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Abstract

Background: Mitochondrial reactive oxygen species (ROS) contribute to inflammation and
vascular remodeling during atherosclerotic plaque formation. C57BL/6N (6N) and C57BL/6J (6J)
mice display distinct mitochondrial redox balance due to the absence of nicotinamide nucleotide
transhydrogenase (NNT) in 6J mice. We hypothesize that differential NNT expression between
these animals alters plague development.

Methods: 6N and 6J mice were treated with AAV8-PCSK?9 (adeno-associated virus serotype 8/
proprotein convertase subtilisin/kexin type 9) virus leading to hypercholesterolemia, increased
low-density lipoprotein, and atherosclerosis in mice fed a high-fat diet (HFD). Mice were co-
treated with the mitochondria-targeted superoxide dismutase mimetic MitoTEMPO to assess the
contribution of mitochondrial ROS to atherosclerosis.

Results: Baseline and HFD-induced vascular superoxide is increased in 6J compared to 6N mice.
MitoTEMPO diminished superoxide in both groups demonstrating differential production of
mitochondrial ROS among these strains. PCSK9 treatment and HFD led to similar increases in
plasma lipids in both 6N and 6J mice. However, 6J animals displayed significantly higher levels of
plaque formation. MitoTEMPO reduced plasma lipids but did not affect plaque formation in 6N
mice. In contrast, MitoTEMPO surprisingly increased plaque formation in 6J mice.
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Conclusion: These data indicate that loss of NNT increases vascular ROS production and
exacerbates atherosclerotic plaque development.
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Introduction

Atherosclerosis, a progressive chronic inflammatory disease of the vessel wall, is regulated
by oxidative stress throughout the course of disease development. While reactive oxygen
species (ROS) can be generated at multiple sites in the cell, increasing evidence implicates
mitochondrial ROS as a major factor in multiple steps during atherosclerotic plaque
formation, including endothelial activation, lipoprotein modification, macrophage function,
and smooth-muscle recruitment [1-3]. Mitochondrial ROS generation occurs during
oxidative phosphorylation primarily at complexes | and Il1, leading to increased formation of
superoxide (O»-7) and hydrogen peroxide (H,05) [4]. Mitochondria possess multiple
antioxidant systems that function to maintain the balance between ROS production and
consumption. In the mitochondrial matrix, O, is efficiently converted to H,O, by the
activity of manganese superoxide dismutase (MnSOD) [5-7]. H,O, is further detoxified to
water by multiple thiol-dependent reductive pathways in the mitochondria that include the
thioredoxin, peroxiredoxin, and glutathione peroxidase systems. Alterations in MnSOD
expression in atherosclerosis-prone ApoE—/- mice and the regulation of plaque formation by
downstream antioxidant enzymes (e.g., glutathione peroxidase-1, thioredoxin-2,
peroxiredoxin-3, glutaredoxin-2) suggest mitochondrial ROS play a critical role in
atherosclerosis [8-10]. Interestingly, all of the antioxidant systems downstream of MnSOD
in the mitochondria are either directly or indirectly dependent on NADPH to provide the
reducing equivalents to maintain mitochondrial redox balance.

The mitochondria possess several enzymatic sources of NADPH including nicotinamide
nucleotide transhydrogenase (NNT), NADP-dependent isocitrate dehydrogenase, NADPH-
dependent malic enzyme, and glutamate dehydrogenase [11-16]. NNT is a ubiquitous
mitochondrial inner membrane protein that couples proton translocation across the
mitochondrial inner membrane to a redox reaction that reduces mitochondrial NADP+ while
oxidizing NADH [17-19]. The commonly used C57BL/6J (6J) mouse strain possesses a
mutation in NNT leading to a loss of NNT activity and reduced mitochondrial NADPH
levels [20-22], whereas the related C57BL/6N (6N) mice show normal NNT activity. The
loss of NNT in 6J mitochondria results in a pro-oxidative phenotype, characterized by
increased hydrogen peroxide production and a reduced GSH/GSSG ratio compared to the
6N animals [23]. We previously demonstrated that 6J mice show enhanced susceptibility to
angiotensin ll-induced hypertension compared to 6N mice, and blunting mitochondrial
oxidant stress with the MnSOD mimetic MitoTEMPO alleviates this differential response
[24]. While 6J is commonly used for atherosclerosis studies, the functional consequence of
altered NNT activity between these 2 C57BL/6 substrains has not been explored in the
context of atherosclerosis.
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To assess whether these substrain differences affect atherosclerotic plaque formation, we
used the recombinant adeno-associated virus serotype 8 (rAAV) encoding a gain-of-function
mutant (D377Y) of proprotein convertase subtilisin/kexin type 9 (PCSK?9), a regulator of
hepatic low-density lipoprotein (LDL) receptor trafficking and expression [25].
Overexpression of PCSK9 results in hypercholesterolemia and susceptibility to diet-induced
atherosclerosis in multiple animal models [25, 26]. In the present study, we demonstrate that
6N and 6J mice show both differential susceptibility to diet-induced atherosclerosis and
differential responsiveness to the MNnSOD mimetic MitoTEMPO.

