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ABSTRACT

Objective: The NADPH oxidase Nox4 is an important source of HyO,. Nox4-derived HO, limits vascular
inflammation and promotes smooth muscle differentiation. On this basis, the role of Nox4 for restenosis
development was determined in the mouse carotid artery injury model.

Methods and results: Genetic deletion of Nox4 by a tamoxifen-activated Cre-Lox-system did not impact on neo-
intima formation in the carotid artery wire injury model. To understand this unexpected finding, time-resolved
single-cell RNA-sequencing (scRNAseq) from injured carotid arteries of control mice and massive-analysis-of-
cDNA-ends (MACE)-RNAseq from the neointima harvested by laser capture microdissection of control and
Nox4 knockout mice was performed. This revealed that resting smooth muscle cells (SMCs) and fibroblasts
exhibit high Nox4 expression, but that the proliferating de-differentiated SMCs, which give rise to the neointima,
have low Nox4 expression. In line with this, the first weeks after injury, gene expression was unchanged between
the carotid artery neointimas of control and Nox4 knockout mice.

Conclusion: Upon vascular injury, Nox4 expression is transiently lost in the cells which comprise the neointima.
NADPH oxidase 4 therefore does not interfere with restenosis development after wire-induced vascular injury.

1. Introduction

disease [5-7]. For instance, deletion or inhibition of Nox1 reduces
atherosclerosis in diabetic conditions and deletion of p47phox, a subunit

Reactive oxygen species (ROS) are important signaling molecules,
with both protective and detrimental functions in the vascular system
[1-3]. NADPH oxidases of the Nox family are important sources of ROS
in the vascular system [4,5]. In vascular inflammatory diseases, like
atherosclerosis and hypertension, ROS generated by the NADPH oxidase
homologues Nox1, Nox2 and Nox5 have been suggested to promote

of the Nox2 system, decreases atherosclerotic plaque formation [8].
The NADPH oxidase Nox4 differs from the above mentioned Nox
homologues in two important aspects: 1) It is constitutively active; thus
its ROS-production depends on the abundance of the enzyme [9]. 2) It
directly produces HyO5 rather than O3 and cannot scavenge NO [10].
Hy0,, different to Oz, activates protein kinase G signaling [11] and

Abbreviations: CTL, Control; MACE, massive-analysis-of-cDNA-ends; ROS, Reactive oxygen species; scRNAseq, Single cell RNA sequencing; SMC, smooth muscle

cells.
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Fig. 1. Nox4 does not limit neointima formation: A) Hematoxylin and eosin staining of injured carotids of WT and Nox4~/~ (KO) mice D7, D14, D21 & D28 after
injury; scale bar: 200 pm. B) Quantification of average neointima area [um?] (C) and highest neointima thickening [%]; n = 9-15; GM 95% CI. D) and E) Western
blot analysis showing the expression of Nox4 in aorta tissue samples obtained from WT and Nox4 ™/~ animals after tamoxifen treatment; n = 4; t-test; *p < 0.05.

Nox4 has been suggested to in part act through this system [12,13].
Conflicting results have been published regarding the pathophysio-
logical relevance of Nox4. We and others, using a knockout model, have
suggested that Nox4 is protective [14,15] to limit angiotensin II-induced
hypertension [16] and atherosclerosis development [1,17,18]. Others
report with the aid of a dominant negative transgenic mouse rather a

detrimental function of Nox4 [19,20]. In addition to its potential func-
tion in cardiovascular diseases, Nox4 has been linked to smooth muscle
cell differentiation [21] through a p38 MAPK and SRF-dependent con-
trol of gene expression [22,23]. As cellular differentiation limits pro-
liferation, it is interesting to speculate that Nox4 limits smooth
muscle-dependent neointima formation and thus contributes to
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clinically relevant processes like restenosis. Interestingly, Nox4 was re-
ported to be upregulated after vascular injury in mice [24] and Nox4
overexpression limited adventitial myofibroblast migration [25].

Based on these considerations, we hypothesized that endogenous
Nox4 limits neointima development after vascular injury and studied
this aspect in the carotid artery wire injury model of WT and Nox4
knockout mice.

