM_172203,
Nox2 NM_007807, Nox4 NM_015760, p22phox NM_007806,
p47phox NM_010876, catalase NM_009804, eNOS
NM_008713, Mas NM_008552; Qiagen, Germany and AT1A

receptor (forward 5′-GCTTGGTGGTGATCGTCACC-3′ and
reverse 5′-GGGCGAGATTTAGAAGAACG-3′)]. The two-step
PCR conditions were 2 min at 50°C, 15 min at 95°C, followed
by 40 cycles (denaturation of 94°C for 15 s; annealing 55°C
30 s and extension at 72°C for 34 s). Experiments were per-
formed in triplicate. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH NM_008084) was chosen as the endogenous
control (housekeeping gene). The levels of Nox1, Gp91phox,
Nox4, p22pox, p47phox, catalase, eNOS, AT1A and Mas cDNA
were normalized to GAPDH by the DCT method.

Immunoblotting for eNOS and phospho-eNOS
Renal cortex tissue was placed into ice-cold protein lysis
buffer (600 mL EMPIGENE, 10 mL phosphate buffered saline,
44 nM phenylmethanesulphonylfluoride) containing a pro-
tease inhibitor cocktail (Sigma Aldrich) and immediately
homogenized. Lysates were centrifuged at 4000 g for 10 min
at 4°C. Protein concentrations from the supernatant were
determined by a Bradford assay (Bioassay Systems). After
treatment with dithiothreitol (100 mM) and denaturation
(5 min at 95°C), 30 mg of total protein were loaded onto 8%
SDS-PAGE gels and then transferred to nitrocellulose mem-
branes according to manufacturer’s instructions (X-Cell Blot
Module, Invitrogen). Membranes were blocked in blocking
buffer (5% BSA, and 0.1% tween 20 in PBS) for 1 h at room
temperature and then incubated either with primary mono-
clonal mouse anti-eNOS antibody (1:3000) (BD Transduction
Laboratories, material number 610297) or with primary
monoclonal mouse Anti-phospho-eNOS (phospho-Ser1177)
antibody (1:1000) (BD Transduction Laboratories, material
number 612392), and mouse anti-b-actin (1:5000) (Sigma
Aldrich, St. Luis, MO, USA) over-night. Bound primary anti-
body was detected with anti-mouse HRP conjugated second-
ary antibody (1:10 000) (Dako, Germany) by 60 min
incubation at room temperature. Antibody labelling was visu-
alized by the addition of a chemiluminescence reagent.
Chemiluminescence was visualized using a FluorChem FC2
Imager (Alpha Innotec, San Leandro, CA, USA). Immunoblots
from each tissue were performed in triplicates.

Statistical analysis
Data are expressed as mean � SEM (n = number of animals).
Differences between dose–response curves were analysed by
one-way ANOVA for repeated measurements, followed by
unpaired Student’s t-test. Statistical analyses of data not nor-
mally distributed were analysed by the Kruskal–Wallis test
followed by Mann–Whitney U-test. Probability levels of P <
0.05 were considered statistically significant. The number of
experiments indicates the number of mice.

Results

Six-week-old apoE (-/-) and wild-type mice were fed with a
lipid-rich Western diet for the present study. After 6 weeks,
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apoE (-/-) mice were divided into three groups and treated
with either saline, Ang-(1-7) (82 mg·kg-1·h-1) or a combination
of Ang-(1-7) (82 mg·kg-1·h-1) and the specific Mas receptor
antagonist D-Ala-Ang-(1-7) (125 mg·kg-1·h-1) via osmotic
minipump subcutaneously. Osmotic minipumps were
replaced after 3 weeks. No differences were seen in blood
pressure and lipid profiles between Ang-(1-7)-treated and
untreated apoE (-/-) mice (Table 1).

Ang-(1-7) treatment improves
endothelial-dependent renal vasorelaxation
in apoE (-/-) mice through activation
of Mas receptors
To evaluate the influence of Ang-(1-7) treatment on
endothelial- and smooth muscle cell-dependent vasorelax-

ation in kidneys of apoE (-/-) mice, isolated kidneys were
pre-constricted with noradrenaline (1 mM). Compared with
apoE (+/+) mice, kidneys of apoE (-/-) showed a reduced
endothelial-dependent vasorelaxation induced by carbachol
(Figure 1A). Interestingly, chronic treatment with Ang-(1-7)
improved endothelial-dependent renal vasorelaxation. This
improved level of response was still less than that in the apoE
(+/+) mice. To test whether the effect of chronic Ang-(1-7)
treatment is restricted to the endothelium or in addition has
an effect on muscle cell-dependent relaxation, the effects of
GSNO, a NO donor, were assessed. GSNO-induced renal
vasorelaxation did not differ between apoE (+/+), apoE (-/-)
and Ang-(1-7)-treated apoE (-/-) mice (Figure 1B).

As Ang-(1-7) mediates its effects through Mas receptors,
D-Ala-Ang-(1-7), a specific Mas receptor antagonist, was

Table 1
Systemic blood pressure and circulating lipids in mice

ApoE (+/+) ApoE (-/-) ApoE (-/-) + Ang-(1-7)

Blood pressure (mmHg) 117.8 � 3.4 114 � 4.1 113 � 6.5

Cholesterol (mmol·L-1) 1.6 � 0.3 13.7 � 4.3** 15.7 � 4.0**

Triglycerides (mmol·L-1) 0.6 � 0.1 1.3 � 0.4* 1.4 � 0.5*

HDL (mmol·L-1) 0.4 � 0.1 0.3 � 0.1 0.4 � 0.1

LDL (direct) (mmol·L-1) 0.2 � 0.1 6.3 � 3.1*** 6.4 � 1.8***

Blood pressure was measured by tail-cuff and serum was collected for lipid analysis from six mice per group at the end of the study. Data are
means � SEM; *P < 0.05, **P < 0.01, ***P < 0.001 different from values for apoE (+/+) mice: Student’s t-test.
Ang, angiotensin; apoE, apolipoproteinE; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

Figure 1
(A) The carbachol-induced endothelial-dependent vasorelaxation was impaired in isolated kidneys of apoE (-/-) mice (n = 7), compared with that
in kidneys from apoE (+/+) mice (n = 6). Chronic Ang-(1-7) treatment (82 mg·kg-1·h-1) improved endothelium-dependent relaxation in kidneys
of apoE (-/-) mice (n = 7). Combining Ang-(1-7) with D-Ala-Ang-(1-7) (125 mg·kg-1·h-1), a specific Mas receptor antagonist, attenuated the
beneficial effects of Ang-(1-7) (n = 6). (B) Smooth muscle cell-dependent renal vasorelaxation, tested with the NO donor GSNO, did not differ
between apoE (+/+) (n = 6), apoE (-/-) (n = 9) and Ang-(1-7)-treated apoE (-/-) (n = 9) mice. (C) D-Ala-Ang-(1-7) treatment alone showed no
effects on carbachol-induced vasorelaxation in apoE (+/+) or apoE (-/-) mice. Data represent means � SEM; *P < 0.05, **P < 0.01, ***P < 0.001
versus apoE (-/-). #P < 0.05, ##P < 0.01 versus apoE (-/-) [Ang-(1-7)]. ‡P < 0.05, ‡‡P < 0.01, ‡‡‡P < 0.001 versus apoE (-/-) [Ang-(1-7) +
D-Ala-Ang-(1-7)]. One-way ANOVA for repeated measurements followed by Student’s t-test. Ang, angiotensin; apoE, apolipoproteinE; GSNO,
S-nitrosoglutathione; NO, nitric oxide.
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tested. In kidneys of apoE (-/-) mice treated simultaneously
with Ang-(1-7) and D-Ala-Ang-(1-7), endothelial-dependent
vasorelaxation induced by carbachol was significantly
reduced compared with apoE (-/-) mice treated only with
Ang-(1-7). The dose–response curve was almost identical
compared with untreated apoE (-/-) mice (Figure 1A). In con-
trast, treatment with the Mas receptor antagonist alone did
not affect endothelial-dependent vasodilition in kidneys of
apoE (+/+) or apoE (-/-) mice (Figure 1C).

In isolated preglomerular vessels, no differences of RNA
expression levels of the Mas and AT1A receptor were observed
between apoE (+/+), apoE (-/-), Ang-(1-7)-treated apoE (+/+)
and Ang-(1-7)-treated apoE (-/-) mice [Mas mRNA expres-
sion: apoE (+/+): 1.00 � 0.10; apoE (-/-): 0.91 � 0.08; apoE
(-/-) + Ang-(1-7): 1.13 � 0.06; apoE (+/+) + Ang-(1-7): 1.76 �

0.76 arbitrary units; AT1A mRNA expression apoE (+/+): 1.00
� 0.15; apoE (-/-): 1.09 � 0.13; apoE (-/-) + Ang-(1-7): 0.90
� 0.07; apoE (+/+) + Ang-(1-7): 1.132 � 0.12 arbitrary units).

Increased NO bioavailability in
Ang-(1-7)-treated apoE (-/-) Mice
Endothelial dysfunction correlates closely with decreased NO
bioavailability. Thus, we tested whether Ang-(1-7) treatment
increased NO levels in apoE (-/-) mice. To prevent cGMP
degradation, experiments were performed in the presence of
IBMX, a non-specific phosphodiesterase inhibitor. Basal
cGMP production was significantly increased in kidney slices
from Ang-(1-7)-treated mice compared with those from
saline-treated apoE (-/-) mice. In line with the results per-
formed in isolated perfused kidneys, cGMP generation
induced by carbachol was markedly increased in Ang-(1-7)-
treated mice. Exogenous NO, provided by DEA-NO (100 mM),
induced the same increases in cGMP generation in slices from
Ang-(1-7)-treated as in slices from untreated mice, showing
that the beneficial effects of Ang-(1-7) on renal vasorelaxation
was restricted to the endothelium (Figure 2A). In addition,
Ang-(1-7)-treated apoE (-/-) mice showed increased 24-hour
urinary excretion rates of nitrate and nitrite compared with
untreated apoE (-/-) mice (Figure 2B). Moreover, nitrate/
nitrite urinary excretion rates were significantly greater in
apoE (+/+) mice compared with the rates in Ang-(1-7)-treated
and untreated apoE (-/-) mice. Finally, mRNA expression
levels of eNOS, the main NO synthase in the renal vascula-
ture, were measured and found to be significantly reduced
in preglomerular arterioles of apoE (-/-) mice. Ang-(1-7)
treatment slightly but significantly increased eNOS RNA
expression (Figure 2C). These results were confirmed by mea-
surement of total eNOS protein levels in the renal cortex of
Ang-(1-7)-treated and saline-treated apoE (-/-) mice
(Figure 2D). Interestingly, the ratio between expression levels
of phospho-Ser1177-eNOS, a marker for activated eNOS, and
total eNOS were not significantly different between both
groups (Figure 2D).

Chronic Ang-(1-7) treatment influences
ROS production
It has been reported that production of ROS is increased in
apoE (-/-) mice and responsible for endothelial dysfunction.
To test if Ang-(1-7) mediated its effect by influencing ROS
production, we used the ROS scavenger, tempol. In the pres-

ence of tempol (1 mM), endothelium-dependent vasorelax-
ation was significantly improved in kidneys of saline-treated
apoE (-/-) mice (Figure 3A). This improvement was almost
identical to that observed in Ang-(1-7)-treated mice. Interest-
ingly, tempol had no additional effect on endothelial-
dependent renal vasorelaxation in Ang-(1-7)-treated apoE
(-/-) mice, providing the first evidence that Ang-(1-7) reduces
ROS production.

To further support this observation, we measured H2O2

production in the renal cortex of apoE (+/+), apoE (-/-) and
Ang-(1-7)-treated apoE (-/-) mice and urinary 8-isoprostane
levels, a marker for oxidative stress. H2O2 production in the
renal cortex as well as urinary 8-isoprostane levels were sig-
nificantly increased in apoE (-/-) mice compared with apoE
(+/+) mice and treatment with Ang-(1-7) attenuated H2O2

production and 8-isoprostane levels to baseline levels
(Figure 3B).

Next, we analysed expression levels of enzymes involved
in the metabolism of ROS. Expression levels of the NAD(P)H
family differ between large conductance vessels and resis-
tance arteries. Therefore, it was important to isolate preglom-
erular arterioles of mice kidneys. As the amount of isolated
vessels is very limited, RNA instead of protein expression
levels of Nox1, gp91phox, Nox 4, p22phox, p47phox and
catalase, involved in the generation and catabolism of ROS,
were measured by using quantitative real-time PCR. RNA
levels of catalase which degrades H2O2 to H2O were decreased
in isolated preglomerular arterioles of apoE (-/-) compared
with apoE (+/+) mice. However, treatment with Ang-(1-7) did
not significantly increase catalase expression in isolated pre-
glomerular arterioles of apoE (-/-) mice (Figure 4A). Next, we
investigated whether expression levels of the NAD(P)H family
involved in the generation of ROS were influenced by chronic
Ang-(1-7) treatment. A significant increase in RNA expression
levels was found for gp91phox and p47phox in preglomeru-
lar vessels of apoE (-/-) mice. Chronic treatment with Ang-
(1-7) significantly reduced gp91phox and p47phox. However,
gp91phox and p47phox expression levels were still increased
compared with those in apoE (+/+) mice (Figure 4B). In con-
trast, RNA expression levels of Nox1, Nox4 and p22phox
were unaltered in Ang-(1-7)-treated and untreated apoE (-/-)
compared with apoE (+/+) mice (Figure 4C).

Discussion

Endothelial dysfunction is defined as decreased levels of NO,
caused by either diminished NO generation or increased NO
degradation and precedes vascular diseases at several sites of
the vasculature, including kidney and heart. ApoE (-/-) mice
fed a cholesterol- and lipid-rich diet develop endothelial dys-
function (Osada et al., 2000; d’Uscio et al., 2001; Laursen
et al., 2001). Despite the significantly impaired endothelium-
dependent vasorelaxation observed in the renovascular bed
of apoE (-/-) mice, we could not detect an increase in sys-
temic blood pressure, relative to that of wild-type littermates.
This, at first sight surprising finding, is in line with results
obtained by others (Hartley et al., 2000; Arruda et al., 2005;
Custodis et al., 2008). The underlying compensatory mecha-
nisms are still not fully understood but may be related to the
genetic background (Rabelo et al., 2008), the age of the
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animals or the tail-cuff method for measuring blood pressure
which has its limitation in detecting small blood pressure
differences.

The most striking finding of the present study was that
chronic treatment with Ang-(1-7) restored endothelial func-
tion in isolated kidneys from apoE (-/-) mice. This effect
seems to be exclusively mediated by activation of Mas recep-
tors as D-Ala-Ang-(1-7), a specific Mas receptor antagonist,
abolished the beneficial effect of Ang-(1-7) on endothelium-
dependent vasorelaxation in kidneys of apoE (-/-) mice. This
observation would discount effects of Ang-(1-7) on other
possible targets such as ACE and the AT1 receptor (Stegbauer

et al., 2003; Stegbauer et al., 2004). Moreover, effects of Ang-
(1-7) treatment on renal AT1A receptor expression levels could
also be excluded, although Mas receptor-deficient mice have
increased renal AT1 receptor expression levels (Pinheiro et al.,
2009). Additionally, chronic Ang-(1-7) treatment did not
have any effects on blood pressure in apoE (-/-) mice and, in
our study, we could not find any difference in blood pressure
between any of the experimental groups. This observation is
not surprising and might be related to the genetic back-
ground (Rabelo et al., 2008). Furthermore, it should be noted
that Ang-(1-7) seems to be effective in reducing blood pres-
sures in animal models of severe hypertension (Rentzsch
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Figure 2
(A) cGMP production was measured, in the presence of IBMX, in cortical renal slices from apoE (-/-) mice, with or without Ang-(1-7) treatment.
Basal and carbachol (CCh)-induced cGMP production was significantly increased in Ang-(1-7)-treated apoE (-/-) (n = 4) mice, compared with
untreated apoE (-/-) mice (n = 4). Exogenous NO (IBMX + NO) was provided by DEA-NO (100 mM). Data represent means � SEM; *P < 0.05,
**P < 0.01 versus apoE (-/-), Student’s t-test. (B) Urinary excretion (over 24 h) of nitric/nitrate (NOx) in apoE (+/+) (n = 14), Ang-(1-7)-treated apoE
(+/+) (n = 8), apoE (-/-) (n = 7) and Ang-(1-7)-treated apoE (-/-) (n = 7) mice. Ang-(1-7) treatment significantly increased NOx excretion in apoE
(-/-) mice. *P < 0.05 versus apoE (+/+), #P < 0.01, versus apoE (-/-). ‡P < 0.05 versus apoE (+/+) [Ang-(1-7)]. Kruskal–Wallis test followed by
Mann–Whitney U-test. (C) Relative expression of eNOS mRNA, respectively, in relation to GAPDH mRNA in isolated preglomerular arteries of apoE
(+/+) (n = 12), Ang-(1-7)-treated apoE (+/+) (n = 4), apoE (-/-) (n = 9) and Ang-(1-7)-treated apoE (-/-) (n = 9) measured by quantitative real-time
PCR. *P < 0.05, **P < 0.01 versus apoE (+/+), #P < 0.05, versus apoE (-/-), ‡P < 0.01 versus apoE (+/+) [Ang-(1-7)]. Kruskal–Wallis test followed
by Mann–Whitney U-test. (D) representative immunoblots of renal cortical eNOS and phosphorylated eNOS in samples from apo (-/-) and
Ang-(1-7)-treated apoE (-/-) mice. Ang-(1-7) treatment significantly increased eNOS protein levels (n = 4), expressed as eNOS/b-actin levels, but
did not change the ratio between phosphorylated eNOS and total eNOS levels in apoE (-/-) mice (n = 4). *P < 0.05 versus apoE (-/-).
Kruskal–Wallis test followed by Mann–Whitney U-test. Ang, angiotensin; apoE, apolipoproteinE; IBMX, 3-isobutyl-1-methylxanthine; NO, nitric
oxide.
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et al., 2008) but this effect appears to be limited in normo-
tensive animals (Gomes et al., 2010).

The beneficial effect of Ang-(1-7) treatment in our experi-
ments seems to be restricted to endothelial cells, as a direct

vasodilatory effect of Ang-(1-7) on smooth muscle cells could
be ruled out as renal vasorelaxation induced by exogenous
NO was similar in kidneys of wild type, apoE (-/-) and Ang-
(1-7)-treated apoE (-/-) mice. In line with these results,

0.01 0.1 1 10
0

20

40

60

80

100

ApoE  (-/-)
ApoE (-/-) +Tempol

ApoE (-/-) +Tempol [Ang-(1-7)]
ApoE (-/-) [Ang-(1-7)]

* #

** ***
********* ####

####
‡

‡‡‡
‡‡

‡

Carbachol (mM)

%
 C

o
n

tr
ac

tio
n

0

5

10

15

20

ApoE (+/+)A B

ApoE (-/-)
ApoE (-/-) [Ang-(1-7)]

*

#

H
2O

2 
p

ro
d

u
ct

io
n

 (m
M

•m
g

–1
 p

ro
te

in
)

0

1

2

3

4 *

#

U
ri

n
ar

y 
8-

Is
o

p
ro

st
an

e
(n

g
•m

g
–1

 c
re

at
in

in
e)

Figure 3
(A) carbachol-induced endothelial-dependent vasorelaxation was impaired in kidneys of apoE (-/-) mice (n = 7). In the presence of tempol
(1 mM), endothelial-dependent vasorelaxation improved in kidneys of apoE (-/-) mice (n = 5). No additional effect of tempol on carbachol-
induced vasorelaxation was observed in kidneys of Ang-(1-7)-treated apoE (-/-) mice (n = 6). Data represent means � SEM; *P < 0.05, **P < 0.01,
***P < 0.001 versus apoE (-/-) + tempol [Ang-(1-7)]. #P < 0.05, ##P < 0.01 versus apoE (-/-) [Ang-(1-7)]. ‡P < 0.05, ‡‡P < 0.01 versus apoE (-/-)
+ tempol. One-way ANOVA for repeated measurements followed by Student’s t test. (B) H2O2 production in renal cortex of apoE (+/+) (n = 9), apoE
(-/-) (n = 7) and Ang-(1-7)-treated apoE (-/-) (n = 9) was measured using the Amplex Red assay. H2O2 production was increased in renal cortex
of apoE (-/-) compared with apoE (+/+) mice. Ang-(1-7) treatment significantly decreased H2O2 production in apoE (-/-) mice. The fluorescence
values were normalized to protein content in the tissue probes. Urinary 8-isoprostane levels (over 24 h) were measured in apoE (+/+) (n = 16), apoE
(-/-) (n = 10) and Ang-(1-7)-treated apoE (-/-) mice (n = 9). Urinary 8-isoprostane levels were increased in apoE (-/-) mice compared with apoE
(+/+). Chronic Ang-(1-7) treatment reduced urinary 8-isoprostane levels significantly. Data represent means � SEM; *P < 0.01 versus apoE (+/+),
#P < 0.01 versus apoE (-/-). Kruskal–Wallis test followed by Mann–Whitney U-test. Ang, angiotensin; apoE, apolipoproteinE.
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Figure 4
Relative expression of catalase (A), gp91phox (B), p47phox (B), Nox1 (C), Nox4 (C) and p22phox (C) mRNA, respectively, in relation to GAPDH
mRNA in isolated preglomerular arteries of apoE (+/+) (n = 12), Ang-(1-7)-treated apoE (+/+) (n = 4), apoE (-/-) (n = 11) and Ang-(1-7)-treated
apoE (-/-) (n = 11) measured by quantitative PCR. *P < 0.05, **P < 0.01 versus apoE (+/+). #P < 0.05 versus apoE (-/-), ‡P < 0.05, ‡P < 0.01 versus
apoE (+/+) [Ang-(1-7)]. Kruskal–Wallis test followed by Mann–Whitney U-test. Ang, angiotensin; apoE, apolipoproteinE.
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Lovren et al. (2008) demonstrated that ACE2 over-expression
leading to increased Ang-(1-7) generation, protects the endot-
helium in apoE (-/-) mice and therefore attenuates the
development of atherosclerosis. Additionally, improved
endothelial function in Ang-(1-7)-treated apoE (-/-) seemed
to be independent of lipid status, as no changes in the lipid
profile were observed after Ang-(1-7) treatment in apoE (-/-)
mice. However, Mas receptor-deficient mice on the FVB back-
ground do show increased serum triglyceride and cholesterol
levels (Santos et al., 2008).

Endothelial dysfunction results from decreased levels of
NO. Therefore, we investigated whether Ang-(1-7) increased
NO production or decreased NO degradation. Renal basal
cGMP levels as well as urinary excretion of NO metabolites
were increased in Ang-(1-7)-treated mice, showing direct evi-
dence for increased NO bioavailability after Ang-(1-7) treat-
ment in apoE (-/-) mice. Recent studies showed that ROS are
increased in the vascular bed of apoE (-/-) mice (Doran et al.,
2007) and therefore are in part responsible for NO degrada-
tion. Tempol, a ROS scavenger, improved endothelium-
dependent renal vasorelaxation in these mice. Interestingly,
no additional effect of tempol was observed in Ang-(1-7)-
treated mice, indicating that Ang-(1-7) administration simi-
larly reduced ROS production (Polizio et al., 2007). However,
tempol can decrease blood pressure and induce vasorelax-
ation in an O2-/NO-independent mechanism (Xu et al.,
2004). Thus, a direct impact of Ang-(1-7) treatment on ROS
production was confirmed by H2O2 measurements in renal
cortex, revealing a decreased H2O2 amount in Ang-(1-7)-
treated mice compared with untreated apoE (-/-) mice. In
line with these results, aortas of Mas receptor-deficient mice,
which are characterized by pronounced endothelial dysfunc-
tion, showed increased ROS production (Peiro et al., 2007; Xu
et al., 2008). ROS include superoxide anions, hydrogen per-
oxide or hydroxyl radicals, and they are generated by
NAD(P)H oxidases which are detectable in all vascular layers.
Membrane bound gp91phox (Nox2) and cytosolic p47phox
NAD(P)H oxidase subunits were markedly increased in pre-
glomerular arteries of apoE (-/-) mice and decreased by Ang-
(1-7) treatment. However, there were no changes in Nox1,
Nox4 and p22phox, under our conditions. Ang-(1-7)-
mediated reduction of NAD(P)H activity and NAD(P)H
oxidase expression was recently demonstrated in kidney
homogenates of diabetic spontaneous hypertensive rats
(Benter et al., 2008). Moreover, increased Gp91phox expres-
sion was also detected in isolated aortas of Mas receptor-
deficient mice (Xu et al., 2008).

Beside an increased ROS production, ROS degradation
seems to be diminished in apoE (-/-) mice (t Hoen et al.,
2003). Thus, it has been shown that catalase expression,
responsible for the conversion of H2O2 to H2O, was decreased.
In our experiments in preglomerular arteries, a reduced cata-
lase expression was also detectable, but chronic Ang-(1-7)
treatment did not significantly affect catalase expression
levels. Hence, in apoE (-/-) mice, Ang-(1-7) seems to reduce
ROS levels by decreasing expression of NAD(P)H subunits but
not by increasing ROS clearance.

On the other hand, improved NO bioavailability observed
after chronic Ang-(1-7) treatment could result not only from
decreased NO degradation but also from increased NO syn-
thesis compared with untreated apoE (-/-) mice. Therefore,

we measured eNOS mRNA expression in preglomerular
vessels. Endothelial NOS expression was decreased in apoE
(-/-) mice and chronic administration of Ang-(1-7) led to a
significant increase of eNOS mRNA expression in preglom-
erular vessels of apo (-/-) mice (Sampaio et al., 2007b). Con-
cordant with mRNA measurements, chronic Ang-(1-7)
treatment increased renal protein levels of total eNOS in apoE
(-/-) mice. The present findings are consistent with findings
in Mas receptor-deficient mice, showing decreased total eNOS
expression levels. Moreover, activation of Mas receptors
induced by Ang-(1-7) improved endothelial function through
the facilitation of NO release in vitro (Peiro et al., 2007;
Sampaio et al., 2007a). Interestingly, chronic Ang-(1-7) treat-
ment did not influence the ratio between phosphorylated
and total eNOS expression levels. These results indicate that
chronic Ang-(1-7) treatment in apoE (-/-) mice increased
total eNOS expression and, by the preservation of the ratio
between phosphorylated and total eNOS, also increased the
absolute amount of phosphorylated eNOS, leading to an
increased NO/cGMP production in these mice. In contrast to
the present study, Costa et al. found that acute Ang-(1-7)
infusion increased both cardiac eNOS expression and the
phosphorylation of eNOS in spontaneous hypertensive rats
(Costa et al., 2010).

In summary, the present study clearly demonstrated that
Ang-(1-7) application had a major effect on vascular function
in a well-established mouse model of human cardiovascular
disease. Ang-(1-7) increased NO bioavailability by sustained
influence on the balance of NO generation and degradation.
This beneficial action seems to be mediated by activation of
Mas receptors. Thus, Ang-(1-7) may have the potential to be
an effective therapeutic agent to reduce cardiovascular mor-
bidity and mortality. Most likely, these effects are related to
long-lasting beneficial effects on the endothelium rather than
cute effects of Ang-(1-7) administration. The underlying
molecular mechanism(s) of the Ang-(1-7)-mediated effects
still remain to be established. Furthermore, it will be very
interesting to investigate the effects of chronic Ang-(1-7)
treatment on the progression of atherosclerosis in this animal
model.
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1

The increasing prevalence of obesity represents a signifi-
cant health burden in modern societies. It significantly 

contributes to the cardiovascular morbidity and mortality.1 Hyper-
cholesterolemia, atherosclerosis, and hypertension are common 
in obese subjects. Atherosclerosis and hypertension are charac-
terized by increased reactive oxygen species (ROS) production, 
affecting vascular smooth muscle cell migration and proliferation, 
and, therefore, play a pivotal role in their pathogenesis.2,3

Apolipoprotein E–deficient mice (apoE(−/−)), an animal 
model of severe hypercholesterolemia, are prone to athero-
sclerosis and are characterized by severe vascular dysfunc-
tion.4,5 This is accompanied by increased vasoconstrictor 
response to angiotensin II (Ang II).6 This development can be 
drastically accelerated by a high-fat Western diet.7

Angiotensin II, the main effector of the renin–angiotensin 
system, contributes to the development of impaired vascular 

function in apoE(−/−) mice.8 Deficiency of the angiotensin 
II type 1A receptor (AT1aR) in apoE(−/−) mice ameliorates 
atherosclerosis and endothelial dysfunction, highlighting the 
importance of the renin–angiotensin system in the pathogen-
esis of vascular injury.9,10

Recent studies indicate that p38 mitogen-activated pro-
tein kinase (MAPK) activation is involved in increased Ang 
II–dependent vasoconstriction. Inhibition of p38 MAPK has 
been shown to improve endothelial function and decrease 
Ang II–dependent vasoconstriction.11–13 Ang II activates the 
p38 MAPK through increased ROS generation in vitro.14,15 
p38 MAPK activation is thought to be a calmodulin-/calcium-
independent pathway of Ang II–mediated vasoconstriction. 
Activation of p38 MAPK through phosphorylation enhances 
Ang II–dependent phosphorylation of the myosin light chain 
(MLC

20
), thus increasing contractile response.16

Abstract—Apolipoprotein E–deficient (apoE(−/−)) mice fed on Western diet are characterized by increased vascular 
resistance and atherosclerosis. Previously, we have shown that chronic angiotensin (Ang)-(1–7) treatment ameliorates 
endothelial dysfunction in apoE(−/−) mice. However, the mechanism of Ang-(1–7) on vasoconstrictor response to Ang II 
is unknown. To examine Ang-(1–7) function, we used apoE(−/−) and wild-type mice fed on Western diet that were treated 
via osmotic minipumps either with Ang-(1–7) (82 μg/kg per hour) or saline for 6 weeks. We show that Ang II–induced 
renal pressor response was significantly increased in apoE(−/−) compared with wild-type mice. This apoE(−/−)-specific 
response is attributed to reactive oxygen species–mediated p38 mitogen–activated protein kinase activation and subsequent 
phosphorylation of myosin light chain (MLC

20
), causing renal vasoconstriction. Here, we provide evidence that chronic 

Ang-(1–7) treatment attenuated the renal pressor response to Ang II in apoE(−/−) mice to wild-type levels. Ang-(1–7) 
treatment significantly decreased renal inducible nicotinamide adenine dinucleotide phosphate subunit p47phox levels 
and, thus, reactive oxygen species production that in turn causes decreased p38 mitogen-activated protein kinase activity. 
The latter has been confirmed by administration of a specific p38 mitogen-activated protein kinase inhibitor SB203580 (5 
μmol/L), causing a reduced renal pressor response to Ang II in apoE(−/−) but not in apoE(−/−) mice treated with Ang-(1–
7). Moreover, Ang-(1–7) treatment had no effect in Mas(−/−)/apoE(−/−) double-knockout mice confirming the specificity 
of Ang-(1–7) action through the Mas-receptor. In summary, Ang-(1–7) modulates vascular function via Mas-receptor 
activation that attenuates pressor response to Ang II in apoE(−/−) mice by reducing reactive oxygen species–mediated 
p38 mitogen-activated protein kinase activity.  (Hypertension. 2014;63:00-00.)  Online Data Supplement
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Besides Ang II as the main classical effector of the renin–
angiotensin system, Ang-(1–7) has been shown to play a sig-
nificant role in physiological and pathological states.17–19 The 
heptapeptide Ang-(1–7) is derived from Ang I or Ang II by 
several peptidases, including the carboxypetidases angioten-
sin-converting enzyme (ACE) and ACE2.20 However, the gen-
eration of Ang-(1–7) from Ang II by ACE2 seems to be the 
preferred pathway. In fact, deletion of ACE2 accentuates athero-
sclerosis in apoE(−/−) mice, which is contributed to decreased 
Ang-(1–7) formation.21 Ang-(1–7) acts through its own recep-
tor called Mas. Previously it has been shown that atherogenesis 
in apoE(−/−) mice can be inhibited by pharmacological Mas 
activation.22 Mas-deficient mice show increased nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase activity, 
leading to endothelial dysfunction and strain-dependent hyper-
tension through an increase in ROS abundance.23

Previously, we and others have shown that chronic Ang-(1–7) 
treatment ameliorates endothelial dysfunction in apoE(−/−) 
mice on a high-fat diet.24,25 However, the effect of Ang-(1–7) on 
vasoconstrictor response to Ang II is yet unknown. Therefore, 
the aim of the present study was to examine whether chronic 
Ang-(1–7) treatment affects the renal vasoconstrictor response 
to Ang II in apoE(−/−). Furthermore, we examined the effect 
of Ang-(1–7) treatment on p38 MAPK activity and ROS abun-
dance in these animals. To confirm that Ang-(1–7) mediates 
its effects through the Mas-receptor, we performed additional 
experiments in Mas(−/−)/apoE(−/−) double-knockout mice.

