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Abstract: In higher concentrations, the blood pressure regulating hormone angiotensin II leads
to vasoconstriction, hypertension, and oxidative stress by activating NADPH oxidases which are
a major enzymatic source of reactive oxygen species (ROS). With the help of knockout animals,
the impact of the three predominant NADPH oxidases present in the kidney, i.e., Nox1, Nox2 and
Nox4 on angiotensin II-induced oxidative damage was studied. Male wildtype (WT) C57BL/6
mice, Nox1-, Nox2- and Nox4-deficient mice were equipped with osmotic minipumps, delivering
either vehicle (PBS) or angiotensin II, for 28 days. Angiotensin II increased blood pressure and
urinary albumin levels significantly in all treated mouse strains. In Nox1 knockout mice these
increases were significantly lower than in WT, or Nox2 knockout mice. In WT mice, angiotensin
II also raised systemic oxidative stress, ROS formation and DNA lesions in the kidney. A local
significantly increased ROS production was also found in Nox2 and Nox4 knockout mice but not in
Nox1 knockout mice who further had significantly lower systemic oxidative stress and DNA damage
than WT animals. Nox2 and Nox4 knockout mice had increased basal DNA damage, concealing
possible angiotensin II-induced increases. In conclusion, in the kidney, Nox1 seemed to play a role in
angiotensin II-induced DNA damage.
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1. Introduction

Hypertension increases heart attacks, strokes, and chronic kidney disease. Additionally, hypertensive
patients exhibit an increased incidence of cancer, especially renal cell cancer, for which hypertension is an
established risk factor [1–3]. As a prerequisite for cancer development, mutations occur in cells which
often arise from DNA damage. Therefore, as a possible molecular mechanism for the increased cancer risk
due to hypertension, we have been studying genotoxic effects of the hormone system that controls blood
pressure, the renin angiotensin aldosterone system (RAAS), which is often deregulated in hypertensive
patients [4,5]. In vitro, ex vivo in mouse kidneys and in vivo in animal models of hypertension, we have
found angiotensin II to cause DNA lesions [6–8]. Recently, we have proven that chronic angiotensin II
excess also leads to permanent mutations in kidney cell DNA of rats [9].

Reactive oxygen species (ROS) play a major role in angiotensin II-induced DNA damage since it can
be prevented in vitro and in vivo by concomitant treatment with antioxidants [10,11]. Angiotensin II
is known to induce the production of reactive oxygen species (ROS) via the activation of NADPH
oxidases [12,13]. NADPH oxidases are multimeric enzymes generating superoxide anion radicals or
hydrogen peroxide out of oxygen while reducing NADPH. Seven isoforms of the catalytic Nox subunit
have been identified in mammalian cells, Nox1–5 and Duox1/2 [14]. In the kidney Nox1, -2, and -4 are
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expressed [15]. Silencing the isoform Nox4 in a human kidney cell line prevents angiotensin II-induced
DNA damage, which could not be achieved by silencing Nox2 [10].

To know which of the Nox isoforms is able to generate genomic damage possibly can help
to elucidate mechanisms of increased cancer incidence and mortality in chronic diseases such as
hypertension, diabetes, or chronic kidney disease [16]. To identify the Nox isoform responsible for the
formation of angiotensin II-induced DNA lesions, angiotensin II-mediated hypertension was induced
in wildtype mice and in mice deficient in one of the three NADPH oxidase catalytic subunits Nox1, -2,
or -4.

2. Materials and Methods

2.1. Animals and Animal Treatment

The experiments reported here were conducted in four parts (found under Sections 2.1.1–2.1.3),
each with 5–6 wildtype animals in a control and a treatment group additional to the knockout animals
listed below, with the Nox4 knockout mice experiments conducted in two subsequent experiments.
In all four parts, the animals were treated exactly in the same manner, as described here.