Materials and Methods

AAV8-PCSK9 Viral Vector Preparation

DNA for pAAV/D377Y-mPCSK9 (Addgene plasmid No. 58376), a gift from Jacob Bentzon
[25], was packaged into adeno-associated virus serotype 8 (AAV8) using helper and capsid
plasmids from the University of Pennsylvania [27, 28]. Viral stocks were sterilized via
Millipore Millex-GV syringe filter (Billerica, MA, USA), titered by dot blot assay,
aliquoted, and stored frozen until use. The final product will be referred to as PCSKO.

Animal Procedures and Tissue Collection

All experimental procedures involving animals were performed according to the criteria
outlined by the National Institutes of Health and approved by the Institutional Animal Care
and Use Committee of the LSU Health Sciences Center — Shreveport. Male 6N and 6J mice
(The Jackson Laboratory) were fed a standard chow diet. Between 8 and 9 weeks of age,
mice were given retro-orbital injections of 3 x 1010 vector genomes of AAV8-PCSK9. Two
weeks following the AAV8-PCSK? injection the mice were switched to a high-fat, Western
diet (TD 88137; Harlan-Teklad, Madison, WI, USA) that contained 21% fat by weight
(0.15% cholesterol and 19.5% casein without sodium cholate) for 8 weeks. Weight was
monitored weekly. After 4 weeks of feeding a high-fat diet (HFD), a subset of the 6N and 6J
mice received implants of Alzet (Cuperino, CA) pumps (Micro-Osmotic Pump, Model
1004) that contained 0.8 mg/kg/day Mito-TEMPO (Enzo Life Sciences) under isoflurane
anesthesia (5% on induction; 2% for maintenance during surgery), and the HFD feeding was
resumed for an additional 4 weeks.

After 8 weeks on HFD, all mice received an intraperitoneal injection of dihydroethidium
(Sigma) 1 h prior to sacrifice (details in “Superoxide Measurements”). The mice were then
euthanized by exsanguination and pneumothorax under isoflurane anesthesia. Blood was
collected by vena cava puncture into heparinized blood collection tubes, centrifuged, and
plasma was isolated and frozen at =80 °C until analysis. The left carotid sinus was
immediately collected and flash frozen for tissue superoxide measurements by HPLC. Mice
were perfused with phosphate-buffered saline to remove residual blood from the circulation.
The aortic root and aorta were excised, placed in 4% phosphate-buffered formaldehyde, and
analyzed for plaque size and composition. The liver was removed and placed in 4%
phosphate-buffered formaldehyde until pathological analysis.
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Blood Plasma Analysis

Blood plasma was analyzed for total cholesterol (Wako), high-density lipoprotein cholesterol
(Wako), and triglycerides (Pointe Scientific) using commercially available kits. LDL
cholesterol was calculated using the Friedewald equation.

Liver Pathology Analysis

Livers were fixed in phosphate-buffered 4% formaldehyde, embedded in paraffin, and cut
into 5-um sections. Hemotoxylin-eosin and Masson trichrome staining was performed to
assess lipid content, inflammation, and fibrosis. Slides were provided to a pathologist for
blinded scoring. Livers were scored on the NASH Clinical Research Network Scoring
System [29].

Histology and Image Quantification

Aortic roots were fixed in phosphate-buffered 4% formaldehyde, embedded in paraffin, and
cut into 5-pum sections. Russell-Movat Pentachrome staining was performed to determine
plaque area. Images were collected using an Olympus BX40 microscope, and quantification
of the lesion area inside the internal elastic lamina was determined using Nikon Elements
imaging software.