Methods
Animal Care
Wild-type (WT), apoE(−/−), and Mas(−/−)/apoE(−/−) mice were 
obtained from an in-house breed at the local animal care facility. 
Mice were on a C57Bl/6j background. Littermates were used as con-
trols. The animals were housed in type III Makrolon polycarbonate 
cages at 45% humidity, 20°C to 22°C temperature and a 12-hour day 
and night cycle with free access to water and food.

The investigations were conducted to the Guide for Care and Use 
of Laboratory Animals published by the US National Institutes of 
Health (Publication No. 85-23, revised 1996). Detailed Materials and 
Methods are available in the online-only Supplement.

Results
Six-week-old WT (group 1), apoE(−/−) (groups 2–4), and 
Mas(−/−)/apoE(−/−) double-knockout (groups 5 and 6) mice 
were fed a high fat, cholesterol-enriched diet. After 6 weeks, 
apoE(−/−) mice (groups 2 and 3) were treated with either 
saline or Ang-(1–7) (82 µg/kg per hour) via osmotic mini-
pumps subcutaneously, as described previously.24 Another 

group of apoE(−/−) mice was treated with a p38 MAPK inhib-
itor (BIRB796, 50 mg/kg per day) from the age of 6 weeks 
(group 4). In addition, Mas(−/−)/apoE(−/−) double-knockout 
mice (groups 5 and 6) were treated as groups 2 and 3. In all 
groups, osmotic minipumps were replaced after 3 weeks.

No significant differences were observed in blood pressure 
and lipid profile between Ang-(1–7)–treated and untreated 
apoE(−/−) mice after 12 weeks of high-fat diet. Interestingly, 
in Mas(−/−)/apoE(−/−) double-knockout mice, cholesterol 
levels were significantly higher when compared with the Ang-
(1–7)–treated double-knockout group. Untreated Mas(−/−)/
apoE(−/−) double-knockout mice also showed a higher level 
of triglycerides compared with the WT control group (Table).

Chronic Ang-(1–7) Treatment Ameliorates 
Increased Pressor Response to Ang II in ApoE(−/−)
To evaluate the influence of Ang-(1–7) treatment on Ang 
II–induced pressor response in renal resistance vessels of 
apoE(−/−) mice, kidneys were isolated and perfused as 
described previously.26 Renal pressor response to Ang II 
was significantly increased in apoE(−/−) compared with 
WT mice. Interestingly, chronic treatment with Ang-(1–7) 
attenuates renal pressor response significantly (Figure 1A; 
Emax: WT, 114.2±6.1 mm Hg; apoE(−/−), 149.6±4.7 mm Hg; 
apoE+Ang-(1–7), 107.6±9.3 mm Hg). In WT mice, chronic 
Ang-(1–7) treatment had no effect on Ang II–dependent pres-
sor response (Figure S1 in the online-only Data Supplement). 
Accordingly, MLC

20
 phosphorylation (phospho-MLC

20
), a 

marker for smooth muscle cell contraction, was significantly 
increased in untreated apoE(−/−) mice compared with WT 
mice. Consecutively, Ang-(1–7) treatment significantly atten-
uated phospho-MLC

20
 levels in apoE(−/−) mice (Figure 1B 

and 1C). In contrast to chronic Ang-(1–7) treatment, acute 
administration of Ang-(1–7) (0.1 µmol/L) had no significant 
effect on renal pressor response to Ang II (Figure S2). To 
examine a potential influence of chronic Ang-(1–7) treatment 
on gene expression, mRNA levels of ACE2, AT1aR, AT2R, 
and the Mas-receptor were determined by quantitative poly-
merase chain reaction. As shown in Figure S3, chronic Ang-
(1–7) treatment did not influence the expression levels of these 
candidate genes.

Ang-(1–7) Reduces ROS Generation Through a 
p47phox-Dependent Mechanism
Recently, it has been reported that ROS production is 
increased in apoE(−/−) mice.27 To test whether Ang-(1–7) 
affects ROS production, renal oxygen radical levels and 

Table.  Systolic Blood Pressure and Lipid Profile of Groups on High-Fat Diet at Age of 18 weeks (12 Weeks of High-Fat Diet)

Characteristics WT apoE(−/−) apoE(−/−)+Ang-(1–7) Mas(−/−)/apoE(−/−)
Mas(−/−)/ 

apoE(−/−)+Ang-(1–7)

Systolic blood pressure, mm Hg 110±2 108±2 107±2 113±2 114±2

Cholesterol, mmol/L 4.4±1.0 34.0±2.5† 34.9±2.6† 40.5±3.4†‡ 27.6±3.0†

Triglycerides. mmol/L 0.4±0.1 1.4±0.3 0.9±0.2 1.68±0.3* 1.28±0.2

Data are mean±SEM (for lipid profile: WT, n=5; apoE(−/−): n=10; apoE(−/−)+Ang-(1–7): n=9; Mas(−/−)/apoE(−/−): n=8; Mas(−/−)/apoE(−/−)+Ang-(1–7): n=10 and 
for blood pressure, each group: n=5). Significant differences are marked: *P<0.05, †P<0.001, group comparison vs WT. ‡P<0.05: Mas(−/−)/apoE(−/−) vs Mas(−/−)/
apoE(−/−)+Ang-(1–7). One-way ANOVA followed by Bonferroni multiple comparison post hoc test. Ang-(1–7) indicates Angiotensin-(1–7); apoE(−/−), apolipoprotein 
E–deficient mice; and WT, wild type
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urinary 8-isoprostane excretion were measured. As shown in 
Figure 2A and 2B, chronic Ang-(1–7) treatment significantly 
reduced urinary 8-isoprostane levels and lucigenin-enhanced 
chemiluminescence in renal cortex samples.

To examine the influence of Ang-(1–7) treatment on ROS 
production, we analyzed the expression levels of subunits of 
the NADPH enzyme family in renal cortex lysates. Expression 
of the NADPH oxidase subunit p47phox, an Ang II inducible 
NADPH subunit, was significantly increased in apoE(−/−) 
compared with WT mice.28 Interestingly, Ang-(1–7) treat-
ment restored p47phox expression to WT levels, suggesting 
that Ang-(1–7) affects ROS abundance through modulation of 
NADPH oxidase expression (Figure 2C).

Chronic Ang-(1–7) Treatment Improves Vascular 
Function by Reducing MAPK p38 Activation
To evaluate whether Ang-(1–7) reduces vascular reactivity 
through a p38 MAPK-mediated mechanism, we measured 
p38 MAPK activity in renal cortex and preglomerular resis-
tance vessel samples. Phospho-p38/p38 ratio was increased 
in apoE(−/−) compared with WT mice (Figure 3A and 3B). 
Chronic Ang-(1–7) treatment restored the level of phospho-p38 
MAPK to WT levels (Figure 3A and 3B). To confirm whether 
the increased p38 MAPK activation is responsible for the aug-
mented vascular reactivity to Ang II, renal pressor response 
to Ang II was measured in the presence or in the absence of 
the specific p38 MAPK inhibitor SB203580 (5 µmol/L). In 

Figure 1. A, Angiotensin (Ang) II–induced pressor response is increased in kidneys of apolipoprotein E–deficient (apoE(−/−)) mice (n=14) 
compared with wild-type (WT) mice (n=23). Chronic Ang-(1–7) restores Ang II–induced pressor response in kidneys of apoE(−/−) to WT 
levels (n=9). Data represent mean±SEM. **P<0.01, ***P<0.001: WT vs apoE(−/−). +P<0.05, ++P<0.01 WT vs apoE(−/−)+[Ang-(1–7)], 
#P<0.05, ##P<0.01, ###P<0.001 apoE(−/−) vs apoE(−/−)+Ang-(1–7). Two-way ANOVA for repeated measurements followed by Bonferroni 
correction post hoc test. B, Western blot analysis of preglomerluar vessel lysates evaluating total abundance of phospho-myosin light 
chain (MLC20). WT vs apoE(−/−): 0.77±0.05 vs 1.37±0.10, ***P<0.001; apoE(−/−) vs apoE(−/−)+Ang-(1–7): 1.37±0.10 vs 0.74±0.09, 
+++P<0.001; WT vs apoE(−/−)+Ang-(1–7): 0.77±0.05 vs 0.74±0.09, #P=NS; n=8; each group. Data represents mean±SEM. One-way 
ANOVA followed by Bonferroni multiple comparison post hoc test. C, Exemplary Western blot of preglomerular vessel lysates for 
phospho-MLC20.

Figure 2. A, Twenty-four–hour urinary 8-isoprostane levels were measured in wild-type (WT; n=9), apolipoprotein E–deficient (apoE(−/−)) 
mice (n=10) and angiotensin (Ang)-(1–7)–treated apoE(−/−) mice (n=9). Urinary 8-isoprostane levels were not significantly different 
in apoE(−/−) when compared with WT mice. Chronic Ang-(1–7) treatment reduced urinary 8-isoprostane levels significantly. Data 
represent mean±SEM (*P<0.05). Kruskal–Wallis test followed by Dunn multiple comparison post hoc test. B, Lucigenin-enhanced 
chemiluminescence in kidney cortex tissue from apoE(−/−) mice and Ang-(1–7)–treated apoE(−/−) mice (n=4). Counts per milligram over 
time were significantly reduced in Ang-(1–7)–treated animals when compared with nontreated apoE(−/−) mice (two-way ANOVA analysis, 
group effect: *** P<0.001). C, Representative immunoblots and densitometric analysis of renal cortex lysates evaluating total abundance 
of nicotinamide adenine dinucleotide phosphate (NADPH) subunit p47phox in WT, apoE(−/−), and Ang-(1–7)–treated apoE(−/−) mice. 
WT vs apoE(−/−): 1.54±0.14 vs 2.35±0.28, *P<0.5; apoE(−/−) vs apoE(−/−)+Ang-(1–7): 2.35±0.28 vs 1.31±0.10, ++P<0.01; WT vs 
apoE(−/−)+Ang-(1–7): 1.54±0.14 vs 1.31±0.10, #P=NS; n=4; each group. Data represents mean±SEM. One-way ANOVA followed by 
Bonferroni multiple comparison post hoc test.
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kidneys of WT mice, pressor response induced by Ang II 
was not significantly different with or without MAPK p38 
inhibition (Figure 3C). However, in apoE(−/−) mice, pressor 
response to Ang II was significantly attenuated in the presence 
of SB203580 (5 µmol/L; Figure 3D). In contrast, acute p38 
MAPK inhibition did not significantly affect Ang II–induced 
pressor response in apoE(−/−) mice chronically treated with 
Ang-(1–7), confirming the effect of Ang-(1–7) treatment on 
p38 MAPK-mediated vascular reactivity (Figure 3E). To eval-
uate whether the increased renal pressor response to Ang II is 
solely related to increased p38 activity, we performed additional 
experiments with the specific extracellular-signal-regulated 

kinase (ERK) 1/2 inhibitor PD98059 (5 µmol/L). PD98059 
had no effect in WT or apoE(−/−) mice (Figure S4).

Deletion of Mas-Receptor Abolishes Ang-(1–7) 
Effect in ApoE(−/−)
To test whether the observed effects of Ang-(1–7) were medi-
ated by Mas-receptor activation, we generated Mas(−/−)/
apoE(−/−) double-knockout mice. In Mas(−/−)/apoE(−/−) 
double-knockout mice, chronic Ang-(1–7) treatment did not 
influence renal pressor response (Figure 4A) and urinary 
8-isoprostane excretion (Figure 4B). SB203580 (5 µmol/L) 
significantly reduced pressor responses to Ang II in kidneys of 

Figure 3. A, Western blot analysis of renal cortex 
lysates evaluating the phospho-p38/p38 mitogen-
activated protein kinase (MAPK) ratio. Ratio was 
increased in apolipoprotein E–deficient (apoE(−/−)) 
mice when compared with wild-type (WT) and 
apoE(−/−) mice treated with angiotensin (Ang)-(1–7). 
WT vs apoE(−/−): 1.00±0.03 vs 2.83±0.24, *P<0.5; 
apoE(−/−) vs apoE(−/−)+Ang-(1–7): 2.83±0.24 vs 
1.29±0.10, ++P<0.01; WT vs apoE(−/−)+Ang-(1–7): 
1.00±0.03 vs 1.29±0.10, #P=NS; n=4; each group. 
One-way ANOVA followed by Bonferroni multiple 
comparison post hoc test. A representative 
Western blot of p38 and phospho-p38 MAPK 
expression in renal cortex lysates is shown. 
B, Western blot analysis of preglomerluar 
vessel lysates evaluating total abundance 
of phospho-p38 MAPK. WT vs apoE(−/−): 
0.65±0.11 vs 2.00±0.18, ***P<0.001; apoE(−/−) 
vs apoE(−/−)+Ang-(1–7): 2.00±0.18 vs 1.14±0.10, 
+++P<0.001; WT vs apoE(−/−)+Ang-(1–7): 
0.65±0.11 vs 1.14±0.10, #P=NS; n=8; each group. 
Data represent mean±SEM. One-way ANOVA 
followed by Bonferroni multiple comparison post 
hoc test. C, Ang II–induced pressor response 
is not altered in the presence of the p38 MAPK 
inhibitor SB203580 (5 µmol/L) in kidneys of WT 
mice. (WT, n=23; WT+SB203580, n=14). D, In 
kidneys of apoE(−/−) mice, p38 MAPK inhibition 
(SB203580; 5 µmol/L) significantly attenuated 
Ang II–induced pressor response. (apoE(−/−), 
n=14; apoE(−/−)+SB203580, n=11). E, Pressor 
response to Ang II in isolated, perfused kidneys 
of apoE(−/−) mice treated with Ang-(1–7): p38 
MAPK inhibition had no significant effect on Ang 
II–induced vasoconstriction (apoE(−/−)+Ang-(1–7), 
n=9; apoE(−/−)+Ang-(1–7)+SB203580, n=6). 
C–E, Data represents mean±SEM; (C) P=NS 
WT vs WT+SB203580; (D) **P<0.01, ***P<0.001: 
apoE(−/−) vs apoE(−/−)+SB203580; and (E) 
P=NS, apoE(−/−)+Ang-(1–7) vs apoE(−/−)+Ang-
(1–7)+SB203580. Two-way ANOVA for repeated 
measurements followed by Bonferroni correction 
post hoc test.
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Mas(−/−)/apoE(−/−) double-knockout mice (Figure 4C) in a 
similar manner as seen in single apoE(−/−) mice (Figure 3D).

Chronic Inhibition of p38 MAPK Ameliorates Ang 
II–Dependent Vasoreactivity and Systemic Pressor 
Response
To elucidate whether decreased p38 MAPK activity observed 
in Ang-(1–7)–treated mice is causative for the reduced renal 
pressor response to Ang II, we tested vascular reactivity in vivo 
and ex vivo after chronic p38 MAPK inhibition. Therefore, 
apoE(−/−) mice (group 4) were fed either on an oral p38 
MAPK inhibitor (BIRB796, 50 mg/kg per day) or a placebo. 
In acute infusion experiments (in vivo) and in isolated per-
fused kidneys (ex vivo), Ang II–dependent pressor response 
was significantly attenuated in apoE(−/−) mice chronically 
treated with BIRB796 compared with placebo-treated animals 
(Figure 5A and 5B).

Discussion
Hypercholesterolemia is an important risk factor for vascu-
lar dysfunction, atherosclerosis, and hypertension. ApoE(−/−) 
mice subject to high-fat Western diet are characterized by a 
pronounced vascular dysfunction and rapid progression of 
atherosclerosis, which is a result of impaired clearance of 
low-density lipoprotein, leading to downregulation of ROS 
scavenging mechanisms.9,24,29 In these mice, mechanisms of 
proper vasorelaxation and vasoconstriction are compromised 
because of hypercholesterolemia.7,27,30 Previously, we showed 
that apoE(−/−) fed on a high-fat diet exhibit impaired endo-
thelial-dependent vasorelaxation.24 Chronic Ang-(1–7) treat-
ment improved NO bioavailability and, therefore, ameliorated 
endothelial dysfunction in these mice.

In the present study, we show that pressor response to Ang 
II is significantly increased in apoE(−/−) renal resistance ves-
sels compared with WT animals and that chronic Ang-(1–7) 
treatment abolished the elevated pressor response to Ang II. 
Therefore, Ang-(1–7) does not only ameliorate endothelial 

dysfunction but also normalizes vasoconstriction in response 
to Ang II.

Ang II induces vasoconstriction through the activation 
of the AT1R.31 ApoE(−/−) mice are susceptible to Ang II–
induced hypertension because chronic Ang II infusion causes 
increased endothelial dysfunction and accelerated progres-
sion of atherosclerosis.8 This influence is attributed to higher 
ROS abundance and a sustained inflammatory response in 
the vasculature.9,32 Because Ang-(1–7) seems to counteract 
AT1R–mediated effects, it is coherent that inhibition of Ang-
(1–7) generation in ACE2-deficient apoE(−/−) mice accentu-
ated vascular inflammation.21 Hence, Ang-(1–7)–mediated 
activation of the Mas-receptor attenuated atherogenesis in 
apoE(−/−) mice.22,25,33 These studies clearly indicate a ben-
eficial role of Ang-(1–7) in atherogenesis. However, little is 

Figure 4. A, Angiotensin (Ang) II–induced pressor response is similar in kidneys of Mas(−/−)/apoE(−/−) and Mas(−/−)/apoE(−/−)+Ang-(1–7) 
mice. Mas(−/−)/apoE(−/−): n=6; Mas(−/−)/apoE(−/−)+Ang-(1–7): n=8. Data represents mean±SEM (P=NS). Two-way ANOVA for repeated 
measurements followed by Bonferroni correction post hoc test. B, Twenty-four–hour urinary 8-isoprostane levels were measured 
in Mas(−/−)/apoE(−/−) mice (n=8) and Mas(−/−)/apoE(−/−) mice treated with Ang-(1–7) (n=10). Urinary 8-isoprostane levels were not 
significantly different. Data represents mean±SEM; P=NS (Mann–Whitney U test). C, Ang II–induced pressor response is significantly 
reduced in kidneys of Mas(−/−)/apoE(−/−) treated with mitogen-activated protein kinase p38-inhibitor SB203580. Mas(−/−)/apoE(−/−): 
n=8; Mas(−/−)/apoE(−/−)+SB203580: n=10. Data represents mean±SEM (**P<0.01, ***P<0.001). Two-way ANOVA for repeated 
measurements followed by Bonferroni correction post hoc test. apoE(−/−) indicates apolipoprotein E–deficient mice.

Figure 5. A, Angiotensin (Ang) II–induced pressor response is 
significantly higher in kidneys of placebo-treated apolipoprotein 
E–deficient (apoE(−/−)) mice (n=4) when compared with 
apoE(−/−) on an oral p38 mitogen-activated protein kinase 
(MAPK)-inhibitor (BIRB796; n=6). Data represent mean±SEM 
(*P<0.05, ***P<0.001). Two-way ANOVA for repeated measure-
ments followed by Bonferroni correction post hoc test. B, 
Acute Ang II–induced increase in mean arterial pressure in 
acute infusion experiments is significantly lower in apoE(−/−) 
mice treated with an oral MAPK p38-inhibitor when compared 
with placebo-treated animals (n=4). Data represent mean±SEM 
(*P<0.05). Two-way ANOVA for repeated measurements followed 
by Bonferroni correction post hoc test.
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known on changes in vascular function in apoE(−/−) mice and 
the effect of Ang-(1–7) treatment.

Here, we demonstrate that increased contractility in 
apoE(−/−) mice is accompanied by an increased phosphory-
lation of MLC

20
 in preglomerular resistance vessels. Higher 

basal MLC
20

 phosphorylation increases contraction at a 
given Ca2+ concentration.34 Because the p38 MAPK/MK2-
pathway causes MLC

20
 phosphorylation, and p38 MAPK is 

activated by ROS, inflammatory cytokines, and hypertonicity, 
we hypothesized that ROS-mediated activation of p38 MAPK 
might have a direct effect on vessel contractility by increased 
MLC

20
 phosphorylation.15,16

We show that p38 MAPK activity is significantly elevated in 
preglomerular resistance vessels and renal cortex of apoE(−/−) 
mice. Because the expression of the inducible NADPH sub-
unit p47phox was significantly increased in apoE(−/−) mice 
compared with WT mice, our data indicate an increase in ROS 
production capability, which in turn activates p38 MAPK. 
p47phox is a key component of NADPH oxidase enzyme 
complex and plays an important role in ROS production in 
the vasculature.35 Accordingly, specific markers of ROS are 
increased in apoE(−/−) compared with WT mice. It has been 
demonstrated that p47phox contributes significantly to vascu-
lar damage in apoE(−/−) mice because it is essential for the 
development of Ang II–dependent hypertension and athero-
sclerosis.36–38 In addition, deletion of p47phox resulted in an 
attenuated vasoconstrictor response to Ang II and decreased 
ROS production.39 In line with these observations, our data 
confirm that the elevated pressor response to Ang II seen in 
apoE(−/−) mice is caused by ROS-mediated p38 MAPK acti-
vation and subsequent MLC

20
 phosphorylation.

Accordingly, we demonstrate that acute inhibition of p38 
MAPK with SB203580, as well as chronic inhibition of 
p38 MAPK by oral application of BIRB796, reduced pres-
sor response to Ang II (in vivo and ex vivo). This effect was 
not observed using an ERK 1/2 inhibitor. Our results are in 
line with previous studies showing that increased p38 MAPK 
activity enhances vascular contractility in vitro and in vivo.40,41

A possible contributor counteracting the exaggerated 
pressor response to Ang II might be increased Ang-(1–7)–
mediated NO bioavailability. However, we previously 
showed that Ang-(1–7) treatment cannot even closely 
restore NO bioavailability in apoE(−/−) as found in WT 
mice.24 Recently, it has been acknowledged that Ang-(1–7) 
plays an important role in the control of ROS level in 
the renal vasculature and affects p38 MAPK signaling in 
pathophysiological conditions.24,42–44 For instance, chronic 
Ang-(1–7) treatment improved endothelial dysfunction and 
attenuated the progression of atherosclerosis in apoE(−/−) 
mice by reducing ROS production.24,25,33 In contrast, ACE2 
deficiency causes a marked increase in oxidative stress, 
which has been attributed to the diminished generation 
of Ang-(1–7) by ACE2 deficiency as a counter regulatory 
mechanism to Ang II.45 In addition, cardiac overexpression 
of Ang-(1–7) improved Ang II–dependent cardiac hyper-
trophy by reducing p38 MAPK activity.46 Therefore, we 
hypothesized that other mechanisms, independent from NO, 
might contribute to the attenuated pressor response to Ang 
II seen in Ang-(1–7)–treated apoE(−/−) mice.

Here, we demonstrate that chronic Ang-(1–7) in apoE(−/−) 
mice reduced the abundance of phosphorylated MLC

20
 in 

preglomerular resistance vessels of apoE(−/−) mice. Hence, 
these mice showed attenuation of renal pressor response to 
Ang II. This was accompanied by reduced renal p38 MAPK 
activity in renal cortex and preglomerular resistance vessels 
and a reduction in ROS generation. In addition, chronic treat-
ment with Ang-(1–7) decreased the expression of the NADPH 
oxidase subunit p47phox in apoE(−/−) mice and subsequently 
ROS generation in renal cortex samples. Thus, our study 
clearly indicates that chronic Ang-(1–7) application attenu-
ated the elevated pressor response to Ang II through a ROS/
p38 MAPK-dependent mechanism.

The present study cannot give a clear statement whether 
the effects of Ang-(1–7) are the result of immediate actions or 
because of the chronic treatment. However, acute Ang-(1–7) 
infusion did not affect Ang II–dependent pressor response in 
apoE(−/−) significantly and, thus, our results suggest no direct 
effect on p38 MAPK activity. We demonstrate that chronic 
Ang-(1–7) treatment reduces p47phox-dependent ROS gen-
eration and thereby decreases p38 MAPK activation to a basal 
level seen in WT mice. This is supported by the fact that p38 
MAPK inhibition had no effect in WT mice. It has been sug-
gested that Ang-(1–7) exerts its beneficial effects through 
AT2R activation or AT1R inhibition.19,47,48 Nevertheless, there 
is growing evidence that Mas-receptor signaling seems to 
be the predominant pathway for Ang-(1–7)–mediated ben-
eficial effects on atherosclerosis and vascular function.25,33 In 
Mas(−/−)/apoE(−/−) double-knockout mice, chronic Ang-(1–7) 
treatment neither affected Ang II–induced pressor response 
nor decreased urinary 8-isoprostane excretion. These results 
support the importance of Mas-receptor–mediated action of 
Ang-(1–7) in this model and exclude any nonspecific effect or, 
for example, the dependency on AT2R signaling. Interestingly, 
cholesterol levels in untreated double-knockout mice were 
significantly higher when compared with Ang-(1–7)–treated 
mice. Because vascular function did not differ between Ang-
(1–7)–treated and untreated Mas(−/−)/apoE(−/−) mice, the 
relevance of this finding remains unclear.

In conclusion, our experiments offer strong evidence that 
increased ROS-mediated p38 MAPK activity is the underlying 
cause for the elevated pressor response to Ang II in hypercho-
lesterolemic apoE(−/−) mice. Chronic Ang-(1–7) treatment 
restores the pressor response to Ang II through a p47phox-
dependent reduction of ROS. Because increased ROS is a key 
mechanism of p38 MAPK activation, Ang-(1–7)–mediated 
decrease of ROS is one of the underlying mechanisms in res-
toration of normal vascular function. Deficiency of the Mas-
receptor abolishes any action of Ang-(1–7). This indicates the 
crucial role of Mas-receptor activation in this model and sup-
ports the view that the Mas-receptor could be a future target 
for pharmaceutical treatment in cardiovascular disease.

Perspectives
In the present study, we demonstrated that increased vasore-
activity to Ang II in renal resistance vessels of hypercholester-
olemic apoE(−/−) mice is caused by an increased p38 MAPK 
activity. Acute and chronic inhibition of p38 MAPK inhibition 
in vivo and ex vivo confirms its pivotal role. In these mice, the 
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p38 MAPK is activated through a ROS/p47phox mechanism. 
This mechanism might explain the crucial role of p47phox 
in Ang II–dependent hypertension seen by others. However, 
more studies are needed to show a direct effect of tissue-spe-
cific deletion of p38 MAPK on blood pressure regulation.

In addition, our study showed that chronic Ang-(1–7) treat-
ment attenuates the increased pressor response to Ang II by a 
significant reduction in ROS generation and p47phox abun-
dance and hence attenuation of p38 MAPK activity. In this 
setup, for the first time, using double-knockout mice deficient 
of the Mas-receptor and apoE, we showed that the benefi-
cial effects of Ang-(1–7) treatment were dependent on Mas-
receptor signaling. Hence, any effects on vasoreactivity and 
ROS were abolished in the double-knockout mice. Therefore, 
the Mas-receptor seems to be a promising target for interven-
tion in hypercholesterolemia.
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What Is New?

In apolipoprotein E–deficient mice (apoE(−/−)), vasoreactivity to an-
giotensin II (Ang II) is increased in renal resistance vessels by reactive 
oxygen species/p47phox-mediated increase of p38 mitogen-activated 
protein kinase activity. Chronic Ang-(1–7) treatment restores the Ang II 
pressor response to levels seen in wild-type animals. Ang-(1–7) exerts 
its effects via the Mas-receptor, causing decreased oxidative stress and 
subsequent reduction of p38 mitogen-activated protein kinase activity.

What Is Relevant?

Ang-(1–7) counteracts increased vasoreactivity to Ang II in apoE(−/−) 
mice in a Mas-receptor–dependent manner.

Summary

Increased p38 mitogen-activated protein kinase activity is respon-
sible for increased vasoreactivity to Ang II in apoE(−/−). Ang-(1–7) 
treatment attenuates the increased vasoreactivity by reducing re-
active oxygen species and consequently p38 mitogen-activated 
protein kinase activity.

