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Abstract

Aims: Oxidative stress and inflammation play an important role in the progression of
atherosclerosis. Transcription factor NF-E2-related factor 2 (Nrf2) has antioxidant and anti-
inflammatory effects in the vessel wall, but paradoxically, global loss of Nrf2 in apoE deficient
mice alleviates atherosclerosis. In this study, we investigated the effect of global Nrf2 deficiency
on early and advanced atherogenesis in alternative models of atherosclerosis, LDL receptor
deficient mice (LDLR™) and LDLR" mice expressing apoB-100 only (LDLR”"ApoB°%1%) having a
humanized lipoprotein profile.

Methods and Results: LDLR’ mice were fed a high fat diet (HFD) for 6 or 12 weeks and LDLR-
FApoB100 mice a regular chow diet for 6 or 12 months. Nrf2 deficiency significantly reduced
early and more advanced atherosclerosis assessed by lesion size and coverage in the aorta in
both models. Nrf2 deficiency in LDLR” mice reduced total plasma cholesterol after 6 weeks of
HFD and triglycerides in LDLR”ApoB°¥1% mice on a chow diet. Nrf2 deficiency aggravated
aortic plaqgue maturation in aged LDLR”ApoB!°% mice as it increased plaque calcification.
Moreover, approximately 36% of Nrf2”"LDLR”ApoB°?% females developed spontaneous
myocardial infarction or sudden death at 5 to 12 months of age. Interestingly, Nrf2 deficiency
increased plaque instability index, enhanced plaque inflammation and calcification, and reduced
fibrous cap thickness in brachiocephalic arteries of LDLR”"ApoB°1% female mice at age of 12
months.

Conclusion(s): Absence of Nrf2 reduced atherosclerotic lesion size in both atherosclerosis
models, likely via systemic effects on lipid metabolism. However, Nrf2 deficiency in aged LDLR™"
ApoB10 mice led to an enhanced atherosclerotic plaque instability likely via increased plaque
inflammation and oxidative stress, which possibly predisposed to myocardial infarction and
sudden death.

Keywords: Nrf2, oxidative stress, inflammation, atherosclerosis, plaque phenotype
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Introduction

Atherosclerosis is a chronic inflammatory disease within the intima of large and medium-sized
arteries. Accumulation of lipids and an ensuing persistent inflammatory response leads to a
gradual formation of atherosclerotic plaques, which ultimately develop to complex lesionst. The
stability of lesions is a critical factor affecting the development of complications. Advanced
fibroatheroma plaques that have large necrotic core and thin fibrous cap with infiltrated
inflammatory cells in the shoulder region are unstable and prone to rupture, predisposing to
myocardial infarction, stroke and sudden death?2,

Oxidative stress, an imbalance between the production and disposal of reactive
oxygen species (ROS), contributes to atherogenesis and formation of unstable atherosclerotic
lesions*. Low-density lipoprotein (LDL) particles entrapped in the arterial intima are modified by
ROS, evoking activation of macrophages, endothelial cells and smooth muscle cells to produce
pro-inflammatory cytokines, leading to atherosclerotic lesion progression and chronic
inflammation>®. The balance between the formation and disposal of ROS is maintained by
antioxidant genes that can be regulated in an integrated manner by the transcription factor
Nuclear factor E2-related factor 2 (Nrf2), which is responsive to both environmental factors and
endogenous stimuli. Nrf2 is ubiquitously expressed in vascular cells, and it regulates several
antioxidant enzymes providing cytoprotection in the vasculature. Many of them, such as heme
oxygenase-1, glutathione reductase, and peroxiredoxin-1 and -2, have been shown to be
atheroprotective in atherosclerotic mouse models”®%1, Nrf2 regulates antioxidant gene
expression in vascular cells after exposure to modified LDL' and oxidized phospholipids in
vivo? in the carotid artery, and it is activated by laminar shear stress in vitro®® as well as in
vivo*. Adenoviral Nrf2 gene transfer inhibits vascular inflammation and oxidative stress in a
rabbit angioplasty model*®. Moreover, Nrf2 deficiency in bone marrow derived macrophages
aggravates atherosclerosis in LDLR™ mice, supporting the notion that Nrf2 is atheroprotective in
the vascular wall*17,

Contradictory to the antioxidant and anti-inflammatory effects of Nrf2, global Nrf2
deficiency alleviates atherosclerosis in hypercholesterolemic ApoE” mice!®192021  The
mechanisms by which Nrf2 mediates its proatherogenic action in this model is currently
unknown, but combined systemic and local vascular effects have been suggested. Nrf2
deficiency has been shown to decrease plasma total cholesterol on a regular chow or on a high-
fat diet (HFD) in ApoE” mice in some'®?° but not in all studies'®?*. ApoE” mice are widely used
in the field of atherosclerosis research, but their plasma lipoprotein profiles only poorly
recapitulate that of human hypercholesterolemia. ApoE” mice have certain shortcomings in
modeling human atherosclerosis as they have a non-physiological lipoprotein profile consisting
mainly of VLDL and chylomicron remnants that have apoB-48 as the major apolipoprotein.
Moreover, apoE has direct functions in the vessel wall as it facilitates cholesterol efflux from
macrophage foam cells, and directly modifies macrophage- and T lymphocyte-mediated immune
responses thereby affecting vascular inflammation?>232425 |n the LDLR”ApoB%1% mouse
model, the apoB-100 mRNA tissue-specific RNA editing is blocked and only apoB-100 protein is
produced resulting in a more human-like hypercholesterolemia even on a regular chow
diet?®2728, LDLR” mice on the other hand exhibit only a modest increase in plasma LDL
cholesterol on a regular chow diet and they do not develop significant lesions unless fed HFD%.

Nrf2 has protective functions via regulation of antioxidant and anti-inflammatory
genes, and thus it is a promising drug target for the treatment of chronic inflammatory diseases.
Given that oxidative stress and inflammation has been implicated to play a pivotal role also in
the development of atherosclerotic lesions, we postulated that Nrf2 would be protective against
atherosclerosis. As the role of Nrf2 in atherogenesis and plague composition has remained
unclear, we aimed to investigate the effect of global Nrf2 deficiency on the development of
atherosclerotic lesions, plague phenotype and circulating lipid levels using two different mouse
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models, which mimic more closely human hypercholesterolemia and atherogenesis in
comparison to ApoE” mice?®. Interestingly, our results show that Nrf2 deficiency retards
atherosclerotic lesion development determined by reduced plaque size in both HFD fed LDLR™
mice as well as in aged chow-fed LDLR""ApoB*°?1% mice. However, Nrf2 deficient mice in LDLR-
"ApoB©Y100 hackground show signs of plaque instability likely via enhanced atheroma plaque
inflammation and oxidative stress that may predispose to spontaneous myocardial infarction in
female LDLRApoB!°1% mice as well.

