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ARTICLE INFO ABSTRACT
Keywords: Carotid artery stenosis (CAS) develops from atherosclerotic lesions and plaques. Plaque rupture or stenosis may
Atherosclerosis result in occlusion of the carotid artery. Accordingly, the asymptomatic disease becomes symptomatic, charac-

Carotid artery stenosis
NADPH oxidase 4
Plaques

terized by ischemic stroke or transient ischemic attacks, indicating an urgent need for better understanding of the
underlying molecular mechanisms and eventually prevent symptomatic CAS. NOX4, a member of the NADPH
oxidase family, has anti-atherosclerotic and anti-inflammatory properties in animal models of early athero-
sclerosis. We hypothesized that NOX4 mRNA expression is linked to protective mechanisms in CAS patients with
advanced atherosclerotic lesions as well. Indeed, NOX4 mRNA expression is lower in patients with symptomatic
CAS. A low NOX4 mRNA expression is associated with an increased risk of the development of clinical symptoms.
In fact, NOX4 appears to be linked to plaque stability, apoptosis and plaque hemorrhage. This is supported by
cleaved caspase-3 and glycophorin C and correlates inversely with plaque NOX4 mRNA expression. Even healing
of a ruptured plaque appears to be connected to NOX4, as NOX4 mRNA expression correlates to fibrous cap
collagen and is reciprocally related to MMP9 activity. In conclusion, low intra-plaque NOX4 mRNA expression is
associated with an increased risk for symptomatic outcome and with reduced plaque stabilizing mechanisms
suggesting protective effects of NOX4 in human advanced atherosclerosis.

pain. Plaque development occurs in every artery such as aorta, coronary
arteries or renal and carotid arteries. Quite often atherosclerotic lesions
lead to the formation of a local thrombus [1]. Accordingly, plaque
rupture or thromboembolic events result in vessel occlusion or distal
embolization in the depending organ, causing e.g. myocardial infarction

1. Introduction

Atherosclerosis is a widespread disease, often unrecognized, under-
estimated and ignored by the patient as it develops slowly and causes no
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or stroke. Stroke is one of the leading causes of death globally with
increasing incidence [1,2]. Approximately 30% of all strokes result from

Abbreviations

a-SMA  alpha-smooth muscle actin
ACE angiotensin-converting enzyme
AHA American Heart Association
ARBs angiotensin receptor blockers
BMI body mass index

CAS coronary artery disease

CAS carotid artery stenosis

CCB calcium channel blocker

CEA carotid endarterectomy

HDL high-density lipoprotein
H,0, hydrogen peroxide

LDL low-density lipoprotein

MMP Matrix metalloproteinase

NASCET North American Symptomatic Carotid Endarterectomy
Trial

NIHSS  National Institute of Health Stroke Scale
NOX NADPH oxidases

PAD peripheral artery disease

ROS reactive oxygen species

TIA transient ischemic attack

T2D type 2 diabetes

carotid artery stenosis (CAS) and subsequent plaque rupture [2]. If these
events cause retinal or cerebral ischemia [3], it results in symptomatic
CAS. In asymptomatic patients, the degree of stenosis correlates with the
risk of stroke [4]. 5-10% of individuals older than 65 years suffer from
carotid artery occlusion of 50% or more, but most of them live without
any symptoms. In these patients, surgical intervention does not reduce
the risk of ischemic events [4]. Conservative risk management is the
preferred therapy in the majority of patients. This implies an urgent
need for a better understanding of how and why vessel occlusion or
plaque rupture arise.

Oxidative stress and inflammation are involved in atherosclerosis
and plaque rupture [5]. On the other hand, reactive oxygen species are
important second messengers [6]. A major source of reactive oxygen
species (ROS) in the vasculature is the family of NADPH oxidases (NOX).
In humans, seven different NOX homologues are expressed in a tissue-
and organ-specific manner. NOX4 is unique in the family of NADPH
oxidases, as it is expressed in most differentiated cells and constitutively
produces low amounts of hydrogen peroxide (H202) for cell homeostasis
and metabolism [7]. Notably, NOX4 is considered to be
athero-protective in animal models of early atherosclerosis. Deletion or
pharmacological inhibition reduces HO, formation and promotes
atherosclerosis by increased inflammation and macrophage accumula-
tion in vessels of diabetic ApoE*/ ~ and Nox4~/~/Ldlr/~ mice [8,9].
Ligation of the carotid artery reduced NOX4 mainly in endothelial cells
in atherosclerosis-prone mice [10]. Endothelial NOX4 overexpression
ameliorated atherosclerosis in the carotid artery [10]. A transient loss of
NOX4 in smooth muscle cells was unable to interfere with restenosis
after wire-induced carotid artery injury [11]. Importantly, NOX4 pro-
tein was found to be higher expressed in unstable plaques when
compared to stable plaques of the carotid artery [12]. Furthermore,
NOX4 expression decreased in complicated atherosclerotic lesions in
coronary artery segments from explanted human hearts [13]. In this
study, we analyzed NOX4 mRNA expression in symptomatic vs.
asymptomatic carotid artery stenosis and hypothesized that NOX4 is
linked to protective mechanisms in patients suffering from CAS with
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advanced atherosclerotic lesions.
2. Materials and methods

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

2.1. Patient cohorts, sample acquisition and ethical approval

Patients were classified as asymptomatic or symptomatic. Patients
were considered symptomatic after presentation of neurological symp-
toms (sensory, motoric, visual and speech deficit) within the last six
months. The severity of stroke or transient ischemic attack (TIA) was
quantified according to the National Institute of Health Stroke Scale
(NIHSS). Every patient was assessed by a neurologist pre- and post-
operatively. The degree of stenosis was assessed by duplex sonography
and additional computed tomography angiography (CTA) and is defined
by % NASCET criteria [14]. The % NASCET stenosis was calculated from
the ratio of the luminal diameter of the narrowest segment of the
diseased portion to the diameter of the carotid artery beyond any
poststenotic dilatation [15]. Atherosclerotic plaques were collected
intraoperatively during carotid endarterectomy (CEA) (asymptomatic,
n = 63 and symptomatic, n = 42). Atherosclerotic plaques were obtained
from the distal common or proximal internal carotid artery. Specimens
were placed in ice-cold 1xDPBS, dissected and shock frozen in liquid
nitrogen or directly proceeded to further analysis. The time between
surgical removal and tissue processing was 10-15 min. Blood lipids,
glucose, C-reactive protein (CRP), cardiovascular risk factors, comor-
bidities and medication were evaluated prospectively. Blood was with-
drawn pre-operatively in the non-fasted state. Smoking was defined as
present smoking or smoking history within the last 10 years. Variations
in n numbers result from none available information or insufficient RNA
quality, tissue amount or plaque integrity. Supplementary Table 1
summarizes the number of analyzed samples for each parameter and the
pairs for correlation with NOX4 mRNA expression.