Novelty and Significance
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Supplement – Materials and Methods 

Animal treatment 

In this study, apoE (-/-) mice were fed a high fat diet in order to accelerate the 
progression of endothelial dysfunction due to progressing atherosclerosis. WT 
animals fed a high fat diet served as healthy controls. Ang-(1-7) treatment was 
introduced 6 weeks after the start of the high fat diet as an interventional treatment. 
The rational of this study design was to treat after occurrence of vascular injury.  

At age 6 weeks, all groups were set on a high fat “western diet” (Sniff, Soest, 
Germany) (42 % fat, 0.15 % cholesterol) for 12 weeks.  
Group 1: WT untreated for 6 weeks and treated with saline for consecutive 6 weeks 
(osmotic minipump, Alzet Model 1004) 

Group 2: apoE (-/-) untreated for 6 weeks and treated with saline for consecutive 6 
weeks (osmotic minipump, Alzet Model 1004) 

Group 3: apoE (-/-) untreated for 6 weeks and treated with Ang-(1-7) (82 μg/kg/hr) for 
consecutive 6 weeks (osmotic minipump, Alzet Model 1004) 

Group 4:  apoE (-/-) treated for 12 weeks with an oral p38-inhibitor (BIRB796, 50 
mg/kg/day, high fat diet preparation containing the inhibitor), after 6 weeks additional 
treatment with saline for consecutive 6 weeks (osmotic minipump, Alzet Model 1004). 
26  

Group 5: Mas (-/-) / apoE (-/-) untreated for 6 weeks and treated with saline for 
consecutive 6 weeks (osmotic minipump, Alzet Model 1004) 

Group 6: Mas (-/-) / apoE (-/-) untreated for 6 weeks and treated with Ang-(1-7) (82 
μg/kg/hr) for consecutive 6 weeks (osmotic minipump, Alzet Model 1004) 

All animals were sacrificed at the age of 18 weeks. 

Isolated perfused mouse kidney 

Mice were anesthetized by i.p. injection with Ketamin (100 mg/kg) and Xylazin (5 
mg/kg). Kidneys were isolated microscopically (Olympus CO11) and perfused with 
Krebs-Henseleit buffer according to an amended method described previously.1 
Changes in perfusion pressure reflected changes in vascular resistance of renal 
resistance vessels immediately after preparation, a bolus injection of 60 mM KCl was 
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delivered to test the viability of the preparation followed by a stabilization period of 30 
min. After the stabilization period, renal vasoconstriction was induced by increasing 
concentrations of Angiotensin II (Sigma-Aldrich) in the presence or absence of the 
specific p38 MAPK inhibitor SB203580 (5 μM; Sigma-Aldrich), the ERK1/2 inhibitor 
PD98059 (5 μM; Sigma-Aldrich) or Ang-(1-7) (0.1 μM; Bachem). Increase in pressor 
response was measured in mmHg.  

Acute infusion experiments 

18 weeks old apoE (-/-) (group 2 and 4) mice were anesthetized by i.p. injection with 
Ketamin (100 mg/kg) and Xylazin (5 mg/kg). Mice were placed on a heating plate to 
ensure constant body temperature at approx. 36 °C. Left carotid artery was 
cannulated for continuous measurement of mean arterial pressure (MAP). Left 
jugular vein was cannulated for application of increasing doses of Ang II (bolus of 
0.1, 1, 10 μM/kgBW). Change in mean arterial pressure (MAP) was measured for 
each concentration of Ang II.  

Systolic blood pressure measurement  

Systolic blood pressure (BP) was measured non-invasively by tail-cuff 
sphygmomanometer using a BP-98A device (Softron, Japan). Mice were trained for 4 
days prior to evaluation of BP. BP was measured for 5 days at the end of the 
observational period (week 18). 

Isolation of preglomerular vessels 

Preglomerular vessels, containing mainly interlobular arteries and afferent arterioles, 
were isolated by a modified iron oxide-sieving technique as described previously.2 
The kidneys were perfused via cannulation of the aorta, smaller needles (G20, G23) 
and pores sieves (100 μm) were used for tissue separation and separation of renal 
particles, respectively.  

Quantification of urinary 8-isoprostane concentration  

24-h urine samples were collected in metabolic cages at the end of the experimental 
period. Urinary concentrations of 8-isoprostane were measured using a colorimetric-
assay kit (Cayman Chemical Company) and normalized to urinary creatinine 
concentration. 

Immunoblotting for p38 MAPK and phospho-p38 MAPK 

Renal cortex tissue of pre-glomerular vessels were placed into ice-cold 1 % Triton 
lysis buffer (containing a protease inhibitor cocktail (Sigma Aldrich)) and were 
immediately homogenized. Lysates were centrifuged at 15,000 x g for 10 min at 4 ºC. 
Protein concentrations from the supernatant were measured using a Bradford assay 
(Bioassay Systems). After dithiothreitol treatment (100 mM) and denaturation (5 min 
at 95 °C), 30 μg of total protein were loaded onto 10 % SDS-PAGE gels and then 
transferred to nitrocellulose membranes according to manufacturer’s instructions (X-
Cell Blot Module, Invitrogen). Membranes were treated with blocking buffer (5 % 
BSA, and 0.1 % tween 20 in PBS) for 1h at room temperature and then incubated 
either with primary monoclonal rabbit anti-p38 antibody (1:750) (Cell Signalling 
Technology) or primary monoclonal rabbit anti-phospho-p38 antibody (1:1300) (Cell
Signalling Technology), and rabbit anti- -actin (1:2000), (Santa Cruz Biotechnology) 
over-night. Bound primary antibody was detected with anti-rabbit HRP conjugated 
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secondary antibody (1:10000) (Dako, Germany) by 60 min incubation at room 
temperature. Antibody labelling was visualized by the addition of a 
chemiluminescence reagent. Chemiluminescence was visualized using a FluorChem 
FC2 Imager (Alpha Innotec, USA). Immunoblots from each tissue were performed in 
triplicates.  

Immunoblotting for phospho-MLC20

Pre-glomerular vessel tissue was lysed and processed as described above. 
Polyclonal rabbit anti-phospho-MLC20 antibody was used as primary antibody (1:500) 
(Acris Antibodies GmbH). Bound primary antibody was detected with anti-rabbit HRP 
conjugated secondary antibody (1:50000) (Dako, Germany) by 60 min incubation at 
room temperature. Assessment of chemiluminescence was performed as described 
above. Reference protein was alpha-actin (1:2000). 

Immunoblotting for p47phox (renal cortex) 

Renal cortex tissue was lysed and processed as described above. Polyclonal rabbit 
anti-p47phox antibody was used as primary antibody (1:200) (Santa Cruz 
Biotechnology). Bound primary antibody was detected with anti-rabbit HRP 
conjugated secondary antibody (1:10000) (Dako, Germany) by 60 min incubation at 
room temperature. Assessment of chemiluminescence was performed as described 
above.  

Quantitative real time RT-PCR (qPCR) 

Kidney cortex samples were analyzed for relative expression levels (mRNA) of AT1a-
receptor (AT1a), AT2-receptor (AT2), angiotensin converting enzyme 2 (ACE2) and 
Mas-receptor (MasR). After homogenization of tissue with a Tissue Ruptor (Qiagen, 
Germany), total RNA was isolated using a RNA Micro Kit (Qiagen, Germany) 
according to the manufacturer’s instructions. Quantitative real time RT-PCR was 
performed with an ABI PRISM 7300 (Applied Biosystem, Germany) and the SYBR 
Green master mix (Qiagen, Germany). The PCR reaction was performed in a total 
volume of 20 μl with 1 μl cDNA corresponding to 50 ng RNA as template. 

The PCR conditions were 15 min at 95 °C, followed by 40 cycles (denaturation at 95 
°C for 15 s, annealing at 58 °C for 30 s, extension at 72 °C for 34 s, detection at 79 
°C for 34 s). Experiments were performed in duplicates. 18S ribosomal RNA was 
chosen as the endogenous control (housekeeping gene). The levels of targeted 
genes were normalized to 18S rRNA expression. Data was analyzed using the 
DeltaCT-method. Statistical analysis was performed with a one-way ANOVA for 
repeated measurements followed by Bonferroni correction post-hoc test. 

The following primer sequences were used: 18S ribosomal RNA (QuantiTect Primer 
Assays, Qiagene, Cat-N° QT00324940), MasR: forward: 
TTGTGGGCAGCAGTAAGAAGA, reverse: ATGGATACAGTGTTGCCGTTG. ACE2: 
forward: TCTGGGCAAACTCTATGCTGA, reverse: TGATGGGCTGTCAAGAAGTTG. 
AT2: forward: ACCTGCATGAGTGTCGATAGGT, reverse: 
CTGACATCCCGGAAATAAAATG. AT1a: forward: GCTTGGTGGTGATCGTCACC, 
reverse: GGGCGAGATTTAGAAGAACG. 

Lucigenin superoxide detection  
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Lucigenin-enhanced chemiluminescent detection of superoxide production in kidney 
cortex of apoE (-/-) on western diet treated with or without Ang-(1-7) (group 2 and 3) 
was performed as described previously.3 Briefly, freshly cleaned and harvested 
thoracic aortic and kidney cortex segments were equilibrated in Krebs-HEPES buffer 
for 30 min at 37 oC. Aortic and kidney segments were transferred to vials containing 
albumin buffer enriched with 5 μM lucigenin, and chemiluminescence was recorded 
every 2 min for 20 min using Packard Luminometer Analyzer (Picolite A6112, 
Packard, Downers Grove, IL, USA).  Background readings were subtracted from 
sample reading and results are expressed as counts/min/mg tissue dry weight (mean 
± SEM). 
Statistics 

Data are expressed as mean ± SEM (n=number of animals). Student's t-test was 
used to compare means of two groups with Gaussian distribution. Multiple 
comparison of more than two groups with Gaussian distribution were analysed by 
one-way ANOVA followed by Bonferroni’s multiple comparison post-hoc test. 
Statistical analyses of data of two groups in which Gaussian distribution was not 
normal (or could not be assumed) were analysed by the Mann-Whitney-U-Test. 
Statistical analyses of data of more than two groups in which Gaussian distribution 
was not normal (or could not be assumed) were analysed by the Kruskal-Wallis-Test 
followed by Dunn’s multiple comparison post-hoc test. Differences between dose-
response curves were analysed by two-way ANOVA for repeated measurements 
followed by Bonferroni correction post-hoc test. 

Probability levels of p < 0.05 were considered statistically significant. If applicable, a 
higher level of statistical significance is stated (p < 0.01, p < 0.001). The number of 
experiments (n) refers to the number of mice or the number of individual samples. 
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S1: Ang II-induced pressor response in isolated perfused kidney from WT mice was 
not significantly different if treated chronically with Ang-(1-7) (82μg/kg/hr) (WT: n= 5; 
WT + Ang-(1-7): n=7) (p=NS). Two-way ANOVA for repeated measurements 
followed by Bonferroni correction post-hoc test 
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S2: Acute Ang-(1-7) (0.1μM) administration did not influence Ang II-induced pressor 
response in isolated perfused kidney of non-treated apoE (-/-) mice significantly (n=6; 
each group) (p=NS). Two-way ANOVA for repeated measurements followed by 
Bonferroni correction post-hoc test. 
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S3: Comparison of relative gene expression (mRNA level) of RAS-related genes in 
WT vs. apoE (-/-) vs. apoE (-/-) + Ang-(1-7). (n=4; each group) There was no 
significant difference in gene expression. (real time PCR data for AT1aR, AT2R, 
ACE2, MasR. deltaCT to 18s expression normalized to WT expression). p=NS. One-
way ANOVA for repeated measurements followed by Bonferroni correction post-hoc 
test.  
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S4: Ang II-induced pressor response is not influenced by MEK 1/2-inhibition neither 
in kidneys of WT (A; n=11 each group) nor apoE (-/-) (B; n=5 each group) mice. 
P=NS for apoE (-/-) versus apoE (-/-) + PD98059. P=NS for WT versus WT + 
PD98059. Two-way ANOVA for repeated measurements followed by Bonferroni 
correction post-test.  
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Introduction

During the past decades, control rates and treatment 

options for hypertension have improved; however, hyper-

tension is still the leading risk factor of mortality and mor-

bidity in the world.1 The need for better pharmaceutical 

treatment options remains high.2,3 Understanding the 

mechanisms which lead to hypertension and vascular dys-

function may contribute to the development of new poten-

tial targets for drug therapy.

Previously, we and others have shown that p38 mitogen-

activated protein kinase (MAPK) is involved in myogenic 

control of the vascular wall in resistance vessels.4 In  

addition, angiotensin II (Ang II)-dependent p38 MAPK 

activation is involved in vascular smooth muscle cell con-

traction via p38 MAPK-dependent phosphorylation of the 
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myosin light chain (MLC20).
5–9 Besides increases in con-

tractile response, Ang II-dependent hypertension promotes 

changes in vascular wall structure and increases stiffening. 

This process is promoted by vascular inflammation and 

fibrosis.10,11 Activation of p38 MAPK through Ang II is 

attributed to the increased generation of reactive oxygen 

species (ROS) causing vascular smooth muscle cell hyper-

trophy.12,13 In central blood vessels such as the aorta, stiff-

ening of the wall reduces the capacitance properties that 

usually dampen systolic blood pressure (SBP) elevation. 

Loss of this function leads to augmentation of the SBP and 

exaggerates hypertension.14–16 Augmentation of SBP with 

increased stiffening is a strong predictor of increase of car-

diovascular morbidity and mortality17,18; however, whether 

chronic p38 MAPK directly influences vascular function 

and reduces blood pressure remains unclear. Therefore, the 

aim of the present study was to examine whether Ang 

II-induced hypertension or hypertension-mediated changes 

in vascular function are dependent on p38 MAPK activa-

tion. We hypothesized that p38 MAPK inhibition would 

ameliorate Ang II-induced hypertension and influence Ang 

II-mediated changes in the vasculature. To test this hypoth-

esis, we examined the effect of orally available p38 MAPK 

inhibition through BIRB796, in C57Bl/6 mice.

Materials and methods

Animal care

We obtained 12 week old wild type (WT) mice from an 

in-house breed at the local animal care facility. The mice 

were bred on a C57Bl/6J background. Littermates were 

used as the controls. The animals were housed in Type III 

Makrolon polycarbonate cages at 45% humidity, 20–22 °C 

temperature and a 12 h day–night cycle, with free access to 

water and food. Animal housing and care, and the experi-

ments, took place at the animal care facility of Heinrich-

Heine University (Dusseldorf, Germany).

The investigations were conducted according to the US 

National Institutes of Health (NIH) Guide for Care and 
Use of Laboratory Animals (NIH, 1996), the NIH publica-

tion No. 85–23 revised in 1996. Animal treatment and 

experiments were conducted with approval of the local 

ethics committee (O68/08 and G216/08).

Animal treatment

In this study, hypertension was induced in all treatment 

groups via osmotic minipumps (ALZET Osmotic Pumps, 

model 1002, DURECT Corporation, Cupertino, CA, USA) 

with Ang II 1000 ng/min per kg of body weight (BW). 

Treatment and observation time continued throughout 14 

days. Mice were divided into two groups prior to insertion 

of the minipumps, to either treat with the orally available 

p38 MAPK inhibitor BIRB796 at a dose of 50 mg/kgBW/d 

(a generous gift of Boehringer Ingelheim Pharma GmbH 

& Co. KG, Ingelheim, Germany) or vehicle (the mouse 

chow, thus oral application) as adopted from previous 

methods.19 Treatment started 2 days prior to insertion of 

the osmotic minipumps and lasted throughout an observa-

tion time of 14 days.

For the isolated perfused kidney experiments, mice 

given a saline infusion only served as the untreated 

controls.

Treatment groups for chronic p38 MAPK inhibition 

with BIRB796 were as follows:

1. Untreated mice (C57B/6) (controls);

2. Ang II-treated C57B/6 mice (Ang II 1000 ng/kg 

BW/min) for 14 days, via vehicle; and

3. Ang II-treated C57B/6 mice (Ang II 1000 ng/kg 

BW/min) + BIRB796 (50 mg/kg BW/d) for 14 

days.

For the ex-vivo inhibition of p38 MAPK (SB203580) in 

the isolated perfused kidney and thoracic aortic rings 

experiments, mice were either infused with saline or with 

Ang II (1000 ng/kg/min) for 14 days.

Isolated perfused mouse kidney

Mice were anesthetized by intraperitoneal injection with 

ketamine (100 mg/kg) and xylazine (5 mg/kg). Their  

kidneys were isolated microscopically (Olympus CO11, 

Olympus Deutschland GmbH, Hamburg, Germany) and 

perfused with Krebs-Henseleit buffer, according to a 

method described previously.20,21 Changes in perfusion 

pressure reflected the changes in vascular resistance of 

renal vessels immediately after preparation. A bolus injec-

tion of 60 mM of potassium chloride (KCl) was delivered 

to test the viability of the preparation, followed by a stabi-

lization period of 30 min. After the stabilization period, 

renal vasoconstriction was induced by increasing concen-

trations of Ang II (Sigma-Aldrich Chemie GmbH, Munich, 

Germany). Changes in pressor responses were measured in 

mmHg. To assess vasorelaxation, renal vasoconstriction 

was induced by norepinephrine at 1 μM (Sigma-Aldrich 

Chemie GmbH), and then we assessed the concentration-

response curves of the vasodilator S-Nitrosoglutathione 

(GSNO) (Alexis Corp. / Enzo Life Sciences AG, Lausen, 

Germany). Renal vascular relaxation was calculated as the 

percentage of contraction in the pre-contracted kidneys, 

which was set as 100%.

Assessing the acute effects of p38 MAPK inhibition on 

renal vascular function, the renal pressor response was 

induced by Ang II in the presence or absence of the  

p38 MAPK inhibitor SB203580 at 5 μM (Sigma-Aldrich 

Chemie GmbH). In addition, we assessed the renal vasodila-

tor response to S-Nitrosoglutathione (GSNO) (Alexis Corp. 

/ Enzo Life Sciences AG) in pre-contracted (with 1 μM nor-

epinephrine (Sigma-Aldrich Chemie GmbH)) isolated per-

fused kidneys, in the presence or absence of SB203580.
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Aortic ring myography

We assessed vasorelaxation of the aortic rings from Ang 

II-treated mice at 14 days with a multi-wire myograph sys-

tem, as previously described.22 In short, in the presence  

of diclofenac (3 μM), the aortic rings were pre-constricted 

with norepinephrine 1 μM (Sigma-Aldrich Chemie GmbH). 

We assessed vasodilation by GSNO in the presence or 

absence of the p38 MAPK inhibitor SB203580 (Sigma-

Aldrich Chemie GmbH) at 5 μM. Aortic vasodilation was 

calculated as the percentage of contraction in the pre-

constricted aorta, which was set as 100%.

Immunoblotting for p38 MAPK and 
phospho-p38 MAPK

Renal cortex tissue was placed into ice-cold 1% Triton lysis 

buffer (containing a protease inhibitor cocktail (Sigma-

Aldrich Chemie GmbH)) and immediately homogenized. 

Lysates were centrifuged at 20,500 g for 10 min at 4 ºC. We 

measured protein concentrations using a Bradford assay 

(BioAssay Systems, Hayward, USA). After dithiothreitol 

treatment (100 mM) and denaturation (5 min at 95 °C), 30 μg 

of total protein were loaded onto 10% SDS-PAGE gels  

and then transferred to nitrocellulose membranes, according 

to the manufacturer’s instructions (X-Cell Blot Module, 

Invitrogen / Thermo Fisher Scientific Inc., Oberhausen, 

Germany). Membranes were treated with blocking buffer 

(5% bovine serum albumin (BSA) and 0.1% Tween 20 in 

phosphate buffered saline (PBS)) for 1 h at room tempera-

ture, and then incubated either with primary monoclonal 

rabbit anti-p38 antibody at 1:750 (Cell Signaling Technology, 

Europe, Leiden, The Netherlands) or primary monoclonal 

rabbit anti-phospho-p38 antibody at 1:1300 (Cell Signaling 

Technology), and then mouse anti-β-actin at 1:20,000 (Santa 

Cruz Biotechnology, Inc., Dallas, USA) overnight. Bound 

primary antibody was detected with anti-rabbit horserad-

ish peroxidase (HRP)-conjugated secondary antibody at 

1:10000 (Dako Deutschland GmbH, Hamburg, Germany) 

by 60 min incubation at room temperature. Antibody labe-

ling was visualized by the addition of a chemiluminescence 

reagent (Lumi-LightPLUS Western Blotting Substrate, 

Sigma-Aldrich Chemie GmbH). Chemiluminescence was 

visualized using a FluorChem FC2 Imager (alpha innotec / 

Protein Simple, San Jose, USA). Immunoblots from each 

tissue were performed in triplicate.

Quantification of urinary 8-isoprostane 
concentration

We measured 8-isoprostane as previously described.23 In 

short, 24-h urine samples were collected in the metabolic 

cages at the end of the experimental period. We measured 

the urinary concentrations of 8-isoprostane using a colori-

metric assay kit (Cayman Chemical Company, Ann Arbor, 

USA). This was normalized to the urinary creatinine 

concentration.

Quantification of urinary norepinephrine 
concentration

We collected the 24-h urine samples in metabolic cages, at 

the end of the experimental period. We measured the nor-

epinephrine concentrations using high performance liquid 

chromatography (HPLC), as previously described.24

Histological assessment

At the end of the experimental period, the mice were  

sacrificed. The mouse aortas were perfused with ice-cold 

PBS from the left ventricle, embedded in paraffin, and 

then the abdominal aortas were used for histological 

assessment.

Ratio of medial area to luminal area in aortas

The aortic rings were embedded in paraffin and cut in 

5-μm sections. The slides were stained using a standard 

PAS (Periodic Acid Schiff) staining protocol. Using the 

image processing software ImageJ (http://imagej.nih.gov), 

the lumen and media areas were measured separately, and 

then the ratio of media to luminal area was calculated.

Quantitative real-time PCR (qPCR)

We used the aorta wall samples to analyze the relative 

expression of RNA levels for matrix metalloproteinase-1 

(MMP-1), matrix metalloproteinase-9 (MMP-9), tissue 

inhibitor of metalloproteinase 1 (TIMP1), fibronectin and 

collagen 1. In addition, we analyzed the relative expres-

sion levels of the AT1a and AT2 receptor.

After the homogenization of tissue (Tissue Ruptor, 

QIAGEN GmbH, Hilden, Germany), the total RNA was 

isolated using a RNA Micro Kit (QIAGEN GmbH, 

Hilden), according to the manufacturer’s instructions. 

Quantitative real time PCR was performed with an ABI 

PRISM 7300 (Thermo Fisher Scientific Inc./Applied 

Biosystems, Oberhausen, Germany) and a SYBR Green 

master mix (QIAGEN GmbH, Hilden).

Our study experiments were performed in triplicate. We 

chose the 18S ribosomal RNA as the endogenous control 

(a housekeeping gene). The levels of targeted genes were 

normalized to 18S rRNA expression.

The following primer sequences for mouse cDNA were 

used:

●  MMP-1: ACACTCAAATGGTCCCAAACGAA (forward), 

GGTGTCACATCAGACCAGACC (reverse);

●  MMP-9: CACTGGGCTTAGATCATTCCA (forward), 

GCTTAGAGCCACGACCATACA (reverse);

●  TIMP1: ATCTGGCATCCTCTTGTTGCT (forward), 

GGTGGTCTCGTTGATTTCTGG (reverse);

●  Fibronectin 1: CGAGGTGACAGAGACCACAA (forward), 

CTGGAGTCAAGCCAGACACA (reverse);
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●  Collagen 1: CTGGTCCACAAGGTTTCCAAG (forward), 

AGCTTCCCCATCATCTCCATT (reverse);

●  AT1a: GCTTGGTGGTGATCGTCACC (forward), 

GGGCGAGATTTAGAAGAACG (reverse); and

●  AT2: ACCTGCATGAGTGTCGATAGGT (forward), 

CTGACATCCCGGAAATAAAATG (reverse).

Systolic blood pressure measurement

SBP was measured non-invasively by tail-cuff sphygmoma-

nometer using a BP-98A device (Softron, Tokyo, Japan). 

Mice were trained for 4 consecutive days prior to the start of 

the experimental period. Blood pressure was measured on a 

daily basis. We took 10 consecutive measurements from 

each mouse, each day at the same time, during the whole 

experiment. We calculated the mean SBP of each week from 

the mean blood pressure values of each mouse.

Pharmaceutical drugs used

For the present study, we used the p38 MAPK inhibitors 

BRIB796 (1-(5-tert-butyl-2-p-tolyl-2H-pyrazol-3-yl)-3-

[4-(2-morpholin-4-yl-ethoxy)-naphthalen-1-yl] urea) (a 

generous gift from Boehringer Ingelheim Pharma GmbH 

& Co. KG) and SB203580 (4-(4-fluorophenyl)-2-(4-

methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole, 

Sigma-Aldrich Chemie GmbH).

These inhibitors predominantly inhibit p38α; however, 

they also show inhibition of the β, γ and δ isoforms. 

BIRB796 has a higher specificity for the α isoform, com-

pared to SB203580. Besides inhibition of p38 MAPK, 

these compounds can also inhibit c-Jun N-terminal kinases 

(JNKs) to a certain extent.25 These small-molecule com-

pounds can be applied orally. In this study, BIRB769 was 

used for oral treatment, whereas SB203580 was used for 

the ex vivo experiments.

In addition, this study used S-Nitrosoglutathione 

(GSNO, Alexis Corp. / Enzo Life Sciences AG), angioten-

sin II (Sigma-Aldrich Chemie GmbH) and norepinephrine 

(Sigma-Aldrich Chemie GmbH).

Statistics

Data are expressed as the mean ± SEM. Student's t-test 

was used to compare the means of two groups with 

Gaussian distribution. Multiple comparison of more than 

two groups with Gaussian distribution were analyzed  

by 1-way analysis of variance (ANOVA), followed by 

Bonferroni’s multiple comparison post-hoc test. Statistical 

analyses of data from more than two groups in which the 

Gaussian distribution was not normal (or could not be 

assumed) were analyzed by the Kruskal-Wallis Test, fol-

lowed by Dunn’s multiple comparison post-hoc test. 

Differences between dose-response curves were analyzed 

by 2-way ANOVA for repeated measurements, followed 

by the Bonferroni correction post-hoc test.

Probability levels of P < 0.05 were considered statisti-

cally significant. If applicable, a higher level of statistical 

significance is stated (P < 0.01 or P < 0.001). The number 

of experiments (n) can refer to the number of mice or the 

number of individual samples.

Results

Chronic p38 MAPK inhibition attenuates SBP in 
Ang II-induced hypertension

To evaluate the influence of chronic p38 MAPK inhibition 

on Ang II-induced hypertension, SBP was measured 

throughout the observation period. SBP was not statisti-

cally different at baseline. Chronic treatment with the p38 

MAPK inhibitor BIRB796 attenuated the increase of SBP 

significantly at Week 1 and Week 2 (Figure 1(a)).

In Ang II-induced hypertension, p38 MAPK activation, 

presented as the ratio of phospho-p38 to total p38 MAPK, 

was significantly increased compared to controls. 

Accordingly, chronic treatment with p38 MAPK inhibitor 

BIRB796 attenuated the increased p38 MAPK activation 

in Ang II induced hypertension (Figure 1(b)).

This was accompanied by decreased urinary 8-isopros-

tane excretion in the BIRB796-treated mice, compared to the 

Ang II-treated controls. Ang II treatment alone significantly 

increased urinary 8-isoprostane excretion (Figure 1(c)).

Treatment with BIRB796 did not affect urinary norepi-

nephrine excretion, a marker of sympathetic activity 

(Figure 1(d)).

Chronic p38 MAPK inhibition improves vascular 
remodeling in Ang II-induced hypertension

Chronic hypertension results in structural changes in aor-

tic wall composition and hypertrophy.26 Measuring the 

ratio of media area to luminal area in mice aortas revealed 

a significantly lower ratio of medial to luminal areas  

in the BIRB796-treated animals, compared to vehicle-

treated animals (0.46 ± 0.02 versus 0.65 ± 0.05; p < 0.01) 

(Figure 2(a)).

We performed qPCR to assess the genes involved in 

vascular remodeling. Higher expression of MMP-1 and 

MMP-9 are linked to hypertrophy and stiffening of the aor-

tic vessel wall.27,28 In the BIRB796-treated animals, the 

relative expression of MMP-1 and MMP-9 was signifi-

cantly decreased; for MMP1: 0.424 ± 0.180 versus 1.000 ± 

0.183 and p < 0.05; for MMP-9: 0.508 ± 0.103 versus 1.000 

± 0.183 and p < 0.05. The stiffening of the aorta is linked to 

reduced elasticity and increased collagen deposition. These 

processes are reflected in the reduced matrix turnover and 

increased collagen and fibronectin expression.28,29 There 

was no statistical difference in the relative gene expression 

of TIMP1, fibronectin nor collagen 1 (Figure 2(b-f)).

In the thoracic aortic lysates, p38 MAPK activation pre-

sented as the ratio of phospho-p38 to total p38 MAPK was 



Potthoff et al. 5

significantly reduced in Ang II-induced hypertensive mice 

treated with the p38 MAPK inhibitor BIRB796 (Figure 

2(g)). Chronic BIRP796 treatment did not affect aortic 

AT1a and AT2 receptor expression levels (Figure 2(h)).

Improved vascular function by chronic p38 
MAPK inhibition in Ang II-induced hypertension

To evaluate whether chronic p38 MAPK inhibition reduces 

vascular reactivity in Ang II-induced hypertension, the renal 

pressor response to Ang II was measured ex vivo, in kid-

neys isolated from mice treated with or without BIRB796 

in Ang II-induced hypertension. In BIRB796-treated mice, 

the pressor response to Ang II significantly decreased, com-

pared to vehicle-treated animals (Figures 3(a) and 3(b)).  

In contrast, neither the pressor responses to KCl at 60 mM 

nor to norepinephrine at 1 μM showed any differences 

(Figure 3(c)). Renal smooth muscle cell-dependent vasore-

laxation induced by GSNO was significantly increased in 

the kidneys of BIRB796-treated mice (Figure 3(b)).