Immunofluorescence Staining

Aortic roots were fixed in phosphate-buffered 4% formaldehyde, embedded in paraffin, and
cut into 5-pum sections. All sections within each regimen were taken from the same site at
equal distance from an anatomical landmark (initiation of valve leaflets). Tissue sections
were rehydrated, and antigen retrieval was performed in 10 mm citrate buffer (0.1 m citric
acid and 0.1 m sodium citrate) using a microwave oven. Sections were blocked in blocking
buffer (1% bovine serum albumin in phosphate-buffered saline) for at least 1 h at room
temperature. Sections were rinsed with Tris-buffered saline with 0.1% Tween-20 three times.
Primary antibodies were added and incubated overnight at 4 °C. Sections were then rinsed
with 3 washes of Tris-buffered saline with 0.1% Tween-20. Secondary antibodies (all diluted
1:200) were added and allowed to incubate for 2 h at room temperature. Sections were
washed in phosphate-buffered saline, then incubated with 3,3’ -diaminobenzidine (Molecular
Probes, D-3571) at a dilution of 1:50,000 for 10 min at room temperature. Slides were
imaged using a Nikon Eclipse Ti inverted epifiuorescence microscope equipped with a
Photometries ColISNAP120 ES2 camera, and images were prepared using Nikon Elements
software. Primary antibodies used include: 1:10,000 Mac2 (Accurate Chem., CL8942AP),
1:200 smooth-muscle actin (Sigma Aldrich, C6198), and 1:250 von Willebrand factor
(Dako, A0082). Secondary antibodies used included: Alexa Fluor® 647 donkey anti-rabbit
IgG (A31573) and Alexa Fluor® 488 donkey anti-rat IgG (A21208) purchased from Life
Technologies.

Oil Red O Staining

Aortas were excised, cleaned of adventitia, and stained for atherosclerotic lesions using
0.5% oil red O stain prepared in 60% isopropanol. The images were photographed using a
DS-Fil camera (Nikon) on a multizoom AZ100 microscope (Nikon), and the plaque burden
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was analyzed using Nikon Elements software and expressed as a percentage of total aortic
area.

Superoxide Measurements

Tissue superoxide production was measured using the dihydroethidium HPLC method as
previously reported [30]. One hour prior to sacrifice, all mice were injected intraperitoneally
with 300 uL of dihydroethidium (10 mg/kg). Left carotid sinuses were obtained at the time
of sacrifice and were flash frozen. For HPLC tissues were homogenized in a 50-mm
phosphate buffer (pH 7.4) with 5 mm potassium cyanide, divided into 2 fractions, and one
half was precipitated using acidified methanol; 2-OH-E+ was enriched from the supernatant
of the second fraction after precipitating protein, using a microcolumn preparation of Dowex
50WX-8 cation exchange resin and eluted with 10 n HCI. The 2-OH-E+ product was then
measured using fluorescence detection (ex: 490; em: 567) with a Shimadzu UFLC HPLC
system. 2-OH-E+ superoxide production was normalized to total protein and reported as
picomoles per milligram of protein.

Statistical Analysis

Results

Data are given as means + SEM; n indicates the number of mice. Statistical comparisons
between groups were performed using GraphPad Prism software. Superoxide levels, plasma
lipids, plague measurements, and immunofluorescence data were analyzed by 1-way
ANOVA with a Bonferroni multiple comparison test. A 1-way ANOVA was performed with
Dunn’s multiple comparison test to evaluate liver pathology.