Out of forty-two male wildtype C57BL/6J (WT) mice (Janvier, Le Genest Saint Isle, France), eight
groups with five to six animals were formed. The mice were housed in animal facilities at the University
of Würzburg or the University of Düsseldorf, under pathogen-free conditions with a room temperature of
20 ± 2 ◦C, a 12 h light/dark cycle, and free access to standard food and water. At the age of 14 to 18 weeks,
the animals were equipped with osmotic mini pumps (Alzet, Model 1004; Durect Corporation, Cupertino,
CA, USA) as recommended by Durect Corporation (www.alzet.com/resources/downloads/#surgical-sheets)
under general anesthesia (ketamine 90 mg/kg, Pfizer, Berlin, Germany and xylazine 6 mg/kg i.m., Bayer
Vital, Leverkusen, Germany). Preemptive analgesia was provided with 45 mg/kg metamizol (MSD Animal
Health/Intervet International GmbH, Unterschleißheim, Germany). Four groups received angiotensin II
(Calbiochem, Darmstadt, Germany) in a concentration of 600 ng/kg min for 28 days, a concentration
causing hypertension, oxidative stress, and DNA damage in the kidney over the treatment time as reported
before [11,17], while the other four groups received the solvent control PBS via the pump. Four mice of
the angiotensin II-treated groups were lost due to infection or pump malfunctioning.

2.1.1. Part 1: Nox1 Knockout Mice

Sixteen male NADPH oxidase isoform 1 (Nox1) knockout mice (B6.129 × 1-Nox1tm1Kkr/J,
The Jackson Laboratory, Bar Harbor, ME, USA), furthermore abbreviated as Nox1y/−, were randomly
distributed to two groups. As described above, one group received 600 ng angiotensin II/kg min for
28 days, while the other group received the solvent control PBS via osmotic mini pumps. One mouse
of the angiotensin II-treated group was lost due to infection or pump malfunctioning.

2.1.2. Part 2: Nox2 Knockout Mice

Sixteen male NADPH oxidase isoform 2 (Nox2) knockout mice (B6.129S6-Cybbtm1Din/J, The Jackson
Laboratory, Bar Harbor, ME, USA), furthermore abbreviated as Nox2y/−, were randomly distributed to
two groups. As described above, one group received 600 ng angiotensin II/kg min for 28 days, while
the other group received the solvent control PBS via osmotic mini pumps. Two mice of the control and
one mouse of the angiotensin II-treated group were lost due to infection or pump malfunctioning.

2.1.3. Parts 3 and 4: Nox4 Knockout Mice

Twenty male NADPH oxidase isoform 4 (Nox4) knockout mice (Nox4−/−, kindly donated by
Prof. Schröder, Vascular Research Centre, University of Frankfurt, Frankfurt, Germany), furthermore
abbreviated as Nox4−/−, were randomly distributed to two groups. As described above, one group
received 600 ng angiotensin II/kg min for 28 days, while the other group received the solvent control
PBS via osmotic mini pumps.

www.alzet.com/resources/downloads/#surgical-sheets
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Blood pressure was measured via the noninvasive tail-cuff method twice a week (Visitech Systems,
Apex, NC, USA). For this, mice were placed in a restrainer, the tail was inserted in the tail cuff, which
after being inflated, by transmission photoplethysmography recorded the amount of blood in the tail
vessels, which dilated during the systole and constricted during the diastole (www.visitechsystems.com).
Two weeks prior to implantation of the minipumps, mice were trained three times a week for upcoming
blood pressure measurements. At the beginning and at the end of the experiment, mice were put in
metabolic cages for 22 h to collect urine samples to assess the renal function of the animals. After 4 weeks
of treatment, animals were deeply anesthesized (ketamine 120 mg/kg and xylazine 8 mg/kg i.m.) and
the organs were perfused with ice-cold Deltadex 40 (AlleMan Pharma, Rimbach, Germany) containing
1% procainhydrochloride (Steigerwald, Darmstadt, Germany), followed by perfusion with ice-cold 0.9%
NaCl solution (Fresenius Kabi, Bad Homburg, Germany). Kidneys and hearts were removed, weighed,
divided, and were either embedded in paraffin or shock frozen in liquid nitrogen. All animal experiments
were performed in accordance with the European Community guidelines for the use of experimental
animals and with the German law for the protection of animals (55.2-2531.01-56/11 and 84-02.04.2014.A383).
The investigation conformed to the “Guide for the Care and Use of Laboratory Animals” published by the
U.S. National Institutes of Health (NIH Publication No. 85-23, revised 1996).