Acute inhibition of p38 MAPK improved vascular 
function in Ang II-dependent hypertension

In order to test for the acute effect of a p38 MAPK inhibi-

tion on the vascular function of resistance and conductance 

Figure 1. Chronic p38 MAPK inhibition attenuates systolic blood pressure in Ang II-induced hypertension. (a) SBP in Ang II-induced 
hypertensive mice treated with either vehicle or BIRB796 at baseline, Week 1 and Week 2 (baseline: 122 ± 2 mmHg (vehicle) versus 
119 ± 4 mmHg (BIRB796 at 50 mg/kg BW/d); Week 1: 152 ± 6 versus 138 ± 3 mmHg, p < 0.01; Week 2: 173 ± 3 versus 155 ± 3 mmHg, 
p < 0.001). Data are as mean ± SEM (vehicle n = 8; BIRB796 n = 8); ap < 0.05, bp < 0.01. One-way anova followed by Bonferroni’s 
multiple comparison post-hoc test. (b) Representative immunoblots and densitometric analysis of renal cortex lysates evaluating p38 
MAPK activation measured as the ratio of phospho-p38 to total p38 (vehicle, n = 6; BIRB796, n = 6; and controls, n = 6): ap < 0.05 
vehicle versus BIRB796; ap < 0.05 vehicle versus controls. One-way ANOVA followed by Bonferroni’s multiple comparison post-hoc 
test (% change: controls 100%, Ang II 228%, Ang II + BIRB796 158% (mean)). (c) Data on 24-hour urinary 8-isoprostane excretion at 
2 weeks: Data represents the mean ± SEM for each group (n = 6); bp < 0.01 versus controls; ap < 0.05 Ang II versus Ang II + BIRB796. 
Kruskal-Wallis-Test followed by Dunn’s multiple comparison post-hoc test. (d) Chronic Ang II infusion significantly increased urinary 
noradrenaline excretion compared to controls; however, treatment with BIRB796 did not affect urinary noradrenaline excretion, a 
marker of sympathetic activity (controls, n = 8; Ang II (vehicle), n = 9; Ang II + BIRB796, n = 12) Data are given as a mean ± SEM.
ap < 0.05.
bp < 0.01.
p = NS.
Ang II: angiotensin 2; ANOVA: analysis of variance; BIRB796: a MAPK inhibitor; BW: body weight; d: day; kg: kilogram; MAPK: mitogen activated 
protein kinase; mmHg: millimeters of mercury as units for pressure; N: number of animals; NS: non significant; SBP: systolic blood pressure;  
SEM: standard error of the mean.
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Figure 2. Chronic p38 MAPK inhibition improves vascular remodeling in Ang II-induced hypertension. (a) Ratio of medial to 
luminal area of the aortic rings at 2 weeks with vehicle versus BIRB796. Data are as means ± SEM (vehicle n = 16; BIRB796 n = 
14); ap < 0.05 vehicle versus BIRB796. Student's t-test: (b-f) The qPCR data from descending thoracic aortic ring lysates evaluating 
relative RNA expression of MMP-1 (b), MMP-9 (c), TIMP1 (d), fibronectin (e) and collagen-1 (f). Data are means ± SEM; ap < 
0.05 versus vehicle. Student's t-test n refers to the number of tissue samples. Each sample is from a single animal. (g) Densitometric 
analysis of aortic lysates evaluating p38 MAPK activation, measured as the ratio of phospho-p38 to total p38. (vehicle n = 5; 
BIRB796 n = 5; bp < 0.01. Student's t-test n refers to the number of animals. The % change was Ang II, 100%; Ang II + BIRB796, 60% 
(mean)). (h) The qPCR data from descending thoracic aortic ring lysates evaluating relative RNA expression of the AT1a and AT2 receptor. Data 
are expressed as means ± SEM; ap < 0.05 versus vehicle. In the Student's t-test, n refers to the number of tissue samples. Each sample is from a single 
animal.
ap < 0.05.
bp < 0.01.
Ang II: angiotensin 2; ANOVA: analysis of variance; BIRB796: a MAPK inhibitor; MAPK: mitogen activated protein kinase; MMP: membrane metal-
loproteinase; qPCR: quantitative polymerase chain reaction; RNA: ribonucleic acid; SEM: standard error of the mean; TIMP1: tissue inhibitor of 
metalloproteinase 1.
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vessels, we performed additional experiments in aortic 

rings and in isolated perfused kidneys of Ang II-treated 

mice, in the presence or absence of SB203580 (5 μM). In 

kidneys of Ang II-treated mice, pressor responses to Ang II 

were significantly higher, compared to controls. Acute p38 

MAPK-inhibition significantly attenuated Ang II-induced 

Figure 3. Effects of Ang II and GSNO in the isolated perfused kidney. (a) Ang II-induced pressor response increased in kidneys of 
vehicle-treated mice (n = 5), compared to BIRB796-treated mice (n = 5). Data represents the mean ± SEM versus vehicle. A 2-way 
ANOVA for repeated measurements, followed by Bonferroni correction post-hoc test. (b) GSNO-induced vasorelaxation improved 
in kidneys of BIRB796-treated mice (n = 7), compared to vehicle-treated mice (n = 6). Data represent the mean ± SEM; ap < 0.05 
versus vehicle. A 2-way ANOVA for repeated measurements, followed by Bonferroni correction post-hoc test. (c) No significant 
difference could be observed in comparing the maximum pressor response in kidneys from the vehicle and the BIRB796-treated 
mice, to KCL and to norepinephrine. Data are as mean ± SEM. p = NS. Student's t-test.
ap < 0.05.
bp < 0.01.
cp < 0.001.
Ang II: angiotensin 2; ANOVA: analysis of variance; BIRB796: a MAPK inhibitor; GSNO: S-Nitrosoglutathione; KCl: potassium chloride; NS: not 
significant; SEM: standard error of the mean; NS: non significant.
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pressor responses in the kidneys of Ang II-treated mice 

(Figure 4(a)). Renal vasodilator responses to GSNO were 

also significantly improved in the presence of SB203580 

at 5 μM (Figure 4(b)).

Figure 4. The effect of acute p38 MAPK inhibition on the vascular function of conductance and resistance of vessels was tested in 
the isolated perfused kidney and thoracic aortic rings. (a) The Ang II-induced pressor response was attenuated in the presence of 
the p38 MAPK inhibitor SB203580 at 5 μM, in the kidneys of hypertensive mice (controls: n = 11; Ang II: n = 8; Ang II + SB203580: 
n = 8). Data represent the mean ± SEM. bp < 0.01, cp < 0.001 controls versus Ang II; dp < 0.05, ep < 0.01, fp < 0.001 Ang II versus 
Ang II + SB203580. (b) GSNO induced endothelium-independent vasorelaxation is improved by acute p38 MAPK-inhibition with 
SB203580 at 5 μM in the kidneys of hypertensive mice (Ang II: n = 6; Ang II + SB203580: n = 6). Data represent the mean ± SEM.  
A 2-way ANOVA for repeated measurements was followed by Bonferroni correction post-hoc test. ap < 0.05, cp < 0.001 Ang 
II versus Ang II + SB203580. (c) GSNO induced endothelium-independent vasorelaxation was improved by acute p38 MAPK 
inhibition with SB203580 at 5 μM in the aortic rings of hypertensive mice (Ang II: n = 8; Ang II + SB203580: n = 7). Data represent 
the mean ± SEM; ap < 0.05, bp < 0.01, cp < 0.001 Ang II versus Ang II + SB203580. A 2-way ANOVA for repeated measurements 
was followed by Bonferroni correction post-hoc test.
ap < 0.05.
bp < 0.01.
cp < 0.001.
dp < 0.05.
ep < 0.01.
fp < 0.001.
Ang II: angiotensin 2; ANOVA: analysis of variance; BIRB796: a MAPK inhibitor; GSNO: S-Nitrosoglutathione; KCl: potassium chloride; NS: not 
significant; SEM: standard error of the mean
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Discussion

In the present study, we evaluated a novel mechanism of 

pharmacological intervention in Ang II-dependent hyperten-

sion. Our data indicates that p38 MAPK activation plays a 

crucial role in the development of Ang II-induced hyperten-

sion and vascular remodeling. Attenuation of Ang II induced 

hypertension and improved vascular function by BIRB796 

was accompanied by changes in gene expression in aorta 

vessel wall of markers of vascular remodeling. In addition, 

the vascular function of the renal resistance arteries was 

ameliorated by inhibition of p38 MAPK.

In the present study, chronic inhibition of p38 MAPK 

reduced the SBP in Ang II-dependent hypertension signifi-

cantly; however, blood pressure levels did not normalize in 

these mice. The p38 MAPK activation is one of a variety of 

mechanisms that contribute to Ang II-dependent hyperten-

sion. Other mechanisms, such as AT1 receptor heterodimer-

ization and the RhoA/Rho kinase pathway that are activated 

by Ang II are also very important signaling pathways regu-

lating the extent of Ang II-dependent hypertension.30–32

Recently, Sparks et al.33 showed that AT1 receptors in 

renal vascular smooth muscle cells are essential for the 

development of Ang II-dependent hypertension; however, 

the underlying mechanism of how AT1 receptors on vascular 

smooth muscle cells mediate hypertension is not fully under-

stood. In this regard, p38 MAPK seems to be an important 

player. Herein, the Ang II treatment led to a significant 

increase in renal p38 MAPK activation and ROS production. 

This activation was attenuated by chronic treatment with 

BIRB796 and accompanied by reduced SBP. Previously, we 

demonstrated that p38 MAPK activation increases pressor 

responses to Ang II in renal resistance vessels of hypercho-

lesterolemic mice, through ROS-dependent p38 MAPK acti-

vation.4 In addition, p38 MAPK inhibition increased the 

vasodilator response to nitric oxide (NO) in humans, and 

decreased the end organ damage in hypertensive rats, through 

a reduction of ROS abundance.34,35 In this study, the reduced 

phosphorylation of p38 MAPK through BIRB796 treatment 

was accompanied by a markedly reduced ROS abundance, 

as measured by urinary 8-isoprostane, emphasizing the 

importance of ROS in vascular dysfunction.23

In this study, chronic inhibition of p38 MAPK not only 

reduced SBP, but also improved vascular smooth muscle 

cell-dependent vasodilatation in conductance blood vessels 

as shown by previous studies.36 As a significant novelty of 

the presented study, we could show that chronic inhibition 

of p38 MAPK attenuated pressor responses to Ang II and 

improved vasodilatation as a response to GSNO in renal 

resistance vessels. In contrast to conductance vessels, such as 

the aorta, resistance vessels play a pivotal role in blood pres-

sure regulation. This finding of the presented study directly 

links p38 MAPK activation to blood pressure regulation.

Furthermore, the inhibition of p38 MAPK led to a reduc-

tion in aortic hypertrophy. These findings are supported by 

previous studies, which show that p38 MAPK activation is 

an important mediator of vascular stiffening.13,37 Vascular 

stiffness is a strong predictor of future cardiovascular 

events and all-cause mortality.17

It is well known that p38 MAPK activation mediates 

hypertrophy of vascular smooth muscle cells in vitro.38 In 

our present study, we could show that chronic p38 MAPK 

inhibition reduced vascular hypertrophy in vivo and it 

modulated the genes involved in vascular remodeling. 

Inhibition of p38 MAPK could significantly reduce the 

expression of aortic MMP1, which is strongly involved in 

p38 MAPK-dependent vascular remodeling.39,40

In addition, the expression of MMP9, known to be  

activated by the renin–angiotensin–aldosterone system 

(RAAS), was also reduced by chronic p38 MAPK inhibi-

tion.41,42 MMP9 is a strong inducer of the TGF-β pathway, 

leading to an increase in collagen deposition, a crucial 

mechanism for interstitial fibrosis and aortic stiffness.43–46 

Based on these results, it is feasible that Ang II-mediated 

p38 MAPK activation led to vascular stiffening, which 

itself causes augmentation of SBP. In fact, p38 MAPK 

activation was reduced in the aortas of BIRP796-treated 

mice. Differences of AT1a or AT2 receptor abundance can-

not be considered as a cause of the attenuated vascular 

injury in BIRP796-treated mice, as both AT1a and AT2 

receptor RNA expression levels did not differ between 

both groups. Therefore, differences in vascular hypertro-

phy do not appear to be caused by receptor abundance. In 

this study, in contrast to previous studies, changes in the 

relative gene expression of collagen1 and fibronectin, 

markers of interstitial fibrosis and vascular remodeling, 

were not changed by our inhibition of p38 MAPK.47 The 

relatively short observational period of the study could be 

an explanation for this finding. Moreover, gene expression 

of the MMP inhibitor TIMP-1 was also not significantly 

different in the aortic lysates, in this study.

Besides the described effects on vascular stiffening, 

there is strong evidence that activation of p38 MAPK influ-

ences Ang II-dependent signaling in the vasculature.5,6 

Therefore, we examined the acute effect of a p38 MAPK 

inhibition on vascular function in aortic rings, and in iso-

lated perfused kidneys of Ang II-treated mice, in the pres-

ence or absence of SB203580. Control mice were added  

to these experiments to illustrate the effect of acute p38 

MAPK inhibition, compared to subjects of normal blood 

pressure. Similar to the attenuated renal pressor responses 

observed in BIRB796-treated hypertensive mice, acute p38 

MAPK inhibition reduced renal pressor responses to Ang II 

to the same extent. Thus, in Ang II-dependent hyperten-

sion, the beneficial effect of p38 MAPK inhibition on vas-

cular function is mediated through direct actions on Ang II 

signaling; and therefore, are at least partially independent 

from vascular remodeling. Interestingly, p38 MAPK inhi-

bition had no effect on the maximum vasoconstrictive 

response to KCL nor norepinephrine, in renal resistance 
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vessels. This implied that the observed changes in vasore-

activity were specific to the actions of Ang II. As Ang 

II-dependent hypertension is dependent on renal AT1 

receptor signaling, p38 MAPK signaling in the renal vascu-

lature might be one essential underlying mechanism for the 

development of Ang II-dependent hypertension.33

Here we found that acute p38 MAPK inhibition in the 

isolated perfused kidney and aortic rings obtained from 

Ang II-treated animals showed improved vasodilation 

when exposed to GSNO. This might be a result of 

decreased ROS production. Recently, we and others have 

shown that p38 MAPK inhibition led to reduced expres-

sion of different NADPH oxidase subunits, resulting in 

reduced ROS abundance.4,34 An increase in ROS abun-

dance contributes to the depletion of NO, a hallmark of 

endothelial dysfunction.23 In the presence of increased 

ROS, the NO scavenging occurs through the formation of 

peroxynitrite. This mechanism of NO depletion can 

increase vasoconstriction. Inhibition of p38 MAPK can 

reduce ROS; and therefore, counteract this mechanism. In 

addition, p38 MAPK kinase inhibition leads to a reduced 

MLC(20) phosphorylation in resistance blood vessels.4 

Reduced MLC(20) phosphorylation results in reduced 

contractility of smooth muscle cells and might potentiate 

the vasodilatory effect of GSNO in the presence of a p38 

inhibitor. Thus, this mechanism might also contribute to 

the decrease in vasoreactivity and blood pressure through 

p38 MAPK inhibition, as seen in this study.

In summary, this study elucidated the role of p38 

MAPK in Ang II-dependent hypertension. We were able 

to demonstrate that inhibition of p38-MAPK improves 

blood pressure and vascular injury through counteracting 

Ang II-mediated signaling, thus improving vascular 

remodeling and vascular function. Our findings indicate 

that p38-MAPK is a potential pharmaceutical target in 

hypertension.
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ABSTRACT
In the regulation of vascular tone, the dilatory nitric oxide (NO)/
cGMP pathway balances vasoconstriction induced by the renin-
angiotensin and sympathetic nervous systems. NO-induced
cGMP formation is catalyzed by two guanylyl cyclases (GC),
NO-sensitive guanylyl cyclase 1 (NO-GC1) and NO-GC2, with
indistinguishable enzymatic properties. In vascular smooth
muscle cells, NO-GC1 is the major isoform and is responsible
for more than 90% of cGMP formation. Despite reduced vaso-
relaxation, NO-GC1–deficient mice are not hypertensive. Here,
the role of NO-GC1 in hypertension provoked by contractile
agonists angiotensin II (Ang II) and norepinephrine (NE) was
evaluated in NO-GC1–deficient mice. Hypertension induced by
chronic Ang II treatment did not differ between wild-type (WT)
and NO-GC1 knockout mice (KO). Also, attenuation of NO-
dependent aortic relaxation induced by the Ang II treatment was

similar in both genotypes and was most probably attributable
to an increase of phosphodiesterase 1 expression. Analysis of
plasmaNE content—known to be influenced by Ang II—revealed
lower NE in the NO-GC1 KO under Ang II-treated- and non-
treated conditions. The finding indicates reduced sympathetic
output and is underlined by the lower heart rate in the NO-GC1
KO. To find out whether the lack of higher blood pressure in the
NO-GC1 KO is a result of reduced sympathetic activity counter-
balancing the reduced vascular relaxation, mice were challenged
with chronic NE application. As the resulting blood pressure was
higher in the NO-GC1 KO than in WT, we conclude that the
reduced sympathetic activity in the NO-GC1 KO prevents
hypertension and postulate a possible sympatho-excitatory
action of NO-GC1 counteracting NO-GC1’s dilatory effect in
the vasculature.

Introduction
Hypertension, a major risk factor for cardiovascular dis-

eases, is associated with increased vascular tone. Within the
regulation of the vascular tone, the dilatory nitric oxide (NO)/
cGMP pathway balances the contractile action of: angiotensin
II, the major biologically active metabolite of the renin-
angiotensin system (RAS); and norepinephrine (NE) released
from sympathetic nerve terminals. The cGMP-forming NO-
sensitive guanylyl cyclase (NO-GC) holds the key position in
the NO/cGMP pathway; in addition, cGMP is formed by the
membrane guanylyl cyclase receptors (Kuhn, 2003). The NO-
GC is a heterodimeric enzyme composed of an a and a b
subunit and contains a prosthetic heme group that binds NO
and causes an up to 200-fold stimulation of the cGMP
production (Friebe and Koesling, 2003). Two isoforms of
the NO-GC exist, NO-GC1 and NO-GC2, which contain the
same beta1 subunit but different alpha subunits (a1 or a2)

(Russwurm and Koesling, 2002). Although they differ in
subcellular localization, the isoforms do not differ in regula-
tory or catalytic properties (Russwurm et al., 2001). To
unravel their physiologic function, we generated knockout
mice lacking either the NO-GC1 or NO-GC2 isoform (Mergia
et al., 2006). First characterization revealed NO-GC1 as the
major isoform in the vascular system, as shown by the
pronounced reduction of cGMP-forming activity (.90%) and
vascular relaxation. Yet, despite the reduced vascular re-
laxation, blood pressure of NO-GC1 knockout (KO) mice was
not increased.
In addition to cGMP formation, cGMP signals are controlled

by cGMP-hydrolyzing phosphodiesterases (PDEs). In vascular
smooth muscle cells, PDE1 and PDE5 play important roles in
regulation of the intracellular cGMP concentration (Rybalkin
et al., 2003). PDE1 degrades cAMP and cGMP, whereas PDE5
is specific for cGMP degradation. PDE1 is activated by Ca21

and calmodulin (CaM); thus, in the presence of a contractile
agonist increasing intracellular Ca21, PDE1 is activated and
facilitates contraction by lowering cyclic nucleotide levels
(Sonnenburg et al., 1995). An important contractile agonist
that acts via a rise of Ca21 is angiotensin II (Ang II) with an
established role in the regulation of blood pressure (Stegbauer
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andCoffman, 2011). Ang II is targeted by the antihypertensive
ACE inhibitors and AT1 receptor antagonists (Yusuf et al.,
2008), and its effects are counteracted by NO/cGMP (Yan
et al., 2003).
In the present study, NO-GC1 KOmice with greatly reduced

vascular cGMP content were challenged with Ang II (high dose,
1.44 mg/kg per day, 2 weeks) to find out if the resulting
hypertension is aggravated. Yet, Ang II-induced hypertension
was not exacerbated by theNO-GC1deficiency. Also, relaxation
of aortic rings was likewise reduced by the Ang II treatment in
wild-type (WT) and NO-GC1 KO and shown to result from an
increased expression of PDE1. Further analysis revealed a
reduced sympathetic activity in NO-GC1 KO. Thus, we hypoth-
esized that normotension in the NO-GC1 KO is a balance
between the lower sympathetic output and the reduced vascu-
lar cGMP. Consistent with this, hypertension induced by NE
treatment was higher in NO-GC1 KO than in WT.

Materials and Methods
Animal Models. Experiments were performedwithmaleNO-GC1

KO mice lacking the a1 subunit of the heterodimeric NO-GC1 (a1b1)
and WT littermates backcrossed to C57Bl/6Rj background for more
than 12 times (.N12 generation). The KO mice were generated and
genotyped as described previously (Mergia et al., 2006). Two- to three-
month-old mice were used. All animal experiments were performed
according to the Guide for the Care and Use of Laboratory Animal
published by the US National Institutes of Health (NIH Publication,
8th ed., 2011) and were also approved by the local animal care
committee (license no. 87-51.04.2010.A039 and 8.87-50.10.34.08.216).

Angiotensin II, Norepinephrine, and Sildenafil Administra-
tion. osmotic minipump (model 1002; ALZET/DURECT Corporation,
Cupertino, CA) was implanted subcutaneously in the interscapular
region to deliver Ang II or NE at a constant rate of 0.25 ml/hour in
saline solution. For implantation, mice were anesthetized (100 mg/kg
ketamine, 10 mg/kg xylazine) and thereafter treated with analgesics
(0.2 mg/kg meloxicam) for three days. Ang II was infused at a dose of
1.44 mg/kg per day for 2 weeks, NE at a dose of 2.88 mg/kg per day for
2 weeks. Sildenafil citrate (Viagra; Pfizer, New York, NY) was dis-
solved in drinking water acidified with citric acid (pH ∼3) to a final
concentration of 800 mg/l and given ad libitum resulting in a free
plasma concentration of 21 6 5 nmol/l sildenafil determined as
described in Stegbauer et al. (2013); on the basis of an average water
consumption of about 3 ml per day and a body weight of ∼25 g for an
adultmouse, the daily sildenafil dose corresponded to 100mg/kg.Mice
were treated with sildenafil during the second week of Ang II
treatment.

Two weeks after the minipump implantation, the mice were
anesthetized by CO2 inhalation and decapitated. Blood was collected
and hearts and aortas were harvested, weighed, and subjected to
further analysis.

Blood Pressure Measurement. Systolic blood pressure and
heart rate were measured in conscious mice by noninvasive tail-cuff
photoplethysmography (BP-98A; Softron Co., Tokyo, Japan). Because
this device does not directly measure diastolic pressure but rather
supplies an estimation calculated by a software algorithm, we do not
report diastolic blood pressure values here.

For habituation the mice were measured daily for 7 days. After
training, 10 measurements per mouse were taken daily for at least
5 days. Mice were measured before and during the second week after
implantation of the osmotic minipumps.

Chronic Measurement of Intra-Arterial Pressure by Radio-
telemetry. Blood pressures were measured in conscious, unre-
strained WT and NO-GC1 KO mice using radiotelemetry (PA-C10)
as described previously (Butz and Davisson, 2001). In brief, for
implantation of the telemetry catheters, the left carotid artery was

cannulated and the catheter was advanced to the point where the
small notch on the tubing resided at the vessel opening. Inserting the
catheter up to this landmark notch assures the critical placement of
the pressure-sensing tip just inside of the thoracic aorta. For the
implantation of the telemetry catheters, mice were anesthetized with
a single intraperitoneal injection of ketamine and xylazine (100 and
10 mg/kg, respectively). The adequacy of anesthesia was determined
by the loss of a pedal withdrawal reflex. For analgesia, all mice
received meloxicam (0.2 mg/kg). After transmitter implantation, mice
were allowed to recover for 7 days to reestablished normal circadian
rhythms. Blood pressure levels were recorded continuously with
sampling every 5 minutes for 10-second intervals. Baseline measure-
ments were recorded for 5 consecutive days. On day 6, osmotic
minipumps (model 1002; ALZET) were implanted to infuse Ang II
(1.44 mg/kg per day) for 14 days.

Organ Bath Experiments with Isolated Aortic Rings. Tho-
racic aorta placed in Krebs-Henseleit buffer (118 mmol/l NaCl,
4.7 mmol/l KCl, 1.2 mmol/l MgSO4, 1.2 mmol/l KH2PO4, 25 mmol/l
NaHCO3, 2.55 mmol/l CaCl2, and 7.5 mmol/l D-glucose, oxygenated
with 5% CO2 in O2) were cut in four rings of similar size. The aortic
rings were mounted on fixed segment support pins in two four-
chamber myographs (Multi Wire Myograph 610 M; DMT, Aarhus,
Denmark) containing 5 ml Krebs-Henseleit buffer. Resting tension
was set to 5 mN. After equilibration in the presence of diclofenac
(3 mmol/l), aortic rings were contracted (1 mmol/l phenylephrin), and
subsequently vasodilation to carbachol, DEA-NO, or forskolin was
recorded. Reponses to DEA-NO and forskolin were determined in the
presence of the NO synthase inhibitor L-NAME (200 mmol/l).

Aortic rings derived from nontreated and Ang II-treatedWT or NO-
GC1 KO mice were examined in parallel. Effects of sildenafil were
examined in parallel with aortic rings derived fromAng II-treated and
Ang II 1 sildenafil-treated WT mice, and nontreated animals.

Western Blot Analysis. To obtain aortic homogenates, aortas
(from aortic arch to abdominal bifurcation) were homogenized in
300 ml of buffer (50 mmol/l TEA/HCl, 50 mmol/l NaCl, 2 mmol/l dithio-
threitol, 0.2 mmol/l benzamidine, 0.5 mmol/l phenylmethylsulfonyl
fluoride, 1 mmol/l pepstatin A; pH 7.4, 4°C) using a glass/glass
homogenizer (900 rpm). After centrifugation (800g, 5 minutes, 4°C),
supernatants were removed and subjected to further analysis. Protein
concentrations were determined using a Bradford assay (Bio-Rad,
Munich, Germany). The following Western blot analyses were per-
formed as described previously (Mergia et al., 2003). Anti-PDE1A
(Santa Cruz Biotechnology, Heidelberg, Germany) was used in a 1:500
and anti-PDE5 (New England Biolabs, Frankfurt, Germany) in a
1:1,000 dilution. The PDE signals were normalized to the alpha
smooth muscle actin signal in the same lane (1:5000; ab5694; Abcam,
Cambridge, UK).

Determination of cGMP Content in Intact Aortic Rings.
Aortic rings (eight per aorta) were allowed to equilibrate for
15 minutes in Krebs-Henseleit buffer (37°C, oxygenated with 5% CO2

in O2) and were then stimulated by carbachol (30 mmol/l, 5 minutes) or
DEA-NO (100 mmol/l, 2.5 minutes). The equilibrated, nonstimulated,
aortic rings were used as controls. After the reaction, aortic rings were
snap frozen in liquid nitrogen and homogenized in 70% (v/v) ice-cold
ethanol using a glass/glass homogenizer (900 rpm). After centrifuga-
tion (20,000g, 15 minutes, 4°C), supernatants were dried at 95°C and
cGMP contents were measured by radioimmunoassay (Mergia et al.,
2006). To standardize the different samples, protein pellets were
dissolved (0.1 M NaOH/0.1% SDS) and protein content was de-
termined using the bicinchoninic acid method (Thermo Scientific,
Sunnyvale, CA).

Measurement of cGMP-Hydrolyzing PDE Activity. PDE ac-
tivitywasmeasured by the conversion of [32P]cGMP (synthesized from
[a-32P]GTPusing purifiedNO-GC) to guanosine and [32P]phosphate in
the presence of alkaline phosphatase (Sigma-Aldrich, St. Louis, MO)
at 37°C for 5 minutes.

Reactionmixtures (0.1ml) contained aortic homogenate (2ml,∼5mg
protein), [32P]cGMP (∼2 kBq), 1 mmol/l cGMP, 12 mmol/l MgCl2,
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3 mmol/l dithiothreitol, 0.5 mg/ml bovine serum albumin, 2 IU of
alkaline phosphatase, and 50 mmol/l TEA/HCl, pH 7.4. Reactions
were stopped by the addition of 900 ml ice-cold charcoal suspension
(30% activated charcoal in 50 mmol/l KH2PO4, pH 2.3). After pelleting
of the charcoal by centrifugation (12,000g, 4 minutes), [32P]phosphate
was measured in supernatant.

Sildenafil at 100 nmol/l was added to the measurements to
determine the PDE activity ascribed to PDE5. EGTA (2 mmol/l;
Sigma-Aldrich) or calcium (1 mmol/l CaCl2) and calmodulin (10 mmol/l;
Merck, Darmstadt, Germany) was added to inhibit or stimulate PDE1,
respectively. PDE assays were carried out in triplicates.

As the Ang II treatment yielded higher protein concentrations in
the aortas, which can mostly be attributed to extracellular matrix
proteins, enzyme activities (PDE, GC) were normalized to milliliters,
with each aorta homogenized in 300 ml homogenization buffer.

Determination of NO-Stimulated GC activity. The NO-
stimulated GC activity (100 mmol/l DEA-NO, 10 minutes, 37°C) was
determined in aortic homogenates ofWTmice (3 mg) in the presence of
GTP. The forming cGMP was quantified by radioimmunoassay as
described previously (Mergia et al., 2006).

Determination of Norepinephrine in Plasma and Urine
Samples. To obtain plasma, blood from decapitated mice was
collected in vials containing 0.3 mol/l EDTA, pH 8.0, and
centrifuged (10,000g, 15 minutes, 4°C). Urine was collected
from mice housed for 24 hours in metabolic cages (Tecniplast
Deutschland, GmbH, Hohenpeißenberg Germany). Norepinephrine
and 3,4-dihydoxybenzylamine hydrobromide (added as an internal
standard; Chromsystems, München, Germany) were adsorbed onto
alumina from EDTA plasma (100 ml) or urine (50 ml) and subsequently
elutedwith 0.1mol/lHClO4 (250ml). Theeluate (100ml)was injected into
a high-performance liquid chromatography system equipped with
a reverse-phase column (Guard-Pak Resolve C18; Waters
Corporation, Milford, MA) in 15 mmol/l Na2HPO4, 30 mmol/l citric
acid, 2 mmol/l Na2EDTA, 2.77 mmol/l (–)-octanesulfonic acid, and
12% methanol (v/v) (pH 6.5). Norepinephrine was detected with an
electrochemical detector (Waters 460).

Statistics. All data were expressed as means 6 S.E.M. (n 5
number of mice). The experiments were compared statistically by
unpaired Students’ t test. Concentration-response curves were eval-
uated by analysis of variance (ANOVA) for repeated measurements.
Experiments were regarded as significant at a P value of less then
0.05. Blood pressure control values of all WT and NO-GC1–deficient
mice used in the current study were averaged to circumvent minor
differences owing to the small number of animals in a given group.