2.2. Study approval

The study was approved by the ethics committee of the Technische
Universitat Dresden (EK 151042017). Informed consent was obtained
from each patient.

2.3. Statistical analysis

Graph Pad Prism 9.0 (GraphPad Software, Inc., La Jolla, CA, USA)
and the R Stats Package (R Core Team and contributors worldwide)
software was used for statistical analysis and p < 0.05 was considered as
significant. Grubb’s test was used to detect significant outliers, which
then were excluded from further analysis as indicated in the figure
legends. Normality was tested by the D’ Agostino and Pearson normality
test. Non-Gaussian distributed data were analyzed by Mann-Whitney-U
or Kruskal-Wallis and Dunn’s multiple comparison test. Unpaired t-tests
were applied to data with Gaussian distribution. Correlational analysis
in non-Gaussian-distributed data was done using Spearman’s correlation
coefficient (rg). Differences in distribution of cardiovascular risk factors
and medical therapies across the two independent groups were Chi-
Square tested. The null hypothesis (Hp) postulated that distributions of
risk factors and medical therapies has no impact on the outcome of the
disease (asymptomatic and symptomatic). Data are presented as scatter
dot plots showing the median or mean with range as indicated in the
figure legends. The mean was used for normally distributed data, the
median for non-normally distributed data. Asymptomatic patients are
shown as red circles and symptomatic patients as black squares. Multiple
logistic regression was used to test NOX4 mRNA expression, NASCET
score and different medical therapies as predictors for asymptomatic
stenosis. Furthermore, NOX4 mRNA expression and NASCET were
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tested as a response to prescription of different medical therapies by
multiple logistic regression. NOX4 expression was divided into low (less
than mean) and high (more or equal to mean) expression according to
the mean of all raised values. NASCET was divided into a medium
(60-70%) and a high-grade (80-90%) stenosis. The reference values for
NOX4 expression and medical therapies were set as low expression (ref
= low) or no intake (ref = none), respectively. The odds ratios (ORs)
represent the x-fold chances for being asymptomatic in patients with
high NOX4 expression and the prescription of the indicated therapies.
When analyzing NOX4 and NASCET as a response, the ORs present the
chances for high NOX4 expression and a high NASCET score. Isolated
effects of the intake of statins or insulin on high NOX4 expression and
persistent asymptomatic disease are presented as odds as obtained from
multiple logistic regression and comparison.

3. Results

3.1. Patient characteristics and risk stratification for symptomatic carotid
artery stenosis

Baseline comparison of demographics, comorbidities and medical
therapies from patients with symptomatic and asymptomatic CAS
revealed higher non-fasting glucose (p = 0.03) and low-density lipo-
protein (LDL) cholesterol (p = 0.02) in patients with symptomatic dis-
ease. The frequency of diagnosed peripheral artery disease (PAD, p =
0.04) and coronary artery disease (CAD, p = 0.01) was found to be
higher among asymptomatic patients. Additionally, prescription of sta-
tins (p = 0.0002), calcium channel blockers (CCBs, p = 0.03) and
B-adrenergic blockers (p = 0.05) was higher in patients with asymp-
tomatic carotid artery stenosis (Table 1). Of importance, prescription of
statins, CCBs and f-blockers dramatically increased the chance for
having asymptomatic disease by 12-, 2.8- and 2.2-fold, respectively,
underlining the importance of secondary prevention (Supplementary
Table 6). PAD, coronary artery disease and CAS result from severe
atherosclerotic alterations within arteries. Symptomatic disease shows
more severe clinical symptoms than asymptomatic disease. Accordingly,
the inconsistency in the abundance of PAD and coronary artery disease
in asymptomatic disease raised our interest in the applicability of the
NASCET score as an independent predictor for asymptomatic and
symptomatic CAS. Multivariate logistic regression revealed an equal risk
of asymptomatic and symptomatic disease in high (80-90%) and me-
dium (60-70%) NASCET. Even when adjusted for prescription of stan-
dard cardio-metabolic medical therapies such as ASA, p-blockers, CCBs,
ARBs, statins and insulin, the prediction power of the NASCET remained
insignificant. Vice versa, the prescription of ARBs reduces the risk for
having a high (80-90%) NASCET score while other standard therapies
showed no effects (Supplementary Table 7).

3.2. NOX4 mRNA expression predicts asymptomatic carotid artery
disease

Expression of NOX4 mRNA was 1.6-fold (p = 0.02) and H,0,, release
1.6-fold (p = 0.049) higher in samples of patients with asymptomatic
CAS, when compared to symptomatic CAS (Fig. 1A and B). As pointed
out above, NOX4 mRNA expression is strongly correlated with NOX4
protein expression and HyOo release [16]. Surprisingly, here Hy0
release was not directly correlated to NOX4 mRNA expression (Fig. 1D).
A possible explanation of this unexpected finding is that other
H,02-generating enzymes in the vasculature [17] contributed to the
H,0; release in the samples collected. Because NOX4 mRNA expression
rather than H,O release correlates to symptomatic CAS, we did not aim
to analyze other HyO, sources and focused on NOX4 mRNA expression.