2. Methods
2.1. Mouse studies

All animal experiments were performed in accordance with the Na-
tional 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
(approval number: FU1185). Mice were housed in a specified pathogen-
free facility with 12/12 h day and night cycle and free access to water
and chow at all times.

Tamoxifen-inducible Nox4/~ mice were generated by crossing
Nox4lox/flox yith ERT2-Cre”* transgenic mice [16]. Activation of
Cre-ERT2 was achieved by oral tamoxifen administration with the chow
ad libitum for 10 days. In all experiments, only male animals were used.
Cre-positive and Cre-negative littermates received tamoxifen to exclude
direct effects of the anti-estrogen. According to the expression of
Cre-ERT2, Nox4 carrying Nox4-flox-CMV-Cre-ERT2%° mice are denoted
as WT, whereas Nox4-deleted Nox4-flox-CMV-Cre-ERT2*/ 0 are denoted
as Nox4~/~ throughout the study.

2.2. Carotid injury model

Wire-induced injury surgery was applied to male mice at an age of 11
weeks, after Tamoxifen intake and washout. For wire-induced injury
blood flow was stopped during the procedure by loops around the A.
carotis interna (ICA), A. carotis communis (CCA) and A. carotis externa
(ECA). An incision hole was placed using surgical scissors to introduce a
0.35 mm diameter flexible bended wire into the A. carotis interna. The
bended wire was guided through the A. carotis interna into the A. carotis
communis. After passing the vessel three times with rotation, the wire
was removed and a suture around the A. carotis interna was placed to
permanently stop blood flow in the A. carotis interna. The remaining
loops were removed to resume blood flow via A. carotis communis and
A. carotis externa (Supp. Fig. 1). Wire-injury was carried out only on the
left carotid of the animal, the right carotid artery served as control
[26-28]. The wire-induced injury model leads to endothelial disruption
and damage of medial smooth muscle cells (SMCs) [27]. As typical for
the model of severe deep injury, the variability between animals was
fairly high, moreover, some vessels clotted post intervention. Vessels
with signs of clots were removed from the analysis and the subsequent
groups were designed to include at least 9 animals per group.

2.3. Immunoblotting

Pulverized aorta tissue samples were lysed using following lysis
buffer (pH 7.4): Tris-HCI (50 mmol/L), NaCl (150 mmol/L), sodium
pyrophosphate (10 mmol/L), sodium fluoride (20 mmol/L), nonidet P40
(1%), sodium desoxycholate (0.5%), proteinase inhibitor mix, phenyl-
methylsulfonyl fluoride (1 mmol/L), orthovanadate (2 mmol/L), oka-
daic acid (0.00001 mmol/L). For Nox4 detection, the disulfide bonds
were cleaved with TCEP (Thermo Scientific) and samples were not
boiled. Western blot analyses were performed with an infrared-based
detection system (Odyssey, Licor). Nox4 primary antibody was pro-
vided by one of the co-authors (Ajay M. Shah) and anti-B-actin antibody
was from Sigma (1:1000, #A1978, Sigma). Conjugated secondary anti-
bodies were obtained from Licor (1:10,000, #926-68073/
#926-32212).
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2.4. Isolation of mRNA and qRT-PCR

Carotids were removed, snap frozen in liquid nitrogen and pulver-
ized. Total mRNA was isolated from the upper half of left or right carotid
arteries with the Bio&Sell RNA-Minikit (Bio&Sell) according to the
manufacturer’s instructions. cDNA synthesis was carried out using Su-
perScript III Reverse Transcriptase (Invitrogen) random hexamer
primers with oligo (dT) primers, real-time PCR was performed with Eva
Green Master Mix and ROX as reference dye (Thermo Scientific) in an
Mx4000 cycler (Stratagene). Relative expressions of target genes were
normalized to eukaryotic translation elongation factor 2 (EEF2),
analyzed by delta-delta-CT method. The following primers were used:
ACTA2-F 5-ACAGAGGCACCACTGAACCCTAAG-3’; ACTA2-R 5'-
ACAATCTCACGCTCGGCAGTAGTC-3; CALD1-F 5-AGAAGGAGTTT-

