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Aims Oxidative stress is thought to be a risk for cardiovascular disease and NADPH oxidases of the Nox family are important
producers of reactive oxygen species. Within the Nox family, the NADPH oxidase Nox4 has a unique position as it is
constitutively active and produces H,O; rather than O, . Nox4 is therefore incapable of scavenging NO and its low
constitutive H,O, production might even be beneficial. We hypothesized that Nox4 acts as an endogenous anti-ath-
erosclerotic enzyme.

Methods and Tamoxifen-induced Nox4-knockout mice were crossed with ApoEfF mice and spontaneous atherosclerosis under

results regular chow as well as accelerated atherosclerosis in response to partial carotid artery ligation under high-fat diet were
determined. Deletion of Nox4 resulted in increased atherosclerosis formation in both models. Mechanistically, pro-ath-
erosclerotic and pro-inflammatory changes in gene expression were observed prior to plaque development. Moreover,
inhibition of Nox4 or deletion of the enzyme in the endothelium but not in macrophages resulted in increased adhesion
of macrophages to the endothelial surface.

Conclusions The H,O,-producing NADPH oxidase Nox4 is an endogenous anti-atherosclerotic enzyme. Nox4 inhibitors, currently
under clinical evaluation, should be carefully monitored for cardiovascular side-effects.

Keywords NADPH oxidase e Lipids e Inflammation e Remodelling e Reactive oxygen species e ApoE e Arteriosclerosis

Translational perspective

Oxidative stress is considered a risk factor of atherosclerosis. Nevertheless, antioxidant therapy had failed to limit vascular disease devel-
opment in human. Here we demonstrate that the NADPH oxidase Nox4, an important source of reactive oxygen species in the vascular
system, limits arteriosclerosis development in two different mouse models. Deletion or inhibition of Nox4 induced a vascular inflammatory
phenotype, which probably promoted atherosclerosis development. As Nox inhibitors are currently in clinical testing for the treatment of
fibrosis, these drugs should be carefully evaluated for cardiovascular side-effects.

. increase the level of reactive oxygen species (ROS). Although there
IntrOdUCtlon - is little evidence in humans that changing ROS formation alters the
Limited NO availability, vascular inflammation, and noxious environ- course of arteriosclerosis development, positive results have been
mental conditions promote atherosclerosis development1 and . published in animal studies.? The failure of antioxidants to delay
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arteriosclerosis development in man is usually explained by insuffi-
cient dosing, unfavourable reaction kinetics, or counter-regulatory
responses of the body. As a consequence, a concept emerged
that rather than scavenging ROS, blocking their enzymatic produc-
tion might be a better way to prevent vascular oxidative stress.

Numerous enzymes are capable of increasing vascular ROS for-
mation." In particular, the members of the Nox family NADPH oxi-
dases, however, gained considerable interest in recent years.* Nox2
is the source of superoxide (O, ) formation in leucocytes. Patients
carrying mutations of Nox2 are immunocompromised but present
with increased endothelium-dependent relaxation and enhanced
NO availability.” Nox1 is another NADPH oxidase, which is induced
by cytokines and together with Nox2 contributes to vascular O, ™
formation. Genetic deletion of Nox1 or pharmacological inhibition
reduces atherosclerosis development in diabetic ApoEfl* mice®
but in the absence of diabetes this effect was not observed.®’

For the Nox2 system, deletion of the cytosolic p47phox subunit
reduced atherosclerosis development in mice® but reducing Nox2
activity had little effect on disease progression. Although vascular
ROS formation was impaired and endothelium-dependent relax-
ation was improved,” plaque load between wild-type (WT) and
Nox2-knockout mice was similar.”'® In human subjects deficient
of Nox2 activity, carotid artery intima volume was reduced when
compared with healthy subjects, but coronary artery calcification
was similar.”” Moreover, in a case—control study of 31 subjects car-
rying mutations of Nox2, loss of the function of the enzyme results
in greater flow-mediated relaxation and reduced intima-media
thickness when compared with healthy controls which was asso-
ciated with increased NO availability.12