NASCET degree of stenosis is one clinical parameter to estimate the
risk of carotid artery stenosis-related stroke. NOX4 mRNA expression
was grouped into the different NASCET quantiles. In asymptomatic pa-
tients, NOX4 tended (p = 0.09) to be lowered in the highest degree of
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Table 1

Clinical characteristics in patients with asymptomatic and symptomatic
carotid artery stenosis that were analyzed for plaque NOX4 expression.
Statistics: All data are presented as median with minimum and maximum
values. Comparison of data was done using the Mann-Whitney U test. Com-
parison of prevalence’s for comorbidities and prescribed medical therapies was
analyzed by Chi-square (X?) test. In total n = 60 asymptomatic and n = 42
symptomatic patients were included but data on baseline demographics, medi-
cal therapies and comorbidities were not available from all patients. Therefore,
the number of n varies compared to the initially included patients. Blood was
taken in the non-fasted state. Reference values for the corresponding blood
parameters are given in the table. Reference values for LDL and total cholesterol
(TC) are based on the European Society of Cardiology (ESC) recommendations.
Reference values for fasting glucose were excluded due to the withdrawal in the
non-fasted state. Stroke was classified as symptoms occurring longer than 24 h,
whereas symptoms in a transient ischemic attack (TIA) resolved within the first
24 h. Abbreviations: ACE, angiotensin-converting enzyme; ARBs, angiotensin
receptor blocker; BMI, body mass index; ASA, acetylsalicylic acid; CAD, coro-
nary artery disease; CCB, calcium channel blocker; HDL, high-density lipopro-
tein; LDL, low-density lipoprotein; NASCET, North American Symptomatic
Carotid Endarterectomy Trial; NIHSS, National Institute of Health Stroke Scale;
PAD, peripheral artery disease; T2D, type 2 diabetes mellitus; TIA, transient
ischemic attack.

Asymptomatic ~ Symptomatic  p- x?
value
Age, years, median with 74.0 72.5 0.77
minimum and maximum, (45.0-86.0) (57.0-92.0)
n 60 42
Sex, male:female, % male 47:13,78 30:12, 71 0.43 0.64
NASCET, % median with 80.0 80.0 0.38
range, n (70.0-90.0) (60.0-90.0)
57 41
NIHSS, median with - 1
minimum and maximum, (0-18)
n 39
BMI, kg/m?, median with 26.3 26.9 0.49
range, n (17.0-37.5) (17.6-40.9)
56 40
Blood glucose, mmol/L, 5.51 6.20 0.03
median with range, n (3.40-17.11) (4.13-16.04)
58 39
Reference values Only for fasting glucose possible
LDL cholesterol, mmol/L, 2.14 2.81 0.02
median with range, n (0.72-6.58) (1.10-5.59)
58 35
Reference values <1.40 mmol/L for people with very-high risk [43]
HDL cholesterol, mmol/L, 1.25 1.21 0.89
median with range, n (0.50-2.71) (0.73-2.00)
58 35
Reference values >0.90 mmol/L for men and >1.10 mmol/L for
women
Triglycerides, mmol/L, 1.71 1.47 0.19
median with range, n (0.45-5.81) (0.52-4.40)
57 37
Reference values 0.35-1.70 mmol/L
Total cholesterol, mmol/L, 3.80 4.59 0.06
median with range, n (2.24-9.08) (2.49-7.38)
57 35
Reference values <4.00 mmol/L
CRP, mg/L, median with 1.90 2.65 0.45
range, n (0.30-11.90) (0.30-36.00)
56 42
Reference values <5.0 mg/L
Comorbidities
Hypertension, yes:no, % 56:2, 97 38:3,93 0.39 0.75
total
PAD, yes:no, % total 19:40, 32 6:36, 14 0.04 4.23
CAD, yes:no, % total 22:35, 39 7:35, 17 0.01 6.13
HI, yes:no, % total 15:43, 26 7:35,17 0.27 1.20
Smoking, yes:no, % total 22:37, 37 13:29, 31 0.51 0.44
T2D, yes:no, % total 22:35, 39 20:22, 48 0.37 0.81
Medical therapies
ASA, yes:no, % total 47:11, 81 29:13, 69 0.17 1.92
Anticoagulation, yes:no,% 17:40, 30 14:28, 33 0.71 0.14

total

(continued on next page)
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Table 1 (continued)
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stenosis (90%) when compared to 80% without reaching significance. In