GATCCGACCA-3'; CALD1-R 5-CATTTTCGGCGGAGTCATTTTG-3';
CNN1-F 5'-TCTGCACATTTTAACCGAGGTC-3'; CNN1-R 5'-
GCCAGCTTGTTCTTTACTTCAGC-3'; EEF2-F 5-GACATCAC-

CAAGGGTGTGCAG-3’; EEF2-R 5- GCGGTCAGCACACTGGCATA-3';
MYH11-F 5-GTGTGGTGGTCAACCCCTAC-3'; MYHI11-R 5-GATGT-
GAGGCGGCATCTCAT-3'; NOX2-F 5'-GGGAACTGGGCTGTGAATGA-3';
NOX2-R 5'-CAGTGCTGACCCAAGGAGTT-3; NOX4-F 5'-
TGTTGGGCCTAGGATTGTGTT-3'; NOX4-R  5-TGTTGGGCCTAG-
GATTGTGTT-3; PECAM1-F 5'-GGACAGACCCTTCCACCAAG-3;
PECAMI1-R 5-CTGTTTGGCCTTGGCTTTCC-3'; SMTN-F 5'- GCCCTCA-
GATACCTTGGACTC-3'; SMTN-R 5'- GGCAGGATTTCGTTTCAGACG-3'.

2.5. Histology

Carotid tissue samples frozen in OCT compound were prepared as 10
pm serial sections. Sections were stained with Hematoxylin and Eosin
staining solutions. The neointima area was analyzed by planimetry with
ImagelJ.

2.6. Single cell RNA sequencing

Carotids were minced in small pieces and digested for 1 h at 37 °C
with an enzyme mix containing collagenase typ XI (125 U/ml), colla-
genase typ I (450 U/ml), hyaluronidase (60 U/ml) and deoxyribonu-
clease I (60 U/ml). Digestion was stopped with stopping solution (PBS;
2% FCS; 1 mM EDTA) and cell suspension was strained. Dead cells were
removed by MACS Dead cell removal kit (Miltenyi, Germany). Cells
were washed and resuspended in PBS and used for droplet scRNA-seq.
Cellular suspensions were loaded on a 10x Chromium Controller (10x
Genomics) according to manufacturer’s protocol. All scRNA-seq li-
braries were prepared using Chromium Single Cell 30 v2 Reagent Kit
(10x Genomics) according to manufacturer’s protocol. In brief, the
initial step consisted in generating an emulsion where individual cells
were isolated into droplets together with gel beads coated with unique
primers bearing 10x cell barcodes, UMI (unique molecular identifiers)
and poly (dT) sequences. Reverse transcription reactions were engaged
to generate barcoded full-length cDNA followed by the disruption of
emulsions using the recovery agent and cDNA clean up with DynaBeads
MyOne Silane Beads (Thermo Fisher Scientific, Germany). Bulk cDNA
was amplified using a Biometra Thermocycler TProfessional Basic
Gradient with 96-Well Sample Block (98 °C for 3min; cycled 14x: 98 °C
for 15, 67 °C for 20 s, and 72 °C for 1min; 72 °C for 1min; held at 4 °C).
Amplified cDNA product was cleaned with the SPRIselect Reagent Kit
(Beckman Coulter, USA). Indexed sequencing libraries were constructed
using the reagents from the Chromium Single Cell 30 v2 Reagent Kit, as
follows: fragmentation, end repair and A-tailing; size selection with
SPRIselect; adaptor ligation; post-ligation cleanup with SPRIselect;
sample index PCR and cleanup with SPRI select beads. Library quanti-
fication and quality assessment were performed using Bioanalyzer Agi-
lent 2100 using a High Sensitivity DNA chip (Agilent Genomics, USA).
Indexed libraries were equimolarly pooled and sequenced on two Illu-
mina HiSeq 4000 using paired-end 26 x 98 bp as sequencing mode by
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Fig. 2. Nox-enyzmes exhibit a cell specific expression pattern after vascular injury: A) Aggregated UMAP plot and cluster annotation of single cell sequencing
experiments performed in C57BL/6 mice without (CTL) and 3, 7 and 14 days after wire injury (aggregated time points; n = 6 animals per time point). B) Dot plot
showing average and percentage expression of Nox enzymes. Not detected: Nox1, Noxal, Nox3, Duox2, Duoxa2. C) Aggregated UMAP plot highlighting expression

levels of Nox4, p22phox (Cyba) and Nox2 (Cybb).