Vascular Superoxide Production Is Increased in 6J Mice on HFD

Elevated mitochondrial ROS contribute to vascular inflammation and atherosclerosis [31,
32]; however, it is unclear how distinct mitochondrial functional properties may impact the
development of atherosclerosis. To test this, we utilized 6N and 6J mice that have
documented differences in mitochondrial functional properties [23, 24, 33, 34]. The 6J mice
contain a naturally occurring in-frame 5-exon deletion within the Aint gene that results in the
loss of NNT protein production [35]. NNT is a mitochondrial inner membrane protein that
catalyzes the transhydrogenation between NADH and NADP+. We have previously shown
that this mutation leads to unique mitochondrial bioenergetic profiles in primary vascular
endothelial cells isolated from these animals [24], and these variations may contribute to
differences in atherosclerotic plaque progression. AAV8-PCSKJ injection was used to
disrupt hepatic lipid handling and make the animals susceptible to diet-induced
atherogenesis. Two weeks after AAV8-PCSKY injection, the 6N and 6J animals were placed
on an HFD for 8 weeks with a subset of each group receiving the mitochondrial SOD
mimetic MitoTEMPO (0.8 mg/kg/day) for the final 4 weeks of the experiment. To determine
how superoxide levels were impacted by HFD and co-treatment with HFD and
MitoTEMPO, we quantified the oxidation of dihydroethidium to the superoxide-specific
oxidation product (2-OH-HE+) in the left carotid sinus by HPLC (Fig. 1). Interestingly, even
in untreated animals, vascular superoxide production was significantly higher in the 6J
animals when compared to the 6N confirming mitochondrial functional variation as a
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regulator of vascular superoxide production. Furthermore, AAV8-PCSK®9 treatment followed
by 8 weeks of HFD significantly increased superoxide production in both animal groups;
however, this effect was exacerbated in the 6J animals. Co-treatment with MitoTEMPO in
the final 4 weeks of the experimental period was able to completely block HFD-induced
increases in vascular superoxide production in both groups implicating the mitochondria as
the major source of the ROS.

AAV8-PCSK9 Treatment Leads to Disruption of Cholesterol Handling in Both 6N and 6J

Mice

Two weeks of AAV8-PCSKO9 treatment led to increased plasma cholesterol in both groups;
however, there were no significant differences in plasma cholesterol between the 6N and 6J
animals before or after AAV8-PCSKO9 treatment (Fig. 2a). We observed no significant
differences in weight gain among any of the treatment groups (Fig. 2b) and no marked
differences in plasma lipids were detected in animals treated with FIFD alone except that 6J
animals had significantly fewer triglycerides compared to 6N (Fig. 2c¢). Interestingly,
MitoTEMPO treatment resulted in a significant decrease in total cholesterol, triglycerides,
and LDL in the 6N animals that was not observed in 6J mice (Fig. 2c). This unique response
to MitoTEMPO in the 6N mice led us to consider whether the livers of these mice were
differentially impacted by AAV8-PCSKJ9 treatment with HFD in the presence or absence of
MitoTEMPO. Histological analysis of the livers indicated that there was no difference in
steatosis (Fig. 3a) or ballooning (Fig. 3b), suggesting hepatic lipid handling is similar among
all groups. Additionally, levels of liver inflammation (Fig. 3c) and fibrosis (Fig. 3d) were
consistent in both 6N and 6J mice across all treatments. These data indicate that differences
in mitochondrial function and the production of mitochondrial superoxide may contribute to
a unique regulation of plasma lipids in the context of atherogenic development that is
independent of liver dysfunction.

Absence of NNT Increases Atherosclerotic Plague Burden in 6J Mice on HFD

To determine whether the 6N and 6J mice show differential susceptibility to diet-induced
atherosclerotic plaque formation, the aorta and aortic root were collected after 8 weeks of
HFD, and atherosclerosis was assessed. En face staining of aortas with oil red O to visualize
the atherosclerotic plague area demonstrated that 6J mice show a significantly higher
atherosclerotic burden in the aortic arch and in the whole aorta when compared to 6N mice
(Fig. 4a, b). While MitoTEMPO treatment did not affect the atherosclerotic burden in whole
aorta in either the 6N or 6J animals, MitoTEMPO treatment surprisingly exacerbated
atherosclerotic plaque formation in the aortic root in the 6J mice despite normalizing
vascular superoxide levels (Fig. 4a, c). In contrast, 6N mice showed a trend for reduced
atherosclerosis following MiloTEMPO treatment in both the aortic arch and the whole aorta,
although the differences did not reach statistical significance.

To confirm the changes in plaque formation observed with en face staining of aortas, cross-
sections of the aortic root were analyzed for changes in plaque size between 6J and 6N mice.
Consistent with the aorta, 6J animals placed on HFD show significantly larger plaques in the
aortic root compared to the 6N animals (Fig. 5a, b). Similarly, MitoTEMPO treatment
exacerbated plaque development in the 6J animals while having no appreciable impact on
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plaque development in the 6N mice (Fig. 5b). To determine whether changes in plaque
composition accompanied differences in plaque size, cross-sections of the aortic roots were
stained with markers for macrophages (Mac2), smooth-muscle cells (smooth-muscle actin),
and endothelial cells (von Willebrand factor) and visualized by immunofluorescence (Fig.
6a). Quantification of fluorescence intensity indicates that plague composition was not
significantly different in any of the treatment groups (Fig. 6b—d) although we did observe a
trend for increased smooth-muscle cell content in plaques from both the 6N and 6J mice
treated with HFD and MitoTEMPO. These data demonstrate that distinct mitochondrial
functional properties and the production of mitochondrial ROS influence the severity of
HFD-induced atherosclerosis in 6N and 6J substrains.