symptomatic patients, NOX4 mRNA was distributed equally among all

Asymptomatic Symptomatic  p- x? .
value degrees of stenosis (Fig. 2A and B). The NIHSS score was used to assess
Statins, yes:no, % total 552, 97 20:13, 69 0.0002 1417 tho.s severity . of stroke anq was no.t corrf:lated to ITIOX.4 expression
p-blocker, yes:no, % total 30:27, 53 14:28, 33 0.05 3.65 (Fig. 2C). This result from different time points of surgical interventions
ARBs, yes:no, % total 22:34, 39 12:30, 29 0.27 1.22 after the initial neurological event and, in cases of thromboembolism,
ACE, yesino, % total 22:35, 39 16:26, 39 0.96 0.003 symptoms depend on the occluded cerebral artery. We next analyzed
3 0 . N . . . .
CCBs, yesino, % total 25:32, 44 9:33, 21 0.02 539 whether NOX4 mRNA expression in plaques is a predictor for an
Diuretics, yes:no, % total 22:35, 39 9:35, 21 0.07 3.31 . ¢ ioh A
Insulin, yes:no, % total 7:50, 13 5:37, 12 0.96 0.003 asymPtomat{c out(.:orne of CAS. High NOX4 mRNA .expresswn was
associated with an increased chance for an asymptomatic outcome (OR:
* B Fig. 1. Plaque NOX4 and H,O, in atherosclerotic
121 V—| T 200+ * lesions from patients with asymptomatic and
=111 2 180 —— symptomatic carotid artery stenosis. Atheroscle-
o = &= . . . .
S §1g< o 160+ rotic plaques were obtained from patients with
3 § 8- %‘ 140 A asymptomatic and symptomatic carotid artery disease
%g 74 & 120+ % T and (A) NOX4 expression was analyzed by qPCR.
< 2 64 & 1004 3o Data are presented in relation to an internal control
Z o 51 T 804 1 (B), Extracellular H,O, was quantified using the
E 5 44 = elge0 [ FL] . .
¥ 2 3 s 60+ ot g A Amplex Red Assay. Relative fluorescence units (RFU)
e g 2 4 . @ 40+ .1 ° sg,is were normalized to protein content (pg) of the plaque
~ 14 g 20 ° :1 Se aolam specimen. (A, B), Data are presented as scatter dot
0 v . w 0 ) ol plots where the horizontal line depicts the median.
asymptomatic symptomatic asymptomatic symptomatic A .
(n=59) (n=41) (n=31) (n=26) Samples were compared by Mann-Whitney-U test. *p
c D < 0.05. The number of analyzed samples is given in
Y p. g
£ 200+ rs=0.34 £ rs=-0.23  the figures below. Statistically significant outliers
g 180 . Pf?fii g pf?-o52 were detected by Grubb’s outlier test. One sample in
= ng ° = = £= each group (asymptomatic, symptomatic) was detec-
;D: 150 °® E ted and was excluded from the analysis. (C-D),
e 100 5 Spearman’s correlation (rs) analysis between NOX4
~ E <
Q, 80 ® ° Q, and H,0, release in asymptomatic and symptomatic
i ° T patients. (For interpretation of the references to
& 604 ° 5 . .
2 4le® E colour in this figure legend, the reader is referred to
é 204 °® é - the Web version of this article.)
= ¢ ® o o = ]
N1} 0 T T T 1 F T T T T 1 w T T T T T T T T 1
0 1 2 3 45 6 7 8 9 10 2 3 4 5 6 7 8 9 10
NOX4 mRNA expression NOX4 mRNA expression
(relative to internal control) (relative to internal control)
A B Fig. 2. Plaque NOX4 expression, degree of steno-
12- asymptomatic 124 - symptomatic sis and stroke severity. (A-B) The degree of stenos.ls
s - was assessed by duplex sonography and presented in
é% 13‘ é% % by the NASCET criteria. NOX4 expression was
] io’ s 8 3 assessed by qPCR and was grouped according to the
F - ST degree of stenosis into 60, 70, 80 and 90%. Data of
S5 05 . X . .
£ 6 g2 gene expression are presented in relation to an in-
% I} i‘ DEf fe) ternal control and are presented as scatter dot plots
SERY . b4 g2 where the horizontal line depicts the median. The
g ‘@“ 2 ._"_: o S3 number of patients with their plaque NOX4 expres-
=~ 1A ®le = sion in the corresponding % NASCET criteria is given
0 GIO ® EA e A a0 o A o 5 below each figure. Statistically significant outliers
(h=13) (n=27) (n=14) (n=3) (n=7) (n=14) (n=16) were detect.ed by Gr.ubb s outlier tfest. O.ne sample in
NASCET (%) each stenosis group in asymptomatic patients and one
0,
C NASCET (%) ’ in the 90% in symptomatic patients was omitted from
re=-0.21 the analysis. Data were compared using the Kruskal-
p=0.18 Wallis with Dunn’s multiple comparison test. (C),
n=39 Spearman’s correlation (rs) between plaque NOX4
and the NIHSS scale that represents the severity of
stroke.
[ 1]
0 3 4681012

1 2
NOX4 mRNA expression
(relative to internal control)
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2.87 [1.02, 8.96], p = 0.048). Vice versa, a low NOX4 mRNA expression
increased the risk for symptomatic CAS. If adjusted to prescribed med-
ical interventions, the variability of individual ORs is increasing,
resulting in a loss of significance (Table 2). We conclude that medical
interventions may alter NOX4 mRNA expression. Interestingly, pre-
scribed insulin therapy is associated with a 10.4-fold higher chance of an
increased NOX4 mRNA expression (Table 3). It is possible that a high
NOX4 expression is accompanied by a reduced insulin release. This will
be the subject of further studies, as the role of NOX4 in p-cells is dis-
cussed controversially [18]. Because insulin treatment rescues normal
insulin and blood glucose levels, it appears unlikely that insulin induces
NOX4 mRNA expression. In fact, the chance of high NOX4 expression is
not associated with the prescription of insulin, whereas a combination of
statins and insulin dramatically increased a high NOX4 expression 4-fold
(Table 4). These data support the protective effect of statins, which
appear to increase NOX4 mRNA expression in insulin-dependent pa-
tients. While it is possible that interventions such as statins directly
induce NOX4 mRNA expression, another potential mechanism is the
therapeutic stabilization of the plaque, allowing an increased NOX4
expression. Further studies will address this issue.

3.3. NOX4 mRNA expression correlated with indicators of plaque
stability

Atherosclerotic lesions were categorized according to the AHA
classification [19]. The majority of plaques in asymptomatic disease
were scored as type VI, whereas plaques in symptomatic disease were
scored as type VII (Supplementary Table 8). Type VI is a complex
plaque with possible surface defects, hemorrhage or thrombosis whereas
type VII is mostly calcified [19]. Previous reports imply plaque insta-
bility as a contributor to symptomatic CAS [20]. Unfortunately, the AHA
classification of lesion types does not include plaque stability. Accord-
ingly, we analyzed potential correlations of NOX4 mRNA expression
with indicators of plaque stability, such as fibrous phenotype,

Table 2

NOX4 as a predictor for asymptomatic carotid artery disease. NOX4
expression was analyzed by qPCR and data were normalized to an internal
control (=1). Expression was divided into low and high, depending on the mean.
Data were analyzed by multivariate logistic regression using NOX4 as a predictor
variable due to the assumption that a changed NOX4 expression is prior to the
disease outcome (asymptomatic vs. symptomatic). The odds ratio (ORs) refers to
the relative increase in risk for asymptomatic disease when comparing patients
with high NOX4 expression with those having a low expression (= ref low). The
ORs for medical therapies show the chances for asymptomatic disease when the
patient received the indicated therapy as compared to those without (ref =
none). Unadjusted values were obtained by pairwise comparison of each vari-
able listed in the table with the outcome being asymptomatic was analyzed by
holding the effects of the other cardio-metabolic therapies constant and
assuming high or low NOX4 expression. Abbreviations: ARBs, angiotensin re-
ceptor blockers; ASA, acetylsalicylic acid; CCBs, calcium channel blockers; CI,
confidence interval; OR, odds ratio; ref, reference.