2.2. Renal Function

Renal function parameters were assessed by determination of urinary creatinine, serum creatinine,
and albumin excretion by commercially available ELISA kits. For quantification of albumin excretion,
the Mouse Albumin ELISA Kit (Assay Pro, St. Charles, MO, USA) was used according to the
manufacturer’s instructions. Creatinine levels in serum and urine were determined with the Creatinine
Urinary/Serum Assay Kit (Cayman Chemical Co., Ann Arbor, MI, USA) according to the protocol
provided by the manufacturer. Urea in the serum was determined with the QuantiChromTM Urea Assay
Kit (BioAssay Systems, Hayward, CA, USA) according to the protocol provided by the manufacturer.

2.3. Histopathology

For histopathological investigation of the kidney, 2 µm paraffin sections were cut and stained
with hematoxylin and eosin (HE), periodic acid-Schiff stain (PAS), and Sirius red stain. In the kidneys,
the glomerular sclerosis index (GSI), the mesangiolysis index (MSI), the tubulointerstitial sclerosis
index (TSI), and the vascular sclerosis index (VSI) were determined, as described in [18].

2.4. Measurement of ROS Formation

Reactive oxygen species (ROS) production was measured by staining 5 µm cryosections with
10 µM dihydroethidium (DHE) for 20 min as reported earlier [19]. Pictures of the cells were taken
and the cells were quantified by using the cell image analysis software CellProfiler [20] or ImageJ
(http://imagej.nih.gov/ij/index.html) within 8 visual fields by measuring grey values of about 800 nuclei
each. As a urinary oxidative stress marker, 15-isoprostane F2t was measured with the Urinary Isoprostane
ELISA Kit (Oxford Biomedical Research, Oxford, MS, USA) according to the protocol provided by
the manufacturer. As a marker of nitrosative stress, 3-nitrotyrosine in serum was measured with the
Nitrotyrosine ELISA Kit (StressMarq Biosciences Inc., Victoria, BC, Canada) according to the protocol
provided by the manufacturer.

2.5. Isolation of Primary Kidney Cells for DNA Strand Break Detection via Comet Assay

Primary kidney cells from the middle of freshly obtained kidney were isolated and subjected to
single cell electrophoresis, as described earlier by [17]. For analysis, a fluorescent microscope at 200×
magnification and a computer-aided image analysis system (Komet 5, Kinetic Imaging, Bromborough,
UK) were used. Fifty cells in total were analyzed per sample. The DNA damage is given as mean tail
DNA (percentage of fluorescence in the tail region).

www.visitechsystems.com
http://imagej.nih.gov/ij/index.html
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2.6. Immunohistochemistry

Kidney sections (2 µm) (RM 2165, Leica, Wetzlar, Germany) were deparaffinized using Roti-Histol
(Roth, Karlsruhe, Germany) and ethanol. Antigen retrieval was performed with 0.01 mol/L citrate
buffer (pH 6.0) at 95 ◦C for 15 min. Staining for γ-H2AX-positive cells with the primary antibody
(anti-γ-H2AX, Cell Signaling, Herts, UK) was performed as described before [8]. Pictures were
taken with a Leica DM750 microscope (Leica Microsystems GmbH, Wetzlar, Germany) at a 200-fold
magnification. For quantification of γ-H2AX-positive cells, i.e., cells containing double strand breaks,
in the kidney, the percentage of positive cells was assessed by counting about 3000 nuclei per mouse.

Due to technical problems with the paraffin samples of Nox2 knockout animals and their
respective wildtype controls, here, γ-H2AX-positive cells were stained on cryo-cuts using a fluorescent
method. For this, kidney cryo-cuts (5 µm) were fixed with formaldehyde and permeabilized with 0.2%
Nonidet P40. After blocking with goat serum at room temperature for 60 min, the primary antibody
(anti-γ-H2AX, Cell Signaling, Herts, UK) was added, diluted 1:200 in Signal Stain (Cell Signaling,
Herts, UK), and incubated overnight at 4 ◦C. Then, a Cy3-conjugated secondary antibody (111-166-045,
Jackson ImmunoResearch, West Grove, PA, USA) was added for 45 min. The samples were mounted
with Vectashield (H-1200, Vectorlabs, Burlingame, CA, USA). Pictures were taken at a 40× enlargement
with an Olympus XM10 camera connected to an Olympus BX43 microscope (Olympus, Hamburg,
Germany). Six to eight visual fields with a total of 2500 cells minimum were analyzed with ImageJ,
relating the γ-H2AX-positive nuclei to the total number of DAPI-stained nuclei.