Methods
Animals

Nrf2-deficient (Nrf2”") mice (C57BI/6J background, a kind gift from Masayuki Yamamoto, Tohoku
University, Sendai) were cross-bred with LDLR” (C57BI/6J background, backcrossed ten times,
The Jackson Laboratory, Bar Harbor, ME, USA) and LDLR”"ApoB°1% mice (129sv/B6 mixed
background, backcrossed ten times, The Jackson Laboratory, Bar Harbor, ME, USA) to obtain
Nrf2”"LDLR” and Nrf2”LDLR"ApoB°1% mice. Three-month-old male and female LDLR" and
their littermate Nrf2”"LDLR” mice were fed HFD (TD88137, Harlan Teklad: 42 % of calories from
fat and 0.15 % cholesterol) for 6 or 12 weeks. Female and male LDLR”ApoB°%% and their
littermate Nrf2”"LDLR"ApoB°%1% mice were fed a regular chow diet (Teklad Global 16 % Protein
Rodent Diet: 12 % of calories from fat and 0 % cholesterol) until the age of 6 or 12 months. Mice
were housed in the Animal Centre of University of Eastern Finland in controlled conditions for
temperature and humidity, using a 12 h light/dark cycle and had an ad libitum access to food
and water. All animal experiments were approved by the National Experimental Animal Board of
Finland and carried out following the guidelines of the Finnish Act on Animal Experimentation
and directive 2010/63/EU of the European Parliament.

Measurements of atherosclerosis and plaque morphology

The mice were euthanized by CO; inhalation and perfused with phosphate buffered saline. For
analysis of atherosclerosis, aortic root and brachiocephalic arteries were fixed in 4%
paraformaldehyde (pH 7.4). Tissues were embedded in paraffin for serial cross-sectional
analysis (5 um sections, mean of 3 sections per mouse at 25 um intervals), excluding aortas,
which were prepared for en face analysis and stained with Oil Red O.

Cross sections of aortic root and brachiocephalic arteries were stained with
hematoxylin-eosin to quantify the average lesion area (mean of 5 sections per mouse at 25 um
intervals), which were measured with a color image analysis system (analySIS 3.00 Software).
For the analysis of macrophages in the aortic and brachiocephalic lesions, serial sections from
the aortic root and brachiocephalic artery were selected, immunostained with mMQ (anti mouse
macrophage, mMQ AIA31240, 1:6500, Accurate Chemical & Scientific Corp.) and positive areas
were quantified with a color image analysis system (analySIS 3.00 Software). For the analysis of
smooth muscle cells in the brachiocephalic lesions, serial sections from brachiocephalic artery
were stained with a aSMA (anti-alpha smooth muscle actin, ab15267, Abcam) and SMHC (anti-
smooth muscle myosin heavy chain, ab53219, Abcam) primary antibodies and positive areas
were measured. In addition, brachiocephalic artery sections were stained with a MCP-1 (rabbit-
anti mouse, ab7020, Abcam) and TNFa (rabbit-anti mouse, ab6671, Abcam) primary antibody to
measure plaque inflammation, and with 4-hydroxynonenal (4-HNE) (rabbit-anti mouse, LS-
C68182, LSBio) and anti-nitrotyrosine (3-NT) primary antibody (rabbit-anti mouse, 06-284,
Merck Millipore) as a measure of oxidative stress.
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Aortic plaque necrosis was measured from hematoxylin and eosin stained sections
and brachiocephalic artery necrosis from Masson trichrome stained sections. Plaque necrosis
was measured by morphological criteria in which plague cholesterol clefts, lipid droplets and
acellular areas were regarded as necrotic areas. Moreover, to quantify fibrous cap thickness
from brachiocephalic arteries, three serial sections per mouse were stained with Masson’s
Trichrome. In every section, three to five of the thinnest caps were selected and the average
was calculated. All the previous measurements were done with a color image analysis system
(analySIS 3.00 Software). Furthermore, fibrous cap thickness was analyzed in relation to
necrotic core area to measure cap to core ration (mm/mm?2). In addition, to analyze plaque
calcification, aortic and brachiocephalic sections were stained with Alizarin Red S, which stains
calcific depositions with red color, which was quantified. Brachiocephalic sections were stained
with Movat Pentachrome, which stains elastic and reticular fibers, collagen and mucin, to detect
fibro fatty nodule area with the color image analysis system (analySIS 3.00 Software). Moreover,
to detect brachiocephalic plaque collagen content, arterial cross sections were stained with
Sirius Red S protocol and collagen was quantified with the Image J 1.48V Software based on
threshold and represented in relation to total plaque area. Finally, macrophage area, necrotic
area, collagen content and smooth muscle cell content were used to measure plaque instability
index from brachiocephalic artery plaques as follows: (macrophages% + necrotic
area%)/(collagen% + smooth muscle cells%)=instability index3%3132, Quantification of plaque
morphology was done in relation to total plaque area with Image J 1.48V Software based on
threshold unless otherwise stated. All analyses were done in a blinded manner.

Analysis of body fat composition

Organ weights were determined for 6-month-old female LDLR”ApoB°%1% (n=4) and Nrf2"LDLR-
FApoB910 (n=4) mice. The fat fraction of the mice was determined from LDLR’ApoB100/100
(n=4) and Nrf2"LDLR”ApoB%%® (n=4) female mice at the age of 6 months using magnetic
resonance imaging. For the imaging, the mice were anesthetized with isoflurane inhalation (4%
for induction and approximately 1.5% during imaging). The mouse was placed on a holder and a
pneumatic pillow was placed under the mouse for respiration monitoring and gating. A 9.4 T
horizontal scanner equipped with Agilent Direct Drive console (Agilent Corp., Palo Alto, CA,
USA) with a quadrature volume coil with inner diameter 63 mm (Varian, Palo Alto, CA, USA) was
used for transmitting and receiving the imaging signal. A 3D chemical-shift-selective gradient
echo sequence with respiration gating was used to acquire interleaved fat and water images
used for calculation of the fat quantity as previously described®3. Parameters used for imaging
were: repetition time = 70 ms, echo time = 4.2 ms, field of view = 80 x 40 x 40 mm3, and matrix
size = 256 x 64 x 64 with 2 averages.

Analysis of plasma lipid profile and inflammatory cytokines

After an overnight 12 h fasting-period, approximately 100 pl blood was drawn from the
saphenous vein of LDLR” and Nrf2”"LDLR” male and female mice before and after HFD and
from LDLR"ApoB!°1% and Nrf2”"LDLR"ApoB°1® female and male mice at the age of 6 or 12
months on a regular chow diet. Plasma was isolated by centrifugation at 4 °C, 1700 x g for 15
min and stored at —80 °C for further analysis. Plasma triglycerides were analyzed using the
Triglycerides GPO-PAP-kit (Roche Diagnostics), total cholesterol using the Cholesterol CHOD-
PAP kit (Roche Diagnostics). Plasma —pro-inflammatory cytokines were analyzed using BD™
Cytometric Bead Array (CBA) kit according to the manufacturer’s instructions. The samples were
run on FACS Calibur flow cytometer (BD Biosciences) and the results were analyzed using
FCAP Array 2.0.0 software (Soft Flow Hungary Ltd, Pecs, Hungary).
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Echocardiography

Echocardiography was performed for LDLR”ApoB°1% (n=4) and Nrf2""LDLR”ApoB!°1% (n=7)
female mice at the age of 6 using Vevo® 2100 Ultrasound System (Fujifilm Visual Sonics ®). In
brief, mice were kept fully anesthesized with 2% isoflurane inhalation. Heart rates were
approximately 500 bpm in controls and in atherosclerotic mice. Standard M-mode
measurements of the left ventricle dimensions, left ventricle mass and volume, ejection fraction
(calculated with Teicholz formula) and stroke volume were measured in parasternal short-axis
view as described earlier in **

Isolation of bone marrow derived macrophages

Nrf2”"LDLR”ApoB°%1%° gand LDLR”ApoB!°% mice were euthanized by CO; inhalation. Femoral
and tibial bones were dissected and all the remaining tissue on the bones was removed. Each
bone end was cut off, and bone marrow was expelled by flushing with ice cold PBS. Cells were
cultured for 7 days in RPMI1640 medium with 10% fetal bovine serum (FBS), 1% Penicillin-
Streptomycin (P/S) and 20 ng/ml macrophage colony stimulating factor (M-CSF, Miltenyi
Biotec®) on 10 cm Petri dishs, at 37°C. Medium was changed every third day. Matured
macrophages (5-10x108/dish) were harvested by trypsin-EDTA (0.25%).