Variable OR [CI], p-value OR [CI], p-
unadjusted adjusted value
NOX4 (ref = low) 2.87 [1.02, 8.96] 0.048 2.93 [0.84, 0.093
10.28]
ASA (ref = none) 1.90 [0.68, 5.39] 0.251 0.54 [0.12, 0.408
2.35]
p-blocker (ref = 2.20 [0.90, 5.55] 0.088 1.78 [0.67, 0.248

none) 4.74]

CCBs (ref = none) 2.83 [1.08, 8.02] 0.035 3.04 [1.04, 0.043
8.93]
ARBs (ref = none) 1.56 [0.62, 4.09] 0.410 1.51 [0.53, 0.437
4.30]
Statins (ref = none) 12.02 <0.001 24.76 0.002
[2.47,117.02] [3.17, 193.58]
Insulin (ref = none)  1.04 [0.26, 4.48] 1 0.57 [0.10, 0.534

3.31]
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Table 3

NOX4 expression and effects of cardio-metabolic therapies. NOX4 expres-
sion was analyzed by qPCR and data were normalized to an internal control
(=1). Expression was divided into low and high, depending on the mean. Data
were analyzed by multivariate logistic regression using a high NOX4 as a vari-
able in response to different prescribed medical therapies. Unadjusted values
were obtained by pairwise comparison of each variable listed in the table with
the outcome of high or low NOX4 expression. The ORs for the medical therapies
refers to the chance for increased NOX4 expression when the patient received
the indicated therapy as compared without (ref = none). Adjusted ORs for the
chance of high versus low NOX4 account for the effects of the other indicated
therapies by holding the effects of the other cardio-metabolic therapies constant
and assuming yes or no intake. In the adjusted ORs, a clear reversion of chances
was seen for anticoagulation, statins, ARBs and diabetes treatment. This is most
likely due to Simpson’s paradox by confounding with other medical therapies.
Treatment of type 2 diabetes (T2D) includes patients with prescription of
biguanides, sodium-glucose co-transporter-2 (SGLT2) inhibitors, Glucagon-like
peptide-1 receptor agonists (GLP-1-RA)/glucagon-like-peptide-1 receptor an-
tagonists, dipeptidyl peptidase 4 (DPP-4)-inhibitors and sulfonylureas. Abbre-
viations: ACE, angiotensin-converting enzyme inhibitors; ARBs, angiotensin
receptor blocker; ASA, acetylsalicylic acid; CCBs, calcium channel blockers; CI,
confidence interval; OR, odds ratio; ref, reference, T2D, type 2 diabetes mellitus.

Variable OR, unadjusted p-value OR, adjusted p-
value
Anticoagulation (ref = 1.11 [0.38, 1 0.67 [0.17, 0.574
none) 3.12] 2.66]
ASA (ref = none) 0.72 [0.24, 0.684 0.53 [0.11, 0.445
2.24] 2.68]
B-blocker (ref = none) 1.36 [0.52, 0.636 1.46 [0.46, 0.525
3.60] 4.63]
CCBs (ref = none) 2.05 [0.75, 0.175 1.89 [0.62, 0.262
5.56] 5.73]
ARBs (ref = none) 1.35 [0.49, 0.678 0.73 [0.19, 0.649
3.64] 2.84]
ACE (ref = none) 0.85 [0.31, 0.910 0.40 [0.10, 0.201
2.30] 1.64]
Diuretics (ref = none) 2.04 [0.74, 0.189 1.17 [0.36, 0.800
5.61] 3.80]
Statins (ref = none) 1.69 0.644 3.62 [0.50, 0.205
[0.41,10.11] 26.38]
T2D treatment (ref = 3.14 [1.14, 0.023 1.13 [0.33, 0.844
none) 8.78] 3.83]
Insulin (ref = none) 10.41 <0.001 13.82 [2.27, 0.004
[2.31,65.79] 84.15]

Table 4

NOX4 expression and prescription of statins and insulin. NOX4 expression
was analyzed by qPCR and data were normalized to an internal control (=1).
Expression was divided into low and high, depending on the mean. Data were
analyzed by multivariate logistic regression and multiple comparison using a
high NOX4 as a variable in response to statin and insulin prescription. Adjusted
values were obtained by pairwise comparison of each variable listed in the table
with the outcome of high NOX4 expression. The odds refers to the chance for
increased NOX4 expression if the patient received (1) or did not receive (0)
statins or insulin or a combination of both.

Statin Insulin Odds of high NOX4 vs. low NOX4 p-value
0 1 0.11 [0.02, 0.54] 0.007
1 0 0.31 [0.18, 0.53] <0.001
0 1 1.47 [0.27, 8.10] 0.661
1 1 4.04 [0.96, 17.07] 0.057

calcification and intramural bleeding. In asymptomatic disease, the
highest level of NOX4 mRNA was found in type VIII plaques (fibrous
phenotype), the lowest in type V and VI, both without reaching statis-
tical significance (Fig. 3A). Type VIII plaques showed a slightly lowered
erythrocyte and CD68 content and a partly increased collagen positive
area in the fibrous cap (Supplementary Figs. 1A-H), giving possible
hints towards the involved mechanisms. Additionally, NOX4 mRNA
expression was inversely correlated (rg = —0.42, p = 0.02) with
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Fig. 3. Associations between NOX4 and the type
of atherosclerotic lesions obtained from asymp-

129 asymptomatic 12 symptomatic -
= il 3 S tomatic and symptomatic patients. (A-B), Athero-
Aé -E 104 .é B 10+ sclerotic plaques were scored according to the AHA
8 8 8 3 3 8 classification of human carotid atherosclerotic le-
go go sions. Type V are fibroatheroma; type VI are

[ (V]