Discussion

Numerous studies have implicated mitochondria-derived ROS as a critical regulator of
atherosclerotic development [32]. As mitochondrial superoxide generation is a byproduct of
normal energy metabolism, the rale and/or levels of superoxide generation will be dictated
by the functional properties of the mitochondria. However, it is unclear how variation in
mitochondrial function may impact the production of superoxide and further alter the
development of atherosclerosis in vivo. Previous work from our lab and others has
demonstrated that the presence or absence of NNT in 6N and 6J mice results in unique
mitochondrial functional properties [23, 24, 33, 34]. Additionally, we have shown that
increased mitochondrial superoxide generation observed in the 6J mice is able to exacerbate
angiotensin Il-induced hypertension in these mice [24]. We decided to investigate whether
differences in NNT expression and subsequent pro-oxidative mitochondrial phenotype
influences atherosclerosis development using the rAAV encoding a gain-of-function mutant
form (D377Y) of PCSK9. Hypercholesterolemia associated with this model led to increased
vascular superoxide production, with an even greater increase observed in 6J mice lacking
NNT. Furthermore, the loss of NNT augmented atherosclerosis independent of changes in
atherosclerotic serum lipid profiles. Interestingly, even though MitoTEMPO treatment
reduced hypercholesterolemia-elicited vascular superoxide production, it did not reduce
atherosclerosis. In fact, MitoTEMPO exacerbated atherosclerosis severity in 6J mice. The
ability of MitoTEMPO to reduce cholesterol in the 6N mice, but not the 6J, may have
contributed to this observation. Histological analysis of livers from all groups indicates that
this effect is independent of dysfunctional hepatic lipid handling associated with the PCSK9
and/or MitoTEMPO treatments in these mice. Reduced circulating cholesterol levels incited
by scavenging mitochondrial ROS is an unexpected observation, and the link between
mitochondrial ROS and the regulation of blood lipids in atherosclerosis remains completely
undefined. Supporting our observations, Kim et al. [36] have also demonstrated that
systemic scavenging of ROS with TEMPOL can also decrease plasma lipid levels in ApoE-/
- mice treated with HFD. These data suggest another mechanism by which mitochondrial
ROS may contribute to HFD-induced atherosclerosis that merits further exploration. It is
possible that the increased plaque size observed in the HFD-treated 6J mice that received
MitoTEMPO could be an adaptive response aimed at stabilization of the plaque to prevent
plaque rupture. Previous work has demonstrated that treatment with TEMPOL increases
plaque collagen content that is consistent with a more stable plaque [36]. However,
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immunocytofluorescence of the plaques from this study indicated that there was no
difference in smooth muscle cell content in the plaques among any of the groups (Fig. 6)
suggesting that MitoTEMPO in the 6J mice did not alter plaque stability. It is important to
note that the 6J animal is not an NNT-specific knockout but rather a unique substrain of the
C57BL/6 mouse, and as a result we cannot exclude other strain-specific differences as
contributors to the pro-atherogenic phenotype we observe in the 6J mice [37]. However, the
vast majority of studies that have investigated the development of metabolic disease in these
mice have implicated NNT, changes in mitochondrial function, or alterations of ROS
metabolism as a critical regulator of the differences observed amongst these mice [13, 38].
Our data are consistent with these studies and suggest that the loss of NNT impacts not only
the development of atherosclerosis but also the effect that antioxidant treatment has on
atherosclerotic development.