Another Nox enzyme expressed in the vascular system is Nox4.
Nox4 is different to Nox1 and Nox2 as it produces H,O, rather
than O, . Moreover, Nox4 is constitutively active and induced in
the course of differentiation rather than by inflammatory cyto-
kines."> Whether Nox4 impacts on arteriosclerosis is unclear.
Cell culture experiments with siRNA support Nox4 as a potential
target to prevent vascular inflammation. Knockout mouse data,
however, suggest that Nox4 might be protective in the vascular sys-
tem."*"® The present study was therefore conducted to determine
whether genetic deletion of Nox4 alters the course of atheroscler-
osis development in mice. To address this, we generated
tamoxifen-inducible Nox4-ApoE double-knockout mice and sub-
jected them to two models of atherosclerosis development.

Materials and methods

For an extended material and methods section, see Supplementary
material online.

Animal experiments

All animal experiments were performed in accordance with the National
Institutes of Health Guidelines on the Use of Laboratory Animals. The
University Animal Care Committee and the Federal Authorities for
Animal Research (Darmstadt, Germany) approved the study protocol.
Global tamoxifen-inducible Nox4-ApoE™'~ double-knockout
(Nox4"/ox_Cre ERT2°ApoE ™ ™) mice were generated by crossing
Nox4"ex_C57/Bl6)"* with Cre-ERT2 transgenics'® and ApoE ™/~
mice (Taconics). Activation of Cre-ERT2 was achieved by oral tamoxi-
fen administration with the chow ad libitum for 10 days. In all

experiments only male animals were used. Cre-positive and Cre-
negative litter mates received tamoxifen to exclude direct effects of
the anti-oestrogen. According to the expression of Cre-ERT2, Nox4
carrying WT equivalent to Nox4-1/"*_ApoE ™'~ Cre-ERT2%° mice
are denoted as WT, whereas Nox4-deleted Nox4-1/1*. ApoE ™/~
Cre-ERT2*° are denoted as Nox4*/* throughout the study.

Atherosclerosis model
Atherosclerosis formation was analysed at 44—49 weeks of age in mice
fed standard rodent chow or in animals fed a western-type diet with

subsequent partial left common carotid artery ligation'” at an age of
10—14 weeks.

Results

Nox4-ApoE double-knockout mice exhibit
altered reactive oxygen species
production

Tamoxifen resulted in an efficient loss of vascular Nox4 expression:
by qRT-PCR, mRNA expression was >100 times lower in the ca-
rotid artery of Nox4*/* when compared with that of WT mice.
Nox4 protein was readily detectable in aortic extracts of WT ani-
mals, whereas only a very faint band was observed in samples
from Nox4*/* aortas (Figure 1A). The strains did not differ in plasma
glucose, body weight, plasma triglycerides or cholesterol, and trigly-
ceride fractions in serum electrophoresis (Figure 1B and C). Amplex
red assays from aortic rings demonstrated that the H,O, produc-
tion of vessel from Nox4*/* was lower than that of WT animals
(Figure 1D), which is compatible with the notion that Nox4 is an im-
portant source for vascular H,O, production. Interestingly, in the
dihydroethidium assay (DHE), some evidence for increased super-
oxide (O, ") formation after deletion of Nox4 was found: whereas
ethidium formation, as a measure for unspecific oxidation of DHE,
tended to be attenuated, the formation of the O, adduct
2-hydroxyethidium was significantly increased in the aorta of
Nox4*/* mice when compared with WT controls. This might indi-
cate an increased leucocyte adhesion after deletion of Nox4 or
compensatory induction of Nox2 (Figure 1E).