< £ 61 < < 6 atheroma with a thrombus and intramural hemor-
% o DEE ° rhage; type VII atheroma with a fibrous cap and
3 2 4 - 3 2 4 calcified nodules; type VIII reflects the fibrous type.
2 % 2] ? o g % 24 NOX4 expression was analyzed by qPCR and
= (] = L N normalized to an internal control (=1). Data are
0 X = \7I VIII VIIII 0 ; i s 3 presented as scatter dot plots where the horizontal
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AHA plaque stage

AHA plaque stage

their plaque NOX4 expression in the corresponding
AHA plaque stage is given below each figure. Statis-
tical significant outliers were detected by Grubb’s
outlier test. In asymptomatic disease, one patient
from type V and VI and one from type VI and VII in

symptomatic disease, respectively, was omitted from the analysis. Data were compared using Kruskal-Wallis and Dunn’s multiple comparison test.

intramural bleeding, while no significant correlation was found between
NOX4 mRNA expression and calcified areas (rs = —0.31, p = 0.09)
(Supplementary Table 9). In symptomatic disease, NOX4 was highest
in plaques scored as fibroatheroma type V and lowest in complicated
type VII, calcified lesions (Fig. 3B), without any correlation to other
score components (Supplementary Table 10). In symptomatic patients,
type VI plaques had a slightly lowered collagen content in the fibrous
cap and showed increased plaque CD68, cleaved caspase-3 positive
areas as well as an increased MMP-9 activity (Supplementary
Figs. 2A-H). Therefore, a mechanism involving NOX4, apoptosis,
inflammation and MMP activity is likely.

Apoptosis of smooth muscle cells, macrophages and foam cells
contribute to growth of the necrotic core [21]. NOX4 can be
pro-apoptotic in smooth muscle cells [22] and anti-apoptotic in cells of
the renal cortex [23]. Considering that NOX4 determines endothelial
cell homeostasis and quiescence, we examined apoptosis as a sign of
endothelial cell integrity. Cleaved caspase-3 staining was analyzed as a
marker of apoptosis within plaque sections. Cleaved caspase-3 positive
areas were similar in plaques of asymptomatic and symptomatic CAS
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patients. NOX4 mRNA expression correlated inversely with cleaved
caspase-3 in asymptomatic disease (rs = —0.41, p = 0.03) (Fig. 4A-C). In
order to identify determinants of fibrous cap stability that may differ
between plaques from asymptomatic and symptomatic CAS patients,
smooth muscle cell-specific a-actin (a-SMA) and collagen positive areas
were assessed and turned out to be similar in both groups (Fig. SA-H).
Collagen content positively correlated to NOX4 mRNA expression (rs =
0.61, p = 0.005) in symptomatic disease. Collagen is part of a massive
remodeling process during healing after plaque rupture.

Based on the German guidelines, that recommend CEA within the
first 14 days after symptom onset [24], a cut-off value of 7 days was set
and both groups were analyzed for NOX4 mRNA expression. NOX4
mRNA expression was higher (p = 0.02) in plaques obtained in week two
compared to week one after symptom onset (Fig. 5I), indicating a pos-
itive role of NOX4 in plaque stability and healing after plaque rupture.

Fig. 4. Correlation between NOX4 and apoptosis
in atherosclerotic plaques obtained from patients
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Representative slides for cleaved caspase-3 immuno-
histochemistry in plaques from patients with asymp-
tomatic and symptomatic carotid artery disease. Scale
bar upper picture: 2.5 mm. Scale bar lower picture:
300 pm.



A. Hofmann et al.

>

1004

(% fibrous cap area)

«-SMA positive area in fibrous cap

asymptomatic symptomatic
(n=44) (n=39)
Cc
g 10 re=-0.12
@ p=0.57
o5 80 n=26
£s
c
= | ]
55 ©
52
]
25 g
2 -
aX
<> 2 o n
% ‘ ] L
] 0 T T — — T T T
0 2 4 & 8 10 12 14 16 18
NOX4 mRNA expression
E (relative to internal control)
100+
90- &
T~
55 80
B 70
o ©
> O
3 2 60+
c O
g5
=
T2 404
8
30
20 T T
asymptomatic symptomatic
(n=37) (n=34)
G
L re=0.61
p=0.005
8T g0 . " a m n=19
T O LN
T © -
|
8 2 80
c O []
T2
& n
s 70
8
60 T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18
NOX4 mRNA expression
| (relative to internal control)
144 *
c3 12
o=
»n <
@ﬁ 104
§E 8
@
SE ]
X o
Eo
2 4
o=
z g 2
[]
0_
<7 days >7days

Surgery after symptom onset

«-SMA positive area in fibrous cap g

Redox Biology 57 (2022) 102473

Fig. 5. Correlation between NOX4 and fibrous cap

100+ r=0.03 stability in atherosclerotic plaques obtained from
p=0.86 patients with asymptomatic and symptomatic
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) smooth muscle actin (x-SMA). Positive areas were
é 404 '. L] quantified and were set in relation to the total fibrous
g o ® cap area. (E) Collagen fibers were stained using Picro-
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® o e set in relation to the total fibrous cap area. (I) NOX4
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the first week (<7 days) or in the second week (>7
days) after the initial neurological event. NOX4
expression was analyzed by qPCR and data are pre-
sented in relation to an internal control (=1). (A, E, )
Data are presented as scatter dot plots where the
horizontal line depicts the median. (I) A significant
outlier was detected in the data sets <7 days for >7
days by Grubb’s outlier test and was omitted from the
analysis. (A, E, I) Data were compared using the
Mann-Whitney-U test. *p < 0.05. (B, C), Spearman’s
correlation (rs) between plaque NOX4 expression and
fibrous cap a-SMA positive areas in asymptomatic and
symptomatic disease. (F, H), Spearman’s correlation
(rs) between plaque NOX4 expression and collagen
covered areas in the main fibrous cap in asymptom-
atic and symptomatic disease. (D) Representative
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3.4. NOX4 negatively correlated with erythrocytes in plaques of

asymptomatic disease

Intramural bleeding was quantified by staining of erythrocytes with
glycophorin C. Erythrocyte content was similar in plaques from
asymptomatic and symptomatic CAS patients. NOX4 mRNA expression