The contribution of ROS to the development of atherosclerosis has primarily been focused
on NADPH oxidases as the source of ROS production [31]. Far less is known regarding the
ability of mitochondrial ROS to impact the development of atherosclerosis in vivo. Previous
studies have demonstrated that treatment with mitochondria-targeted antioxidants can reduce
the vascular pathologies associated with atherosclerosis when given systemically [39].
However, it is unclear whether variation in mitochondrial functional properties will have any
impact on the initiation or progression of atherosclerosis. The 6J animals display a pro-
oxidative mitochondrial phenotype characterized by increased superoxide and hydrogen
peroxide production and decreased glutathione levels and glutathione peroxidase activity
[23, 24]. Consistent with a pro-oxidative mitochondrial phenotype we observed increased
vascular superoxide production in untreated 6J animals compared to 6N ones (Fig. 1).
Vascular superoxide was elevated in both groups in response to the HFD, but the production
of superoxide was significantly higher in the 6J animals. As expected, co-treatment of the
mice with MitoTEMPO was able to reduce vascular superoxide production to near baseline
levels in both groups. These data demonstrate that mitochondrial ROS production differs
among the 6N and 6J mice implicating the absence of NNT in the disruption of normal
mitochondrial redox balance in the 6J mice. The HFD increased mitochondrial superoxide
production in both groups, and again the effect was more severe in the 6J animals suggesting
that the increased ROS production plays a key role in the observed differences in plaque
development in 6J mice.

MitoTEMPO functions as a mitochondria-targeted SOD mimetic that will effectively
scavenge mitochondrial superoxide with hydrogen peroxide as a putative product. In most
circumstances, this hydrogen peroxide would then be quickly broken down by the
mitochondrial antioxidant systems that include glutathione peroxidase and peroxiredoxins.
However, we have previously shown that the absence of NNT in the 6J animals leads to a
reduction in glutathione peroxidase activity [24]. Previous studies have demonstrated that a
reduction in glutathione peroxidase activity is associated with an accelerated progression of
atherosclerosis [9]. This observation agrees with the concept that the absence of NNT
activity in the 6J cells will have an impact on antioxidant activities that are dependent upon
NADPH for their reducing equivalents. In this case, glutathione peroxidase relies upon
NADPH to maintain the reduced glutathione pools utilized for its catalytic cycle. The data
presented here suggest that, in the presence of MitoTEMPO, superoxide production in the
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mitochondria of 6J cells will be quickly scavenged and may lead to increases in hydrogen
peroxide, but due to impaired glutathione peroxidase activity, the hydrogen peroxide will
persist. A similar study that compared the metabolic responses of the 6N and 6J mice to an
HFD/high-sucrose diet observed increased hydrogen peroxide emission rates under all
substrate conditions in muscle fibers from 6J compared to 6N mice [40]. While no
significant differences were observed across multiple phenotypic indices of metabolic
disease, this study supports the concept that the absence of NNT will increase the steady-
state levels of mitochondrial hydrogen peroxide. In light of this study, our data illustrating
the impact of NNT’s absence on plagque development suggests a more prominent role for
NNT in regulating the contribution of mitochondrial ROS at sites of inflammation within the
regions of the plaque itself. As hydrogen peroxide can easily diffuse across mitochondrial
membranes, reduced NNT activity could lead to a longer half-life and an increased
opportunity to contribute to cellular dysfunction. Supporting this concept, mice that
overexpress both SOD1 and catalase have a greater reduction in atherosclerosis than the
expression of just SOD1, highlighting the ability of hydrogen peroxide to contribute to
atherosclerotic development and suggesting that the removal of both superoxide and
hydrogen peroxide provides the greatest atheroprotective effect [41]. The data presented here
demonstrate that variation in mitochondrial function and a pro-oxidative mitochondrial
phenotype in 6J animals leads to more severe atherosclerotic disease and implicates
hydrogen peroxide as an important mediator in atherosclerotic plaque development.