Gene expression analysis

Bone marrow derived macrophages were cultured on 6-well plates and starved for 4 hours in
Optimem (Gibco®) with 10% LPDS and 1% P/S, then they were incubated for further 16 hours
at + 37°C either in the absence or presence of acetylated LDL (AcLDL) (50 ug protein/ml) or LPS
from Escherichia coli (Sigma-Aldrich® 10 ng/ml). RNA was extracted by using NucleoZOL®
(Macherey-Nagel) and 500 ng of total RNA was reverse transcribed into cDNA using
Transcriptor First Strand cDNA Synthesis Kit (REF04897030001, Roche). Quantitative
measurements of gene expression were performed using the Light Cycler 96 Real-Time PCR
System (Roche), appropriate Universal ProbeLibrary (UPL) products from Roche and the
following primers from Sigma Aldrich: 5"-catccacgtgttggctca-3” and 5 -gatcatcttgctggtgaatgagt-
3" (UPL 62) for MCP-1, 5'-ctgtagcccacgtcgtage-3° and 5'-ttgagatccatgccgttg-3° (UPL 25) for
TNF-a, 5" -agttgacggaccccaaaag-3° and 5-agctggatgctctcatcagg-3~ (UPL 38) for IL-1B8, 5°-
gctaccaaactggatataatcagga-3° and 5’-gctaccaaactggatataatcagga-3° and 5-
ccaggtagctatggtactccagaa-3° (UPL 6) for IL-6. Measurements were done as 3-6 samples
measured. The expression levels were normalized to B.-microglobulin expression (Applied
Biosystems TagMan Gene Expression Assays Mm00437762_m1) and the data are presented
as fold change in the expression versus control.

Statistical Analyses

Data normal distribution was tested by the Shapiro-Wilk test and to evaluate statistical
significance (p<0.05), unpaired two tailed Student’s t-test or Log-rank test were used. Numerical
values for each measurement are shown as mean + SEM. All statistical analyses were
performed using GraphPad Prism® (GraphPad 5.03 Software).
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Results

Nrf2 deficiency impairs development of diet-induced atherosclerosis in LDLR” male and
female mice

To determine the role of Nrf2 in atherogenesis, mice lacking Nrf2 in atherosclerosis-prone LDLR"
" background were subjected to a HFD for 6 or 12 wk to generate early foam cell-rich and more
advanced atherosclerotic plaques, respectively.?® Nrf2”"LDLR” male mice had ~50% and ~30%
smaller atherosclerotic lesions in aortic root than LDLR” mice after 6 wk and 12 wk of HFD,
respectively (Figure 1A). In addition, the lesion area of the entire aorta was reduced in Nrf2"
LDLR” male mice after 12 wk of HFD (Figure 1B). In females, the effect was less pronounced,
as the difference of the cross sectional lesion area between LDLR” and Nrf2"LDLR” mice was
significant only after 12 wk of HFD (Figure 1A-B in the online-only Data Supplement).
Characterization of plaque morphology of aortic root showed that lesions of both LDLR"
-and Nrf2”"LDLR” mice consisted almost entirely of macrophages after 6 wk of HFD, but the
macrophage positive area normalized to lesion area remained high only in Nrf2”"LDLR” mice
after 12 wk of HFD (Figure 2A). In addition, the relative size of the necrotic core of the plaque
area was decreased by ~50% in Nrf2”"LDLR” mice compared to LDLR™ mice after 12 wk HFD
(Figure 2B). In Nrf2"LDLR™" mice, lesions were foam cell-rich early atheromas (type I-11)%, but in
LDLR” mice lesions contained small necrotic areas and cholesterol crystals in the lesion core as
well as macrophage accumulation in the shoulder area (type ll-111) (Figure 2A-B)%®. These results
support the notion that total loss of Nrf2 delays HFD-induced lesion progression in LDLR” mice.

Nrf2 deficiency impairs the development of ageing-induced atherosclerosis but promotes
plaque necrosis and calcification in LDLR"ApoB°9% female mice

To investigate the effect of Nrf2 deficiency on atherosclerosis without added dietary fat, we
analysed vascular samples from aged LDLR”ApoB°%1% mjce that develop more mature and
complex lesion morphology compared to LDLR” mice.®® Nrf2 deficiency did not have an effect
on aortic root lesion area in male LDLR"ApoB°1% mjce at the age of 6 or 12 months (Figure
[IA in the online-only Data Supplement). However, the aortic root lesion area was reduced by
~30% in female Nrf2”"LDLR”ApoB'®% mice at the age of 6 months (Figure 3A). After 12
months, the loss of Nrf2 decreased the lesional coverage by ~65% in en face-analysis of
descending aortas (Figure 3B), whereas the difference between the two groups was not
statistically significant at the level of aortic root (Figure 3A).

Due to the gender difference in atherogenesis in LDLR”ApoB°%1% ys, Nrf2LDLR™"
ApoB%10 mice, we chose to examine the plaque morphology more closely in female mice.
Notably, atherosclerotic lesions were very complex in both LDLR”-ApoB°1% and Nrf2”LDLR™"
ApoB10 mjce at the age of 6 months, containing necrotic and amorphous areas, fibrosis and
varying thickness of smooth muscle cell cap covering the necrotic core. Characterization of
plague composition showed that macrophage positive area relative to lesion area was equal in
both groups at the age of 6 and 12 months (Figure 4A). However, the necrotic core area was
increased by ~90% in Nrf2”LDLR’ApoB°1% mice at the age of 6 months compared to LDLR™
ApoB1091% mice (Figure 4B). Plaques were highly acellular in both groups at the age of 12
months. In Nrf2”"LDLR”ApoB1°1% mice the size of necrotic core in relation to total lesion area
was smaller (Figure 4B) but showed increased plaque calcification (~330%) in comparison to
LDLR”ApoB°% mijce at the age of 12 months (Figure 4C). There was no measurable
calcification in aortic root plaques at the age of 6 months (Figure IIB in the online-only Data
Supplement). Moreover, Nrf2 deficiency increased positive staining area of 4-HNE, an aldehyde
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produced during lipid peroxidation that reflects ROS generation at the age of 6 months (Figure
4D).