Deletion of Nox4 results in increased
atherosclerosis

In order to determine the role of Nox4 for spontaneous athero-
sclerosis development in the ApoE ™/~ background, animals were
aged for 9 months after tamoxifen treatment without dietary
intervention. Genetic deletion of Nox4 approximately doubled
plaque load in the aortic sinus, the thoracic, and the abdominal
aorta (Figure 2A and B). Deletion of Nox4 resulted in plaques
with a higher amount of collagens as determined by Sirius red
morphometry and macrophages but with a trend towards re-
duced neutral lipid content (Figure 2C). Thus, deletion of Nox4 re-
sults in increased atherosclerosis with enhanced fibrotic and
inflammatory characteristics. Deletion of Nox4 led to a trend to-
wards an increased expression of the fibroblast marker S100a4,
whereas the smooth muscle marker smooth muscle actin was
identical between both groups. Importantly, the macrophage
marker Emr1 was double as high in vessels of Nox4*/* when
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Figure | Characterization of inducible Nox4-ApoE double-knockout mice. (A) Nox4 RT-PCR from Nox4*/* and WT carotid arteries, n > 6
(left). Western blot for Nox4 and B-actin in aortae from Nox4*/* and WT mice (right). (B) Morning plasma glucose, body weight, plasma trigly-
cerides, and cholesterol, n = 6. (C) Representative plasma lipoprotein FPLC for cholesterol and triglyceride. (D) Aortic H,O, determined by Am-
plex Red/HRP from the sites indicated, n = 4. *P < 0.05 with vs. without catalase. (E) Dihydroethidium assay in arbitrary units (aU) for the O~
adduct oxyethidium (EOH) and the oxidation product ethidium (E) from aortic rings, n = 4. *P < 0.05 WT vs. Nox4*/*.

compared with WT aorta (see Supplementary material online, Fig-
ure S1). Although it is usually difficult to derive mechanistic insights
for disease development from late stage atherosclerosis,
qRT-PCR experiments were performed for some redox-
regulating genes. Expression of Nox1 in the aorta was low and
variable. Nox2 expression, in contrast, was two-fold higher in
the aorta of Nox4*/* when compared with WT mice, which is
probably a reflection of the increased macrophage content in
these vessels. Indeed, p67phox expression which is most highly
expressed in leucocytes was similarly changed, whereas no differ-
ences were found for the more widely expressed p47phox and
p22phox subunit of the NADPH oxidase. Endothelial eNOS ex-
pression was measured relatively to the endothelial housekeeping

marker PECAM-1 and was similar between the groups and also no
differences were obtained for SOD1 and SOD2. SOD3 expres-
sion was significantly increased after deletion of Nox4 but the
underlying mechanism of this observation is unknown (see Sup-
plementary material online, Figure ST).

Nox4 knockout increases plaque
development in the partial carotid artery
ligation model

In order to support the observation of an endogenous anti-
atherosclerotic function of Nox4, a second, more inflammation-
driven model of accelerated atherosclerosis was performed—partial
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Figure 2 Role of Nox4 for spontaneous atherosclerosis development. (A) Photographs of oil red O staining of the aortic sinus and of the naive
aorta. Scale bars are 0.5 and 20 mm, respectively. (B) Statistics of the planimetry of the vessels indicated, n > 9. (C) Oil red O, Sirius red or CD68
(CDé68, red and DAPI, blue) stained cross sections of brachiocephalic arteries or aortic sinus and statistics, n = 12—15 and n = 6 for CD68, Scale
bars are 200 and 20 pm, respectively. ¥*P < 0.05 WT vs. Nox4*/*. Tissue was collected at 44—49 weeks of age.

carotid artery ligation in ApoE ™'~ mice subjected to western-type
diet. Morphometric analyses were performed 2 and 4 weeks after
operation by in vivo micro CT, and quantitative histology and gene

expression were determined 28 and 7 days after the operation, re-
spectively. Lumen loss within the first 2 weeks after flow reduction
was similar between both strains. Subsequently, however, lumen
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Figure 3 Role of Nox4 for accelerated plaque formation after partial carotid artery ligation and high-fat diet. (A) H&E cross sections of the
common carotid artery of Nox4*/* mouse 28 days after partial carotid artery ligation. Arrows point to cholesterol clefts and plaque haemor-
rhages. (B) Volume rendering of in vivo micro-CT angiography of an Nox4*/* mouse day 14 after partial ligation of the left common carotid artery.
The common carotid artery is shown and was segmented into eight equidistant parts from aorta (Aa) to bifurcation (Bf). (C—F) Side-dependent
vascular lumen profile of the operated normalized to the non-operative vessels according to the segmentation denoted in (B), n > 7. (G—I) Plaque
volume determined by serial histological sections and time points in Nox4*/* and WT mice (G—H) and ApoE ™/~ mice treated with and without