2.7. Statistics

Data from 5–20 animals are shown as mean ± standard error mean (SEM). Differences between the
angiotensin II-treated groups and their respective untreated control were tested for significance using
the unpaired two-tailed Student’s t-test or with one-way analysis of variance (ANOVA) and subsequent
post-hoc two-sided comparisons by Tukey. Additionally, differences between the wildtype animals
and the knockout animals were tested with two-way ANOVA and subsequent post-hoc two-sided
comparisons by Tukey. A p value ≤ 0.05 was considered to be significant.

3. Results

3.1. Animal Characteristics and Blood Pressure Changes

Treatment with angiotensin II resulted in a significantly lower body weight in all angiotensin
II-treated groups except in the Nox1 knockout animals (Table 1). While there was no effect of angiotensin
II seen on the relative kidney weight, the hearts of animals of all angiotensin II-treated groups except
for the Nox4 knockout group showed a significant gain of weight.

A significant increase in systolic blood pressure was induced in all angiotensin II-treated animals
over three weeks out of the four weeks of treatment time (Table 1, Figure 1). The systolic pressure of
Nox1 animals was in three, and that of Nox4 animals in two, out of seven measurements significantly
lower than the systolic pressure of WT animals, one of those time points being the end of the treatment
(Figure 1). Diastolic blood pressure was significantly increased in all angiotensin II-treated groups
except in the Nox1 knockout animals (Table 1).
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Table 1. Blood pressure, body weight, and body weight ratios of the animals.

Body Weight (g) Relative Kidney
Weight (%�)

Relative Heart
Weight (%�)

Systolic Blood
Pressure (mmHg)

Diastolic Blood
Pressure (mmHg)

Wildtype Control 30.6 ± 0.3 6.4 ± 0.2 6.3 ± 0.2 127 ± 2 83 ± 3
AngII 28.1 ± 0.3 *** 6.6 ± 0.2 7.9 ± 0.3 *** 194 ± 3 *** 121 ± 4 ***

Nox1y/−
Control 28.3 ± 0.6 ++ 6.0 ±.0.2 6.3 ± 0.2 124 ± 2 84 ± 4
AngII 27.9 ± 0.8 6.0 ± 0.1 7.3 ± 0.4 * 163 ± 5 ***,◦◦◦ 103 ± 9

Nox2y/−
Control 33.3 ± 0.9 +++ 6.2 ± 0.2 5.6 ± 0.2 123 ± 5 78 ± 9
AngII 28.6 ± 0.6 *** 6.3 ± 0.2 7.2 ± 0.4 ** 181 ± 6 *** 129 ± 8 ***

Nox4−/−
Control 31.1 ± 0.5 6.1 ± 0.2 6.5 ± 0.4 115 ± 4 70 ± 4
AngII 27.7 ± 0.6 *** 6.0 ± 0.2 7.0 ± 0.5 170 ± 7 ***,◦◦◦ 118 ± 5 ***

* p ≤ 0.05, ** p < 0.01, *** p < 0.001 vs. the respective untreated animals (Student’s t-test); ++ p < 0.01 (F(1.49) = 9.99),
+++ p < 0.001 (F(1.46) = 52.60) vs. wildtype control; ◦◦◦ p < 0.001 (FNox1(1.49) = 24.36, FNox4(1.54) = 25.16) vs.
angiotensin II-treated wildtype (2-way ANOVA with Tukey’s multiple comparisons test). AngII = angiotensin II,
Nox = NADPH oxidase catalytic subunit.
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knockout animals. Significant changes were found when studying the renal vasculature. Here, all 
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the angiotensin II-treated Nox1 animals, whose vascular sclerosis index was significantly lower than 
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Figure 1. Time course of systolic blood pressure measured in wildtype and knockout animals of the
control (Con) and angiotensin II-treated (AngII) groups. Blood pressure was measured at eight time
points after habituation to the measurement procedure. The first time point represents the initial systolic
blood pressure of the animals before implantation of the osmotic minipumps. After the implantation,
blood pressure was measured twice a week. Data are shown as mean + SEM. * p ≤ 0.01 vs. the respective
control, and ◦ p < 0.05 vs. angiotensin II-treated WT animals analyzed by one-way ANOVA. WT,
wildtype; Con, control; AngII, angiotensin II; Nox, NADPH oxidase catalytic subunit.