Nrf2 deficiency lowers plasma total cholesterol in LDLR” male mice and plasma
triglycerides in LDLR”ApoB!°% female mice

HFD increased the body weight in all groups, but Nrf2”"LDLR” mice were protected from HFD
induced obesity, when compared to LDLR” mice (Table 1). Nrf2-deficiency reduced body weight
also in LDLR"ApoB!091% females at the age of 6 months on a regular chow diet (Table 2). In
addition, the body fat content and amount of epididymal fat were reduced in Nrf2”LDLR"
ApoB°%10 female mice in comparison to LDLR”ApoB°?'% females at the age of 6 months on a
chow diet (Figure llIA-B in the online-only Data Supplement). Supporting systemic effects on
lipid metabolism, Nrf2 deficiency significantly reduced plasma total cholesterol after 6 weeks of
HFD in LDLR” mice, but the difference disappeared after 12 wk of HFD (Table 1). Nrf2
deficiency did not change plasma triglycerides after 6 wk of HFD, but there was a significant
increase after 12 wk of HFD in Nrf2”"LDLR” mice. Plasma total cholesterol and triglyceride
levels did not differ between the genotypes in female LDLR” mice. (Table 1). In LDLR™
ApoB°10 females, Nrf2 deficiency had no effect on plasma total cholesterol, but it reduced
plasma triglycerides significantly by ~20% at both 6 and 12 months of age (Table 2). However,
Nrf2”"LDLR”ApoB°?1%° males had lower plasma total cholesterol at the age of 12 months in
comparison to LDLR” ApoB°%1% males, but triglyceride levels did not differ between the
genotypes at any age in males (Table 2).

Nrf2 deficiency predisposes to myocardial infarction and sudden death in LDLR™
ApoB1091% female mice

As LDLR”ApoB01% (n=44) and Nrf2”LDLR"ApoB!®1% (n=53) female mice were aged for
atherosclerosis experiments, we observed that ~36% of the Nrf2-deficient female mice (19/53)
displayed weakness to an extent that required the mice be euthanized or died suddenly between
the age of 5 to 12 months (p<0.05) (Figure 5A). The mice in a weak condition showed variable
symptoms, such as remarkable lowering in body weight (30-45% reduction), hypothermia,
dyspnea or lower consciousness. Post mortem dissection revealed spontaneous Mis (10/53)
with respective dilation of the heart ventricles and pulmonary edema (p<0.05 in comparison to
LDLR”ApoB°1% female mice) (Figure 5A). While in most cases mice died suddenly or had to
be euthanized for ethical reasons without further study, we were able to image myocardial
infarction by echocardiography from a Nrf2”"LDLR"ApoB°1% female mouse. Echocardiographic
imaging showed dilated left ventricle as well as apical wall thinning and akinesis. In addition, the
ejection fraction was markedly decreased (Supplemental video). Histopathological examination
revealed coronary atherosclerosis (Figure 5B) and varied sizes of infarcted areas in the left
ventricle anterior wall with myocardial dilation (Figure 5C). One of the Nrf2”"LDLR"ApoB10%100
female mice (1/53) showed paraplegia and some (8/53) died suddenly but showed no
macroscopically or microscopically noticeable findings that would explain the death.
Nevertheless, ~16% LDLR"ApoB1% of control female mice displayed weakness to an extent
that required the mice be euthanized or died suddenly (7/44) mainly at the age of 10-12 months,
but did not show macroscopically or microscopically noticeable findings that would explain the
death. The number of myocardial infarctions, sudden deaths, paraplegias and mice displaying
coronary artery stenosis in Nrf2”LDLR”"ApoB1°1% gand LDLR"ApoB°?1% female and male mice
is shown in Table 3. We did not find any abdominal aortic aneurysms or other serious health
problems in dissection or histopathological examination of female and male LDLR”ApoB0%100
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and Nrf2"LDLR"ApoB!°1% mice. We also analyzed coronary artery stenosis routinely at the
age of 6 and 12 months and this analysis showed varied plague sizes (data not shown).

We investigated cardiac function by Vevo® Ultrasound in LDLR”ApoB%91% and Nrf2"
LDLR”ApoB1°1% female mice at the age of 6 months but did not find any abnormalities, which
could have predicted sudden deaths (Figure IVA-D in the online-only Data Supplement).

Nrf2 deficiency promotes plaque instability in aged LDLR”ApoB°%® female mice

In mouse models of atherosclerosis, brachiocephalic artery typically shows a complex plaque
morphology that mimics human like rupture-prone plaque morphology %, Thus, we analyzed
the plague phenotype more closely in brachiocephalic arteries and found that lesion morphology
was very complex in both LDLR”ApoB!1%® and Nrf2"LDLR”"ApoB!?91® mice. Advanced
fibrocalcific plagues with large lateral xanthomas were found, containing extracellular material,
large necrotic cores with cholesterol crystals and only a few macrophages and smooth muscle
cells, indicating a highly necrotic plague landscape. Nrf2 deficiency did not have an effect on
total plague area (data not shown), but it reduced plague area ~20% in relation to lumen area
(data not shown) in brachiocephalic artery. Macrophage positive area (Figure 6A) in relation to
plague area was equal in both groups. Plaque necrotic area (Figure 6B) in relation to plaque
area was not significantly different in Nrf2” LDLR”ApoB°%% mice compared to LDLR”
ApoB1091% mice. However, Nrf2 deficiency increased fibrofatty nodule area relative to lesion
area by ~60% (Figure 6C) and lesion calcification normalized to lesion area by ~200% (Figure
6D) in LDLR”ApoB%1% mice. Plaque collagen content (Figure 6E) was uniform in both groups,
and plague smooth muscle cell area relative to total lesion area was not significantly different in
Nrf2”- LDLR”ApoB%% in comparison to LDLR”ApoB%91® mice detected by aSMA primary
antibody (Figure 6F) or SMHC primary antibody (Figure IIC in the online-only Data Supplement).
Plaque stability was defined as the thickness of fibrous cap that separates a necrotic core of an
atherosclerotic plague from the lumen. Interestingly, fibrous cap thickness was reduced by more
than 30% in Nrf2-deficient LDLR”ApoB'®% mice (Figure 6G) in comparison to LDLR™
ApoB%10 mice. Moreover, plaque instability index3%3132 was calculated as a ratio between
instability (macrophages, necrotic area) and stability (collagen, smooth muscle cells) factors and
it was found that Nrf2 deficiency increased plaque instability index (Figure 6H) in LDLR™
ApoB%10 mice. Also cap to core ratio (Figure 61) was reduced in Nrf2-deficient LDLR™
ApoB1091% mice in comparison to LDLR”ApoB!°%1% mice.