Results
Deletion of the major NO-GC isoform, NO-GC1, resulted in

a pronounced reduction of NO-induced cGMP formation and
attenuated vascular relaxation. Yet, blood pressure in these
mice was not increased (WT 107 6 1 versus KO 108 6
1 mmHg, on a C57BL/6 background). Normotension of the
NO-GC1–deficient mice did not result from an upregulation of
NO-GC2, as the expressionNO-GC2 in the KOmice was found
to be unaltered (Mergia et al., 2006).
In this study, we challenged mice with a high dose of

Ang II (1.44 mg/kg per day, 2 weeks) to examine whether the
NO-GC1 deficiency, and thus the reduced cGMP, exacerbates
hypertension.
Ang II-Induced Hypertension and Hypertrophy Did

Not Differ between WT and NO-GC1 KO Mice. Chronic
Ang II infusion is known to induce hypertension and heart
hypertrophy in mice. Here, the systolic blood pressure was
measured in conscious mice by noninvasive tail-cuff plethys-
mography. The two-week Ang II treatment led to an increase

in systolic blood pressure by 426 2 mmHg, which was similar
in WT and NO-GC1 KO mice (Fig. 1A). The result indicates
that the NO-GC1 deficiency with the reduced cGMP did
not aggravate hypertension induced by this treatment. In
support, blood pressure responses induced by lower, acute
Ang II doses (10- and 100-fold, corresponding to 0.144 and
0.0144 mg/kg, i.p.) were comparable (30 and 10 mmHg,

Fig. 1. Ang II-induced hypertension and heart hypertrophy do not differ
between WT and NO-GC1 KO mice. (A) Systolic blood pressure (SBP)
values of conscious WT and NO-GC1 KO mice without and with Ang II
treatment (1.44 mg/kg per day, 2 weeks) measured by noninvasive tail-cuff
plethysmography (nontreated n = 38 WT, 29 KO; Ang II-treated n = 26
WT, 21 KO). (B) Mean arterial pressures (MAP) recorded by radiotelem-
etry of WT (n = 3) and NO-GC1 KO (n = 3) mice before and after Ang II
treatment. (C) Ratios of total heart weight to body weight of nontreated
and Ang II-treated WT (n = 30) and NO-GC1 KO (n = 25) mice. Shown are
means 6 S.E.M. **P , 0.01 compared with nontreated group, unpaired
Student’s t test.

NO-GC1’s Role in Hypertension 193

 at A
SPET Journals on July 1, 2017

jpet.aspetjournals.org
D

ow
nloaded from

 



respectively), underlining that responsiveness of NO-GC1 KO
toward Ang II is as in WT.
To validate the finding of the noninvasive blood pressure

measurements, blood pressure was also measured directly
using radiotelemetry. As shown in Fig. 1B, recordings of mean
arterial pressure (MAP) were similar in WT and NO-GC1 KO

mice under basal conditions and increased to the similar levels
after Ang II infusion.
In WT, the Ang II treatment induced a significant heart

hypertrophy as measured by heart-to–body-weight ratio.
Again, Ang II-induced heart hypertrophy did not differ be-
tween WT and NO-GC1–deficient mice (Fig. 1C).
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Fig. 3. Ang II-induced reduction of cGMP
levels in aortic rings of WT and NO-GC1 KO
mice. cGMP content of aortic rings of non-
treated, Ang II-treated, and Ang II + sildenafil–
treated WT and NO-GC1 KO mice (nontreated
n = 12 WT, 9 KO; Ang II-treated n = 7 WT,
6 KO; Ang II + sildenafil-treated n = 2WT, 3 KO).
The aortic rings were nontreated (basal) or
incubated with carbachol (30mmol/l, 5 minutes)
or DEA-NO (100 mmol/l, 2.5 minutes). For each
condition, two to three aortic rings of each
mouse were used. Shown are means 6 S.E.M.
*P , 0.05 compared with nontreated mice,
unpaired Student’s t test. Please note the
logarithmic scale of the y-axis.

Fig. 2. Ang II-induced reduction of aortic relax-
ation is similar in WT and NO-GC1 KO mice.
Cumulative concentration-response curves for re-
laxation of aortic rings (precontracted with 1 mmol/l
phenylephrine) induced by carbachol (A), DEA-NO
(B), and forskolin (C) from nontreated and Ang II-
treated WT and NO-GC1 KO mice measured in
organ bath experiments (carbachol n = 17 per
group; DEA-NO n = 9 per group; forskolin n. 5 per
group). EC50 Ang II-treated versus nontreated: KO
0.2 6 0.03 versus 0.09 6 0.01 mM DEA-NO; WT
0.03 6 0.01 versus 0.01 6 0.002 mM DEA-NO and
KO 0.08 6 0.02 versus 0.03 6 0.01 mM forskolin;
WT 0.136 0.016 versus 0.056 0.005 mM forskolin.
Shown are means6 S.E.M. ***P, 0.001 compared
with nontreated group, analysis of variance for
repeated measurements.
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The Ang II Treatment Reduced Vascular Relaxation.
The functional consequences of long term Ang II treatment on
blood vessel properties were analyzed by measuring relaxa-
tion of aortic rings in organ bath experiments. In line with
previous results, endothelium-dependent relaxation in re-
sponse to carbachol was reduced in nontreated NO-GC1 KO
mice (54 6 4% of WT maximal response). Ang II treatment
attenuated endothelium-dependent relaxation in both WT
and NO-GC1 KO mice with the extent of reduction being
similar (WT 21 6 3% and KO 17 6 3%; Fig. 2A).
Next, aortic relaxation induced by an NO donor (DEA-NO)

was studied. As shown by the rightward shift of the DEA-NO
concentration-response curves, the Ang II treatment caused
a reduction of NO-induced relaxation in both WT and

NO-GC1–deficient mice; again the reduction was similar in
WT and NO-GC1 KO as reflected by the 2-fold higher EC50

values (Fig. 2B). Thus, the Ang II treatment comparably
affected NO/cGMP-dependent vascular relaxation in WT and
NO-GC1 KO mice.
In addition to cGMP, cAMP also causes smooth muscle

relaxation using similar cellular mechanisms. So, we asked
whether cAMP-mediated relaxation is also affected by the Ang
II treatment and studied aortic relaxation induced by the
adenylyl cyclase (AC) stimulator forskolin (Fig. 2C). As with
the NO-response, Ang II treatment caused a rightward shift of
the forskolin concentration-response curve in both WT and
NO-GC1–deficient aortic rings, reflected by 2-fold higher EC50

values for forskolin (see Fig. 2C).
Together, these results demonstrate: 1) alterations in

vascular relaxation induced by Ang II treatment, which 2)
were not aggravated by deletion of NO-GC1, the major
vascular NO-GC.
Ang II Reduced the cGMP Content in Aortic Rings.

To test whether the Ang II treatment affected the aortic cGMP
content, cGMP was measured in aortas in the absence or
presence of a stimulator (carbachol, 30 mmol/l, 5 minutes;
DEA-NO, 100 mmol/l, 2.5 minutes) by radioimmunoassay. In
WT, the aortic cGMP content and the cGMP increased by
carbachol was found to be reduced in the rings of the Ang II-
treated mice (Fig. 3). Yet, aortic cGMP increases induced by
high NO concentrations were unaffected by the Ang II-
treatment (see Fig. 3).
In the aortas of NO-GC1–deficient mice, cGMP levels under

nonstimulated conditions were only 10% of WT, which is in
accord with a 90% reduction of the cGMP-forming activity.
Also here, aortas of Ang II-treatedmice showed reduced cGMP
levels (see Fig. 3). Neither carbachol nor DEA-NO caused
measurable cGMP increases in the NO-GC1 KO rings and the
Ang II treatment had no effect (see Fig. 3).
The finding of decreased cGMP levels under Ang II treat-

ment is in accord with the reduction of aortic relaxation and
points to alterations of either cGMP-forming or -degrading
activities.
Ang II Treatment Increased Aortic cGMP–Degrading

Activity by Enhancing PDE1 Expression. The intracel-
lular cGMP concentration depends on the cGMP-degrading
phosphodiesterases and the cGMP-forming guanylyl cyclases.
Changes in expression and/or activity of one of these enzymes
affect intracellular cGMP levels.
At first, the expression of PDE1A and PDE5, the major

PDEs responsible for cGMP degradation in smooth muscle
cells, was measured in aortic homogenates of nontreated and
Ang II-treatedWTmice. Quantitative analysis ofWestern blot
results normalized to smooth muscle a-actin shows a 2-fold
increase in expression of the PDE1A isoform in the Ang II-
treated group, whereas the PDE5 content was unaffected by
the Ang II treatment (Fig. 4A).
To verify enhanced expression of PDE1, PDE activity was

determined in the respective aortic homogenates (1 mmol/l
cGMP as substrate). Total PDE activity, as well as the PDE
activity in the presence of Ca21/CaM known to stimulate PDE1,
was increased in Ang II-treated animals (Fig. 4B). Compared
with nonstimulated conditions (EGTA), the Ca21/CaM-induced
increase in PDE activity was 3-fold in the Ang II-treated versus
only 2-fold in the nontreated group, which is in accord with the
enhanced expression of PDE1A in Western blot analysis. In

Fig. 4. Ang II treatment increases expression of PDE1. (A) Western blot
analysis of PDE1A and PDE5 in aorta homogenates (50 mg) of nontreated
and Ang II-treated WTmice (n = 4 per group). PDE1A expression is shown
in bars summarizing densitometry analysis normalized to alpha smooth
muscle actin in arbitrary units. A representative Western blot is shown
underneath. (B) cGMP-degrading activity measured in aortic homoge-
nates (2 ml, 1 mmol/l cGMP as substrate) of nontreated and Ang II-treated
WTmice without further addition (total), upon addition of 2 mmol/l EGTA
to inhibit PDE1, or 1 mmol/l Ca2+/10 mmol/l CaM to activate PDE1 (n =
6 per group). (C) NO-stimulated GC activity (100 mmol/l DEA-NO) in aortic
homogenates of nontreated and Ang II-treated WT mice (n = 4 per group).
Shown are means 6 S.E.M. *P , 0.05 compared with nontreated mice,
unpaired Student’s t test (n.s., not significant).
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contrast, PDE5 activity as measured in the absence and pres-
ence of 100 nmol/l sildenafil was not altered by the Ang II
treatment.
To see whether the Ang II treatment also altered cGMP-

forming activity, NO-stimulated GC activity was measured
in aortic homogenate of nontreated and Ang II-treated WT
mice. Yet, NO-stimulated cGMP-forming activities (100 mmol/l
DEA-NO, 10 minutes) were not altered by the Ang II treatment.

In sum, Ang II treatment increased expression of PDE1,
which most likely accounts for the Ang II-induced decrease of
cGMP levels.
Sildenafil Treatment Reversed Ang II-Induced Re-

duction of the cGMP Content but Did Not Cause
Functional Improvement. To study whether inhibition of
PDE1 is able to reverse the Ang II effects, the mice were
treated with high sildenafil doses—considered to inhibit
PDE1 in addition to PDE5—in the second week of Ang II
treatment (800 mg of sildenafil per liter of drinking water).
Sildenafil was able to reverse the reductions in the cGMP

content of aortic rings caused by the Ang II treatment in WT
and NO-GC1 KO mice (see Fig. 3). Yet, despite the increased
cGMP content in the aortic rings, the Ang II-induced impair-
ment of endothelium-dependent and NO-induced aortic re-
laxation was unaffected (Fig. 5). Additionally, the sildenafil
treatment did not affect the Ang II-induced hypertension
in WT and NO-GC1 KO mice (WT: 142 6 4 versus 147 6
1 mmHg; KO: 155 6 2 versus 152 6 2 mmHg, sildenafil1
Ang II- and Ang II-treated mice, respectively).
In sum, although sildenafil increased the cGMP content, the

functional impairment caused by theAng II treatmentwas not
improved.
Norepinephrine Content Is Lower in the NO-GC1 KO

Mice. Ang II is known to increase activity of the sympathetic
nervous system by increasing norepinephrine (NE) release.
Thus, the activity status of the sympathetic system was
monitored by determining NE in plasma and urine of WT
and NO-GC1 KOmice. It is noteworthy that plasma NE of the
NO-GC1 KO was found to be lower than in WT (Fig. 6A); a
result further substantiated by the reduced NE content in the
urine (Fig. 6B). As expected, Ang II treatment increased
plasma NE levels in both NO-GC1 KO and WT mice (KO 1.4 6
0.1-fold and WT 1.9 6 0.05-fold). However, Ang II-induced
plasma NE was still lower in NO-GC1 KO than in WT mice,
indicating a reduction of sympathetic activity (see Fig. 6A).
This finding prompted us to take a closer look at the heart rate,
an important parameter regulated by the vegetative nervous
system, and we found the heart rate in the NO-GC1 KO to be
reduced (584 6 10 versus 625 6 7 beats/min, KO and WT,

Fig. 5. Vascular relaxation reduced by the Ang II-
treatment is not improved by the sildenafil treat-
ment. Cumulative concentration-response curves
of carbachol- (A) and DEA-NO- (B) induced re-
laxation of precontracted (1 mmol/l phenylephrine)
aortic rings of Ang II- and sildenafil-treated WT
and NO-GC1 KO mice measured in organ-bath
experiments (n = 9 per group). Concentration-
response curves of Ang II-treated mice (Fig. 2) are
shown for comparison. Shown are means 6 S.E.M.

Fig. 6. NO-GC1 KO mice exert reduced noradrenalin levels in plasma
and urine. Shown are the norepinephrine content measured in plasma
(A) and 24-hour urine (B) of nontreated and Ang II-treated WT and NO-
GC1 KO mice. Shown are means 6 S.E.M. (plasma n = 7 WT, 10 KO
nontreated, and 3 WT, 4 KO Ang II-treated; urine n = 16 WT, 12 KO).
***P , 0.001, *P , 0.05, compared with nontreated mice; +++P , 0.001,
+P , 0.05, compared with WT group, unpaired Student’s t test.
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respectively; P , 0.001). In line with a reduced sympathetic
activity, the ganglion blocker hexamethonium (30 mg/kg, i.p.)
only increased the heart rate in the NO-GC1 KO to WT level
(672 to 740 bpm in NO-GC1 KO, P , 0.05; 707 to 728 bpm in
WT, n 5 12 WT and 12 NO-GC1 KO) indicating that the
parasympathetic control of the heart rate in the NO-GC1 KO
is higher than in WT.
These results reveal a reduced sympathetic activity in the

NO-GC1 KO mice that may be able to counterbalance the
reduced cGMP in the vasculature, thereby explaining why
Ang II-induced blood pressure increases are similar inWT and
NO-GC1 KO mice.
NE-Induced Blood Pressure Increase Is Higher in

the NO-GC1 KO Mice. To verify the assumption that a
reduced sympathetic activity is required for normotension in
the NO-GC1 KO, the mice were treated with NE (2.88 mg/kg
per day, 2 weeks).
As anticipated, NE treatment increased blood pressure in

WT and NO-GC1 KO mice (Fig. 7). Yet, the NE-induced blood
pressure increase in NO-GC1 KO mice was far more pro-
nounced than in WT mice (DSBP: WT 22 6 2 versus KO 37 6
2 mmHg; P , 0.002). This finding supports our hypothesis
that reduced sympathetic activity in the NO-GC1–deficient
mice counteracts the reduced vascular cGMP content, thereby
preventing hypertension. Thus, upon application of NE, the
blood pressure increase in the NO-GC1 KO is higher than in
WT. The results demonstrate for the first time the relevance of
the NO-GC1–formed cGMP for the sympathetic tone in a KO
model.

Discussion
In the present study, we analyzed the role of the major NO-

GC isoform (NO-GC1) in the vascular system and develop-
ment of hypertension with the help of NO-GC1–deficient mice.
In these mice, the NO-induced cGMP content in the vascular
system is greatly reduced (by about 90%) as is vascular
relaxation. Yet, these mice do not show any increase in blood
pressure (on a C57BL/6 background; Buys et al., 2012;
Stegbauer et al., 2013). Deletion of the b subunit, causing
deficiency in both NO-GC isoforms, NO-GC1 and NO-GC2, is
known to cause hypertension, suggesting that minor cGMP
generation catalyzed by the NO-GC2 is able to prevent the
increase of blood pressure (Friebe at al., 2007).

Chronic Ang II Treatment Impairs Vascular Relaxa-
tion. In our study, chronic Ang II infusion was used to
evaluate whether the resulting hypertension is exacerbated
by the greatly reduced cGMP response caused by deletion of
the NO-GC1. Ang II as a contractile agonist increases Ca21

influx in the vascular smooth muscle cell causing smooth
muscle contraction (Wynne et al., 2009). As expected, the
treatment with Ang II caused a pronounced increase in blood
pressure (∼40 mmHg) and heart weight. However, both
parameters did not differ between WT and NO-GC1 KO mice.
Vascular relaxation analyzed in isolated aortic rings

revealed that the Ang II treatment caused a reduction of
endothelium-dependent relaxation, which is in accord with
the results of others (Rajagopalan et al., 1996; Mollnau et al.,
2002). Notably, WT and NO-GC1–deficient aortic rings were
likewise affected by the Ang II treatment. A reduction of
endothelium-dependent vascular relaxation has also been
reported in the 2-kidney 1-clip model, another method known
to increase the renin-angiotensin-system (Heitzer et al., 1999;
Jung et al., 2003, 2004; Stegbauer et al., 2013). Increased
superoxide production reducing bioavailability of NO is postu-
lated to be responsible for the reduced endothelium-dependent
vascular relaxation and is summarized in the term endothelial
dysfunction (Förstermann and Sessa, 2012).
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Fig. 7. Norepinephrine-treated NO-GC1 KO mice develop hypertension.
Systolic blood pressure (SBP) values of conscious WT and NO-GC1 KO
mice with and without norepinephrine treatment (2 weeks, 2.88 mg/kg per
day) measured by noninvasive tail-cuff plethysmography (nontreated n =
38 WT, 29 KO; NE-treated n = 4 WT, 5 KO). Shown are means 6 S.E.M.
***P , 0.001 compared with nontreated mice, +P , 0.05 compared with
WT group, unpaired Student’s t test.

Fig. 8. Proposed roles of NO-GC1 in smooth muscle tone. Both isoforms of
NO-GCs (NO-GC1, NO-GC2) have an established role in smooth muscle
relaxation. Results of the present study indicate a possible additional
sympatho-stimulatory action of NO-GC1 in the medulla oblongata. NO-
GC2 is also expressed in the medulla oblongata, but its role remains
elusive. parasymp., symp.: parasympathetic and sympathetic nervous
systems.
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In addition to its effect on endothelium-dependent relaxa-
tion, Ang II treatment also reduced NO-induced relaxation
in WT and NO-GC1 KO mice. The impairment of NO-
mediated relaxation demonstrates that the effects of Ang II
on the NO/cGMP cascade are not limited to the endothelium
but also occur in smooth muscle cells, most likely on the level
of the cGMP-forming/degrading enzymes. Respective Ang II-
induced alterations like reduced expression of NO-GC
(Mollnau et al., 2002), S-nitrosation of sGC (Crassous et al.,
2012), or enhanced expression of PDEs (Giachini et al., 2011)
have been reported.
Chronic Ang II Treatment Enhances PDE1 Expres-

sion. In line with a reduced NO responsiveness, cGMP-levels
of aortic rings of Ang II-treated WT and NO-GC1 KO mice
were reduced under nonstimulated and carbachol-stimulated
conditions. Our analysis of cGMP-forming and -degrading
activities showed unaltered activity of NO-GCs, whereas
cGMP degradation was enhanced in Ang II-treated WT mice.
Closer analysis revealed an increase in Ca21/CaM-stimulated
cGMP-degrading activity, which can be ascribed to PDE1,
the Ca21-sensitive PDE. Increased expression of PDE1 was
verified in Western blots. As PDE1 is known to also degrade
cAMP, the enhanced PDE1 expression is in accord with the
decreased vascular relaxation toward forskolin, the AC stim-
ulator found in the present study.
Our results are in agreement with the study of Giachini

et al. (2011), who also showed increased PDE1 expression in
rat arteries induced by Ang II treatment. On the other hand,
increased expression of PDE1 has been reported in vessels of
rats treated with nitroglycerin to induce nitrate tolerance
(Kim et al., 2001). Apparently, expression of PDE1 is an
important mechanism in the control of cellular cGMP levels
under quite diverse pathophysiological conditions (Miller
et al., 2009). Yet, high Ang II doses are required for the
pronounced increase of PDE1 expression, as a moderate
increase of the renin-angiotensin-system induced in the
2K1C model was not paralleled by an increase of PDE1
expression (Stegbauer et al., 2013).
Increasing cGMP Levels Does Not Improve Ang II-

Induced Dysfunctions. The increased PDE1most probably
accounts for the Ang II-mediated reduction of NO/cGMP-
signaling. To find out whether inhibition of PDEs and the
subsequent cGMP increase can attenuate Ang II-induced
effects, sildenafil in a high concentration (100 mg/kg per
day) was applied during the second week of the Ang II
treatment. Although cGMP levels were restored or even
increased by the sildenafil treatment, confirming the effec-
tiveness of the drug, vascular relaxation remained reduced
and the Ang II-induced hypertension was not reversed.
We conclude that alterations already induced by Ang II

(first week) are not susceptible to further increases by cGMP.
For closer analysis of the contractility of theNO-GC1KOmice,
we plan to challenge the mice in the hypertensive state with
relaxing agents that exert the dilatory function outside the
NO/cGMP signaling cascade, e.g., calcium channel blockers.
Sympathetic Activity Is Reduced in the NO-GC1

KO. In the vasculature, contractile agonists like Ang II and
NE balance vasodilators like NO to maintain smooth muscle
tone. By treating NO-GC1 KOmice with Ang II, we expected to
see a blood pressure increase higher than in WT. Intriguingly,
neither the blood pressure increase nor the impairment of
vascular relaxation was aggravated by the NO-GC1 deficiency.

The lack of an effect of the NO-GC1 deficiency can be explained
by the Ang II-induced increase of PDE1 that reduces cGMP and
thereby transforms WT into a NO-GC1–deficient–like pheno-
type. Still, why does NO-GC1 deficiency with an almost
complete loss of vascular cGMP (90%) not cause hypertension?
Our analysis of the NE content revealed that sympathetic

activity is reduced by the NO-GC1 deficiency as indicated by
lower plasma and urine NE levels. NE levels, although
increased by the Ang II treatment, still remained lower in
the KO than in the Ang II-treated WT. In support of a
reduction of sympathetic activity, the heart rate, a cardiovas-
cular parameter highly regulated by the sympathetic tone,
was found to be reduced in the NO-GC1 KO. The results
underline that the sympathetic activity is reduced in the NO-
GC1 KO and suggest that the reduction of sympathetic
activity counterbalances the reduced vascular cGMP in the
NO-GC1 KO mice. In support of the thesis, hypertension
induced by NE treatment was more severe in NO-GC1 KO
than in WT. The findings show that: 1) the reduced sympa-
thetic activity has an important impact in the control of the
blood pressure in the NO-GC1 KO; and 2) assign a sympatho-
stimulatory role to NO-GC1. Indeed, stimulatory and in-
hibitory effects of NO/cGMP in the regulation of sympathetic
activity in the blood pressure-controlling areas of brain stem
have been shown before (Harada et al., 1993; Hirooka et al.,
1996; Martins-Pinge et al., 1997; Sander and Victor, 1999;
Morimoto et al., 2000; Mayorov DN 2005; Wang et al., 2007),
and occurrence of NO-GC1 and NO-GC2 in the medulla
oblongata has been reported (Mergia et al., 2003). Yet,
although our data provide evidence for the notion that NO
via NO-GC1 increases sympathetic tone, more direct mea-
surements such as recordings of renal sympathetic activity are
necessary to definitely establish this relationship.
Moreover, the relative impact of NO-GC1’s direct vaso-

dilatory effect versus its sympatho-excitatory blood pressure–
increasing effect has to be unraveled with the help of genetically
modified mice with distinct neuronal or vascular NO-GC1
deficiency (Fig. 8).
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Phosphodiesterase 5 inhibition ameliorates angiotensin II-dependent
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Thieme M, Sivritas SH, Mergia E, Potthoff SA, Yang G, Hering
L, Grave K, Hoch H, Rump LC, Stegbauer J. Phosphodiesterase 5
inhibition ameliorates angiotensin II-dependent hypertension and re-
nal vascular dysfunction. Am J Physiol Renal Physiol 312: F474–
F481, 2017. First published January 4, 2017; doi:10.1152/ajprenal.
00376.2016.—Changes in renal hemodynamics have a major impact
on blood pressure (BP). Angiotensin (Ang) II has been shown to
induce vascular dysfunction by interacting with phosphodiesterase
(PDE)1 and PDE5. The predominant PDE isoform responsible for
renal vascular dysfunction in hypertension is unknown. Here, we
measured the effects of PDE5 (sildenafil) or PDE1 (vinpocetine)
inhibition on renal blood flow (RBF), BP, and renal vascular function
in normotensive and hypertensive mice. During acute short-term Ang
II infusion, sildenafil decreased BP and increased RBF in C57BL/6
(WT) mice. In contrast, vinpocetine showed no effect on RBF and BP.
Additionally, renal cGMP levels were significantly increased after
acute sildenafil but not after vinpocetine infusion, indicating a pre-
dominant role of PDE5 in renal vasculature. Furthermore, chronic
Ang II infusion (500 ng·kg�1·min�1) increased BP and led to im-
paired NO-dependent vasodilation in kidneys of WT mice. Additional
treatment with sildenafil (100 mg·kg�1·day�1) attenuated Ang II-
dependent hypertension and improved NO-mediated vasodilation.
During chronic Ang II infusion, urinary nitrite excretion, a marker for
renal NO generation, was increased in WT mice, whereas renal cGMP
generation was decreased and restored after sildenafil treatment,
suggesting a preserved cGMP signaling after PDE5 inhibition. To
investigate the dependency of PDE5 effects on NO/cGMP signaling,
we next analyzed eNOS-KO mice, a mouse model characterized by
low vascular NO/cGMP levels. In eNOS-KO mice, chronic Ang II
infusion increased BP but did not impair NO-mediated vasodilation.
Moreover, sildenafil did not influence BP or vascular function in
eNOS-KO mice. These results highlight PDE5 as a key regulator of
renal hemodynamics in hypertension.

phosphodiesterase; renal blood flow; angiotensin; cGMP; hyperten-
sion

HYPERTENSION IS THE LEADING RISK FACTOR for cardiovascular
morbidity and mortality. Increase in blood pressure is charac-
terized by an increase in vascular resistance. In this regard,
renal arteries are playing an important role in blood pressure
control. Changes in vascular function, including increased

vasocontractility and impaired vasorelaxation, result in vascu-
lar dysfunction, leading to hypertension (8).

The renin-angiotensin system (RAS) and the NO/cGMP
signaling cascade are key players in the regulation of vascular
function. In this regard, angiotensin (Ang) II promotes vascular
injury by inducing vasoconstriction, vascular smooth muscle
cell proliferation and hypertrophy, and vascular inflammation
as well as extracellular matrix degradation (21, 33). Further-
more, angiotensin II (Ang II) infusion has been shown to
decrease NO bioavailabilty, leading to vascular dysfunction (2,
12, 14, 15, 34). Besides the impact of Ang II on NO bioavail-
ability, several studies have highlighted the role of Ang II in
modulating cGMP degradation by influencing the activity of
cGMP-degrading phosphodiesterases (PDE) in vascular
smooth muscle cells. Ang II has been shown to increase the
expression of PDE1 and PDE5, both of which are PDEs of
particular importance for vasorelaxation of resistance arteries
(10, 16, 17). In general, PDE1 is activated by increased
intracellular Ca2� concentrations, which are observed during
Ang II mediated vasoconstriction (13, 30, 31). PDE5 is acti-
vated by allosteric binding of cGMP to the noncatalytic GAF
domain of PDE5 (29). Thus, PDE5 limits cGMP induced
vasorelaxation through a cGMP-mediated negative feedback
mechanism. Until now, there has been conflicting data about
the predominant PDE regulating vascular function in resistance
arteries during Ang II-dependent hypertension. Giachini et al.
(10) reported that chronic Ang II infusion reduces cGMP
bioavailability through a PDE1-dependent mechanism. In con-
trast, we and others have shown that vascular dysfunction in
renovascular hypertension was mediated initially by an in-
creased NO/cGMP signaling, which resulted in an exaggerated
PDE5 activation and finally in reduced NO/cGMP mediated
relaxation (34). The aim of the present study was to identify the
predominant PDE regulating renal vascular function. Based on
these results, we examined whether acute and chronic inhibiton
of a specific PDE protects from hypertension and vascular
dysfunction.

MATERIALS AND METHODS

Animal care. All animal experiments were approved by the respon-
sible federal state authority (Landesamt fuer Natur-, Umwelt-, und
Verbraucherschutz Nordrhein-Westfalen; reference: AZ. 8.87-
50.10.34.08.216) and performed according to the guidelines from
Directive 2010/63/EU of the European Parliament on the protection of
animals used for scientific purposes. Twelve- to 14-week-old male
C57BL/6J wild-type (WT) mice and endothelial nitric oxide synthase-
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knockout (eNOS-KO) mice (generous gift from Dr. A. Gödecke,
Cardiovascular Physiology, Dusseldorf, Germany) were bred and
housed in the local animal care facility of the University Hospital
Düsseldorf, as described previously (11).

Acute vasoconstrictor responses and changes in renal blood flow.
Acute pressor responses and renal blood flow to vinpocetine and
sildenafil were measured in anesthetized mic,e as described previously
(32). In brief, mice were anesthetized intraperitoneally with ketamine
(100 mg/kg) and xylazine (5 mg/kg) and decapitated at the end of the
experiment. Arterial BP was monitored continuously through a cath-
eter placed in the carotid artery. Basal fluids, Ang II, and PDE
inhibitors were administered through the right jugular vein. For
measuring renal blood flow (RBF), a small incision was made on the
left flank to expose the kidney, and an ultrasonic flowmeter interfaced
with a 5-mm V-shaped probe was placed around the left renal artery
(MA0.5PSB and TS420 Flowmeter; Transonic Systems, Ithaca, NY).
Mice were allowed to stabilize for 30 min before measurements were
started. The effects of PDE1 or PDE5 on BP and RBF were tested
under normotensive and hypertensive conditions. Therefore, either the
PDE5 inhibitor sildenafil or the PDE1 inhibitor vinpocetine was
administered in increasing doses (0.0008, 0.008, 0.08, and 0.8 mg/kg
body wt) at 5-min intervals. To test the effect of PDE inhibition under
hypertensive conditions, Ang II (200 ng·min�1·kg�1) was applied
continuously throughout the experiment. After a stabilization pe-
riod, sildenafil or vinpocetine was injected in increasing doses, as
described above. Intra-arterial pressure and renal blood flow were
monitored continuously using the PowerLab data acquisition sys-
tem and LabChart software (ADInstruments, Colorado Springs,
CO). Changes in BP or RBF were recorded as the delta of BP or
RBF increase or decrease in relation to their baseline values
determined before the application of the first PDE inhibitor dose.