3.2. Renal Function and Morphology

There were no differences between angiotensin II-treated animals and their respective controls
observed in the histopathological analysis of glomeruli and tubuli (Table 2 and Figure 2). The glomerular
sclerosis, mesangiolysis, and the tubulointerstitial sclerosis index were not changed by the treatment,
with the exception that mesangiolysis increased in the angiotensin II-treated Nox4 knockout animals.
Significant changes were found when studying the renal vasculature. Here, all groups treated with
angiotensin II presented increased vascular wall diameters with the exception of the angiotensin
II-treated Nox1 animals, whose vascular sclerosis index was significantly lower than that of the
angiotensin II-treated wildtype mice (Table 2 and Figure 2).
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Table 2. Drink volume, creatinine clearance, and histological parameters.

Drink
Volume [mL]

Creatinine
Clearance [µL/min] GSI MSI TSI VSI

Wildtype Control 3.9 ± 0.3 73 ± 9 1.1 ± 0.1 1.0 ± 0.2 0.1 ± 0.2 0.7 ± 0.1
AngII 7.1 ± 0.5 *** 74 ± 13 1.3 ± 0.1 1.1 ± 0.2 0.1 ± 0.1 1.1 ± 0.1 ***

Nox1y/−
Control 4.4 ± 0.7 94 ± 11 1.2 ± 0.1 0.3 ± 0.1 + 0.1 ± 0.0 0.6 ± 0.1
AngII 4.5 ± 1.1 81 ± 8 1.4 ± 0.2 0.4 ± 0.1 0.1 ± 0.1 0.8 ± 0.1 ◦

Nox2y/−
Control 3.5 ± 0.2 105 ± 22 1.2 ± 0.1 0.8 ± 0.1 0.3 ± 0.0 0.9 ± 0.1
AngII 7.6 ± 0.8 *** 77 ± 7 1.0 ± 0.1 0.6 ± 0.0 0.2 ± 0.0 1.3 ± 0.1 *

Nox4−/−
Control 3.8 ± 0.4 53 ± 11 1.3 ± 0.1 1.2 ± 0.1 0.1 ± 0.0 0.8 ± 0.1
AngII 7.4 ± 0.9 ** 52 ± 5 1.2 ± 0.0 1.5 ± 0.1 ** 0.1 ± 0.0 1.1 ± 0.1 *

* p ≤ 0.05, ** p < 0.01, *** p < 0.001 vs. the respective untreated animals (Student’s t-test); + p ≤ 0.05 (F(1.49) = 15.86)
vs. wildtype control; ◦ p ≤ 0.05 (F(1.49) = 16.61) vs. angiotensin II-treated wildtype (2-way ANOVA). AngII,
angiotensin II; Nox, NADPH oxidase catalytic subunit; GSI, glomerular sclerosis index; MSI, mesangiolysis index;
TSI, tubulointerstitial sclerosis index; VSI, vascular sclerosis index.
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The angiotensin II treatment increased water uptake and urinary volume significantly in all 
groups, except in the Nox1 knockout animals (Table 2 and Figure 3A). The urinary volume of 
angiotensin II-treated Nox1 knockout mice was significantly lower than the urinary volume of 
angiotensin II-treated wildtype mice. 

There was no effect observed for creatinine clearance (Table 2). Albumin concentration in urine 
was significantly increased in all animals treated with angiotensin II as compared with the 

Figure 2. Angiotensin II-induced morphological changes in the kidney. Representative pictures
of kidney slices of all animal groups. The two columns on the left (400-fold magnification) show
PAS-stained tissue, the arrows point to dilated vessels in the glomerulus, caused by the loss of mesangial
matrix. The two columns on the right (200-fold magnification) show HE-stained tissue, the circles
highlight small vessels, which have thicker vessel walls in all angiotensin II-treated groups except in
Nox1 knockout animals.

The angiotensin II treatment increased water uptake and urinary volume significantly in all groups,
except in the Nox1 knockout animals (Table 2 and Figure 3A). The urinary volume of angiotensin
II-treated Nox1 knockout mice was significantly lower than the urinary volume of angiotensin II-treated
wildtype mice.