Nrf2 deficiency promotes plague inflammation and oxidative stress

Since persistent systemic and local plaque chronic inflammation predisposes to plaque
maturation, we next examined MCP-1 and TNFa expression in brachiocephalic arteries and
found that MCP-1 positive staining area (Figure 7A) was increased in Nrf2”LDLR’ApoB100/100
mice compared to LDLR”ApoB°1% mice at age of 12 months. TNFa positive staining area
(Figure 7B) was not significantly different between the groups. We also measured the
expression of key proinflammatory cytokines in bone marrow derived macrophages harvested
from Nrf2”"LDLR"ApoB°® and LDLR”ApoB!®'® mice. In line with previous reports
supporting anti-inflammatory actions of Nrf2!63 Nrf2 deficiency significantly increased gene
expression of MCP-1 (Figure 7C), TNF-a (Figure 7D) IL-1B (Figure 7E) and IL-6 (Figure 7F)
upon stimulation by LPS or AcLDL. Moreover, plasma pro-inflammatory cytokines MCP-1 and
TNFa were measured (Figure 7H), but found not to be different between the study groups, likely
because of high variation between the individual mice. In addition to inflammatory factors, we
also measured plaque oxidative stress by staining the brachiocephalic sections with 4-HNE and
3-NT primary antibodies. Nrf2 deficiency increased 4-HNE positive staining (Figure 71), but 3-NT
staining (Figure 7J) was no different between the groups.
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Discussion

Oxidative stress has been implicated in the initiation and progression of atherosclerosis from the
early fatty streak lesions to the rupture and thrombosis of advanced atherosclerotic plaque?.
Given that the redox-activated transcription factor Nrf2 is a ubiquitous factor affecting the gene
expression of a vast number of genes mediating antioxidant protection and suppression of
inflammation, it is logical to postulate that the loss of Nrf2 aggravates atherogenesis?®.
Nevertheless, several investigators have shown that the global loss of Nrf2 alleviates
atherosclerosis in ApoE”’ hypercholesterolemic mice'®?°2118 Due to the limitations of ApoE™”
mice to model human atherosclerosis, we used two alternative mouse models, LDLR” mice fed
a high-fat diet as well as chow fed LDLR”ApoB%% mice that have a lipoprotein profile
characteristic of human hypercholesteromia, to study the effect of global loss of Nrf2 on
atherogenesis®?2, We discovered that Nrf2 deficiency decreased the extent of atherosclerosis
measured by en face analysis as well as the size of atherosclerotic plaques in both mouse
models. In a more human-like hypercholesterolemic LDLR”ApoB!%91%® female mice, it also
promoted plaque inflammation and oxidative stress that possibly led to an increased plague
instability, which is considered as a risk factor of Ml and sudden death in humans.

While the previous reports have uniformly concluded that the global loss of Nrf2
results in the reduction of atherosclerotic lesion size in ApoE” mice, the postulated mechanisms
vary from one study to another. The proposed mechanisms include decreased CD36 expression
and hence reduced uptake of modified LDL!1° attenuated cholesterol crystal-induced
inflammasome activation®® as well as systemic effects via lowered plasma and liver cholesterol
levels and reduced expression of lipogenic genes in the liver'®. Given the differences in
experimental design, it is hard to compare previous studies. For instance, two different Nrf2-
deficient mouse strains were used, and the duration of diet, cholesterol content and age of
euthanasia varied considerably®929, Qur study supports systemic metabolic effects of Nrf2 in
high fat-fed LDLR”Nrf2”- mice. We show reduction in the size of atherosclerotic plaques, most
likely because of decreased plasma cholesterol. The connection between Nrf2 and lipid
biosynthesis has been observed, as two microarray analyses using gene modified mice
indicated that Nrf2 regulates the expression of several genes involved in the regulation of fatty
acid and cholesterol synthesis in the liver®®4t, Additionally, in support of favorable metabolic
effects, we found that Nrf2 deficiency reduced body weight of LDLR” mice on both regular chow
and HFD. This is in line with previous studies, in which Nrf2 deficiency was protective against
HFD induced weight gain via inhibition of adipogenesis due to impaired PPARYy signaling, and
an increase in energy expenditure by increased UCP-1 expression in the liver and white adipose
tissue*?%3, It is known that murine models display sexual dimorphism in many hepatic genes
involved in lipid metabolism and atherogenesis. This may well explain the differential effects in
plasma lipids and atherosclerosis development between sexes in the present study*.

Nrf2 has well known anti-inflammatory functions both in vitro as well as in vivo in
mouse models of inflammation*®. We and others have shown that Nrf2 and its target genes have
local anti-atherogenic effects in the vascular wall, including endothelial cells and
macrophages!®?3°, Hematopoietic cell-specific Nrf2 deficiency aggravates inflammation and
accelerates atherogenesis in both early'® and late'’ stages of atherosclerosis. Recent findings
indicate that Nrf2 directly represses inflammatory gene expression in macrophages via binding
to the proximity of select proinflammatory genes such as cytokines, thereby inhibiting RNA
Polymerase |l binding and gene transcription®. In this study, Nrf2”"LDLR” mice that represent
earlier stages of atherosclerosis (resembling fatty streak and uncomplicated lesions, type I-11)*
had a higher amount of macrophages normalized to the lesion area, whereas in Nrf2”LDLR™"
ApoB1%1% mice the plaques were far more mature, containing significantly enlarged necrotic
and acellular areas and increased calcification and thinned fibrous caps. These results suggest
that Nrf2 deficiency delays atherogenesis in both models, but has different effects on plaque
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morphology depending on the plaque type. Moreover, expression of MCP-1 was significantly
increased in the atherosclerotic plaques of Nrf2” LDLR"ApoB°”1% mjce in comparison to LDLR™"
ApoB10 mice indicating increased local plaque inflammation. MCP-1 plays a role plaque
instability by regulating matrix metalloproteinase (MMP) expression, and it has been reported
that an inhibitory antibody to MCP-1 in ApoE” mice increased plaque stability by increasing
plague collagen content*®4748  As plaque macrophages have an important role in plaque
stability, we also studied bone marrow derived macrophages derived from Nrf2”LDLR”
ApoB1091% mice and found that they were more inflammatory, showing increased mRNA
expression of key proinflammatory cytokines upon proinflammatory stimuli. Given that defective
resolution of inflammation plays a central role in the progression of an atheroma to a rupture-
prone advanced lesion and that Nrf2 is the key transmitter of the actions of pro-resolving lipid
mediators,*>®°, It is likely that persistent inflammation within the lesions leads to an unstable
plague phenotype and increases the risk of Ml seen in Nrf2-deficient LDLR”ApoB1°%1% mice.

In summary, our results demonstrate that whole body Nrf2 deficiency delays
atherogenesis measured by the size of atherosclerotic plagues but that it also promotes plaque
instability in later stages of the disease. This study highlights differences between mouse models
of atherosclerosis and the need for a variety of models to tease out phenotypic differences.
Given that Nrf2 activators are under active drug development or already in clinical use (dimethyl
fumarate, Tecfidera® for multiple sclerosis), it is of utmost importance to clarify the role of Nrf2 in
cardiometabolic diseases. This is especially relevant as these drugs are intended for long term
use also in younger subjects and therefore any adverse health effects should be closely
monitored. At this juncture, it is important to note that the Bardoxolone Methyl Evaluation in
Patients with Chronic Kidney Disease and Type 2 Diabetes (BEACON), trial was prematurely
terminated after preliminary analyses showed that patients randomized to bardoxolone methyl
experienced significantly higher rates of heart failure events. However, it was suggested that
these effects we mediated by the interference with the endothelin system®2. There is no data
suggesting that Nrf2 activators would aggravate atherogenesis in humans, but longer follow-up
times are necessary to draw any definite conclusions. Moreover, further studies utilizing tissue-
specific gene modified mice are warranted in order to define the contribution of Nrf2 in different
tissues and cell types on the atherogenic process.
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Table 1. Characteristics of Nrf2”"LDLR”- and LDLR” male and female mice on a high-fat-diet.