Renal cGMP levels in cortical slices. Immediately after application
of either sildenafil (800 �g/kg BW) or vinpocetine (800 �g/kg body
wt) in acute experiments, or after the termination of chronic experi-
ments, renal cortex was cut into small pieces and snap-frozen in liquid
nitrogen. The samples were homogenized in 70% ice-cold ethanol
using a glass/glass homogenizer and finally centrifuged (14,000 g, 15
min, 4°C) and dried at 95°C, and the cGMP content was measured in
duplicate by RIA. Protein pallets were dissolved in 0.1 M NaOH-0.1%
SDS, and protein content was determined using the bicinchoninic acid
method (Uptima).

Isolated perfused kidneys. At baseline or 14 days after the induction
of Ang II-dependent hypertension, the kidneys of each group were
isolated and perfused with Krebs-Henseleit buffer, as described pre-
viously (36). Kidneys were isolated from mice anesthetized intraperi-
teoneally (ip) with ketamine (100 mg/kg and xylazine (5 mg/kg\).
Changes in perfusion pressure reflected changes in vascular resistance
of renal vessels. Immediately after preparation, a bolus of 60 mM KCl
was injected to test the viability of the preparation, followed by a
stabilization period of 30 min. To assess renal vasodilation, kidneys
were preconstricted with norepinephrine (1 �M; Sigma-Aldrich).
Concentration-response curves induced by carbachol (Sigma-Aldrich)
and S-nitrosgluthathione (GSNO; Alexis) were recorded in the pres-
ence of either diclofenac (3 �M) or L-NAME (300 �M; Sigma-
Aldrich) and diclofenac (3 �M), respectively. To test the influence of
vinpocetine (Calbiochem) and sildenafil (a generous gift from Pfizer)
on NO-mediated vasodilation, we used a sildenafil (300 nM) and
vinpocetine (10 �M) concentration known to reduce vasocontraction
by �20-30% and added the respective substances to the perfusion
solution 10 min before GSNO or carbachol administration. Renal
relaxation is expressed as a percentage pressor response of the
preconstricted kidney, which was set as 100%.

Isometric force in aortic rings. Aortic rings from Ang II-infused
WT mice (500 ng·kg�1·min�1 for 14 days) were mounted in a wire
myography (Multi Myograph Model 610 M; Danish Myo Technol-
ogy), as described previously (4). After equilibration, aortic rings
were contracted with norepinephrine (1 �M; Sigma-Aldrich), and

dose-response curves to GSNO were recorded in the presence or
absence of either sildenafil (300 nM) or vinpocetine (1 �M). Isometric
forces are expressed as a percentage of the maximal response to
norepinehrine.

Model of Ang II-induced hypertension. WT and eNOS-KO mice
were infused continuously with Ang II (500 ng·kg�1·min�1; Sigma-
Aldrich) via osmotic minipumps (model 1002; Alzet, Cupertino, CA)
for 14 days. Osmotic minipumps were implanted in anesthetized mice
[intraperitoneal anesthesia with ketamine (100 mg/kg) and xylazine (5
mg/kg)]. Four days before Ang II infusion, WT and eNOS-KO mice
were divided into a sildenafil (100 mg·kg�1·day�1) and vehicle-
treated group. Sildenafil was dissolved in tap water acidified to pH 3
at a concentration of 400mg/l, resulting in the ingestion of ~100
mg·kg�1·day�1 and in sufficient sildenafil plasma levels (1, 34). The
vehicle group received only tap water acidified to pH 3.

Blood pressure measurements. Systolic blood pressure (BP) was
measured in conscious mice by tail-cuff plethysmography (BP-98A;
Softron). For habituation, before the experiment, mice were trained
daily for 5 consecutive days. Thereafter, 10 measurements per mouse
were recorded daily, starting on the day when the mice were assigned
into sildenafil or vehicle-treated groups.

Metabolic cages. Mouse metabolic cages (Tecniplast, Gams, Swit-
zerland) were utilized, allowing the collection of urine for further
analysis. During the 24-h collection period, mice were supplied with
chaw and vehicle or sildenafil dissolved in tap water (acidified to
pH3).

Quantification of sodium balance and urinary nitrate/nitrite
excretion. Urine samples were collected daily in metabolic cages for
24 h. Mice were fed a gel diet (Diet-Gel; Sniff, Soest, Germany)
containing nutrients and water (0.15% NaCl). Cumulative urinary
sodium excretion was determined by flame photometry (Beckman
Coulter), utilizing an internal lithium standard. Cumulative sodium
balance was determined by subtracting sodium intake from urinary
sodium excretion, as described previously. Cumulative nitrate/nitrite
was measured by using a colorimetric assay kit (780001; Cayman
Chemical) and normalized to urinary creatinine (50070; Cayman
Chemical).

Statistical analysis. All data are expressed as means � SE (n � no.
of animals). Student’s t-test was used to compare means of two groups
with Gaussian distribution. Differences between dose-response curves
were analyzed by one-way or two-way ANOVA for repeated mea-
surements, followed by Bonferroni’s multiple comparison post hoc
test. Statistical analyses of data of two groups in which Gaussian
distribution was not (or could not be assumed to be) normal were
analyzed by the Mann-Whitney U-test. Probability levels of P � 0.05
were considered statistically significant.

RESULTS

Phosphodiesterase 5 regulates blood pressure and renal
blood flow. To identify the predominant PDE subunit regulat-
ing renal blood flow (RBF) in vivo, we tested the acute effects
of sildenafil, a selective PDE5 inhibitor, and vinpocetine, a
selective PDE1 inhibitor on RBF and blood pressure, under
baseline conditions or during acute Ang II infusion (200
ng·kg�1·min�1). As shown in Fig, 1, A and B, sildenafil
decreased blood pressure dose dependently. Due to hypoten-
sive blood pressure values induced by sildenafil (80 �g/kg
body wt: 54 � 9 mmHg; 800 �g/kg body wt: 56 � 8 mmHg),
renal blood flow was decreased in the two highest sildenafil
concentrations (Fig. 1, A–C). During Ang II infusion, PDE5
inhibition reduced blood pressure even more potently than in
the absence of Ang II infusion (39 � 4 vs. 12 � 1 	mmHg;
n � 4–5, P � 0.001; Fig. 1, D–F). Moreover, sildenafil
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induced a significant increase in renal blood flow in acute Ang
II-infused mice (Fig. 1G).

In contrast, vinpocetine reduced blood pressure only in the
highest concentration of Ang II-infused mice but did not show
any effect on RBF, suggesting that BP and RBF are regulated
predominantly by PDE5 (Fig. 1, A–G). In line with these
results, renal cGMP content was significantly increased after
acute sildenafil (0.8� g/kg) compared with both vinpocetine
(0.8 �g/kg) or vehicle application (Fig. 1H).

Acute treatment with sildenafil but not vinpocetine restores
impaired vasodilator responses in isolated perfused kidneys of
hypertensive WT mice. To exclude a substantial influence of
systemic blood pressure changes on renal hemodynamics in-
duced by acute PDE5 or PDE1 inhibition in vivo, we examined
renal vasorelaxation ex vivo by using the model of isolated
perfused kidneys. Interestingly, the inhibition of neither PDE1
nor PDE5 affects smooth muscle cell-dependent vasorelaxation
induced by exogenous NO [(S-nitrosgluthathione (GSNO)] in
preconstricted kidneys of normotensive WT mice (Fig. 2A).
However, sildenafil (0.3 �M) significantly improved the im-
paired GSNO-mediated vascular relaxation in kidneys of
chronically Ang II-infused WT mice (Fig. 2B). In contrast,
vinpocetine (10 uM) used in a 33-fold higher concentration

compared with sildenafil did not show any effect on the
vasodilator responses in kidneys of hypertensive mice (Fig.
2B). Interestingly, in aortic rings of Ang II-treated mice,
vinpocetine improved GSNO-dependent vasodilation in the
same manner as sildenafil, suggesting that PDE1 is playing a
different role in conductance arteries and the vascular bed of
the kidney (Fig. 2C).

To examine the impact of PDE5 inhibition in a mouse
model, which is characterized by decreased NO/cGMP levels,
we tested renal vasodilator responses in isolated perfused
kidneys of Ang II-treated hypertensive eNOS-KO mice. As
shown in Fig. 2D, sildenafil did not affect NO-mediated renal
vasorelaxation in kidneys of chronically Ang II-infused
eNOS-KO mice

Chronic sildenafil treatment attenuates Ang II-dependent
hypertension in WT but not in eNOS-KO mice. Next, we tested
the effect of chronic PDE5 inhibition (sildenafil 100
mg·kg�1·day�1) on Ang II-dependent hypertension in WT and
eNOS-KO mice. After 4 days of sildenafil treatment, mice
were additionally infused with Ang II (500 ng·kg�1·min�1) for
14 days. In vehicle-treated mice, baseline systolic blood pres-
sure was significantly higher in eNOS-KO compared with WT
mice (131 � 3 mmHg, n � 9, vs. 110 � 3 mmHg, n � 9, P �
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Fig. 1. Sildenafil decreased blood pressure (BP) and increased renal blood flow (RBF) in wild-type (WT) mice during angiotensin II (Ang II)-induced
hypertension. A (absolute values) and B [change in mean arterial pressure (MAP)]: acute administration of sildenafil (n � 5) but not vinpocetine (n � 4) reduced
BP significantly in normotensive mice. C: acute administration of sildenafil (n � 5) but not vinpocetine (n � 4) decreased RBF significantly in normotensive
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significantly. Vinpocetine (n � 6) reduced BP only in the highest concentration. G: blood pressure-lowering effect of sildenafil was more potent in Ang II-infused
mice compared with normotensive mice. F: during acute Ang II infusion (200 ng·kg�1·min�1), administration of sildenafil (n � 5) increased RBF significantly.
H: renal cGMP levels were increased significantly after sildenafil application (n � 6–9). Data represent means � SE. *P � 0.01 and **P � 0.001 vs. baseline;
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followed by Bonferroni’s multiple comparison post hoc test (A, D, and H) and Student’s unpaired t-test (B, C, E, F, and G).
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0.001). During chronic Ang II infusion, blood pressures were
significantly higher in eNOS-KO mice compared with WT
mice (172 � 4 mmHg, n � 9, vs.157 � 2 mmHg, n � 9, P �
0.001; Fig. 3A). Interestingly, the increase in blood pressure
induced by Ang II did not differ between either group (50 � 3
vs. 45 � 7 mmHg, P � 0.47).

Under baseline conditions, treatment with sildenafil did not
affect blood pressures significantly in any strain (vehicle-
treated vs. treated; WT mice: 110 � 3 mmHg, n � 9, vs.
106 � 2 mmHg, n � 9, P � 0.27; eNOS-KO mice: 132 � 2
mmHg, n � 9, vs. 131 � 3 mmHg, n � 9, P � 0.652). Chronic
sildenafil treatment reduced Ang II-dependent hypertension in
WT (140 � 2 mmHg, n � 9, vs. 157 � 2 mmHg, n � 9, P �
0.01) but not in eNOS-KO mice (166 � 4 mmHg, n � 9, vs.
172 � 4 mmHg, n � 9, P � 0.2753; Fig. 3A). In addition,
cumulative sodium balance over 7 days was significantly
increased in sildenafil-treated hypertensive WT mice compared

with vehicle-treated hypertensive WT mice (0.46 � 0.02
mmol/7 days vs. 0.33 � 0.3 mmol/7 days; n � 8, P � 0.01). In
eNOS-KO mice, sildenafil treatment did not affect sodium
balance significantly (0.30 � 0.05 vs. 0.24 � 0.04 mmol/7
days, n � 8, P � 0.5203; Fig. 3B).

Chronic sildenafil treatment restores impaired renal vaso-
dilator response in Ang II-dependent hypertensive WT but not
in eNOS-KO mice. To evaluate the impact of chronic sildenafil
treatment on renal vasodilator response ex vivo, we tested renal
endothelium-dependent relaxation in response to carbachol and
smooth muscle cell-dependent relaxation in response to GSNO
in isolated perfused kidneys. As expected, under baseline
conditions, endothelium-dependent renal vasorelaxation was
significantly impaired in eNOS-KO compared with WT mice
(Fig. 4A). Accordingly, urinary nitrate/nitrite, a marker for
renal nitric oxide generation, was significantly higher in WT
compared with eNOS-KO mice (3.5 � 0.4 mg/dl creatinine vs.
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Fig. 2. Acute sildenafil administration improved
smooth muscle cell-dependent vasorelaxation in
kidneys of Ang II-treated WT but not endothelial
nitric oxide synthase-knockout (eNOS-KO) mice.
A: administration of sildenafil or vinpocetine did
not improve smooth muscle cell-dependent vasore-
laxation induced by the NO donor S-nitrosglutha-
thione (GSNO) in the isolated perfused kidney
of untreated WT mice (n � 5–9). B: acute
administration of sildenafil but not vinpocetine
improved GSNO-induced vasorelaxation in iso-
lated perfused kidneys of chronically Ang II-
infused WT mice (n � 5– 6). C: acute vasodilator
response to GSNO in the presence or absence of either
sildenafil or vinpocetine in an aortic ring preparation of
Ang II-infused mice. D: acute administration of silde-
nafil did not affect GSNO-induced renal vasorelaxation
in kidneys of eNOS-KO mice (n � 9–19). Data repre-
sent means � SE. *P � 0.001, Ang II (500
ng·kg�1·min�1) vs. Ang II (500 ng·kg�1·min�1) �
vinpocetine; #P � 0.001, Ang II (500 ng·kg�1·min�1)
vs. Ang II (500 ng·kg�1·min�1) � sildenafil; **P �
0.01 and ***P � 0.001 vs. WT [Ang II (500
ng·kg�1·min�1)]; ###P � 0.001 vs. WT Ang II (500
ng·kg�1·min�1) � vinpocetine. Two-way ANOVA fol-
lowed by Bonferroni’s multiple comparison post-hoc
test.
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Fig. 3. Chronic sildenafil treatment attenuated Ang II-depen-
dent hypertension and increased sodium balance in WT but
not in eNOS-KO mice. A: BP was significantly higher in
eNOS-KO (n � 9) than in WT (n � 9) before and during Ang
II treatment. Chronic treatment with sildenafil significantly
reduced BP during Ang II-dependent hypertension in WT
(n � 9) but not in eNOS-KO (n � 9). B: during Ang
II-induced hypertension, sildenafil significantly increased so-
dium balance in WT (n � 8) but not in eNOS-KO (n � 8).
Data represent means � SE. *P � 0.01, WT � sildenafil vs.
WT; #P � 0.05, ##P � 0.01, and ###P � 0.001, eNOS-KO
vs. WT. Two-way ANOVA followed by Bonferroni’s mul-
tiple comparison post hoc test (A) and Student’s unpaired
t-test (B). NS, not significant.
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1.3 � 0.3 mg/dl creatinine; n � 9, P � 0.001). In contrast,
NO-induced renal vasorelaxation was increased in eNOS-KO
mice, suggesting an increased sensitivity to exogenous NO in
eNOS-KO compared with WT mice (Fig. 4B).

Chronic Ang II infusion significantly impaired the vasodi-
lator response to carbachol and GSNO in isolated perfused
kidneys of WT (Fig. 4, C and D). In contrast, chronic Ang II
infusion did not impair the vasodilator response to GSNO
and carbachol in eNOS-KO mice (Fig. 4, E and F). In
addition, nitrate/nitrite levels increased during chronic Ang
II infusion in WT but not in eNOS-KO mice, suggesting that

the impaired renal vasodilator response is not due to de-
creased NO production (WT mice: 6.0 � 0.3 vs. 3.5 � 0.4
mg/dl creatinine, P � 0.01; and eNOS-KO mice: 2.0 � 0.2
vs. 1.3 � 0.2 �M·mg�1·dl�1 creatinine, P � 0.087; Fig.
4G). Similar to acute PDE5 inhibition, chronic sildenafil treat-
ment significantly restored the impaired vasodilator responses
to carbachol and GSNO in WT mice but did not influence
endothelial or smooth muscle cell-dependent vasodilator re-
sponses to carbachol or GSNO in eNOS-KO mice, suggesting that
Ang II-induced vascular dysfunction is mediated by increased
cGMP degradation (Fig. 4, C–F). Indeed, renal cGMP content
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Fig. 4. Chronic sildenafil administration improved
endothelium- and smooth muscle cell-dependent vas-
cular dysfunction in Ang II-infused WT but not in
eNOS-KO mice. A: endothelium-dependent vasore-
laxation induced by carbachol was significantly re-
duced in isolated perfused kidneys of eNOS-KO com-
pared with WT mice (n � 5–6). B: vascular smooth
muscle cell-dependent vasorelaxation induced by
GSNO was significantly increased in kidneys of
eNOS-KO compared with WT mice (n � 9–12). C–F:
vasorelaxation to carbachol and GSNO was signifi-
cantly impaired in isolateed perfused kidneys of Ang
II-infused WT (n � 5–12) but not eNOS-KO mice
(n � 6). Chronic sildenafil treatment significantly
improved the impaired vasorelaxation to carbachol
and GSNO in kidneys of Ang II-infused WT but not
eNOS-KO mice. G: urinary nitrate levels were in-
creased after Ang II infusion in WT but not eNOS-KO
mice (n � 9). WT mice showed increased nitrate
excretion compared with eNOS-KO. H: renal cGMP
levels were significantly decreased in Ang II treated
WT mice compared with untreated WT mice. Chronic
sildenafil treatment restored renal cGMP levels in Ang
II-treated mice (n � 12). Data represent means � SE.
�P � 0.05, ��P � 0.01, and ���P � 0.001,
eNOS-KO vs. WT; #P � 0.05, ##P � 0.01 WT, and
###P � 0.001 (Ang II) vs. WT. *P � 0.05, **P �
0.01, and ***P � 0.001 WT (Ang II) � sildenafil vs.
WT (Ang II). Two-way ANOVA followed by Bonfer-
roni’s multiple comparison post hoc test (A–F and H)
and Student’s unpaired t-test (G).
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was significantly reduced in Ang II-treated mice and restored in
those mice additionally treated with sildenafil (Fig. 4H).

DISCUSSION

The PDEs, which are the rate-limiting enzymes for cGMP-
induced vasodilation, are important targets of pharmacological
therapy in cardiovascular diseases and erectile dysfunction (6,
19, 22, 39). In addition, studies have shown that selective
inhibition of both PDE5 and PDE1 improved vascular dysfunc-
tion in experimental hypertension (10, 16, 17, 34). However, it
is unknown which PDE controls renal vascular resistance and
blood flow and thereby influences systemic blood pressure in
hypertension.

In the present study we showed that, under baseline condi-
tions, sildenafil, a selective PDE5 inhibitor, decreased blood
pressure dose dependently. Furthermore, sildenafil applied in
the two highest concentrations induced a decrease in renal
blood flow. This renal hypoperfusion was more likely due to
hypotensive blood pressure values than to a direct effect of
sildenafil on renal vascular resistance. On the other hand,
PDE1 inhibition showed no effect on renal blood flow or blood
pressure during baseline conditions.

Ang II plays a major role in the pathogenesis of hypertension
by inducing vasoconstriction and impairing vascular function
(7, 18, 26, 38). Recent studies suggested that those effects are
mediated partly by activation of PDEs. Thus, it has been shown
that PDE1, activated by increased intracellular Ca2� levels,
plays a dominant role in Ang II-mediated vascular dysfunction
or vascular aging (3, 10, 13, 17, 31). Surprisingly, we observed
only minor in vivo effects of PDE1 inhibition on blood pres-
sure and no effect on renal blood flow during acute Ang II
infusion. Moreover, vinpocetine did not affect the vasodilator
response in isolated perfused kidneys of normotensive or
hypertensive mice. These results are in contrast to observations
performed in aortic and mesenteric arteries of rats where PDE1
inhibition decreased vascular contractility from Ang II-treated
rats (10). The discrepancy might be explained by differences in
vascular bed and species as well as different methods testing
vascular function. And indeed, the present study provides
evidence for this hypothesis, as we could show that vinpocetine
improved NO-induced vasodilation in aortic rings but not in
renal resistance arteries of Ang II-treated mice.

Besides PDE1, recent data emphasized the PDE5 as a key
regulator in vascular function (16, 28, 34). In the present study,
selective PDE5 inhibition increased renal blood flow and
decreased blood pressure during acute Ang II infusion in vivo.
In addition, renal cGMP levels were increased after sildenafil
but not after vinpocetine application, highlighting the role of
the PDE5 in the regulation of renal vascular tone in Ang
II-dependent hypertension. To rule out the possibility that the
increase in renal blood flow is in part mediated by sildenafil-
induced blood pressure changes, we performed additional ex
vivo experiments in the isolated perfused kidney. Here, we
clearly showed that acute sildenafil administration significantly
improves the impaired renal vasodilator response to exogenous
NO in kidneys of Ang II-induced hypertensive mice. Together
with the observation that PDE1 inhibition affected neither renal
blood flow nor renal vascular function under normotensive
conditions and was only very mild under hypertensive condi-
tions, our results suggest that PDE5, and not PDE1, seems to

be the major PDE regulating renal vascular resistance in
experimental hypertension.

The mechanism through which Ang II interacts with PDE5
is still not fully understood. PDE5, activated by an allosteric
binding of cGMP to the noncatalytic GAF domain of the
PDE5, limits cGMP-induced vasorelaxation through a cGMP-
mediated negative feedback mechanism (20, 23, 29). It has
been suggested that Ang II-induced PDE5 activation is a result
of an initially enhanced NO/cGMP signaling during Ang II
infusion (34). To test this hypothesis and to see whether
chronic sildenafil treatment affects blood pressure and renal
vascular function, we treated WT and eNOS-KO mice with
sildenafil and infused them with Ang II for 14 days.

First, we could show that chronic PDE5 inhibition amelio-
rated Ang II-dependent hypertension and attenuated renal so-
dium balance. Beside the investigated vasodilatory effect, we
could not exclude that inhibition of PDE5 also reduced blood
pressure and increased sodium excretion in part by directly
affecting renal tubular sodium and water channels, as described
previously (20, 24, 27, 37). However, Sparks et al. (32) could
show that Ang II-induced sodium handling was directly af-
fected by renal vascular function. Second, to elucidate the un-
derlying mechanism of how PDE5 inhibition attenuated Ang
II-dependent hypertension, we could demonstrate and confirm
that chronic Ang II infusion increased urinary nitrate production,
a marker for renal NO generation, and that PDE5 inhibition
attenuated Ang II-dependent hypertension. In line with these
observations, recent studies confirmed Ang II-mediated NO gen-
eration and the blood pressure-lowering effect of chronic PDE5
inhibition in several models of cardiovascular diseases (5, 9, 25,
28, 34, 35). Based on these results, it seems plausible that the
initial increase in NO generation activates PDE5-mediated cGMP
degradation, leading to vascular dysfunction and hypertension.
Accordingly, renal cGMP levels were reduced in Ang II-treated
WT mice and restored in those mice treated additionally with
sildenafil. Moreover, we showed that the beneficial effect of
PDE5 inhibition was abrogated in eNOS-KO mice, a mouse
model characterized by low NO/cGMP levels. Chronic PDE5
inhibition had no effect on Ang II-dependent hypertension in
eNOS-KO mice, suggesting that the efficacy of a PDE5 inhi-
bition is dependent on the amount of produced cGMP (23). In
line with this assumption, PDE5 inhibition improved the va-
sodilator response in kidneys of Ang II-infused WT mice but
failed to modulate the renal vasodilator response to NO in
kidneys of Ang II-infused eNOS-KO mice, indicating that
vascular dysfunction in Ang II-dependent hypertension is me-
diated by increased cGMP degradation. Finally, we showed
that both acute and chronic sildenafil inhibition improved
vascular function in isolated perfused kidneys of Ang II-
infused WT mice, suggesting that the effect of PDE5 inhibition
is rather a result of increased cGMP availability than an
indirect effect of sildenafil-induced blood pressure reduction or
attenuated renal vascular injury.

In summary, the present study identifies the PDE5 as the
relevant PDE regulating renal blood flow and renal vasodilator
response during Ang II-dependent hypertension. Moreover,
these data suggest that activation of PDE5 depends on the
amount of produced NO/cGMP, as selective inhibition of
PDE5 did not show any effects in eNOS-KO mice. Further
studies are required to investigate the exact molecular mecha-
nism by which PDE5 is activated during Ang II infusion.
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Angiotensin II increases glomerular 
permeability by β-arrestin 
mediated nephrin endocytosis
Eva Königshausen, Ulf M. Zierhut, Martin Ruetze, Sebastian A. , Johannes Stegbauer, 
Magdalena Woznowski, Ivo Quack, Lars C. Rump & Lorenz Sellin

Glomerular permeability and subsequent albuminuria are early clinical markers for glomerular injury 

receptor blockers protect from albuminuria, cardiovascular morbidity and mortality. A blood pressure 
independent, molecular mechanism for angiotensin II (Ang II) dependent albuminuria has long been 

component of the glomerular slit diaphragm and its endocytosis is mediated by β
stimulation increases nephrin-β

αq knockdown and phospholipase C inhibition block Ang 

binding to β

the structural integrity of the slit diaphragm by increased nephrin endocytosis and decreased nephrin 

Albuminuria is a strong and independent predictor of cardiovascular mortality in the general population1,2. In 
patients with non-diabetic and diabetic kidney disease albuminuria is not only associated with cardiovascu-
lar mortality but also with progression to end-stage renal disease3. Inhibition of the renin angiotensin system 
(RAS) with angiotensin converting enzyme (ACE)-inhibitors or angiotensin-receptor blockers (ARB) effectively 
reduces and delays albuminuria4–6. Studies revealed that the anti-albuminuric effect of ACE-inhibitors and ARBs 
exceeded the benefit of blood pressure control alone4,7–10. ACE-inhibitors were shown to have the strongest 
anti-albuminuric effect under comparable blood pressure control when compared to calcium antagonists, diuret-
ics and beta-blockers10. Therefore blood-pressure independent mechanisms for ACE-inhibitors and ARBs have 
been postulated to explain the renoprotective effects5,11.

Angiotensin II (Ang II) infusion in a non-blood pressure effective dose induces a significant transient increase 
in glomerular permeability12. The increased transient glomerular permeability under Ang II infusion without a 
significant rise of systemic blood pressure points to a blood pressure independent effect on the glomerular filtra-
tion barrier13,14.

The glomerular filtration barrier is composed of the three layers: the fenestrated endothelium, the glomerular 
basement membrane and the glomerular slit diaphragm formed in between the secondary podocyte foot pro-
cesses. An essential component of the glomerular slit diaphragm is nephrin which is subjected to endocytosis by 
binding to β -arrestin215. We and others have shown that endocytosis is crucial to podocyte integrity in develop-
ment, health and disease16,17.

Previous studies have investigated the influence of Ang II on aspects of podocyte biology. Macconi et al. 
showed that Ang II stimulation in podocyte cell culture leads to an increased albumin permeability across podo-
cyte monolayers and an Ang II mediated reorganization of the actin cytoskeleton18. Hsu et al. demonstrated the 
role of the activated Rac-1 on the remodeling of the F-actin cytoskeleton under Ang II stimulation of podocytes 
with stable AT1-receptor expression19. Greka and Mundel summarized their work on the influence of Ang II on 
the cytoarchitecture of the podocyte20, Yu et al. observed a significantly reduced nephrin phosphorylation in vitro 
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Figure 1. Ang II increases the glomerular permeability and enhances the interaction of β-arrestin to 
nephrin. (a) Ang II increases the glomerular permeability significantly in FVB mice (n =  5 per data point, 
p <  0.004 tested by Kruskal-Wallis test). The glomerular permeability was measured by FITC-Ficoll 70 
appearance in the urine before (white columns, 0 min), 60 minutes after the begin of Ang II stimulation (black 
columns, 60 min) and after additional 60 minutes of Ang II stimulation or 60 minutes of Ang II discontinuation 
washout (grey columns, 120 min or + 60 min). The measured FITC-Ficoll 70 concentrations in the urine were 
referenced to the urine creatinine concentration. Pretreatment with candesartan blocks the Ang II mediated 
increased glomerular permeability (control n =  9, 0 min vs 60 min p =  0.35, 60 min vs 120 min p =  0.87; Ang II  
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after Ang II stimulation21. Ang II is also linked to proinflammatory states. Ayoub et al. described a functional 
interaction between the AT1-receptor and the chemokine receptor CCR2 which could be an interesting link 
between glomerular inflammation and proteinuria22.

In this study, we examined the influence of Ang II on nephrin endocytosis in order to identify the underlying 
signaling mechanisms that potentially contribute to blood pressure independent effects of ACE-inhibitors and 
ARBs on podocytes.

Results
Here we show enhanced nephrin endocytosis by Ang II stimulation of podocytes. Nephrin endocytosis is respon-
sible for the systemic blood pressure independent increase of glomerular permeability.

Ang II increases glomerular permeability, enhances nephrin binding to β
endocytosis. In mice the administration of Ang II for 60 minutes significantly increases the glomerular per-
meability in doses which do not influence blood pressure effectively (Fig. 1a + b). This effect is prevented by 
administration of an AT1 receptor blocker (Fig. 1a). After additional 60 minutes of Ang II washout the glomerular 
permeability decreases (Fig. 1a). The blood pressure was monitored by tail cuff measurements. No significant 
blood pressure changes were observed between the groups (Fig. 1b). Ang II mediated AT1 receptor signaling was 
controlled by increased phosphorylation of ERK (p42/p44) (Fig. 1Sa).

In isolated mouse glomeruli the stimulation with Ang II for 60 minutes enhances the β -arrestin binding to 
nephrin (Fig. 1c + d).