GKT137928 (20 mg/kg/day) (I). *P < 0.05 with vs. without GKT.
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loss was more rapid in Nox4-deficient animals, so that after 28 days,
the lumen of the carotid artery of Nox4*/* was much smaller than
that of WT vessels. This was also reflected by the plaque burden:
plaque load was similar 2 weeks after the operation, whereas after
28 days, the plaque load of Nox4*/* animals was double as high as
that of WT mice (Figure 3). The number of haemorrhages as a mark-
er for plaque angiogenesis and plaque cholesterol content were
similar between both groups (data not shown). Remodelling of
the contra-lateral control side was also similar between both strains
(see Supplementary material online, Figure S2).

Given that Nox enzymes are drug targe‘cs,3 the impact of the
combined low-selectivity Nox1/Nox4 GKT137928 inhibitor on
plaque development in this model was determined, too. Whereas

A,,Regulated in Nox4*/* ligated side“
Ligated left side
Nox4*/* WT

Non-ligated right side
Nox4*/* WT

the compound significantly inhibited atherosclerosis develop-
ment during the first 2 weeks after operation, the protective ef-
fect was rapidly lost and after 4 weeks, animals receiving the drug
showed a trend towards more atherosclerosis development
(Figure 3I).

Nox4 knockout increases
pro-atherosclerosclerotic pathways

To identify the molecular basis of increased atherosclerosis after
deletion of Nox4, cDNA microarrays were performed 7 days after
ligation. This early time-point was chosen as plaques had not yet
developed.
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Figure 4 Carotid gene expression of ApoE '~ mice 7 days after ligation. lllumina MouseWG-6 v2 BeadChip array. L indicates operated left side,
R indicates non-operated control side, n = 5. (A) Log, normalized heat map of selected genes (ligated, >1.5-fold, P < 0.1) in Nox4*/* compared
with WT. (B) Log, normalized heat map of selected genes (non-ligated, >1.3-fold, P < 0.1) in Nox4*/* compared with WT. (C) Dot plot displaying
relative expression level of genes in operated left (L) and control right (R) carotids of Nox4*/* and WT mice. Values are the ratios of Logo

normalized fold change.
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Comparison of the ligated vessels of WT and Nox4*/* animals
applying a P < 0.1 without Bonferroni correction and a threshold
of 1.5-fold, recovered 51 up-regulated genes and 16 down-regulated
genes after deletion of Nox4. Differences in the non-operated ca-
rotid artery were more discrete with 10 genes up- and 16 genes
down-regulated >1.3-fold in Nox4*/* (Figure 4). Interestingly,
KEGG pathway analysis provided signs of increased immuno- and in-
flammatory signalling in Nox4*/* mice like enrichment of genes for
matrix-receptor interaction, lysosomal signal but also allograft rejec-
tion and diabetes (see Supplementary material online, Table S2).
A more detailed analysis focusing on redox-signalling, inflammation,
and matrix indicate that ligation results in more substantial expres-
sion changes in Nox4*/* than WT mice (see Supplementary mater-
ial online, Table S3). Similar to in the chronic atherosclerosis model,
Nox4-knockout results in an increase in the NADPH oxidase Nox2
and some of its cytosolic subunits, whereas expression of the other
Nox genes decreased or remained unchanged. Interestingly, carotid
artery ligation decreased vascular Nox4 expression, compatible
with the view that the enzyme is involve predominantly in differen-
tiation rather than proliferation (see Supplementary material online,
Table $3). These data suggest that deletion of Nox4 results in an in-
flammatory state which may subsequently favour atherosclerosis
development. Obviously, these data should be handled with caution
as a P threshold of 0.1 without Bonferroni correction was applied
and thus the differences are not statistically significant for the indi-
vidual gene. To obtain confirmation for a more pro-inflammatory
situation, protein arrays were performed from the aorta of the
spontaneous atherosclerosis model (see Supplementary material
online, Figure $3) and from the secretome of the carotid artery
7 days after partial ligation (see Supplementary material online,
Figure S4). Although changes in protein expression were low and
Bonferroni correction was not applied, they also suggest a situation
of increased inflammation and adhesion molecule expression in
response to the knockout of Nox4.