inversely correlated with erythrocytes/glycophorin C staining (rs =
—0.44, p = 0.02) in asymptomatic, but not in symptomatic disease
(Fig. 6A-C). Plaque hemorrhage can result from extensive plaque
angiogenesis when newly formed vessels remain unstable and leaky.
Accordingly, we analyzed CD31 as a marker of endothelial cells in pla-
ques from patients suffering from CAS with asymptomatic and
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Fig. 6. Correlation between NOX4 and erythro-
ey cyte content in atherosclerotic plaques obtained
p=0.02 from patients with asymptomatic and symptom-
n=27 atic carotid artery disease. (A) Erythrocytes were

stained using a specific antibody against glycophorin

C and positive areas were quantified. Data were set in

relation to the total plaque area. (A), Data are pre-

sented as a scatter dot plot where the horizontal line
° depicts the median and were compared using the
Mann-Whitney-U test. (B-C) Spearman’s correlation
(rs) between plaque NOX4 expression and erythro-
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symptomatic outcomes. CD31 positive areas were 1.8-fold higher in
asymptomatic than in symptomatic plaques (p = 0.04) (Fig. 7A-C).
Although NOX4 expression is high in endothelial cells [8], no significant
association of CD31 areas with NOX4 mRNA expression was observed
(rs = —0.34, p = 0.05). These data may indicate higher NOX4 mRNA
expression in CD31 positive cells of plaques of symptomatic when
compared to asymptomatic disease. Additionally, other than endothelial
cells may contribute to NOX4 expression within the present study. Those
however remain unidentified within the present study. A possible reason

symptomatic
; bar upper picture: 2.5 mm. Scale bar lower picture:
300 pm.

for this unexpected phenomenon could be an elevated number of mac-
rophages that produce TGF-p [25], which might stimulate NOX4
expression in smooth muscle cells and fibroblasts [26,27].

In fact, besides formation of leaky and unstable vessels, activated
endothelial cells promote the adhesion of inflammatory cells [28]. We
analyzed the macrophage content as measured as CD68 positive cells
and the expression of inflammatory cytokines. Plaques from symptom-
atic patients contained 2.3-fold (p = 0.03) more CD68-positive cells
compared to asymptomatic patients (Fig. 8A—C). When grouping the
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set in relation to the total plaque area. (A), Data are
presented as a scatter dot plot where the horizontal
line depicts the median. Data were compared using
the Mann-Whitney-U test. *p < 0.05. (B-C) Spear-
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A B Fig. 8. Correlation between NOX4 and macro-
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results from a Proteome Profiler Human XL Cytokine Array according to
the function of the identified proteins, higher levels of pro-inflammatory
factors and cytokines were seen in plaques from symptomatic CAS pa-
tients, compared to asymptomatic disease (Supplementary Table 3 and
Supplementary Fig. 3). Those factors include urokinase receptor (p =
0.03), MMP9 (p = 0.02), monocyte chemoattractant protein-1 (MCP-1,
p = 0.04), angiopoietin-2 (p = 0.04), vascular cell adhesion protein 1
(VCAM-1, p = 0.03) and interleukin-8 (IL-8, p = 0.02). High abundance
of inflammatory cells and more pro-inflammatory cytokines may pro-
mote the secretion of matrix-degrading enzymes such as MMP9, while
MMP2 is mainly found on smooth muscle cells and fibroblasts. Indeed,
pro-MMP9 was significantly higher expressed (p = 0.02) in plaques from
symptomatic patients when compared to plaques from asymptomatic
disease. Activity of MMP9 was slightly different between asymptomatic
and symptomatic patients. However, both MMP9 expression (rs =
—0.49, p = 0.02) and activity (rs = —0.62, p = 0.002) inversely corre-
lated to NOX4 mRNA expression in plaques from symptomatic patients
(Supplementary Figs. 4A-F). Expression of pro-MMP2 and
MMP2-activity was similar in plaques from asymptomatic and symp-
tomatic patients (Supplementary Figs. 5A-F).

In summary, these data indicate that NOX4 mRNA expression is
associated with plaque stability, reduced hemorrhage and less inflam-
mation in plaques of patients suffering from carotid artery stenosis.

4. Discussion

This study is the first to analyze a correlation of NOX4 mRNA
expression and the risk of stroke or similar events in human carotid
artery stenosis. NOX4 mRNA expression was reduced in plaques from
patients with carotid artery stenosis who suffered from a symptomatic
outcome. Coincidence further allowed correlating an elevated NOX4
mRNA expression with plaque stabilizing mechanisms in human
advanced atherosclerotic plaques. NOX4 mRNA expression was
inversely correlated with apoptosis, intra-plaque hemorrhage and
inflammation, suggesting a protective role in plaques in advanced ca-
rotid artery stenosis. Eventually, the data obtained within the present
study provide the first evidence that increased NOX4 mRNA expression
may be protective after plaque rupture.

We focused on NOX4 and did not analyze other NOX isoforms. It is
possible that superoxide anion radical-forming NADPH oxidases such as
NOX1, NOX2 or NOX5 [30] will play a role in carotid artery stenosis as
well. We hypothesize that their effects may be rather indirect. Further-
more, dismutation of the superoxide anion radicals into HyO, may have
an impact on oxidation of nucleic acids [31] or proteins [17] and signal
transduction events [17].

NOX4 has been proven to protect from atherosclerosis in several
murine models of the disease. NOX4 especially protects from macro-
phage accumulation at the endothelium of the vessel wall. It prevents
inflammation and extracellular matrix remodeling [8,9,29]. Most
studies analyzed the onset and short-term development of atheroscle-
rotic plaques in mice. Late-stage outcomes have not been investigated in
NOX4 knockout mice so far. In humans, atherosclerosis is a persistent
disease, slowly progressing over decades. Plaque growth over time
causes stenosis of the affected vessel that eventually reduces the blood
flow below a critical level, thus resulting in perfusion limitations as seen
in coronary artery disease, peripheral artery disease, cerebral and renal
ischemia and others. In organs with sensitive innervation, including the
heart and skeletal muscle, the patient recognizes pain. As a result, most
patients visit a doctor due to pain caused by perfusion limitations in late
stage atherosclerosis. CAS in contrast, does not cause pain and patients
often see the doctor when the disease has progessed for a long time
already. Accordingly, this study concentrates on very late stage
atherosclerosis.