GenomeScan (Leiden, Netherlands).

Single-cell expression data were processed using the Cell Ranger
Single Cell Software Suite (v2.1.1) to perform quality control, sample
de-multiplexing, barcode processing, and single-cell gene counting.
Sequencing reads were aligned to the mouse reference genome GRCm38
using the Cell Ranger suite with default parameters. A total of 5523
single cells were analyzed. UMAP (Uniform Manifold Approximation
and Projection) cluster analysis and was performed by using Seurat
(v2.3). The gene-cell-barcode matrix of the samples was log-transformed
and normalized by the number of UMI’s per cell. In brief, differential
expression of genes was used utilizing the ‘FindMarkers’ function in the
Seurat package for focused analyses. Genes with adjusted p-values
<0.05 were considered as differentially expressed genes. Pre-annotation
was conducted using scCATCH and further annotation was performed
according to top 50 differentially expressed genes.

2.7. Laser capture microdissection

Frozen tissue sections were mounted on special LCM membrane
slides and stained immunohistochemically with Hematoxylin and Eosin
to detect carotids and elastic laminas. Carotid sections containing outer
elastic lamina and neointima were then cut and catapulted into the lid of
a collection tube by the laser. After collection of up to 70 sections, total
RNA was extracted using a RNeasy Micro Kit (Qiagen, Hilden, Ger-
many). NanoMACEseq was performed for further analysis.

2.8. nanoMACEseq and bioinformatics

The library preparation was conducted by GenXPro. 3'mRNA li-
braries were prepared using GenXPros “Rapid MACE-Seq Kit” for low-
input mRNA according to the manual of the manufacturers. Briefly,
RNA was fragmented to an average size of 350 bps, followed by poly-A
specific cDNA synthesis, pooling and amplification by PCR using the
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Fig. 3. Nox4 expression of cell clusters: Single cell sequencing experiment performed in C57BL/6 mice without (CTL) and 3, 7 and 14 days after wire injury
(aggregated time points; n = 6 animals per time point). A) and B) Nox4 expression levels of clusters shown by violin plot of scRNA-seq data. The Seurat tool

‘FindMarkers’ function was used to determine significance using Wilcoxen-test.

minimum number of cycles as described in the manual. The PCR product
was purified by SPRI purification. The final product of 200-400 bps was
quality controlled on a PerkinElmer LabChip GXII, the concentration
was measured on Qbit. Sequencing was performed on an Illumina
NextSeq 500 machine with 1 x 75 bps. The MACE-reads were demul-
tiplexed according to the sample IDs, PCR duplicates were removed with
the help of the “TrueQuant” UMI barcodes. Low-quality and adapter-
containing reads were cropped. The reads were mapped to the mouse
genome (GRCm38.p6) and genes were quantified for the individual li-
braries for gene expression. Differential gene expression of the different
pairwise comparisons was analyzed using DE-Seq2. The normalized
gene counts, p-values and log2fold-change values of all pairwise com-
parisons were combined in a single table. Differentially expressed genes
were used to calculate GO enrichment using hypergeometric distribu-
tion measurements using the GenXPro analyses pipeline and web-
service.

2.9. Statistics

Unless otherwise indicated, data are given as means =+ standard error
of mean (SEM). N indicates the number of individual experiments or
animals. Calculations were performed with Prism 8.0. The latter was
also used to test for normal distribution and similarity of variance. In-
dividual statistics of unpaired samples was performed by t-test Mann-
Whitney test or ANOVA followed by post-hoc testing, according to
normal distribution and group number. A p-value of <0.05 was
considered as significant. For the analysis of RNAseq data, p-values were
adjusted by Benjamini-Hochberg for multiple testing (FDR/False dis-
covery rate).