Endothelial deletion of Nox4 increases
leucocyte adhesion

The combination of increased macrophage content together with
different array data is indicative towards increased inflammatory ac-
tivation. Thus, deletion of Nox4 may promote trapping of inflamma-
tory cells at the vascular wall. Indeed, already 7 days after the
operation leucocyte makers were increase in the operated vessel
of Nox4*/* animas but not WT mice (see Supplementary material
online, Table $3). To address this possibility, adhesion experiments
were performed in flow chambers. Macrophages from Nox4*/* and
WT mice exhibited a similar adhesion to cytokine-stimulated endo-
thelial cells. In contrast, adhesion of the monocytic cell line THP-1
was higher to endothelial cells obtained from the lung or the carotid
artery of Nox4*/* than to cells from WT mice (Figure 5A—D). More-
over, pre-treatment of human umbilical vein endothelial cells with
the low-selective Nox1/Nox4 inhibitor GKT137928 in the absence
of cytokine stimulation increased the surface E-selectin expression
and the adhesion of monocytes (Figure 5E and F).

As these data suggest that deletion of Nox4 in the vessel rather
than in macrophages is responsible for the atherosclerosis prone
phenotype, Nox4 expression in myeloid cells was further

characterized. Whereas the mRNA of the oxidase was readily de-
tected in endothelial cells, no specific signal was obtained in macro-
phages (see Supplementary material online, Figure S5A). Also the
search for splice variants did not yield protein coding transcripts
(see Supplementary material online, Figure S5B). Similarly, Nox4
protein was undetectable in monocytes by western blot (data not
shown). Thus, Nox4 expression in endothelial cells is tremendously
higher than that in macrophages, and it appears that the latter cells
may not even express a functional version of the enzyme under the
present conditions.

Discussion

In the present study, we observed that acute genetic deletion of
Nox4 accelerates atherosclerosis development in ApoEf/f mice
and results in greater disease development after partial carotid ar-
tery ligation in mice fed a high-fat diet. We observed that deletion
of Nox4 in the endothelium increases leucocyte adhesion, which
might be a consequence of increased inflammatory activation of
the endothelium. Thus, Nox4 by preventing vascular inflammation
could in part limit vascular influx of leucocytes which eventually
should result in attenuated atherosclerosis development (Figure 6).

Over the past years, evidence is accumulating that supports the
view that Nox4 is an endogenous protective system that by main-
taining antioxidant defence prevents oxidative injury."*"* In part,

this is mediated by controlling NO levels'*"*

and in part by main-
taining Nrf2 signalling."*'® This view is contrasted by reports in epi-
thelial cells where Nox4 mediates TGFf-induced apoptosis. The
potential negative function of Nox4, however, might be specific
for the lung as in the kidney, at least in response to ureter ligation,
91

was also observed that inflammation-induced kidney destruction

loss of Nox4 also resulted in a greater inflammatory response.

leads to loss of Nox4 expression,19 which is compatible with the
view that Nox4 is induced during differentiation and orchestrates
the differentiation process.’>*" Interestingly, also in the present
work, carotid artery ligation, a pro-inflammatory, pro-proliferative
setting was associated with a marked down-regulation of Nox4.

A main limitation of the present work is that we failed to identify a
single specific, ideally redox-controlled, mechanism by which dele-
tion of Nox4 promoted atherosclerosis development. We, how-
ever, doubt that such a mechanism exists as Nox4, being a
redox-modulator impacts on numerous signalling pathways like
those involving the important transcription factors HIF1a, NFkB,
and Nrf2."8%2 |n addition to these pathways, the enzyme has been
shown to contribute to senescence development, and thus its dele-
tion would favour proliferation.”* Nox4 contributes to endoplasmic
reticulum stress and autophagy, other growth-inhibiting situations>*
and subsequent apoptosis induction. The mechanisms underlying
this effect are, however, not well understood but may involve
oxidative modifications of Ras or of phosphatases.”*