There was no effect observed for creatinine clearance (Table 2). Albumin concentration in urine
was significantly increased in all animals treated with angiotensin II as compared with the respective
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control animals (Figure 3B). Albuminuria was also significantly higher in the Nox1 knockout animals,
but lowest of all groups, and significantly lower than in the angiotensin II-treated wildtype mice.
Also in the angiotensin II-treated Nox4 knockout animals, albuminuria was lower, almost reaching
significance as compared with the angiotensin II-treated wildtype mice.
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knockout mice. (A) Urinary volume; (B) Albumin excreted related to creatinine in urine. Data are
shown as mean + SEM. * p ≤ 0.05, ** p < 0.01, *** p < 0.001, vs. the respective control animals analyzed by
the Student’s t-test; ◦◦ p < 0.01 (F(1.48) = 4.60), ◦◦◦ p < 0.001 (F(1.49) = 10.37) vs. angiotensin II-treated
WT animals, analyzed by two-way ANOVA. WT, wildtype; AngII, angiotensin II; Nox, NADPH oxidase
catalytic subunit.

3.3. Markers of Oxidative Stress and DNA Damage

Systemic oxidative stress was measured as excretion of products of lipid oxidation with 15-isoprostane
F2t as the marker substance. While a tendency to higher isoprostane levels was seen in all angiotensin
II-treated animals, except in the angiotensin II-treated Nox1 knockout mice, the increase was only
significant in the WT mice (Figure 4A). Acute oxidative stress measured with the redox sensitive dye
dihydroethidium (DHE) on renal tissue was significantly increased in all angiotensin II-treated mice
except in Nox1 knockout mice (Figure 4B,C).
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Figure 4. Angiotensin II led to systemic oxidative stress only in wildtype mice, but also to local
oxidative stress in Nox2 and Nox4 knockout mice. (A) Systemic oxidative stress measured as excretion
of 15-isoprostane F2t in urine; (B) Local oxidative stress in the kidney measured with the help of the redox
sensitive dye dihydroethidium and quantified with the cell image analysis softwares, CellProfiler [20] or
ImageJ; (C) Representative pictures of DHE stained kidney tissue of all groups (100-fold magnification).
Data are shown as mean + SEM. * p ≤ 0.05, *** p < 0.001, vs. the respective control animals analyzed by
the Student’s t-test; + p ≤ 0.05 (F(1.39) = 3.97) vs. control WT animals; ◦◦◦ p < 0.001 (F(1.39) = 27.00) vs.
angiotensin II-treated WT animals, analyzed by two-way ANOVA. WT, wildtype; AngII, angiotensin II;
Nox, NADPH oxidase catalytic subunit.

DNA damage induced by angiotensin II in the kidney of the four mouse strains was analyzed
using two methods. The comet assay, detecting acute structural DNA damage which mainly consists of
DNA single-strand breaks and abasic sites, showed significantly increased damage in freshly isolated
kidney cells of WT and Nox4 knockout animals treated with angiotensin II (Figure 5A). No significant
change induced by angiotensin II was seen in kidney cells from Nox1 and Nox2 knockout animals.
Basal DNA damage was higher in kidneys from Nox2 and Nox4 knockout mice than in kidneys from
WT mice, without reaching significance.

The second method employed was the immunochemical detection and quantification of the
phosphorylated histone H2AX (γ-H2AX), which is a surrogate marker for DNA double-strand breaks.
γ-H2AX was significantly increased by angiotensin II only in WT kidneys (see Figures 5B and 6).
Kidney tissue from Nox1 knockout mice showed no change in H2AX phosphorylation after angiotensin
II treatment. Kidneys from Nox2 and Nox4 knockout mice presented an already increased basal H2AX
phosphorylation already without angiotensin II treatment. This was significantly higher in the Nox4
knockout strain than in the WT control.
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Figure 5. DNA damage caused by angiotensin II. (A) DNA damage measured by the comet assay in
kidney cells extracted from kidneys at the end of the experiment. Results are shown as percentage
of DNA in tail + SEM; (B) Quantification of cells positive for phosphorylated H2AX (γ-H2AX) in
the cortex of the kidney within eight visual fields after immunohistochemical detection of γ-H2AX
on paraffin-embedded or frozen kidney sections with the help of the cell image analysis software
CellProfiler [20]. Results are shown as induction of H2AX phosphorylation + SEM. * p≤ 0.05, *** p < 0.001,
vs. the respective control animals analyzed by the Student’s t-test; +++ p < 0.001 (F(1.50) = 9.64) vs. WT
control animals; and ◦ p ≤ 0.05 (F(1.45) = 5.74, ◦◦◦ p < 0.001 (F(1.49) = 13.89) vs. angiotensin II-treated
WT animals, analyzed by two-way ANOVA.
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Figure 6. DNA damage in the kidneys of wildtype and Nox knockout animals. (A) Representative
pictures of the immunohistochemical staining of paraffin-embedded kidney sections of animals of the
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wildtype (WT), the Nox1 and Nox4 knockout group for the surrogate marker of DNA double-strand
breaks, phosphorylated H2AX (γ-H2AX); (B) Representative pictures of the immunofluorescent staining
of frozen kidney sections of animals of the wildtype (WT) and Nox2 knockout group for the surrogate
marker of DNA double-strand breaks, phosphorylated H2AX (γ-H2AX) with 200-fold magnification,
the fluorescence is presented in pseudo-colors.