_ LDLR”  Nrf2"LDLR” LDLR”  Nrf2"LDLR’ LDLR™  Nrf2"LDLR"

Strain Male n=12 Male n=9 Male n=14 Male n=13 Male n=8 Male n=9

Female n=10 Female n=7 Female n=4 Female n=8 Female n=16 Female n=7
point (wk) Gender 0 6 12
Male  29.8+3.4  26.0+3.5* 37.6+4.0 33.5+5.4* 43.1+6.9 36.8+4.6
Body weight (9)

Female 19.3+0.8 17.8+1.5% 23.2+2.1 22.0+3.9 23.5+3.2 21.9+1.1

Total cholesterol Male 5.6+1.5 4.7+1.2 29.3+5.9 25.6+7.8* 32.7+3.2 34.3+6.0
(mmol/l) Female 3.5+1.4 3.9+1.7 26.0+4.8 18.9+4.2 23.3+3.4 26.0+8.9
Triglycerides Male 1.5+0.7 1.3+0.4 2.7+1.8 2.2+0.9 4.0£1.7 7.5+2.7*

(mmol/l) Female 2.3+1.1 1.4+1.3 1.7+0.9 1.8+0.9 1.7+0.4 1.9+1.1

Data are expressed as mean + SD. * p< 0.05 Nrf2”"LDLR 7 versus LDLR™.
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Table 2. Characteristics of Nrf2”"LDLR”ApoB!°1% and LDLR”ApoB°?1%° male and female mice
on a regular chow diet.

Strain LDLR"ApoB100100 Nrf2”"LDLR” ApoB100/100
. _ 6 12 6 12
Time point (months) Gender Male n=12 Male n=9 Male n=7 Male n=13
Female n=7 Female n=22 Female n=10 Female n=12
Male 33.3+3.0 37.2425 35.0+3.2 31.9+1.7*
Body weight ()
Female 24.1+3.0 32.4+2.1 21.5+1.4* 27.5+6.3
*
Total cholesterol Male 7.6x3.0 14.1+5.0 6.7+1.9 6.5+3.8
(mmolfl) Female 7.5+3.0 8.1+2.8  6.5+2.4 8.242.7
. . Male 1.9+0.4 2.3+1.1 1.7+0.6 1.7+0.9
Triglycerides
(mmol/l) Female 1.840.3 14404  1.240.3*  1.1+0.4*

Data are expressed as mean + SD. * p< 0.05 Nrf2”"LDLR "ApoB!°1% versus LDLR"ApoB°0/1%,
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Table 3. Incidence of myocardial infarctions, sudden deaths, paraplegias and coronary artery
stenosis during aging in Nrf2”"LDLR”ApoB%1% and LDLR”ApoB°'% male and female mice.

Strain LDLR"ApoB*®%®  Nrf2*"LDLR" ApoB*%¥3°
4
Myocardial Male 0/30 oS
infarction Female 0/44 10/53* >
Male 0/30 3/15 6
Sudden death 7
Female 7144 8/53
Male 1/30 1/15 °
Paraplegia 9
Female 1/44 1/53
Male 1/30 4/15* -
Deaths in total 11
Female 8/44 19/53*
12
Coronary Male i S/13 13
artery stenosis  romale 18/20 9/14 14

* p< 0.05 Nrf2”"LDLR *ApoB%1% versus LDLR"ApoB10%/100
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Figure Legends

Figure 1. Nrf2 deficiency impairs development of diet-induced atherosclerosis in LDLR”
male mice. LDLR" (white dots) and Nrf2 LDLR" (red dots) male mice were fed HFD for 6 or 12
wk. A, Quantification of cross-sectional lesion area (um’) from aortic root of LDLR” and Nrf2""
LDLR" mice. Representative pictures of hematoxylin-eosin stained sections. B, Lesion coverage
of entire aorta (%) by en face analysis with representative pictures of Oil Red O stained aortas.
Representative pictures of aortic root are shown with a scale bar 100 um and en face aortas with
a scale bar 1 mm. Each dot represents one mouse and the horizontal line represents mean +
SEM, statistical significance *P<0.05, **P<0.01 by Student’s t-test. Number of mice analyzed: 6
wk HFD LDLR” n=7 and Nrf2 LDLR" n=3-8, 12 weeks HFD LDLR" n=7-10 and Nrf2’ LDLR"
n=15-10.

Figure 2. Nrf2 deficiency increases macrophage positive area in aortic plagues of LDLR”
male mice. LDLR" (white dots) and Nrf2 LDLR" mice (red dots) were fed HFD for 6 or 12 wk.
A, Macrophage positive lesion area normalized to total lesion area (%) and measured from the
aortic root. Representative pictures of mMQ immunostained sections (macrophage positive area
is outlined with a dotted line). B, Lesion necrotic area (%) normalized to total lesion area from
hematoxylin-eosin stained aortic root sections after 12 wk HFD (necrotic area outlined with a
dotted line). Representative pictures are shown with a scale bar 100 um. Each dot represents
one mouse and the horizontal line represents mean + SEM, *P<0.05, ***P<0.001 by Student’s t-
test. Number of mice analyzed: 6 wk HFD LDLR” n=11 and Nrf2 LDLR” n=11, 12 weeks HFD
LDLR" n=7 and Nri2 LDLR" n=6-10.

Figure 3. Nrf2 deficiency impairs development of ageing-induced atherosclerosis in
-I- 100/100 . -I- 100/100 . -I- -I- 100/100
LDLR ApoB female mice. LDLR ApoB (white dots) and Nrf2 LDLR ApoB
female mice (red dots) were aged for 6 or 12 months or/w a ch?(\)/(\)llldo(i)et. A, Quar/nificati(/)n of clr(%/slga
sectional lesion area (um°) from aortic root of LDLR ApoB and Nrf2  LDLR ApoB
female mice at the age of 6 or 12 months. Representative pictures of hematoxylin-eosin stained
sections. B, Lesion coverage of descending aorta (%) by en face analysis of 12-month-old
female mice. Representative pictures of aortic root are shown with a scale bar 100 um and en
face aortas with a scale bar of 1 mm. Each dot represents one mouse and the horizontal line
represents mean + SEM, *P<0.05 by Student’s t-test. Number of mice analyzed: 6-month-old
-I- 100/100 -I- -I- 100/100 -/- 100/100
LDLR ApoB n=14 and Nrf2 LDLR ApoB n=13, 12-month-old LDLR ApoB

100/100

n=10-12 and Nrf2" LDLR  ApoB™*"** n=g.

Figure 4. Nrf2 deficiency promotes necrosis and calcification in fibroatheroma plaques in
LDLR ApoB ™" female mice. LDLR  ApoB™*”*™ (white dots) and Nrf2 LDLR ApoB™"**
female mice (red dots) were aged for 6 or 12 months on a chow diet. A, Lesion macrophage
positive lesion area (outlined with a dotted line), B, necrotic area (hematoxylin-eosin staining,
necrotic area outlined with a dotted line) C, plaque calcification (Alizarin Red S staining, black
arrows depict red-stained calcifications) and D, 4-HNE positive lesion area measured in relation
to total lesion area (%) in aortic root sections. Representative pictures are shown with a scale
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bar 100 um. Each dot represents one mouse and the horizontal line represents me/an * So%,'\élé

*P<0.05, **P<0.0/1 by St/udent’s t-test. Number of mice analyzed: /6-month-/o|d LDLR" ApoB ™™ /
-/- -/- 100/100 -/- 100/100 -/-

n=7-13 and Nrf2 LDLR ApoB n=6-12, 12-month-old LDLR ApoB n=7-11 and Nrf2

100/100

LDLR "ApoB™*"** n=6-7.