Ang II stimulation increases nephrin β -arrestin colocalization in mouse glomeruli (Fig. 1e). Due to previous 
data describing β -arrestin binding to nephrin as a mediator of nephrin endocytosis15 we looked for increased 
appearance of early endosomes in mouse glomeruli after stimulation with Ang II by EEA-1 staining. EEA-1 is 
a marker for early endosomes23. Ang II stimulation enhances endocytosis with increased appearance of EEA-1 
positive vesicles (Fig. 1f).

In line with this, biotinylation assays show a significantly enhanced nephrin disappearance from the cell sur-
face under Ang II stimulation in HEK293T cells and mouse podocytes (Fig. 2a + b). In mice the in vivo bioti-
nylation of nephrin from glomerular extracts was shown to be reduced after 60 minutes of Ang II stimulation 
(Fig. 2c). This effect was blocked by the AT1 receptor blocker candesartan (Fig. 2c).

β In HEK 
293 T cells expressing the nephrin c-terminus, β -arrestin2 and AT1 receptor, an enhanced β -arrestin2 binding 
to nephrin is observed under Ang II stimulation. Ang II stimulation increases β -arrestin2 binding to nephrin 
c-terminus already after 5 minutes. This binding is time dependent and was the strongest at 60 min Ang II stimu-
lation (Fig. 3a). The AT1 receptor is mandatory to enhance the β -arrestin2 binding to nephrin c-terminus under 
Ang II stimulation (Fig. 3b). In experiments with cells lacking the AT1 receptor the Ang II stimulation fails 
to induce the enhanced β -arrestin2 binding to the nephrin c-terminus. AT1 receptor antagonist candesartan 
blocked the enhanced β -arrestin2 binding to the nephrin c-terminus under Ang II stimulation (Fig. 3c).

The expression of the transfected nephrin fusion proteins and its control is shown in the supplemen-
tal Fig. 1Sb–d. The Ang II mediated activation of ERK is shown in the supplemental Fig. 3Sa.

β  
To get more insights into the relevant AT1 receptor mediated signaling in this context we used an AT1 receptor 
mutant (AT1-R D125A R126L) deficient for G-protein signaling. This mutant AT1 receptor failed to enhance the 
β -arrestin2 binding to nephrin under Ang II stimulation (Fig. 4a). The expression of the AT1 receptor mutants 
were ensured by RT-PCR (supplement Fig. 3Sb). We used inhibitors and siRNA to unravel the G-protein signa-
ling responsible in conveying the signal from the activated AT1 receptor to the enhanced β -arrestin2 binding to 
nephrin. The use of PTX as an inhibitor of Gα i did not block the Ang II mediated enhanced β -arrestin2 binding 
to nephrin (Fig. 4b). The use of Ly294002 as a PI3 kinase inhibitor downstream of Gβ γ  failed to block the Ang 
II mediated enhanced β -arrestin2 binding to nephrin (Fig. 4c). As no suitable pharmacological inhibitors of Gα 
q are available we chose a siRNA knockdown approach. The efficient siRNA knockdown of Gα q inhibited the 
Ang II mediated enhancement of the β -arrestin2 binding to nephrin (Fig. 4d). PLC is downstream of Gα q in the 
signaling cascade. To further confirm the Gα q pathway of the activated AT1 receptor we used the PLC inhibitor 
U73122. The PLC inhibitor prevented the Ang II mediated enhancement of the β -arrestin2 binding to nephrin 

n =  9, 0 min vs 60 min p =  0.0036, 60 min vs 120 min p =  0.18, 0 min vs 120 min p =  0.16; Ang II +  washout 
n =  5, 0 min vs 60 min p =  0.038, 60 min vs 120 min p =  0.25, 0 min vs 120 min p =  0.58; Ang II +  ARB n =  3, 
0 min vs 60 min p =  0.99). (b) Systolic blood pressure was controlled by tail cuff measurement. No significant 
systolic blood pressure differences between the Ang II treated mice and the controls were found. (c) Mouse 
glomeruli were isolated from kidneys and stimulated with Ang II. Thereafter β -arrestin was immunoprecipitated 
from glomerular lysates and nephrin was shown to coimmunoprecipitate with β -arrestin. Ang II enhances the 
interaction of β -arrestin to nephrin significantly (n =  4, p =  0.03). Comparable protein amounts for β -arrestin, 
nephrin and actin were ensured by Western blotting. (hc – IgG heavy chain). (d) Densitometry of the by  
β -arrestin2 coimmunoprecitated nephrin. (e) Kidneys from mice treated with Ang II were stained for nephrin 
and β -arrestin2. The merged images from Ang II treated animals showed a pronounced colocalization of 
nephrin with β -arrestin2 after Ang II stimulation in comparison to the control. The scale bar represents 20 μ m.  
(f) Kidneys from mice treated with Ang II were stained for EEA-1. Under Ang II stimulation an enhanced 
EEA-1 expression is noted. The scale bar represents 20 μ m.
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(Fig. 4f) and blocked the enhanced nephrin endocytosis under Ang II stimulation (Fig. 4e) confirming the Ang 
II mediated activations of the AT1-receptor and the signaling through Gα q and PLC. The use of the PLC inhibi-
tor U73122 causes a reduced protein expression compared to conditions without U73122. The expression of the 
transfected nephrin fusion proteins and its control is shown in the supplemental Fig. 1Se–g. The expression of 
equivalent amounts of the AT1-receptors and its mutants was ensured by RT-PCR (supplemental Fig. 3Sb).

β We further investigated the molecular mechanism within the nephrin c-terminus to elucidate 
how the Ang II treatment modifies nephrin’s capability to bind to β -arrestin2. Previous experiments showed that 
the β -arrestin2 binding site within nephrin is the T-GERD-T motif at nephrin 1120-112515,16. Point mutations of 
nephrin T1120 and nephrin T1125 demonstrate the importance of both threonines for the nephrin–β -arrestin 
binding (Fig. 5a + b). The Ang II mediated enhanced nephrin-β -arrestin binding is not affected by the nephrin 

Figure 2. Ang II promotes nephrin endocytosis. (a) Ang II induces the endocytosis of nephrin in HEK293T 
cells significantly in a time dependent fashion. The biotinylated nephrin fraction decreases the longer the Ang 
II exposure lasts (Kruskal-Wallis test: *n =  5, p =  0.04; **n =  5, p =  0.009). The AT1-receptor plasmid was 
cotransfected in all conditions to the AT1-receptor deficient HEK293T cells. (b) Nephrin endocytosis in murine 
podocytes is significantly enhanced by Ang II (*n =  5, p =  0.03). Biotinylated nephrin is significantly decreased 
in mouse podocytes when they are stimulated with Ang II. (c) Nephrin endocytosis in mice without and with 
Ang II stimulation and additional candesartan treatment. Biotinylated nephrin is significantly decreased in 
Ang II treated animals compared to control mice and restored to nearly control levels by additional candesartan 
treatment. (*Kruskal-Wallis test: n =  5, p =  0.02).
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T1120A mutation (Fig. 5a). Only the double mutation of both threonines abolishes the nephrin-β -arrestin bind-
ing as the β -arrestin2-binding site is destroyed (Fig. 5b). The phosphorylation of nephrin T1120/T1125 by PKC 
is a mandatory prerequisite to mediate binding between nephrin and β -arrestin2. Truncation mapping of the 
nephrin c-terminus (Fig. 5c + d) helped to narrow the regulatory region for the Ang II mediated enhanced bind-
ing of β -arrestin2 to nephrin down to the six nephrin amino acids 1216–1221 (IYDQVA). This region contains 
also one of the three known nck binding sites. A point mutation of the relevant Y1217 to an alanine or aspar-
tic acid allowed the binding of β -arrestin2 to nephrin but inhibited the Ang II mediated enhanced binding of 
β -arrestin2 to nephrin (Fig. 5e). Interestingly for nephrin Y1217 is a non-synonymous SNP (db SNP number: 
rs114879227) causing the tyrosine to aspartate mutation known.

The expression of the transfected nephrin fusion proteins and its control is shown in the supplemental  
Fig. 2Sa–d.

Being aware of the tyrosine kinases’s role for β -arrestin2 
binding to nephrin, the treatment with the tyrosine kinase inhibitor PP2 inhibits the Ang II mediated β -arrestin2 
binding to nephrin (Fig. 6a). Knowing that Ang II promotes the nephrin endocytosis through an enhanced 

Figure 3. Ang II enhances the interaction of nephrin with β-arrestin2 through AT1 receptor activation. 
(a) HEK293T cells expressing nephrin, β -arrestin2 and the AT1-receptor were stimulated with Ang II. Ang 
II stimulation enhances the binding of β -arrestin2 to nephrin in a time dependent fashion. The maximum 
enhancement of 3-fold is seen after 60 min of Ang II stimulation (**Kruskal-Wallis test n =  12, p =  0.026). 
(b) HEK293T cells lacking the AT1 receptor do not show enhanced binding of nephrin to β -arrestin2 under 
stimulation with Ang II (**n =  9, p =  0.0019). The Ang II mediated enhanced binding of β -arrestin2 to 
nephrin is blocked by the AT1 receptor antagonist (c) Candesartan [100 nM] (*n  =   3, p =  0.03, ns =  0.314). 
Comparable amounts of nephrin fusion protein expression and its control were controlled by western blot 
(experiments were conducted in HEK293T cells). The expression of the transfected nephrin fusion proteins 
and its control is shown in the supplemental Fig. 1Sb–d. The Ang II mediated activation of ERK is shown in the 
supplemental Fig. 3Sa.
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Figure 4. The Gαi signaling is essential in conveying the Ang II mediated, enhanced β-arrestin2 binding 
to the nephrin-c-terminus and nephrin endocytosis. (a) The AT1 receptor D125AR126L mutant abolishes 
G-protein signaling and disables the Ang II induced enhanced β -arrestin2 binding to the nephrin-c-terminus 
(*n =  4, p =  0.014). (b) The inhibition of Gα i by pertussis toxin (PTX) does not prevent the Ang II mediated 
enhanced β -arrestin2 binding to the nephrin-c-terminus (**n =  5, p =  0.0079). (c) The inhibition of the PI3kinase 
with Ly294002 does not influence the Ang II enhanced interaction of the nephrin-c-terminus-β -arrestin2 
excluding the Gβ γ  pathway (*n =  4, p =  0.0143, p =  0.15 for Ly294002). (d) Gα q mediates the AT1 receptor 
activation resulting in enhanced β -arrestin2 binding to the nephrin-c-terminus. The expression of GNAQ siRNA 
blocks the Ang II mediated enhancement of the β -arrestin2 binding to the nephrin-c-terminus. (e) The PLC 
inhibitor U73122 reduces the Ang II mediated nephrin endocytosis in HEK293T cells. (f) The PLC inhibitor 
U73122 abolishes the Ang II mediated enhanced β -arrestin2 binding to the nephrin-c-terminus in HEK293T 
(*n =  3, p =  0.0318). The use of the PLC inhibitor U73122 causes a reduced protein expression compared to 
conditions without U73122. All experiments were conducted in HEK293T cells. Comparable amounts of the 
nephrin-c-terminus fusion protein expression and its control were controlled by western blot. The expression 
of equivalent amounts of the AT1-receptors and its mutants was ensured by RT-PCR. The expression of the 
transfected nephrin fusion proteins and its control is shown in the supplemental Fig. 1Se–g. The expression of 
equivalent amounts of the AT1-receptors and its mutants was ensured by RT-PCR (supplemental Fig. 3Sb).
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Figure 5. Nephrin Y1217 is critical for the Ang II mediated enhancement of the β-arrestin2 binding to 
nephrin. Several distinct nephrin residues have influence on the nephrin β -arrestin2 binding and the regulatory 
sensitivity to Ang II stimulation. The nephrin motif T-GERD-T at nephrin T1120/T1125 forms the β -arrestin2 
binding site. (a) The nephrin T1120A mutant does not impair the binding of β  -arrestin2 to nephrin and is 
still susceptible to Ang II. (b) The nephrin double mutant T1120A/T1125A impairs binding of β -arrestin2 
completely. (c) The truncation mapping of the nephrin c-terminus unravels the nephrin aminoacid residues 
1215–1221 to harbor the region that mediates the Ang II dependent enhanced β -arrestin2 binding to nephrin. 
The c-terminal nephrin truncations nephrin 1087–1221 show the Ang II mediated enhanced β -arrestin2 
binding to nephrin whereas the nephrin truncations nephrin 1087–1208 and nephrin 1087–1215 lack the Ang II 
mediated enhanced β -arrestin2 binding to nephrin. P-values β -arrestin binding to nephrin for the comparison 
of Ang II stimulation versus without Ang II stimulation: Nephrin 1087–1241 n =  8, p =  0.0006; Nephrin 
1087–1208 n =  4, p =  0.27; Nephrin 1087–1215 n =  6, p <  0.9; Nephrin 1087–1221 n =  5, p =  0,01 (d) Graphical 
summary of the nephrin c-terminal truncation mapping locating the transmission site of the Ang II mediated 
enhanced β -arrestin2 binding to nephrin. Green bars symbolize truncations which harbor the Ang II effect, red 
bars symbolize truncations that lack the Ang II effect. (e) The point mutations of nephrin Y1217 to an alanine 
or aspartatic acid allow the β -arrestin2 binding to nephrin but lack the Ang II mediated enhanced β -arrestin2 
binding to nephrin (**n =  5, p =  0.004; *n =  5, p =  0.0476). All experiments were conducted in HEK293T cells. 
Comparable amounts of nephrin fusion protein expression and its control were controlled by western blot. The 
expression of the transfected nephrin fusion proteins and its control is shown in the supplemental Fig. 2Sa–d.
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β -arrestin2 binding to nephrin we were curious what happens to known cytoskeletal anchoring structures of 
nephrin. Nck is a prominent and well described adaptor molecule of tyrosine phosphorylated nephrin that 
builds the link to the actin cytoskeleton and uses nephrin Y1217 as one interaction site24. The typical nck binding 

Figure 6. Ang II decreases nck2 binding to nephrin. (a) The tyrosine kinase inhibitor PP2 enhances the  
β -arrestin2 binding to nephrin under Ang II stimulation. PP2 alone without Ang II stimulation does not influence 
the β -arrestin2 binding to nephrin (**DMSO: n =  5, p =  0.004; PP2: n =  5, p =  0.0079). The use of the tyrosine kinase 
inhibitor PP2 causes a reduced protein expression compared to conditions without PP2. (b) Ang II stimulation 
attenuates nephrin nck2 binding (**n =  5, p =  0.0079). (c) Nephrin Y1217WT demonstrates under Ang II 
stimulation a significantly decreased binding to nck2 Y1217WT (n =  6, p <  0.008). The nephrin mutants Y1217A 
and Y1217D failed to demonstrate an effect to the nck2 binding to nephrin under Ang II stimulation. But the 
nephrin Y1217A mutant showed a significantly decreased binding to nck2 whereas the Y1217D mutant presented 
no different binding to nck2 than the nephrin. (d) Densitometry of nck2 binding to nephrin and its mutants 
without Ang II stimulation (n =  6, **p =  0.0023, ns p =  0.17). All experiments were performed in HEK293T cells. 
Comparable amounts of nephrin fusion protein expression and its control were controlled by western blot. The 
expression of the transfected nephrin fusion proteins and its control is shown in the supplemental Fig. 2Se–g.
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motif within nephrin is the aminoacid sequence LYDEV which appears three times within the human nephrin 
c-terminus. Only the mutation of all these three tyrosines within nephrin LYDEV motifs abolishes the nck bind-
ing to nephrin24,25. Interestingly the Ang II stimulation attenuates the nck2 binding to nephrin (Fig. 6b). By the 
use of nephrin Y1217 mutants the importance of this residue for nck2 binding is underlined. The nephrin WT 
shows a decreased interaction with nck2 under Ang II stimulation. The nephrin point mutants Y1217A and 
Y1217D lost the Ang II sensitivity (Fig. 6c). Independent of Ang II stimulation the nephrin Y1217A mutant 
shows significantly reduced binding to nck2, whereas the nephrin Y1217D mutant mimicking a constantly phos-
phorylated Y1217 residue binds at normal levels to nck2 without sensitivity to Ang II stimulation (Fig. 6c + d). 
This observation stresses the importance of the nephrin Y1217 residue for the nck2 interaction and under-
lines that the Ang II influence on the nephrin nck2 binding is conveyed by the phosphorylation change of the 
nephrin Y1217 (Fig. 6c). The expression of the transfected nephrin fusion proteins and its control is shown in the 
supplemental Fig. 2Se–g.

In summary we found an Ang II enhanced nephrin endocytosis mediated by β -arrestin2. At the same time the 
known interaction of nephrin to nck2 is alleviated under Ang II stimulation. One could speculate that Ang II func-
tionally switches nephrin from its stabilizing nck interaction to the destabilizing interaction to β -arrestin2 (Fig. 7).

Discussion
Previously Buter et al.26 showed that initiation of losartan treatment in diabetic patients reduces urine albumin 
excretion within 3 days without a significant blood pressure reduction. After discontinuation of losartan the 
anti-albuminuric effect disappeared. Furthermore, Axelsson et al. demonstrated a significant rise of glomerular 
permeability within minutes after Ang II stimulation. This Ang II infusion showed no significant change of the 
systemic blood pressure12. The Ang II mediated rapid increase in glomerular permeability is reversible within 
several minutes after Ang II stimulation12. We also observed a rapid response to Ang II stimulation leading to 
enhanced β -arrestin2 binding to nephrin within minutes and subsequent nephrin endocytosis. In our animal 
model we also observed a decrease of the Ang II mediated glomerular permeability after 60 minutes of Ang II  

Figure 7. This scheme of function depicts how Ang II promotes glomerular permeability by nephrin 
endocytosis. Ang II activates the AT1-receptor (AT1-R). The activated AT1-receptor transfers the signal 
through Gαq/11 and PLC. In turn nephrin gets phosphorylated at T1120/T1125 forming a β -arrestin2 binding 
site16. The binding of β -arrestin2 leads to increased nephrin endocytosis. This could be the mode of action 
how the glomerular permeability is increased beyond hemodynamic effects. In contrast, inhibition of the 
AT1-receptor by sartans promotes less β -arrestin2 nephrin interaction and less nephrin endocytosis leading to 
decreased glomerular permeability.
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washout. However, the permeability decrease was not significantly different versus the control nor the Ang II  
treatment. It is debatable whether 60 minutes of washout are sufficient to fully reverse the Ang II mediated 
increase of the glomerular permeability. This is a novel molecular mechanism to describe the rapid increase of 
glomerular permeability by Ang II stimulation. It is without question that significant decrease in systemic blood 
pressure and influence on the intraglomerular hemodynamics will decrease albuminuria27. Independent of the 
systemic blood pressure ARB treatment significantly reduced albuminuria whereas a calcium antagonist was 
potent to control the blood pressure but failed to reduce the albuminuria28. Despite possible different effects 
on intraglomerular hemodynamics one might attribute something unique to Ang II inhibition conveying an 
additional anti-albuminuric effect. The Ang II enhanced binding to nephrin and subsequent nephrin endocyto-
sis provides a novel molecular mechanism to explain the anti-albuminuric moiety of Ang II inhibition beyond 
hemodynamic effects. This novel mechanism supports the clinical observation that the pharmacologic inhibition 
of Ang II reduces albuminuria in normotensive albuminuric patients. From previous work we know that nephrin 
tyrosine phosphorylation regulates the nephrin binding to β -arrestin215,17 as well as to nck24. For the nephrin 
β -arrestin2 interaction the nephrin tyrosine 1193 dephosphorylation was critical. This previous work also showed 
the β -arrestin2 interaction to nephrin being attenuated in presence of enhanced tyrosine kinase activity (Yes)15. 
The additional use of the tyrosine kinase inhibitor PP2 neutralized the effect of the tyrosine kinase (Yes) on 
the nephrin β -arrestin2 interaction15. Here the use of PP2 inhibits the tyrosine phosphorylation of nephrin and 
thereby enhances the binding of β -arrestin2 to nephrin and diminishes the binding of nck to nephrin. The PP2 
effect of diminished nephrin binding to β -arrestin2 can be in part functionally antagonized by Ang II stimulation.

For the nephrin nck binding the nephrin tyrosine phosphorylation of Y1176, 1193, 1217 was essential24. Here 
our results underline the stabilizing effect of nephrin tyrosine 1217 phosphorylation favoring the binding to nck 
and at the same time reducing the binding to β -arrestin2.

In the human 1000 genome population the nephrin tyrosine 1217 is a non-synonymous SNP (rs 114879227, 
Y1217D) with a heterozygosity frequency of 0.00929. It would be interesting to know if the carriers of this SNP are 
protected against Ang II mediated albuminuria. Interestingly in clinical situations the use of the tyrosine kinase 
inihibitors ramucirunab, sorafinib and sunitinib could cause reversible albuminuria as a side effect30–33 underlin-
ing the clinical relevance of tyrosine dephosphorylation for albuminuria.

One might ask whether the nephrin endocytosis causes the increased glomerular permeability or the nephrin 
endocytosis is the consequence of increased glomerular permeability. Further work will be needed to answer this 
question.

It needs to be mentioned that cell surface disappearance of biotinylated nephrin could also be caused by extra-
cellular nephrin shedding as it has been observed in a podocyte cell culture based study34. If nephrin shedding 
does occur a truncated nephrin can be detected. In our study we could not detect truncated nephrin. Therefore 
we expect the nephrin endocytosis to be the cause of the nephrin cell surface disappearance.

In summary, we could demonstrate a molecular mechanism for Ang II increasing glomerular permeability 
and paving the track for albuminuria beyond hemodynamic effects. The relevant AT1-receptor signaling and its 
downstream messengers were unraveled. Within nephrin the critical residue controlling between endocytosis and 
the stabilizing linkage to the actin cytoskeleton was identified. This opened the perspective for a regulatory model: 
AT1 receptor activation by Ang II promotes glomerular permeability and mediates nephrin endocytosis. On the 
other hand AT1 receptor blockade favors nephrin binding to nck linking nephrin to the actin cytoskeleton.

Materials and Methods
All of the reagents were purchased from Sigma Aldrich (Munich, Germany) unless stated otherwise. 
Candesartan (CV 11974) was a kind gift of Astra Zeneca (Wedel, Germany). PP2 (tyrosine kinase inhibi-
tor), U73122 (PLC inhibitor) and Ly294002 (PI3 kinase inhibitor) were purchased from Calbiochem (Merck, 
Darmstadt, Germany). PTX was obtained from List Biological Laboratories (Campbell, CA, USA) and 
N-hydroxysulfosuccinimydyl-SS-biotin was purchased from Pierce (Bonn, Germany); siRNA and transfection 
reagents (SMARTpool: ON-TARGETplus GNAQ siRNA L-008562-00-0005 and ON-TARGETplus Non-targeting 
Pool D-001810-10-05 as control, Dharmacon, Cologne, Germany) were obtained from Thermo Scientific and 
Dynabeads from Invitrogen (Darmstadt, Germany). Gamma bind plus sepharose was purchased from GE health-
care (Muenchen, Germany).

Plasmids. Human nephrin cDNA was a gift from Dr. Gerd Walz (University of Freiburg, Germany). 
Membrane-bound fusion proteins of the C-terminal cytoplasmic domains of nephrin (AA 1087–1241, 1087–
1215, 1158–1215, 1158–1241, 1087–1208, 1087–1221, 1087–1228) were generated by PCR and using a pCDM8 
cassette that contained the leader sequence of CD5 fused to the CH2 and CH3 domains of human IgG1, fol-
lowed by the transmembrane region of CD7 (Ig.nephrin)35. In brief, PCR was performed with the primers men-
tioned. The PCR product was purified by phenol extraction and further treated with restriction enzyme Dpn I and  
thereafter transformed into competent bacterial cells36. The Y1217A nephrin mutant (forward primer 5′ 
cgcgggacgcgtcgcgggacgcgtcagcggagactcagg3′ , reverse primer 5 ′ g cg gg gg cg gc cg cc gc gg gg gc gg cc gc ct ta ca cc 
 ag at gt cc cc tc ag ct cg aa gg gc ag ag aa tc gg gt tc ca ga gt gt cc aagtctccggccacctggtccgcgattcctcttggatcc-3 ′)  
and the Y1217D nephrin mutant (5 ′  gcgggggccgccttacaccagatgtcccctcagctcgaagggcagagaatc 
gggttccagagtgtcc-aagtctccggccacctggtcatcgattcctcttggatc-3′ ) were generated by PCR and cloned MluI/NotI into 
pCDM8 vector (see C-terminal cytoplasmic domain above). Clones were verified by sequencing.

FLAG-tagged β -arrestin2 (F.β -arrestin2) was a generous gift from Dr. Robert Lefkowitz3 while GFP-tagged 
AT1-receptor was provided by Dr. László Hunyady (Semmelweis University, Budapest, Hungary). Dr. Ying-Hong 
Feng (Uniformed Services University of the Health Sciences, Bethesda, MD) provided the AT1-receptor mutant 
(D125AR126L) which lacks G-protein coupled receptor signaling37. PCR from FLAG-tagged Nck2, which was a 
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generous gift from Dr. Nina Jones (University of Guelph, Guelph, Canada), was performed and cloned MluI/NotI 
into the pCDM8 vector24.

Cell Culture. Immortalized murine podocytes were generously provided by Dr. Peter Mundel (Massachusetts 
General Hospital, Boston, MA). The podocytes were grown on type I collagen under permissive temperature 
(33 °C) in the presence of 10 units/ml IFN-γ . To induce differentiation, the cells were maintained at 37 °C without 
IFN-γ  for 10–14 days38.

AT1-receptor expressing murine podocytes were generated by retroviral transduction. The AT1-receptor was 
cloned into the pLEGFP-C1 vector HindIII/NotI via PCR with the following primers: 5′ cgcgggaagcttatggccct-
taactcttc and 5′  gcgggggcggccgcctcactccacctcaaaac. Briefly, infectious viral supernatants - containing the sequence 
verified AT1-receptor cDNA or the GFP control - were produced by transient transfection of HEK293T cells. 
Immortalized murine podocytes were infected with viral supernatants containing either the AT1-receptor or 
a GFP control for 48 h. Selection of transduced cells was performed by G418 (200 μ g/ml). The expression of 
the AT1-receptor was confirmed by q-PCR and activation of the AT1-receptor signaling pathway p42/44 by 
Angiotensin II (Ang II) was confirmed by Western blot.

HEK293T cells were grown in DMEM/F-12 medium supplemented with FCS.

Antibodies. The following antibodies were used: mouse anti-M2 and mouse anti-actin (Sigma Aldrich, 
Taufkirchen, Germany), mouse anti-V5 (Invitrogen, Karlsruhe, Germany), sheep anti-human IgG (GE 
Healthcare, Freiburg, Germany), rabbit anti-GNAQ (Santa Cruz Biotechnology, Santa Cruz, CA), guinea pig 
anti-Nephrin (Progen Biotechnik, Heidelberg, Germany), rabbit β -arrestin1/2 (Cell Signaling Technology, 
Frankfurt, Germany), rabbit anti-p42/44 und rabbit anti-phospho p42/44 (Cell Signaling, Leiden, Netherlands), 
streptavidin-HRP (Thermo Scientific, Darmstadt, Germany), protein A and G sepharose (GE, Freiburg, 
Germany). As secondary antibodies for Western blotting anti-mouse-HRP (Dako, Hamburg, Germany), 
anti-guinea pig-HRP (Millipore, Darmstadt, Germany) and anti-rabbit-HRP (GE, Freiburg, Germany) were used. 
Antibodies used for immunofluorescence are indicated below.

Coimmunoprecipitation. Coimmunoprecipitation experiments were carried out as described before35. 
Briefly, HEK293T cells were transiently transfected by using the calcium phosphate method. After incubation for 
24 h, the cells were stimulated with Ang II (1 μ M) for the time indicated and harvested thereafter. For inhibitor exper-
iments, cells were pretreated with the inhibitor or its control (Candesartan 100 nM, PP2 10 μ M, PTX 200 ng/ml,  
Ly294002 25 μ M, U73122 30 μ M) for 60 min and stimulated with Ang II 1 μ M thereafter. After cell lysis in 1% 
Triton X-100 lysis buffer, centrifugation (20000 ×  g, 15 min, 4 °C) was performed. Cell lysates containing equal 
amounts of total protein were incubated 1 h at 4 °C with protein G sepharose and extensively washed afterwards 
with lysis buffer. The precipitated proteins were resolved by 10% SDS-PAGE and visualized by Western blotting.

Cotransfection of HEK293T cells with specific siRNA and cDNA plasmids was per-
formed according the manufacturer’s protocol. In brief, the cells were seeded into 6 cm tissue culture dishes in 
low glucose (5.5 mM) cell culture media. The next day cells were transfected with 2 μ g DNA and 0.4 nmol of (con-
trol or target) siRNA in 4 ml transfection medium. After 24 h, the cells were equally divided into several dishes. 
HEK293T cells were treated with Ang II (1 μ M, 60 min) or H2O 72 h after transfection before coimmunoprecipi-
tation was performed. If an inhibitor was used, cells were pretreated with the inhibitor 60 min before stimulation 
with Ang II (1 μ M).

Biotinylation Assay. HEK293T cells were transfected with human nephrin cDNA. Before the cells were 
harvested in ice-cold PBS buffer containing 0.1 mM CaCl2 and 1 mM MgCl2 (PBSCM – phosphate buffered saline 
with CaCl2 and MgCl2), pH 8.0, cells were incubated with Ang II (1 μ M, 60 min) or H2O. For inhibitor experi-
ments, cells were pretreated with the inhibitor 60 min before stimulation with Ang II. Plasma membrane proteins 
were labeled with N-hydroxysulfosuccinimydyl-SS-biotin (0.5 mg/ml; Pierce) for 30 min at 4 °C. Unbound biotin 
was quenched twice with ice-cold PBSCM containing 100 mM glycine. Cells were lysed in 1% Triton X100 lysis 
buffer and nephrin was precipitated with GP-N2 antibody from Progen Biotechnik, Heidelberg, Germany. After 
extensive washing, cell lysates and bound proteins were resolved in 10% SDS and visualized via Western blotting.

For endogenous immunoprecipitation differentiated AT-1 receptor murine podocytes (8 ×  19 ×  105 cells/data 
point) were incubated with Vitamin D3 (100 nM) as described elsewhere39. Before the process of biotin labelling 
(as indicated above) and cell lysis in Triton 1% lysis buffer podocytes were stimulated with Ang II or H2O (1 μ M, 
60 min), centrifuged (20.000 ×  g, 30 min, 4 °C) and equal amounts of protein were incubated with an anti-nephrin 
antibody over night at 4 °C. Afterwards cell lysates were incubated with protein A sepharose for 3 h at 4 °C fol-
lowed by extensive washing and protein denaturation by SDS.