Also functional, some data may suggest that Nox4 limits athero-
sclerosis development: the enzyme is induced in the consolidation
phase after vascular injury when proliferation decreases®® and in
smooth muscle cells grown from ApoE-LDLR double-knockout
mice, Nox4 had direct anti-proliferative and pro-senescent effects

compatible with a direct anti-atherosclerotic function.?®
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Figure 5 Leucocyte adhesion on endothelial cells in vitro. (A) Adhesion of peritoneal macrophages from WT and Nox4*/* to TNFa-stimulated
(10 ng/mL, 25 h) lung endothelial cells from WT mice in response to flow, n = 5—6. (B and C) Statistics and exemplary pictures of THP1 adhesion
to lung endothelial cells from WT and Nox4*/* during exposure to laminar flow, n = 3. (D) Statistics of THP1 adhesion to carotid artery endo-
thelial cells from WT and Nox4*/* during exposure laminar flow, n = 4. (E) Normalized human peripheral blood monocyte adhesion under static
conditions to HUVECs pre-treated with GKT137831 (20 uM, 2 h) or solvent, n = 6. (F) HUVEC surface to total E-selectin (selE) expression de-
termined by FACS pre-treated with GKT137831 (20 wM, 2 h) or solvent, n = 6.

In the present study, carotid artery ligation and Nox4 deletion
were associated with an increase in Nox2 expression. Importantly,
increased Nox2 expression has also been observed in human ath-
erosclerosis,”” but it appears that this might be a reflection of leuco-
cyte content, which increases in atherosclerosis in general. Not
much is known concerning Nox4 under this situation. In a monkey
atherosclerosis model, expression of Nox2 and Nox1 increased
while that of Nox4 and Nox5 remained unchanged®® but data
from humans are lacking. These observations are in line with the fail-
ure to observe cross talk between the different Nox homologues.
Given that Nox4 is induced by TGF3 and hypoxia, whereas Nox1
is increased by cytokines but suppressed by nitric oxide,” this as-
pect is well understandable.

The data on cell adhesion appear to suggest that Nox4 in the ves-
sel wall rather than in myeloid cells is important for the atheroscler-
osis modifying effect. Indeed, Nox4 expression was basically

undetectable in macrophages in the present study. This, however,
does not exclude a contribution of Nox4 in these cells to disease
development. We and others have shown that myeloid cell differen-
tiation may involve Nox4 induction?® and in response to combined
hyperglycaemia and hyperlipidaemia Nox4 expression increases in
macrophages and contributes to macrophage apoptosis.*® At least
for spontaneous atherosclerosis, thus without fat feeding, the pre-
sent study, however, favours an importance of endothelial rather
than myeloid Nox4.

A recent study revealed that Nox1 contributes to accelerated
atherosclerosis of ApoE '~ mice with streptozotocin-induced dia-
betes.® This study also included ApoE-Nox4 double-knockout mice
and treatment with the low-selective Nox1/Nox4 inhibitor
GKT137928 in non-diabetic animals. Although this scenario is simi-
lar to the present study, no role of Nox4 in atherosclerosis devel-
opment was observed.? This result, however, was expected as the
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Figure 6 Schematic on the pro-atherosclerotic effect of loss of
Nox4.

animals were studied at an age of 26 weeks, which is too early for
spontaneous atherosclerosis development in ApoE™’~ mice not
treated with high-fat diet. Detailed analysis of this particular study,
however, yielded data in support to the present work as plaque
area was slightly higher in non-diabetic Nox4-ApoE double-
knockout mice than ApoE '~ mice (although not significant). More-
over, GKT137931, which was used as a low-selectivity Nox1/Nox4
inhibitor, resulted by tendency in an increase aortic arch plaque load
in non-diabetic mice.® The complexity of the action of GKT137931
and the lack of specific information about the extent of inhibition of
individual Nox enzymes, however, should limit any conclusions
drawn from effects of this compound.

In summary, with the present study Nox4 is established as an
endogenous protective system which limits atherosclerosis devel-
opment in mice. Nox4 inhibitors, which are currently in clinical test-
ing for fibrotic diseases, should be carefully monitored for a
potential to increase cardiovascular disease rates.
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Supplementary material is available at European Heart Journal online.
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