/Figurelgdlllglorfz deficiency predisposes to myocardial inf?rctioqoglrg)gl sudden death ir/m LDLR/'
'ApoBOO/ o female mice. A, Survival curve (géc/))og)f LDLR ApoB / (n=5:§) and l;lor/f%(;'LDLR"
ApoB ' (n=44) female and LDLR ApoB "~ (n=30) and Nrf2 LDLR ApoB" " (n=15)
male mice until the age of 12 months, when mice were sacrificed for analysis. B, Representative
. . . . . -/- -I- 100/100
pictures of hematoxylin-eosin stained coronary artery sections from Nrf2 LDLR ApoB
female mice died of myocardial infarction at the age of 7 months. Coronary arteries are irlldicate(/j
by black arrows and aortic lumen by black star. C, Myocardium sections of Nrf2  LDLR™
100/100 . . . . . . . .
ApoB female mice were stained with Masson Trichrome. Histopathological examination
revealed regional fibrotic scar tissue formation (indicated by black arrows) in infarcted area.
Representative pictures are shown with a scale bar 100 um, statistical significance *P<0.05,

**P<0.01 by Log-rank test.

Figure 6. Nrf2 deficiency promotes plaque instability in brachiocephalic artery of aged
LDLR ApoB'™*® female mice. LDLR ApoB'®*® (n=8-10) (white dots) and Nrf2"LDLR”
ApoBlOO/100 mice (n=6-9) (red dots) were sacrificed at the age of 12 months and plaque
compositions was analysed from the brachiocephalic artery. Characteristics of instabile plaque,
such as A, macrophage area stained with representative pictures of mMQ stained sections, B,
necrotic core area analysed from Masson Trichrome stained sections and C, fibrofatty nodule
area (outlined with a dotted line) was analysed from Movat's Pentachrome staining and all the
quantifications were normalized to total lesion area, with representative pictures. D, Plague
calcification (%) was analysed from Alizarin Red S stained sections (black arrows depicit red-
stained calcification) in relation to total lesion area with representative pictures. Characteristics
of stabile plaque, such as E, plague collagen content was evaluated from Picro Sirius Red
staining and F, smooth muscle cell content from aSMA stained sections in relation to plaque
area with representative pictures. G, The fibrous cap thickness (um), was measured from
Masson’s Trichrome stained sections, with representative pictures from thinned cap (indicated
by black arrows). H, Plagque instability index and |, cap to core ratio were calculated as based on
plague morphological analysis, described more in detail in methods. Representative pictures are
shown with a scale bar 100 ym. Each dot represents one mouse and the horizontal line
represents meantSEM. *P<0.05, * P<0.05, **P<0.01, ***P<0.001 by Student’s t-test.

Figure 7. Nrf2 deficiency promotes inflammation and oxidative stress in atheroma plaque.
LDLR'/'ApoBmO/100 (n=6-9) (white dots) and Nrf2'/"LDLR'/'ApoBl()O/100 mice (n=5-6) (red dots) were
sacrificed at the age of 12 months and plague inflammation was analysed from the
brachiocephalic artery. Quantification of A, MCP-1 positive staining area (indicated by black
arrows) in relation to plaque area with representative pictures, and B, TNFa positive staining
area in relation to plague area. LDLR'/"ApoBmO/100 and Nrf2'/'LDLR'/'ApoBmO/100 bone marrow

cells were isolated and differentiated to macrophages. mRNA expression of pro-inflammatory
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cytokines C, MCP-1, D, TNF-q, E, IL-18 and F, IL-6 were detected in basal conditions (n=4) and
after treatment with AcLDL (n=6) or LPS (n=6) in bone marrow derived macrophages. Plasma G,
MCP-1 and H, TNFa levels were measured from LDLR'/'ApoBmO/100 (n=4) and Nrf2 LDLR™
ApoBlOOIlOO mice (n=5). Plaque I, 4-HNE and J, 3-NT positive plaque area (%) (indicated by black
arrows) normalized to total plaque area with representative sections. Representative pictures are
shown with a scale bar 100 ym. Each dot represents one mouse and the horizontal line

represents mean + SEM, *P<0.05, **P<0.01, ***P<0.001 by Student’s t-test.
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Figure 1. Nrf2 deficiency impairs development of diet-induced atherosclerosis in LDLR” male
mice. LDLR” (white dots) and Nrf2"LDLR” (red dots) male mice were fed HFD for 6 or 12 wk. A,
Quantification of cross-sectional lesion area (um?2) from aortic root of LDLR” and Nrf2/-LDLR”- mice.
Representative pictures of hematoxylin-eosin stained sections. B, Lesion coverage of entire aorta (%)
by en face analysis with representative pictures of Oil Red O stained aortas. Representative pictures of
aortic root are shown with a scale bar 100 ym and en face aortas with a scale bar 1 mm. Each dot
represents one mouse and the horizontal line represents mean + SEM, statistical significance *P<0.05,
**P<0.01 by Student’s t-test. Number of mice analyzed: 6 wk HFD LDLR”- n=7 and Nrf2""LDLR”- n=3-8,

12 weeks HFD LDLR" n=7-10 and Nrf2""LDLR" n=15-10.
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Figure 2. Nrf2 deficiency increases macrophage positive area in aortic plaques of LDLR"”
male mice. LDLR (white dots) and Nrf2"-LDLR"- mice (red dots) were fed HFD for 6 or 12 wk.
A, Macrophage positive lesion area normalized to total lesion area (%) and measured from the
aortic root. Representative pictures of mMQ immunostained sections (macrophage positive
area is outlined with a dotted line). B, Lesion necrotic area (%) normalized to total lesion area
from hematoxylin-eosin stained aortic root sections after 12 wk HFD (necrotic area outlined with
a dotted line). Representative pictures are shown with a scale bar 100 um. Each dot represents
one mouse and the horizontal line represents mean + SEM, *P<0.05, **P<0.001 by Student’s t-
test. Number of mice analyzed: 6 wk HFD LDLR” n=11 and Nrf2”"LDLR” n=11, 12 weeks HFD