One major surprising finding of the current study was the relative
uncertainty of a high degree of stenosis in NASCET criteria as a predictor
for a symptomatic outcome of carotid artery stenosis. It is important to
mention that no patients with low NASCET score (40-60%) were
included and scoring was based on ultrasound instead of digital sub-
traction angiography. Besides stenosis, the most important danger of
long-lasting atherosclerosis is the development of an unstable plaque
and eventually plaque rupture. This event will lead to occlusion of pe-
ripheral vessels and subsequent organ failure such as myocardial
infarction and stroke. Here we analyzed NOX4 mRNA expression in
long-lasting human atherosclerosis in plaques obtained from patients
with carotid artery disease. Those patients were separated into two
groups: asymptomatic and symptomatic, suffering from stroke and other
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cerebral perfusion defects. Importantly, the group with symptomatic
outcomes of a carotid artery stenosis includes both critically low
perfusion and plaque rupture.

The finding that NOX4 mRNA expression was highest in fibrotic
plaques without a lipid core and with possible small calcifications (type
VIII) of asymptomatic CAS patients supports the hypothesis that NOX4
could be increased in plaques with low rupture tendency. Based on the
large degree of stenosis, it is possible that hemodynamic forces [32]
contribute to the changes in NOX4 expression. Accordingly, in human
coronary arteries NOX4 expression is highest in type IV plaques and
lowest in the most complicated lesion (type VI) [13]. In symptomatic
CAS, NOX4 mRNA expression gradually decreased with severity of the
plaque phenotype being the lowest in calcified plaques (type VII).
Changes in NOX4 expression may be due to the distribution of different
types of plaques among asymptomatic and symptomatic patients.
Whether NOX4 is the cause or consequence of a more stable plaque
architecture remains elusive because of the descriptive nature of the
present study. Nevertheless, it is likely that plaque stabilization by a
higher content of fibrous tissue or smooth muscles [13] is associated
with an elevation of NOX4 mRNA expression. In line with this model,
plaques from asymptomatic CAS patients express more NOX4 than those
from symptomatic patients and high NOX4 mRNA expression correlates
with an increased probability to be asymptomatic. Angiogenesis and
accumulation of macrophages within a plaque are of major importance
with respect to plaque stability [33,34]. Premature, irregular vessels
contribute to plaque instability [33] and are highly susceptible to
leakage and intraplaque hemorrhage [35] as features of plaque insta-
bility [36]. NOX4 promotes angiogenesis and prevents uncontrolled
vessel growth and endothelial cell apoptosis [37]. Furthermore, NOX4
stabilizes the resulting vessel structure [38-40]. Simultaneously, NOX4
reduces inflammation [28] and macrophage polarization into the
pro-inflammatory M1 phenotype [39]. Accordingly, potential reasons
for NOX4-mediated plaque stability as identified herein could be
reduced apoptosis and quiescence of endothelial cells. Low NOX4
abundancy may be linked to elevated intraplaque hemorrhage, macro-
phage infiltration and subsequent production of pro-inflammatory cy-
tokines. In the present study, we did not clearly delineate the cell types
that express NOX4. This has to be the subject of a follow-up study but
requires specific antibodies, single-cell RNA-sequencing or probes for in
situ hybridization. In previous studies using animal models, we found
NOX4 expression mainly in the endothelial cells of the vessel wall [8].
NOX4 expression was also shown in other cells of the vessel wall
including vascular smooth muscle cells, while macrophages express
mainly the isoform NOX2 [8,41,42].

Upon partial plaque rupture, NOX4 could be involved in preventing
further symptomatic events as supported by our finding of a negative
correlation of fibrous cap collagen content and MMP9 activity with
NOX4 mRNA expression in symptomatic patients. Inflammation pro-
motes thinning of the fibrous cap and high amounts of macrophages and
foam cells were found in ruptured caps [21]. In the present study,
fibrous cap collagen content was analyzed because the fibrous cap
mainly contributes to plaque stability. Analysis of the whole plaque
content compared to the fibrous cap only [43] might have shown
different findings. Macrophage-derived cytokines and matrix-degrading
enzymes force inflammation and thinning of the fibrous cap [21].
Furthermore, elevated plasma MMP9 levels increase the risk of stroke
[44-46]. Endarterectomized patients suffering from internal carotid
artery stenosis who are treated with statins have lower percentage
values of MMP9 area than untreated patients [45].

Interestingly, prescription of statins, CCBs and p-adrenergic blockers
was higher in patients suffering from asymptomatic carotid artery dis-
ease. Especially statin pretreatment is associated with lower odds for a
poor outcome after stroke [35,47]. CCBs as well as ACE inhibitors
significantly decreased the incidence of stroke in hypertensive subjects
[48]. Although our findings underline the importance of secondary
prevention in atherosclerotic cardiovascular disease, we did not test
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here for the patients’ compliance to prescribed medications. Therefore,
beneficial effects of statins, p-blockers and CCBs could be even higher.

A major limitation of the present study is its descriptive nature.
Accordingly, mechanisms that regulate NOX4 mRNA expression or ef-
fects mediated by an altered NOX4 mRNA expression cannot be clearly
assigned to protective effects like e.g. plaque stability. Cell-specific
repression or overexpression of NOX4 mRNA to assess effects on pla-
que stability should be the object of further studies involving technol-
ogies like single-cell RNA-sequencing or even single-cell proteomics. In
fact, the lack of NOX4 protein expression data, due to inappropriate
specificity of all tested commercial antibodies for NOX4 in human
atherosclerotic plaques, represents another major limitation of the pre-
sent study.

In conclusion, the present study provides novel evidence for a pro-
tective role of an increase in NOX4 mRNA expression in patients with
late-stage carotid artery stenosis. Our data support a linkage of NOX4
mRNA with plaque stability in humans. Finally, the study links NOX4
expression to plaque remodeling after an ischemic event; indicating a
novel protective role of an increased NOX4 expression after plaque
rupture.
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