For immunfluorescence of mouse kidneys, mice were treated with a continuous infusion of Nacl 0,9% or Ang 
II (100ng/kg/min) via a central venous catheter. After 60 min, mice were sacrificed and their kidneys perfused with 
ice-cold PBS. Kidneys were fixed in paraformaldeyd. Slides were deparaffinized, pretreated with citrate buffer (pH 
6.1) for 15 min at 98 °C and blocked with biotin block and protein block (Dako, Hamburg, Germany). Anti-β -arrestin 
2 (Cell Signaling technology, Frankfurt, Germany 1:50) and anti-nephrin (Progen Biotechnik, Heidelberg, Germany 
1:100) antibodies were incubated at 4 °C over night. For β -arrestin2 staining, enhancement with a biotinylated 
anti-rabbit antibody (Dianova, Hamburg, Germany 1:1000) was followed by incubation with streptavidin-Cy2 
(Dianova, Hamburg, Germany 1:500). Nephrin was visualized via anti-guinea pig Alexa Flour 647 (Dianova, 
Hamburg, Germany 1:1000). Anti-EEA-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA 1:100) was stained with 
a biotinylated secondary rabbit antibody (Dianova, Hamburg, Germany 1:1000) and visualized with Streptavidin 
Cy3 (Dianova, Hamburg, Germany 1:1000). Mounting medium with Dapi was used (Dianova, Hamburg, Germany).
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Samples were analyzed on a Leica TCS SP2 confocal laser-scanning microscope using a 63x HCX PL Apo 
water immersion objective (Leica, Wetzlar, Germany).

Animal care. Mice were obtained from the local animal care facility. The investigations were conducted 
according the guidelines outlined in the Guide for Care and Use of Laboratory Animals (US National Institutes 
of Health Publication No. 85–23, revised 1996). All animal experiments were performed in accordance and com-
pliance with the relevant institutional approvals (state government LANUV reference number: 84-02.04.2012.
A397).

Glomerular permeability measurement in mice. Female FVB mice at the age of 6–8 weeks were anes-
thetized. A central venous catheter was placed while urine was collected continuously. A bolus of FITC-Ficoll 70 
(40 μ g) was applied intravenously followed by a continuous infusion of 8 μ l/min of FITC-Ficoll 70 (20 μ g/ml in 
0.9% NaCl). DMSO or CV11974 (4 mg/kg) were administered i.p. at this point. After 60 minutes of equilibration, 
continuous infusion of Ang II (100 ng/kg/min) (Ang II or Ang II +  washout) or NaCl 0.9% (control) was started 
additionally. Urine collection was performed at 60 and 120 minutes thereafter. For the AngII washout experiment, 
continuous infusion of Ang II (Ang II) or Nacl 0,9% (control and Ang II +  washout) was continued for another 
60 minutes. Blood pressure measurement was performed every 60 minutes via the tail cuff method (Softron 
BP-98A, Japan). Urine was subjected to fluorescence measurement at 490 nm and creatinine was analyzed via 
an enzymatic assay following the manufactures instructions (Sigma Aldrich, Taufkirchen, Germany). Data were 
displayed as FITC/creatinine ratios at the end of the equilibration time (0 min) vs. the end of the experiment 
(60 min). Statistics were performed using 2-way ANOVA.

For in vivo endocytosis, mice were sacrificed and perfused with PBSCM, followed by biotin and glycine. 
Glomeruli were isolated and lysed as described below. Cell lysates were adjusted using the BCA method. Nephrin 
was precipitated with an anti-nephrin (Progen) antibody (5 μ l) at 4 °C over night followed by 30 μ l of protein A 
sepharose. After extensive washing of the precipitates, Western blot was performed under reducing conditions.

Glomeruli isolation. Balb/c mice (male, 6–8 weeks of age) were sacrificed and their kidneys perfused with 
ice-cold PBS via the abdominal aorta. Thereafter the kidneys were perfused with Dynabeads (diameter: 4.5 μ M; 
Invitrogen) at a concentration of 1.2 ×  107 beads/ml in PBS. The kidneys were removed, minced, and digested 
with collagenase A (Roche Applied Science, Mannheim, Germany) for 30 min at 37 °C. The digested kidney tis-
sue was sieved through a 100 μ M cell mesh with intermittent PBS flushing. After centrifugation (620 ×  g, 5 min, 
4 °C) the cell pellet was dissolved in 2 ml of PBS and transferred into a 2 ml tube. By using a magnet catcher 
and subsequent washing procedure, the Dynabeads containing glomeruli were washed until an appropriate 
purity of 95% was achieved. Isolated glomeruli were stimulated with Ang II (1 μ M) for 60 min and lysed on 
ice in CHAPS buffer (20 mM CHAPS, 20 mM Tris pH 7,5, 50 mM NaCl, 50 mM NaF, 15 mM Na4P2O7, 0,1 mM 
EDTA pH 8,0, 2 mM sodiumorthovanadate, 2 mM ATP) by using a TissueRuptor (Quiagen, Hilden, Germany). 
Insoluble cellular material was removed by centrifugation (20.000 ×  g, 4 °C, 30 min). The resulting cell lysates 
were adjusted to ensure equal total protein content using the BCA method. After addition of an anti-β -arrestin 
antibody (1:50) the cell lysates were incubated over night at 4 °C followed by the incubation with 30 μ l of 
Gamma bind plus sepharose for 3 h. The immunoprecipitates were washed extensively with lysis buffer, and 
the precipitated proteins were resolved by 10% SDS-PAGE under non-reducing conditions and visualized by 
Western blotting.

Statistics
If not otherwise stated Mann-U-Whitney test was used (Graph Pad, Prism, Version 6a).
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Abstract

Injury of the glomerular filter causes proteinuria by disrupting the sensitive interplay of the

glomerular protein network. To date, studies of the expression and trafficking of glomerular

proteins have been mostly limited to in vitro or histologic studies. Here, we report a novel in

vivo biotinylation assay that allows the quantification of surface expression of glomerular

proteins in mice. Kidneys were perfused in situ with biotin before harvest. Afterwards glo-

meruli were isolated and lyzed. The protein of interest was separated by immunoprecipita-

tion and the amount of surface-expressed protein was quantified byWestern blot analysis

with streptavidin staining. As proof-of-concept, we examined the presence of nephrin in the

slit diaphragm in two well-established murine models of proteinuric kidney disease: nephro-

toxic nephritis and adriamycin nephropathy. In proteinuric animals, significantly less nephrin

was detected in the slit diaphragm. When proteinuria decreased once again during the

course of disease, the amount of surface nephrin returned to the baseline. Our present

results suggest that our assay is a valuable tool to study the glomerular filter in proteinuric

kidney diseases. Note that the assay is not limited to proteins expressed in the slit dia-

phragm, and all surface proteins that are accessible to biotin perfusion and immunoprecipi-

tation qualify for this analysis.

Introduction
Injury to a single layer of the glomerular filter is sufficient to induce albuminuria. If podocytes

and the slit diaphragm are involved, albuminuria easily reaches nephrotic ranges. Albuminuria

is a main driver of the progression of kidney disease [1] and is associated with a markedly

increased cardiovascular risk [2]. Several studies have suggested that altered trafficking of slit

diaphragm proteins causes filter leakage. We previously demonstrated that nephrin, the back-

bone of the slit diaphragm, undergoes -arrestin2-dependent endocytosis in healthy and
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diseased states [3, 4]. Meanwhile the concept of nephrin endocytosis has been confirmed and

extended by other groups (reviewed in [5–7]). Newly identified regulatory mechanisms of

nephrin endocytosis involve planar cell polarity pathways, e.g. Wnt5a and Vangl2 [8, 9].

CIN85/RukL controls nephrin turnover by ubiquitination [10, 11]. Some studies demonstrated

dynamin- and clathrin-dependent uptake whilst others showed that raft-dependent endocyto-

sis might be an alternative pathway [4, 12, 13]. Recent work suggests that reduction of endocy-

totic processes is also detrimental to the podocyte [14].

Studies of podocyte protein trafficking have been hampered by the lack of a suitable in vivo
model of the glomerular filter. To elucidate the complex interplay of the filter structures

mainly two different techniques have been used so far. First, the classical immunofluorescence

labeling approach using antibodies that recognize epitopes in the extracellular domains of the

receptors being studied [15]. Second, covalent modification of cell surface receptors with bio-

tin as a valuable technique for monitoring surface protein trafficking. Biotinylation enables

labeling of the cell surface protein at a particular time point, but instead of using a specific anti-

body, all surface proteins are tagged with biotin. The protein of interest is then separated by

immunoprecipitation followed by SDS-PAGE andWestern blotting. The biotinylated fraction

can be visualized by staining with streptavidin and quantified by densitometry. So far biotiny-

lation has been limited to in vitro experiments. Satoh et al. recently described a method in

which glomeruli are extracted first and are then biotinylated in vitro [16]. However, it is

known that the complex architecture of the glomerular filter is altered by mechanical stress.

We learned from our previous work that especially the molecular composition of the slit dia-

phragm changes rapidly. Based on these observations we developed an in vivo biotinylation
assay because we were convinced that biotinylation of glomerular extracellular proteins in situ
yields more accurate results.

Applying the assay in an acute and a chronic proteinuric disease model, we demonstrate

that the amount of surface nephrin can be reliably quantified with the biotinylation assay

introduced.

Materials andmethods

Animal care
Mice were obtained either from an in-house breed at a local animal care facility or from Jan-

vier Labs, France. This study was carried out in strict accordance with the recommendations

in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.

The protocol was approved by the local Institutional Animal Care and Use Committee: Lande-

samt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Recklinghausen, Ger-

many; Permit Number: AZ: 84–02.04.2012.A099. If necessary analgesia was performed with

Carprofen 5 mg/kg s.c. Animals were sacrificed by decapitation under anesthesia performed

with Ketamin 100mg/kg bodyweight and Xylazin 5mg/kg bodyweight.

Induction of nephrotoxic serum nephritis (NTN)
C57Bl/6 male mice (8 weeks of age) were injected intraperitoneally with 500–800 μL NTN

serum. Control animals received an equal amount of normal saline. Following the collection of

urine, mice were weighed and examined on day 1 or 18 after injection.

Induction of adriamycin-induced nephropathy (ADR)
BALB/c male mice (6 weeks of age) were injected intravenously with adriamycin (10 mg/kg

bodyweight; ADR, Sigma-Aldrich, Steinheim, Germany), and control animals were
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administered an equivalent volume of water for injection (aqua ad injectabilia). Following the

collection of urine, mice were weighed and examined 7 days after injection.

Analysis of proteinuria
Twelve hour urine collection was performed in single metabolic cages. Proteinuria was

assessed using a 10% polyacrylamide gel. Urinary albumin and creatinine excretion were mea-

sured using standard laboratory protocols, and proteinuria was normalized based on creati-

nine excretion.

In vivo biotin labeling and immunoprecipitation (IP)
First, kidneys were perfused via the abdominal aorta with 5ml ice-cold PBS (rate 2mL/min)

supplemented with 1 mMMgCl2 and 0.1 mM CaCl2 (PBSCM). Then, perfusion was repeated

with 5 mL PBSCM (rate 2mL/min) supplemented with 0.5 mg/mL EZ-Link™ Sulfo-NHS-

LC-Biotin (Thermo Scientific, Rockford, USA) for surface protein labeling. Afterwards, unspe-

cific biotin binding was quenched with 5mL PBSCM (rate 2mL/min) supplemented with 100

mM glycine. Finally, kidneys were perfused with 5 mL PBSCM (rate 2mL/min) containing 16

x 106 Dynabeads/mL (Invitrogen, Oslo, Norway). After perfusion, kidneys were immediately

minced and digested for 40 minutes at 37˚C with 1.5 mg/mL Collagenase A (Roche, Mann-

heim, Germany). Cell suspensions were filtered through 100 μm cell strainers (Greiner Bio-

One, Frickenhausen, Germany), separated by centrifugation (5.000 ×g for 5 min at 4˚C), and

washed with PBSCM using a Dynamag magnet. When a purity of>95% glomeruli was

achieved, glomeruli were collected by centrifugation (6.800 ×g for 5 min at 4˚C). Samples were

immediately homogenized using a TissueRuptor (Qiagen, Hombrechtikon, Switzerland), and

were lysed for 30 min on ice. Insoluble cellular material was removed by centrifugation

(15.000 ×g for 30 min at 4˚C). Protein concentrations from the supernatant were measured

using a BCA Protein assay kit (Thermo Scientific, Rockford, USA), and were subsequently

adjusted to ensure equal total protein content.

IP analysis: samples were incubated with anti-nephrin antibodies overnight at 4˚C, followed

by a 3-h incubation with protein A-Sepharose (GE LifeSciences, Freiburg, Germany) or with

or streptavidin agarose beads directly (Pierce, Thermo Fisher Scientific, Waltham, USA). Due

to N-linked glycosylation nephrin appears as a double band [17]. The immunoprecipitates

were extensively washed with CHAPS buffer. Bound proteins were resolved using 2× Laemmli

sample buffer, separated on 10% polyacrylamide gel, and electroblotted onto nitrocellulose

membranes. The blots were blocked in 5% bovine serum albumin (BSA) in TBST before incu-

bation with primary antibodies (nephrin: Progen GP-N2, Heidelberg, Germany; beta-actin:

Sigma, St. Louis, USA; streptavidin-HRP: Thermo Scientific, Rockford, USA; p44/42 MAPK

(Erk1/2): Cell Signaling Technologies, Danvers, USA; Podocalyxin: R&D Systems, Minneapo-

lis, USA) overnight at 4˚C. After washing with TBST for 30 min, the blots were incubated for

60 min with HRP-coupled secondary antibodies, and excessive antibodies were removed by

washing with TBST for 30 min. ECL SuperSignal (Thermo Scientific, Rockford, U.S.A.) was

used for chemiluminescence visualization (FluorChem FC2 Imager; Alpha Innotec, USA), and

the densitometric analysis was performed (AlphaView SA; Cell Biosciences Inc., version 3.3.1,

Alpha Innotec, USA).

Immunofluorescence
Biotin—Streptavidin. For immunofluorescent stainings, 2 μm paraffin sections were

deparaffinized and antigen retrieval was performed by boiling at 98˚C in 0.05% citraconic acid

anhydride (Sigma, St. Louis, USA), pH7.4 for 20 min. Unspecific binding was blocked in 3%
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Fig 1. Detection of biotin in murine glomeruli. (A)Representative immunofluorescence staining of kidney
sections of C57Bl/6 mice. Podocyte nuclei were labeled byWT1 staining (red). Biotin was detected with
streptavidin (green). In biotin-perfused mice (biotin), biotin was detected along the glomerular capillaries.
PBS-perfused mice (control) did not show any biotin deposition. (B)Western blot analysis after
immunoprecipitation of nephrin (IP -nephrin) from biotin-perfused (biotin) and PBS-perfused (control) murine
kidneys. A biotinylated fraction of nephrin (WB streptavidin) was only detectable in biotin-perfused mice. Total
nephrin immunoprecipitates and lysates (WB nephrin) showed equal expression of total nephrin. Beta-actin
(actin) was used as a loading control. (C)Western blot analysis after immunoprecipitation of biotinylated
surface proteins (IP streptavidin agarose beads) from biotin-perfused (biotin) and PBS-perfused (control)
murine kidneys. Biotinylated nephrin (WB nephrin) and podocalyxin (WB podocalyxin) were only detectable in
biotin-perfused mice. Extracellular-signal regulated kinases p42 and p44 (ERK) could not be detected at all.
Total nephrin, podocalyxin and ERK lysates (WB nephrin, WB podocalyxin andWB ERK) showed equal
expression of nephrin, podocalyxin and ERK. Beta-actin (actin) was used as a loading control.

https://doi.org/10.1371/journal.pone.0179217.g001
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Fig 2. Albuminuria and nephrin surface abundance in early nephrotoxic nephritis. (A)Coomassie gel
shows albuminuria in mice injected with NTN serum (NTN 1d). No albuminuria was detected in mice injected
with normal saline (control). (B)Quantitative evaluation of albumin-creatinine excretion in healthy mice
(control) and NTNmice (NTN 1d). Statistical analysis: Mann-Whitney U test, ** p 0.01 (control: n = 4; NTN:
n = 6). (C, D) Immunofluorescence staining of murine kidney sections of healthy mice (control) and mice
injected with NTN serum (NTN 1d). Staining was performed with an anti-nephrin antibody (red), an anti-
EEA1-antibody (green) and nuclear DNAwith Draq5 (blue). White arrows indicate colocalization of nephrin
with EEA1 positive vesicles. (E)Representative western blot of total and biotinylated nephrin detected with
streptavidin (streptavidin). In comparison to untreated mice (control) less surface nephrin (WB: streptavidin)
was detected in NTNmice (NTN 1 d). Total nephrin immunoprecipitates and lysates (WB: nephrin) showed
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goat serum for 60 min at RT. Primary antibody incubation (rabbit -WT1 1:800, Santa-Cruz,

Santa-Cruz, USA) was performed in blocking buffer o/n at 4˚C. Binding was visualized by

incubation with TRITC- -rabbit coupled secondary antibodies (Abcam, Eugene, USA) diluted

1:300 in blocking buffer for 60 min at RT. Stainings were evaluated with a Zeiss Axio Observer

microscope using the LSM software (Zeiss, Jena, Germany).

Nephrin—EEA1. For immunofluorescent stainings, 2 μm paraffin sections were deparaf-

finized and antigen retrieval was performed by boiling at 98˚C in 0.05% citraconic acid anhy-

dride (Sigma, St. Louis, USA), pH7.4 for 40 min. Unspecific binding was blocked in 5% horse

serum with 0.05% Triton X-100 for 30 min at RT. Primary antibody incubations (guinea-pig

-nephrin (IF 1:200, Acris, Rockville, USA) and rabbit -EEA1 (IF 1:400, Santa Cruz, Santa

Cruz, USA) were performed in blocking buffer o/n at 4˚C. Binding was visualized by incuba-

tion with AF488- -guinea pig or Cy3- -rabbit coupled secondary antibodies (all affinity-

purified donkey antibodies Jackson ImmunoResearch, West Grove, USA) diluted 1:400 in

blocking buffer for 30 min at RT. Stainings were evaluated with a Zeiss LSM 510 meta micro-

scope using the LSM software (all Zeiss, Jena, Germany).

Quantification of podocyte loss
As described before staining of the CDK-inhibitor p57 was used to measure the number of

healthy podocytes [18, 19]. Two μm thick paraffin sections were deparaffinized and antigen

retrieval was performed by boiling for 30 min in 10 mM citrate buffer pH 6.1 at constant 98˚C

in a steam cooker. Unspecific binding was blocked (5% horse serum, 30 min RT). Rabbit anti-

p57 (Santa Cruz, Santa Cruz, USA) diluted 1:400 in 5% horse serum was incubated o/n at 4˚C.

Color development was performed with the ZytoChem-Plus AP Polymer-Kit (Zytomed, Ber-

lin, Germany) according to the manufacturers’ instructions with neufuchsin. Stainings were

evaluated under an Axioskop and photographed with an Axiocam HRc using the Axiostar

software (all Zeiss, Jena, Germany). Quantification of podocyte loss was performed using a ser-

pentine movement from cortex to medulla and vice versa. The outlines and p57-positive nuclei

of 40 consecutively encountered capillary tufts were traced and counted manually at a 400-fold

magnification in a blinded manner. The mean podocyte number per glomerular random

cross-sectional area was calculated.

Results

Quantification of nephrin surface expression in mice
Mice were perfused with either biotin or phosphate buffered saline (PBS). In kidneys perfused

with biotin, linear staining along the glomerular capillaries was visualized. No staining was

detected in controls perfused with PBS (Fig 1A). To quantify the surface fraction of nephrin

two different approaches have been used. First, nephrin was separated by immunoprecipita-

tion with a nephrin specific antibody, followed by SDS-PAGE and western blot analyses. The

biotinylated fraction of nephrin, was then visualized by staining with streptavidin. No

equal expression of total nephrin in both groups. -actin (WB: actin) was used as loading control. (F, G)
Densitometric analysis of western blots: (F) Amount of nephrin at the cell surface graphed as biotinylated
nephrin to total nephrin ratio; (G) Amount of total nephrin graphed as total nephrin to -actin ratio. (H)
Immunohistochemistry: staining of p57 indicates podocytes in healthy mice (control) and NTNmice (NTN d1).
(I)Number of p57 positive cells per glomerular tuft (J)Glomerular tuft area ( m2) (K) Percentage of p57
positive cells in relation to tuft area. (40 gloms per mouse quantified). Western Blot data showmeans SD.
Podocyte counts showmeans SEM. Statistical analysis: unpaired t-test with Welch’s correction.
Significance level was set to 5%, *p 0.01, ** p 0.001, (non-significant differences (ns)).

https://doi.org/10.1371/journal.pone.0179217.g002
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Fig 3. Albuminuria and nephrin surface abundance in late nephrotoxic nephritis. (A)Coomassie gel
loaded with urine samples collected on days 1, 7, 14, and 18 after serum injection (BSA standard, left). In NTN
mice, albuminuria decreased over the course of 18 days. (B)Quantitative analysis of albumin to creatinine
excretion in healthy (light grey) and NTNmice (dark grey) on days 1, 7, 14, and 18. Statistical analysis: one-
way ANOVA test for linear trend, ** p 0.005 (control: n = 4; NTN: n = 3). (C)Western blot analysis of total
nephrin and biotinylated nephrin (streptavidin) from control mice (control) versus NTNmice 18 days (NTN 18
d) after serum injection. In comparison to control mice (control), less surface nephrin (WB: streptavidin) was
detected in NTNmice (NTN 18 d). Total nephrin immunoprecipitates and lysates (WB: nephrin) demonstrated
less expression of total nephrin after 18 days. -actin (WB: actin) was used as the loading control. (D, E)
Densitometric analysis of western blots: (D) Amount of surface nephrin graphed as biotinylated nephrin to total
nephrin ratio; (E) Amount of total nephrin graphed as total nephrin to -actin ratio. (F) Immunohistochemistry:
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biotinylated nephrin was detected in PBS perfused controls. Lysate controls indicated equal

amounts of protein (Fig 1B). Second, the reverse experiment has been performed. Biotinylated

proteins were separated by pull-down with strepatividin agarose beads, followed by

SDS-PAGE and western blot analyses. The nephrin fraction was visualized by staining with a

nephrin specific antibody. To demonstrate that the assay allows the detection of other glomer-

ular surface proteins podocalyxin was detected. The intracellular control proteins extracellu-

lar-signal regulated kinases p42 and p44 (ERK) could not be detected. Further, no biotinylated

proteins were detected in PBS perfused controls. Lysate controls indicated equal amounts of

protein. (Fig 1C).

Nephrin surface expression in nephrotoxic nephritis
Early nephrotoxic nephritis. Nephrotoxic nephritis (NTN) rapidly induces severe pro-

teinuria in its heterologous phase [20]. One day after injection of the NTN serum, proteinuria

in mice significantly increased 3–4 log ranks (Fig 2A and 2B). In comparison to untreated kid-

neys induction of NTN led to a transformation of the linear staining of nephrin to a punctate

pattern. High resolution images show an enhanced colocalization of nephrin with early endo-

somal antigen 1 (EEA-1) (Fig 2C and 2D), suggesting increased endocytosis of the nephrin

molecules. Loss of nephrin from the slit diaphragm was then quantified using the biotinylation

assay (Fig 2E). At day 1, densitometric analysis of the western blot results indicated a 57%

decrease of biotinylated nephrin in NTNmice (Fig 2F), but equal amounts of total nephrin

were detected (Fig 2G). In line with this finding the podocyte numbers remained stable in the

NTNmice compared to untreated animals (Fig 2H–2K).

Late nephrotoxic nephritis. Albuminuria decreased significantly over the course of 18

days (Fig 3A and 3B). At day 18, the results of the western blot analysis conducted after bioti-

nylation indicated the recovery of surface nephrin (Fig 3C). At day 18, the densitometric

results showed no significant differences between the percentage of cell surface nephrin in

either group (Fig 3D). However, total nephrin was reduced by 25% in NTNmice at day 18 (Fig

3E). Podocyte numbers were reduced by approximately 19% in NTNmice (Fig 3F–3J).

Adriamycin induced nephropathy
Adriamycin induced nephropathy (ADR) is a model of focal segmental sclerosis [21]. Six days

after injection, a significant four log rank increase of proteinuria (compared to controls) was

detected (Fig 4A and 4B). In comparison to healthy mice adriamycin induced a disruption of

the linear staining pattern of nephrin, which was replaced by a fragmented and granulated

cytoplasmic staining pattern. High resolution images show an enhanced colocalization of

nephrin with EEA-1, suggesting endocytosis of nephrin (Fig 4C and 4D). These findings were

confirmed in the in vivo biotinylation assay that was conducted using a western blot analysis

(Fig 4E). Densitometric evaluation of the results at day 7 revealed that, despite a reduction of

total nephrin by 71% (Fig 4F), biotinylated nephrin was still significantly decreased by 53%

(Fig 4G). Podocyte numbers were reduced by approximately 40% (Fig 4H–4K).

staining of p57 (red) indicates podocytes in healthy mice (control) and NTNmice (NTN 1d). Magnetic beads
appear as black dots. (G)Number of p57 positive cells per glomerular tuft (H)Glomerular tuft area ( m2) (I)
Percentage of p57 positive cells in relation to tuft area (control n = 2, NTN n = 2, 40 gloms per mouse
quantified). Western blot data showmeans SD. Podocyte counts showmeans SEM. Statistical analysis:
unpaired t-test withWelch’s correction. Significance level was set to 5%, ** p 0.001, *** p 0.0001, (non-
significant differences (ns)).

https://doi.org/10.1371/journal.pone.0179217.g003
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Fig 4. Nephrin surface abundance in adriamycin nephropathy at day 7. (A)Coomassie gel shows
albuminuria in ADRmice at day 7 (ADR 7d), which was not detected in healthy mice (control). (B)Quantitative
analysis of the albumin to creatinine ratio in healthy mice (control) versus ADRmice on days 1 and 7 (ADR1
and ADR 7). Statistical analysis: t-test with Welch’s correction was performed on day 1 and 7. **** p 0.0001
(non-significant differences (ns); control: n = 9; ADR: n = 12). (C, D) Immunofluorescence staining of glomeruli
from healthy mice (control) or ADRmice (ADR 7 d). Staining was performed with an anti-nephrin antibody
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Discussion
The in vivo biotinylation assay allowed the quantification of nephrin abundance at the

glomerular slit diaphragm of mice. This method is useful as a complementary technique to

immunofluorescence, and expands the possibilities of studies focusing on the expression and

trafficking of glomerular surface proteins. As proof of principle the hallmark proteins of the

podocyte nephrin and podocalyxin have been detected. To demonstrate the usefulness of the

assay, we quantified nephrin surface abundance in two different and well-established models

of proteinuric kidney disease.

NTN led to the rapid induction of albuminuria, which was nearly reversible in the course of

disease. Quantification of nephrin revealed that more than half of the molecules were lost from

the slit diaphragm at the peak of albuminuria, while the amount of total nephrin was pre-

served. In addition, the results of immunofluorescence studies showed a change of the linear

distribution of nephrin to a punctate pattern. Colocalization experiments revealed that

nephrin was translocated from the podocyte surface to the early endosome suggesting endocy-

tosis of nephrin. Besides endocytosis changes in podocyte morphology and loss of podocytes

presumably contribute to the observed pattern change. These findings are in line with previous

results [8]. When albuminuria decreased once again, the surface abundance of nephrin was

restored. However, after 18 days, nephrin abundance was diminished by approximately 25%.

Histologic analysis of podocyte numbers suggested that this reduction in total nephrin was

most likely caused by loss of podocytes. Our finding is also in line with previous reports of

nephrotoxic nephritis [22]. Regarding ADR, albuminuric animals also showed significant

reductions of surface nephrin. Immunofluorescence revealed an enhanced translocation of

nephrin in vesicles of the early endosome. Moreover, there was a marked reduction of total

nephrin most likely due to the loss of podocytes. This finding has been reported for ADR ear-

lier [23], and is supported by our observation that podocyte numbers are strongly reduced in

ADR at day 7. It should be kept in mind that an impaired perfusion with the magnetic particles

due to advanced damage of the glomerular tuft could lead to a biased quantification of glomer-

ular proteins. However, it might be questioned whether the inside of damaged capillary tufts

would be adequately covered with biotin when extracted glomeruli are bathed in biotin like

described by Satoh et al. [16]. To account for fluctuations in total protein yield and to ensure

accurate quantitation and comparability between different experiments, all Western blot repli-

cates have been normalized to beta actin.

Conclusion
In both models of proteinuric kidney disease nephrin surface abundance correlated inversely

with proteinuria. In nephrotoxic nephritis we could show that proteinuria and nephrin loss

(red), and nuclei were stained with DAPI (blue). White arrows indicate colocalization of nephrin with EEA1
positive vesicles. (E)Western blot analysis of surface nephrin (streptavidin) and total nephrin
immunoprecipitates and lysates (WB nephrin). In comparison to healthy mice (control), less surface nephrin
(WB: streptavidin) was detected in ADRmice at day 7 (ADR 7d). Total nephrin immunoprecipitates and
lysates (WB: nephrin) showed less expression of total nephrin at day 7. -actin (WB: actin) was used as
loading control. (F, G)Densitometric analysis of western blots: (F) Amount of cell surface nephrin graphed as
biotinylated nephrin to total nephrin ratio; (G) Amount of total nephrin graphed as total nephrin to -actin ratio.
(H) Immunohistochemistry: staining of p57 indicates podocytes in healthy mice (control) and NTNmice (NTN
d1). (I)Number of p57 positive cells per glomerular tuft (J)Glomerular tuft area ( m2) (K)Ratio of p57 positive
cells in relation to tuft area (control n = 2, ADR n = 3, 40 gloms per mouse quantified). Western blot data show
means SD. Podocyte counts showmeans SEM. Statistical analysis: unpaired t-test with Welch’s
correction. Significance level was set to 5%, *** p 0.0001, **** p 0.00001, (non-significant differences
(ns)).

https://doi.org/10.1371/journal.pone.0179217.g004
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were reversible. Taken together this proof-of-concept study shows the potential of the in vivo
biotinylation assay to gain more insight into the function of the glomerular filter.
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