4. Discussion

To identify the NADPH oxidase isoform responsible for angiotensin II-induced oxidative damage
in hypertensive animals, knockout animals lacking the catalytic subunits of the three most abundant
NADPH oxidase catalytic subunit isoforms 1, 2, and 4 were treated with angiotensin II for four
weeks. Angiotensin II increased the blood pressure significantly in wildtype and all knockout animals.
Although, in angiotensin II-treated knockout animals that were lacking the isoforms 1 and 4, the blood
pressure was at some time points lower than that of wildtype animals, this was not the case for isoform
2 knockout animals. There have been contradicting reports with respect to the influence of Nox isoform
knockouts on blood pressure upon angiotensin II infusion or RAAS activation. Some working groups
have reported no difference in blood pressure values between wildtype animals and knockout animals
(Nox1 [21], Nox2 [22,23], and Nox4 [24]). Others have reported lower baseline blood pressures and
lower pressure increases after angiotensin II infusion (Nox1 [22,25], Nox2 [26], and Nox4 [27]).

Except in Nox1 knockout animals, angiotensin II treatment caused higher water consumption and
increased urine excretion. Unfortunately, no information on these parameters could be found in other
publications using Nox1 knockout mice. Rac1-stimulated NADPH oxidases, which comprise Nox1,
Nox2, and probably also Nox3 [28], seem to be involved in dipsogenic effects of angiotensin II, because
expression of dominant-negative Rac1 abolished the drinking response [29]. Brain specific deletion of
Nox2 also significantly reduced thirst and, thereby, water intake in mice to a level far below the control
level, leading to the conclusion by the authors that Nox2 was solely responsible for the angiotensin
II-induced drinking response [30]. We did not see an impact of the whole body Nox2 knockout on
water intake, in our study, but we did not monitor the actual efficiency of the knockout in the brain.
Furthermore, the authors [30] measured acute thirst induced 30 min after angiotensin II injection rather
than longtime effects as we did in our study. The angiotensin II-treated Nox1 knockout mice in the
present study, had the same water intake and urine output as the control and wildtype control animals,
after 28 days of angiotensin II infusion, although their blood pressure increased. This hints to an
important role of Nox1 in angiotensin II-induced thirst.

Morphologically, all angiotensin II-treated animals, with the exception of the Nox1 knockout
animals, showed a thickening of small vessels in the kidney which we had observed before in
angiotensin II-treated mice [8,11,17]. In contrast to the small kidney vessels, hypertrophy of the thoracic
aorta as measured by Matsuno et al. was not reduced by the Nox1 knockout [25]. In the present study,
damage parameters of glomeruli and tubuli were not changed in any of the angiotensin II-treated
groups, unlike in a former study [8]. Morphometry showed the prevention of glomerular hypertrophy
and mesangial expansion following Nox1 knockout [31], while knocking out Nox2 had no effect on
diabetes-induced morphological changes [32].

Kidney function, as measured via creatinine clearance, was not altered by angiotensin II treatment.
As a second and more sensitive parameter of kidney function, albumin concentration in urine was
quantified. All our angiotensin II-treated animals had increased albumin values. In Nox1 knockout
animals, this albuminuria was significantly lower, and in Nox4 knockout animals tendentially lower
than in the wildtype animals. In diabetic animals, Nox2 knockout could not protect the kidney from
developing albuminuria [32]. For Nox4, both possibilities, protection and lack of protection from
albuminuria, have been reported for diabetic animals, which could be due to the use of different
diabetes models (i.e., streptozotocin-induced versus ApoE knockout mice) [33,34]. Knocking out Nox1
also could not prevent albuminuria in diabetic animals [34] and no publications measuring albumin in
nondiabetic angiotensin II-treated animals were found. Therefore, to the best of our knowledge, this is
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the first report demonstrating a reduction of albuminuria in Nox1 knockout animals in the setting of
angiotensin II-induced hypertension.