3. Results
3.1. Deletion of Nox4 does not affect neointima formation

In order to determine the role of Nox4 in neointima development in
vivo, the carotid artery wire injury model for severe injury was set up.
Carotid artery injury resulted in neointima formation as documented by
an increase in the neointima area and the percentage of neointima
compared to total vessel size (Fig. 1A-C). In order to study the role of
Nox4 a conditional knockout approach was chosen. To avoid compen-
sation, the enzyme was acutely knocked out by a tamoxifen-activated
Cre-recombinase 2 weeks prior to vascular injury and successful

knockout was confirmed by Western blot from the aorta (Fig. 1D&E).
Unexpectedly, deletion of Nox4 at the time points studied (7, 14, 21 and
28 days after injury) had no impact on neointima formation (Fig. 1A-C).
Thus, despite the published induction of Nox4 in response to vascular
injury [5,24], the enzyme appears to be functionally irrelevant for
neointima formation.

3.2. Nox4 and Nox2 show cell-specific expression patterns

Vascular injury is a complex, highly dynamic process with profound
changes in the cellular composition of the tissue and the individual
cellular phenotype [29]. Nox4 expression has been reported for many
cells of the vascular system including endothelial cells, SMCs and fi-
broblasts [5], and the latter cells massively expand in the adventitia
upon vascular injury.

In order to determine the cell-specific expression of the different
NADPH oxidase homologues after wire injury, single-cell RNA-
sequencing (scRNAseq) was performed at different time points (3, 7 and
14 days) after wire injury and without injury (CTL). Aggregated analysis
of the cells of all time points and k-means clustering revealed 17 distinct
cell clusters (Fig. 2A, see Supplemental Table 1 for maker genes).
Whereas scRNAseq is particularly well suited for cell identification, the
sequencing depth is low. Therefore, only abundantly expressed genes
are detected. In the aggregated data therefore Nox1 and Nox3 were not
detected (Fig. 2B). Nox2 expression (Cybb) was particularly high in
myeloid cells with some expression seen also in fibroblasts and endo-
thelial cells (Fig. 2C). P47phox and p67phox (NcfI and Ncf2) expression
resembled that of Nox2 (Fig. 2B). In contrast to this, Nox4 abundance
was restricted to fibroblasts and SMCs but absent in inflammatory cells
(Fig. 2C). P22phox (Cyba) was expressed in all cell types (Fig. 2C). In
addition to Nox enzymes, also the expression of other ROS generators
and antioxidant genes was different between the cell clusters (Supp.
Fig. 2). Expression of these genes in endothelial cells, T-cellls, B-cells and
NK-cells was somewhat similar, with the exception of Nos3, which was
selectively expressed in the endothelium. Other uniquely detected genes
were Gpx3, MaoA/B and SOD3 in fibroblasts. Hemoxygenase 1 and 2
were particularly well detected in monocytes, as was Glutaredoxin 1.
These differences suggest that intense redox-crosstalk exists between the
different cell types of the vascular compartment, which requires further
investigation.
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Fig. 4. Principle component analysis from laser capture microdissections: A) Exemplary section before and after laser capture microdissection of the neointima.
B) Principle component analysis of MACE-RNAseq of laser capture microdissection of the neointima and the control side from WT and Nox4~/~ mice subjected to
wire injury for 7, 14, 21 and 28 days. CTL indicates the non-operated control side (n = 3-4 per group).

3.3. The modified neointima SMCs are located in cluster 8 and SMCs, particularly cluster 8 exhibited these features. Cluster 8 also
was the only cluster with proliferative activity as determined by Cell-

For neointima formation, SMCs have to acquire a pro-migratory, pro- CycleScoring (%GO phase: cluster 8 46%, all other fibroblast & SMC
proliferative phenotype. Neointimal SMCs are therefore characterized clusters: >98%). This suggests that cluster 8 contains the modified SMC
by a proliferative, intermediate phenotype sharing aspects of fibroblasts of the neointima. Other cells which may also contribute to cluster 8 are

and differentiated SMCs [29]. Of the 5 clusters assigned to fibroblasts myofibroblasts and transformed cells of the media, but without lineage
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Fig. 5. ROS generator and antioxidant expression in course of inflammation in neointima: A) MACEseq dataset of wildtype neointima samples without (CTL),
D7, D14, D21 and D28 after wire-induced injury. Heatmap of ROS generator and antioxidant gene expression (Z-score of normalized mean counts).

tracing and site-specific labelling it is not possible to deconvolute the
cluster further. With respect to the expression of redox-modulating
genes, cluster 8 grouped well with fibroblasts and smooth muscle
cells, although it appears that most redox-genes are expressed slightly
less, with the exception of peroxiredoxin 1 (Supp. Fig. 2).