The significant contribution of ROS to plaque development suggests that antioxidant therapy
should provide a therapeutic benefit with respect to atherosclerotic progression. However,
the use of antioxidant treatments to reduce atherosclerosis has been met with mixed results.
The most compelling evidence for a beneficial effect of antioxidants to reduce oxidative
stress in the pathogenesis of atherosclerosis originates from animal models of disease.
Studies have shown that decreasing ROS generation by transgenic expression of antioxidant
enzymes such as SOD1, catalase, and glutathione reductase in general reduce atherosclerotic
severity [41, 42]. Similarly, increased ROS associated with a loss of SOD2 or glutathione
peroxidase activity enhances atherosclerotic development [8, 9, 43]. While these studies
proposed that the mechanism of enhanced atherosclerosis in the SOD2+/— mice is likely due
to changes in mitochondrial function rather than enhanced oxidative stress, the authors did
not address to what extent mitochondrial function and ROS production may be linked. In
humans, several antioxidant therapies including vitamin E, vitamin C, vitamin A and -
carotene have failed to provide an overall benefit, and meta-analysis suggests that there may
be a potential increase in mortality associated with these supplements [44]. Interestingly, we
demonstrate here that MitoTEMPO treatment failed to reduce atherosclerosis in 6N mice,
and further exacerbated atherosclerosis in 6J mice. This is in contrast to earlier work
demonstrating that 12-week MitoTEMPO therapy in aged ApoE—/- mice on HFD modestly
reduced plaque burden in aortas [45]. Differences in the impact of MitoTEMPO treatment
on atherosclerotic plaque development may be related to several factors. The mice used in
our study were young compared to the aged ApoE—-/- mice, and it is unclear how
mitochondrial function and the propensity for mitochondrial ROS production may have
changed over that time. Additionally, the models of diet-induced atherosclerosis used in
these studies are unique. While both models disrupt normal lipid handling allowing the mice
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to be susceptible to diet-induced atherosclerosis, it is accomplished in very different ways.
The AAV8-PSCK9 model shows remarkable consistency with other mouse models of
atherosclerosis; however, some differences have been observed, and further studies are
required to determine exactly how to assimilate these new data with what has previously
been shown with established models.

We have shown that the absence of NNT and a pro-oxidative mitochondrial phenotype leads
to increased atherosclerotic burden in response to HFD in the 6J mice. Interestingly, co-
treatment with the mitochondria-targeted SOD mimetic MitoTEMPO lowered vascular
superoxide production but exacerbated atherosclerosis in the 6J animals suggesting a pro-
atherogenic role for hydrogen peroxide under these conditions. These data are consistent
with our previous studies implicating NNT as a critical regulator of mitochondrial redox
balance that, when lost, contributes to enhanced cardiovascular pathologies. As a central
regulator of mitochondrial ROS levels through modulation of the mitochondrial antioxidant
systems, our data suggest that NNT could be a novel effector protein that is uniquely capable
of having a significant impact on ROS-driven endothelial dysfunction and plaque
development associated with the development of atherosclerosis.
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Fig. 1.

High-fat diet (HFD) exacerbates the increased vascular superoxide production observed in
C57BL/6J mice. Vascular superoxide production was determined in untreated mice, those
with AAV8-PCSK9 virus (3 x 1019 vector genomes) for 2 weeks and then subjected to HFD
for 8 weeks, or HFD for 4 weeks followed by co-treatment with HFD and MitoTEMPO
(MT; 0.8 mg/kg/day) for the final 4 weeks of the experiment. Superoxide was quantified in
the left carotid sinus of the mice by exposing the animals to dihydroethidium at 10 mg/kg
i.p. for 1 h and measuring the superoxide-specific oxidation product 2-OH-HE+ by HPLC.
Values are means + SEM of >6-8 animals. 2 p < 0.05 versus 6N; P p < 0.05 versus untreated.
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Fig. 2.

AAVE-PCSK9 treatment leads to disruption of cholesterol handling in both C57BL/6N and
C57BL/6J mice, a Male C57BL/6N and C57BL/6J mice were treated with AAV8-PCSK9
virus (3 x 1010 vector genomes) for 2 weeks, and plasma cholesterol was determined by
ELISA. b Mouse weight was monitored in AAV8-PCSK9 virus (3 x 1010 vector genomes)-
infected mice fed a high-fat diet (HFD) for 8 weeks, or HFD for 4 weeks followed by co-
treatment with HFD and MitoTEMPO (MT; 0.8 mg/kg/day) for the Final 4 weeks, c Plasma
lipid analysis in C57BL/6N and C57BL/6J mice treated with AAV8-PCSK9 followed by
HFD and HFD + MT. TC, total cholesterol; TG, triglycerides; LDL, low-density lipoprotein;
HDL, high-density lipoprotein. Values are means + SEM of 8 animals. & p< 0.05 versus 6N
HFD; P p< 0.05 versus 6N HFD + MT.

J Vasc Res. Author manuscript; available in PMC 2019 February 16.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Vozenilek et al.