With the exception of the Nox4 knockout mice, all angiotensin II-treated animals analyzed in the
present study, exhibited significant cardiac hypertrophy, which is a usual outcome of hypertension [35].
Calculating the gain in heart weight, Nox2 knockout mice revealed the highest increase, followed by
wildtype mice, Nox1 knockout mice, and Nox4 knockout mice as last. This ranking roughly reflects
the increase in blood pressure, where the Nox4 and Nox1 knockout animals had the lowest increase in
blood pressure.

NADPH oxidase activation is often associated with oxidative stress. Nox1 knockout reduces
ROS levels in models of angiotensin II-induced hypertension (heart and kidney) [21,25], diabetes [31],
and atherosclerosis [36]. For Nox1 and Nox4, reports can be found, which show a protective role
of Nox1 or Nox4 function, since loss of the enzymes increased tissue damage; atherosclerosis in the
absence of Nox1 or Nox4 [37,38] and tubulo-interstitial renal injury (in the unilateral ureter obstruction
model, UUO) if Nox4 was missing [33]. A marker of systemic oxidative stress to lipids, 15-isoprostane
F2t, was already much lower in the untreated Nox1 knockout animals as compared with the untreated
wildtype animals. 15-isoprostane F2t did not increase significantly in the angiotensin II-treated Nox1
knockout mice, indicating a lower body burden of ROS when Nox1 was missing. Although, in the
other knockout animals, a significant increase of 15-isoprostane F2t by angiotensin II treatment also
could not be detected, and their basal levels of 15-isoprostane F2t were not lower than those of the
control. Lower lipid peroxidation was also seen in Nox1 knockout mice with diabetes [31] and liver
fibrosis [39]. In the present study, the residual increase of oxidative stress markers in angiotensin
II-treated Nox1 knockout animals could be caused by other ROS generating enzymes that were not
analyzed here.

Strikingly, lack of Nox2 and Nox4 led to a higher basal DNA damage in the kidney of the knockout
animals. Higher basal levels of DNA damage were recently also observed in vitro, in Nox4-knockout
cells [40]. In that study, a role of Nox4 in DNA damage repair was discussed; oxidation of the kinase
AKT in the nucleus by Nox4 was necessary to keep the activity of the γ-H2AX-dephosphorylating
phosphatase PP2A low [40]. Therefore, loss of Nox4 impaired DNA repair and elevated DNA
damage [40]. The importance of Nox4 and Nox1 for phosphorylation of γ-H2AX was also shown by
Kodama et al. [41], although DNA damage was not quantified in their study. In our study, induction of
DNA damage by angiotensin II was only observed in the wildtype animals, and if the comet assay was
used, it was also observed in the Nox4 knockout animals. Nox1 knockout animals did not show higher
basal DNA damage in kidney cells and, moreover, also no increase by angiotensin II treatment. Rather,
their values were even significantly lower than those of angiotensin II-treated wildtype animals. This is
in line with the observation of reduced oxidative stress levels in this group. Nox1 was suggested to
be involved in tumor progression, since knockout of this isoform reduced the size of fibro sarcomas,
colon, and liver tumors [40,42,43]. As molecular mechanisms, the role of Nox1 in the production of
inflammatory cytokines or in the promotion of angiogenesis has been discussed. There have also
been data from humans showing that high Nox1 concentration is an independent predictor of shorter
survival after treatment of hepatocellular carcinoma by hepatectomy [44]. Here, we suggest that it is
also the role of Nox1 in DNA damage induction that contributes to adverse effects of Nox1 activation.

5. Conclusions

Angiotensin II-induced hypertension is accompanied by impairment of kidney function, increased
oxidative stress, and higher levels of DNA damage to kidney cells. The NADPH oxidase isoform Nox1
was identified to play a major role in provoking oxidative stress and DNA damage after angiotensin II
treatment. Furthermore, a so far unknown role of Nox1 in dipsogenic effects of angiotensin II was
identified. Pharmacological targeting of Nox1 could be beneficial for slowing down the progression of
hypertension-induced kidney damage.
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