3.4. Modified SMCs express little Nox4

With the identification of the modified SMCs, it became possible to
specifically determine Nox4 expression in this subset. As compared to
the differentiated SMCs and the fibroblast clusters, the modified SMCs
expressed very little Nox4 (Fig. 3A and B). Importantly, these data
suggest that particularly those cells, which contribute to neointima
formation lose most of their Nox4 expression and this observation could
explain why Nox4 did not impact on the process of neointima formation
in response to wire injury.

The neointima contains inflammatory activated, dedifferentiated
smooth muscle cells.

A disadvantage of scRNAseq is that the tissue integrity is lost during
tissue digestion and that it is therefore not possible to specifically
determine the gene expression of the cells of the neointima. To over-
come this limitation, laser capture microdissection of the neointima of

the injured side as well as of the control side was performed from vessels
of WT and conditional Nox4 /™ mice 7, 14, 21 and 28 days after wire-
injury (Fig. 4A). RNA was extracted and subjected to massive-analysis-
of-cDNA-ends-(MACE)-RNAseq to determine time- and Nox4-
dependent neointimal mRNA expression. For this approach 70 micro-
dissected sections of neointima of one animal were pooled per
sequencing and 3-4 sequencings per time point and genotype were
performed.

Aggregated principal component analysis revealed that the injury
itself has strong effects on gene expression, which was most evident
between the control condition and day 7 after surgery as indicated by
the highest deviation in PC1. Subsequently, the gene expression in the
neointima started to approximate back to the control state (Fig. 4B). The
time point 28 days after surgery was closest to the control condition
indicating that the neointima almost completely consolidated. This
development was also reflected by the gene ontology (GO) term analysis
(Supp. Fig 3) with the highest p-value differences between control and
day 7 after surgery and almost no GO terms remaining 28 days after
injury. In keeping with the concepts of neointima formation, the GO
terms analysis indicated, that the cells of the neointima exhibit a tran-
sient loss of the differentiated and contractile smooth muscle phenotype.
In contrast, they express cytokines, adhesion molecules and markers for
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immune cell invasion. Interestingly, at day 28 after injury, particularly
markers for resolution of inflammation (Col2A1, Col8al, Mmpl2,
Comp, I110ra) were increased.

3.5. Vascular injury decreases Nox4 expression

In keeping with the data obtained by MACEseq analysis, Nox4
expression was significantly reduced in the neointima early after wire
injury, as compared to the non-operated condition (Fig. 5A). Gradually,
Nox4 expression subsequently increased. 28 days after injury, no dif-
ference in Nox4 expression to the situation before the surgery remained.
As compared to Nox4, the leukocyte NADPH Oxidase Nox2 (Cybb)
together with its subunits p22phox (Cyba) and p47phox (Ncf1) exhibited
an inverse expression profile, with a marked increase early after oper-
ation (Fig. 5; Supp table 3). This is certainly a reflection of the
inflammation-induced invasion of leukocytes in response to the injury.
As another sign of inflammation, expression of inducible NO-synthase
was also increased (Nos2), as was xanthine dehydrogenase (Xdh) and
Hemoxygenase (Hmox1, Hmox2). As a sign of early endothelial
regrowth, endothelial NO synthase (Nos3) was already increased 7 days
after injury (Fig. 5, Supp table 3). Collectively, these data illustrate, that
the neointima compartment is initially characterized by inflammation
which subsequently consolidates. Early in the processes, markers of
muscle cell differentiation as well as Nox4 are low and with the
consolidation of the injury they are re-expressed.