LDLR" n=7 and Nrf2""LDLR"- n=6-10.
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Figure 3. Nrf2 deficiency impairs development of ageing-induced atherosclerosis in
LDLR”ApoB100100 female mice. LDLR”"-ApoB10%19%0 (white dots) and Nrf2/"LDLR"-ApoB100/100
female mice (red dots) were aged for 6 or 12 months on a chow diet. A, Quantification of cross-
sectional lesion area (um?) from aortic root of LDLR”-ApoB109100 and Nrf2-LDLR"-ApoB100/100
female mice at the age of 6 or 12 months. Representative pictures of hematoxylin-eosin
stained sections. B, Lesion coverage of descending aorta (%) by en face analysis of 12-month-
old female mice. Representative pictures of aortic root are shown with a scale bar 100 ym and
en face aortas with a scale bar of 1 mm. Each dot represents one mouse and the horizontal
line represents mean + SEM, *P<0.05 by Student’s t-test. Number of mice analyzed: 6-month-
old LDLR”ApoB00100 n=14 and Nrf2”LDLR”ApoB001% n=13, 12-month-old LDLR"
ApoB100100 n=10-12 and Nrf2"LDLR"-ApoB100/190 n=8,
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Figure 4. Nrf2 deficiency promotes necrosis and calcification in fibroatheroma plaques in LDLR
ApoB100/100 female mice. LDLR-ApoB109100 (white dots) and Nrf2”"LDLR"-ApoB10%100 female mice (red
dots) were aged for 6 or 12 months on a chow diet. A, Lesion macrophage positive lesion area (outlined
with a dotted line), B, necrotic area (hematoxylin-eosin staining, necrotic area outlined with a dotted line)
C, plaque calcification (Alizarin Red S staining, black arrows depict red-stained calcifications) and D, 4-
HNE positive lesion area measured in relation to total lesion area (%) in aortic root sections.
Representative pictures are shown with a scale bar 100 ym. Each dot represents one mouse and the
horizontal line represents mean + SEM, *P<0.05, *P<0.01 by Student’s t-test. Number of mice
analyzed: 6-month-old LDLR7-ApoB10%100 n=7-13 and Nrf2”"LDLR”-ApoB10%100 n=6-12, 12-month-old
LDLR”-ApoB100/100 n=7-11 and Nrf2”-"LDLR"-ApoB100/100 n=6-7.
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Figure 5. Nrf2 deficiency predisposes to myocardial infarction and sudden death in LDLR"
ApoB100100 female mice. A, Survival curve (%) of LDLR’-ApoB°100 (n=53) and Nrf2""LDLR"
ApoB100/100 (n=44) female and LDLR”-ApoB109100 (n=30) and Nrf2"LDLR"-ApoB1°%1%0 (n=15) male
mice until the age of 12 months, when mice were sacrificed for analysis. B, Representative
pictures of hematoxylin-eosin stained coronary artery sections from Nrf2/-LDLR’-ApoB100/100
female mice died of myocardial infarction at the age of 7 months. Coronary arteries are indicated
by black arrows and aortic lumen by black star. C, Myocardium sections of Nrf2”"LDLR"
ApoB100100 female mice were stained with Masson Trichrome. Histopathological examination
revealed regional fibrotic scar tissue formation (indicated by black arrows) in infarcted area.

Representative pictures are shown with a scale bar 100 pm, statistical significance *P<0.05,
*P<0.01 by Log-rank test.

Downl oaded from https://academ c. oup. cont car di ovascr es/ advance-arti cl e-abstract/doi/10. 1093/ cvr/cvy143/ 5039894
by University of Eastern Finland user
on 25 June 2018



Fyure 6 LDLR™ Nrf2-LDLR"- B LDLR" Nrf2/-LDLR"-

OMacrophages ApOBIOOIlOO ApoBmO/lOO BO-NGCI'OtiC core ApOBmOIlOO ApOBIOOIlOO
% R ot W 560 . . S ————
. 5 604
% 5 . g 9 =
g o
£ fol o
\°° 0 éog 090 ‘é 20 o .
° A s o° .
= L R . g e &:\ \ G 0 T T
C o LDLR”ApoB'%1% e Nrf2”LDLRApoB'0¥1%0
100_F|brofatty*r29dule 100_0 alcification
@ L] © % £ "'-.hl PS50
5 80 —— 58 T 1 “
o ° v
S 601 {i_ 3 60 .
2 4] 2 40| o 4 3
bS] 0° 'S 00 <
o 207 o 201
R X
0 T T 0 = 7 —
E Collagen F
2 H - s
© o .- & ©
L 401 = o
(] ©
g 30 ok g 19}
8 o® &
2 207 -
= 5 0.5
= 107 2
0 T 0.0
G Fibrous cap thickness H Instability index I Capl/core ratio
401 i 57 — 0.06 S !
L ]
sof 4
N
3 £004] o
€ 20{ <
. : E
] *° —’—‘:iﬁ— g " —F Eom ;_:g_ .
o 1- m L
00 o. 0% _:;.E
0 ; Y T 0.00 T T

Figure 6. Nrf2 deficiency promotes plaque instability in brachiocephalic artery of aged LDLR”
ApoB100100 female mice. LDLR”ApoB10%100 (n=8-10) (white dots) and Nrf2/-LDLR--ApoB10%1%0 mice (n=6-9)
(red dots) were sacrificed at the age of 12 months and plaque compositions was analysed from the
brachiocephalic artery. Characteristics of instabile plague, such as A, macrophage area stained with
representative pictures of mMQ stained sections, B, Necrotic core area analysed from Masson Trichrome
stained sections and C, fibro fatty nodule area (outlined with a dotted line) was analysed from Movat's
Pentachrome staining and all the quantifications were normalized to total lesion area, with representative
pictures. D, Plaque calcification (%) was analysed from Alizarin Red S stained sections (black arrows depicit
red-stained calcification) in relation to total lesion area with representative pictures. Characteristics of stabile
plague, such as E, plague collagen content was evaluated from Picro Sirius Red staining and F, smooth
muscle cell content from aSMA stained sections in relation to plague area with representative pictures.
Important hallmark of vulnerable plaque, G, a fibrous cap thickness (um), was measured from Masson’'s
Trichrome stained sections, with representative pictures from thinned cap (indicated by black arrows). H,
Plaque instability index and I, cap to core ratio were calculated as based on plaque morphological analysis,
described more in detail in methods. Representative pictures are shown with a scale bar 100 um. Each dot
represents one mouse and the horizontal line represents mean + SEM *P<0.05, * P<0.05, *P<0.01,
***P<0.001 by Student’s t-test.
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Figure 7
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Figure 7. Nrf2 deficiency promotes inflammation and oxidative stress in atheroma plague. LDLR"
ApoB100110 (n=6-9) (white dots) and Nrf2"-"LDLR"-ApoB091%0 mjce (n=5-6) (red dots) were sacrificed at the age
of 12 months and plaque inflammation was analysed from the brachiocephalic artery. Quantification of A, MCP-
1 positive staining area (indicated by black arrows) in relation to plaque area with representative pictures, and
B, TNFa positive staining area in relation to plaque area. LDLR”-ApoB10%100 and Nrf2--LDLR*-ApoB100100 hone
marrow cells were isolated and differentiated to macrophages. mRNA expression of pro-inflammatory
cytokines C, MCP-1, D, TNF-a, E, IL-1B8 and F, IL-6 were detected in basal conditions (n=4-6) and after
treatment with AcLDL (n=3-6) or LPS (n=3-6) in bone marrow derived macrophages. Plasma G, MCP-1 and H,
TNFa levels were measured from LDLR-ApoB100190 (n=4) and Nrf2"LDLR"-ApoB109100 mice (n=5). Plaque I, 4-
HNE and J, 3-NT positive plaque area (%) (indicated by black arrows) normalized to total plaque area with
representative sections. Representative pictures are shown with a scale bar 100 um. Each dot represents one
mouse and the horizontal line represents mean + SEM, *P<0.05, **P<0.01, ***P<0.001 by Student’s t-test.
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