Steatosis score

& - 2047 0000 WEEE o o
3%
amo .- €359 ¢
T T T e
= £104 D CT 1]
—l— —_— -]
[+]
u] T 000 1 3
SE— 05
E . CQC m"'"' 0 E . T T
&N 6J 6N MT &) MT b BN &) BN MT 6) MT

J Vasc Res. Author manuscript; available in PMC 2019 February 16.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Vozenilek et al.

Page 16

Inflammation score

LS )
1

-
1

Ommn 55 e o loJe]e]e]

Fibrosis score
L%
1

oo BE % 0000

"
E

0 1=, & T T 0 B&s i o0 00—
c 6N 6) 6N MT 6) MT d 6N 6 6N MT 6) MT
Fig. 3.

AAV8-PCSK9 and Mito-TEMPO treatment does not alter liver pathology. Male C57BL/6N
and C57BL/6J mice were treated with AAV8-PCSK9 (3 x 1010 vector genomes) for 2 weeks
and then subjected to a high-fat diet (HFD) for 8 weeks. A subset of animals was co-treated
with MitoTEMPO (MT; 0.8 mg/kg/day) for the final 4 weeks of the experiment. All tissues
were scored by a pathologist using the NASH Clinical Research Network Scoring System.
Quantification of graded livers for steatosis (a), ballooning (b), and inflammation (c) with
representative hematoxylin-eosin images. d Quantification of graded livers for fibrosis with
representative Masson trichrome image. Scale bars are 10 and 50 um for the 60x and 20x
images, respectively. Values are means + SEM of 6-8 animals.
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Fig. 4.

Atg)’sence of NNT increases atherosclerotic plaque formation in C57BL/6J mice on high-fat
diet (HFD). Male C57BL/6N and C57BL/6J mice were treated with AAV8-PCSK9 virus (3
x 1010 vector genomes) for 2 weeks and then subjected to HFD for 8 weeks. A subset of
animals was co-treated with MitoTEMPO (MT; 0.8 mg/kg/day) for the final 4 weeks of the
experiment. a Representative images of oil red O-stained aortas from each group. Relative
quantitation of plaque size in the whole aorta (b) and the aortic arch (c). Values are means +
SEM of 6-8 animals.
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Fig. 5.
Plaque size is increased in C57BL/6J mice on high-fat diet (HFD). Male C57BL/6N and

C57BL/6J were treated with AAV8-PCSK9 virus (3 x 1010 vector genomes) for 2 weeks and
then subjected to HFD for 8 weeks. A subset of animals was co-treated with MitoTEMPO
(MT; 0.8 mg/kg/day) for the final 4 weeks of the experiment. a Representative images of
Movat Pentachrome-stained aortic sinus from each group. b Quantitation of plaque size.
Values are means + SEM of 6-8 animals.

J Vasc Res. Author manuscript; available in PMC 2019 February 16.




1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

1duosnuely Joyiny

Vozenilek et al. Page 19

HFD HFD + MT

04-| 0.25 4
A
0.20
03 1 v
s A E
z 2 015 -
g 024 hd 5 ¥
c v €
2 € 0.10
[ ] :
o = iL v s A, A
P A, % : ° = v
A
A L A L
0 T - T ‘|r 0 T 8 T ‘ur
b 6N 6) 6N MT 6) MT c 6N 6) 6N MT &) MT
0.15 4
" A
30104 Al
b3
£ [ ]
2 v
8 Emm
- v
g 005 Sl s v
i ol " = o
S V. ¥y
0 T - T T
d 6N (3] 6N MT B8 MT
Fig. 6.

Cellular composition of aortic root plaques is similar among treatment groups. Male
C57BL/6N and C57BL/6J mice were treated with AAV8-PCSK9 (3 x 1010 vector genomes)
for 2 weeks and then subjected to a high-fat diet (HFD) for 8 weeks. A subset of animals
was co-treated with MitoTEMPO (MT; 0.8 mg/kg/day) for the final 4 weeks of the
experiment. a Representative immunofluorescence images visualizing macrophage area
(Mac2 positive, green), smooth muscle (smooth-muscle actin, SMA positive, red), and
endothelial (von Willebrand factor positive, VWF, white) localization within aortic root
plaques. Quantification of macrophage (b), smooth muscle (c), and endothelial area (d) is
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provided. The scale bar is 200 um at the x20 magnification. Values are means + SEM of 6-8
animals.
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