3.6. Nox4 does not affect neointimal gene expression early after injury

In order to determine the impact of Nox4 on gene expression,
MACEseq data under basal conditions and of the neointima were
compared between WT and conditional Nox4 '~ mice. Before the sur-
gery, several differentially expressed genes were detected, albeit
without an obvious connection to redox-regulation (Fig. 6A-B). These
differences were lost and in the early neointima, 7 days after surgery, not
a single Nox4-differentially expressed gene (padj<0.05) remained.
Subsequently, differences increased and at day 28 after injury, more
differentially expressed genes were observed than under resting condi-
tions. Interestingly, GO-term analysis at day 28 returned “hydrogen
peroxide catalytic processes” (Fig. 6C), which was primarily the conse-
quence of an increased expression of genes of the haemoglobin B chain.
The abundance of the other detected Nox genes was not changed on
mRNA level upon loss of Nox4, therefore compensatory effects of other
Nox family members are negligible.

4. Discussion

In this manuscript we set out to determine the role of Nox4 after deep
carotid artery wire injury in mice. Unexpectedly, we observed that Nox4
did not influence the process of neointima formation. Mechanistically,
Nox4 is down-regulated after vascular injury and is re-expressed during
the consolidation phase.

Nox4 was discovered more than 20 years ago [30] and despite more
than 3000 publications covering this protein, it is hardly possible to
name it’s true physiological function. This somewhat surprising state-
ment has several causes. Unspecific inhibitors, transgenic model systems
with unknown specificity like dominant-negative constructs, correlative
study design, publication bias and analysis performed in dediffer-
entiated cells all resulted in a colorful picture even attributing function
to Nox4 in cells which clearly do not express the protein.

Interestingly, it is not well understood what governs Nox4 expres-
sion. The highest expression of Nox4 is found in cells of the proximal
renal tubule followed by stromal cells like fibroblasts [31,32], but the
underlying transcription factor network needs to be better defined. The
fairly global transcription factors Sp3 [33] and E2F1 [34] as well as
STAT3 [35] contribute to the basal transcriptional activity for Nox4.
Interestingly, several pathways activated by injury, inflammation and
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oxidative stress have been shown to downregulate Nox4: In EA.hy926
cells, activation of PKC results in an initial PKC e-dependent down-
regulation of Nox4 followed by a later PKC a-dependent induction of the
enzyme [36]. In a study on cyclic strain, NO downregulated Nox4 [37]
and oxidative stress as present in high shear models through Nrf 2 and an
atypical ARE-like/Oct-1 binding site also reduced Nox4 expression [38].
Vascular injury is a situation of oxidative stress with strong Nox2
accumulation and iNOS induction, as also observed in the MACEseq
analysis of neointima in the present study. The loss of Nox4 expression
would have therefore been expected, if there wasn’t a second highly
important mechanism of Nox4 expression control through transforming
growth factor p1 (TGFp1) and SMAD [39-41]. Indeed, numerous studies
have demonstrated that TGFp1 is a strong inducer of Nox4, particularly
in fibroblasts and myofibroblasts [42], and especially the healing phase
after vascular injury is a situation of increased TGFf1 signaling. The
cytokine is produced by M2 macrophages, and promotes matrix for-
mation and limits neointima development [43,44]. This may explain
why Nox4 increases late after vascular injury as observed in rats [24] as
well as in the present study.

The physiological importance of TGFp1-induced Nox4 expression is
unclear but it is obvious to assume a link to HyOy formation by the
enzyme. The link to TGFB1 sets to context for matrix formation. In C.
elegans, NADPH oxidase-derived HyO, facilitates oxidative matrix
crosslink on tyrosine [45]. Matrix synthesis also requires oxidative
protein crosslinking in the ER as well as in the extracellular spaces [46,
47]. Particularly for the latter situation, catalyzed by vascular
peroxidase-1, HyO5 is needed. Although ex vivo it is possible to
demonstrate that TGFf promotes protein crosslinking [48], several
studies failed to detect a function of Nox4 in oxidative protein folding in
physiological situations [49,50]. It is not known, whether this is due to
redundancy in the system or because the current paradigms in the field
are simply wrong. In addition to this aspect, several studies support the
concept that Nox4 tunes the antioxidant response and therefore loss of
Nox4 had negative effects in these studies. The fact that after vascular
injury, Nox4 expression is drastically decreased explains why in contrast
to those publications, we failed to observe a function of Nox4 in the
present study.

Collectively, the present work supports the concept that Nox4 in vivo
is a marker of differentiated cells. Upon injury, Nox4 expression is lost
and therefore the enzyme turned out to be unimportant for neointima
formation after wire injury.
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