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Abstract

Rationale—Mitochondrial oxidative stress (mitoOS) has been shown to be increased in various 

cell types in human atherosclerosis and with aging. However, the role of cell type-specific mitoOS 

in atherosclerosis in the setting of advanced age and the molecular mechanisms remain to be 

determined in vivo.

Objective—The aim of this study was to examine the role of myeloid-cell mitoOS in 

atherosclerosis in aged mice.

Approach and Results—Lethally irradiated Ldl receptor-deficient mice (Ldlr−/−) were 

reconstituted with bone marrow from either wild type or mitochondrial catalase (mCAT) mice. 

mCAT transgenic mice contain ectopically expressed human catalase gene in mitochondria, which 

reduces mitoOS. Starting at the age of 36 weeks, mice were fed the Western-type diet (WD) for 16 

weeks. We found that mitoOS in lesional myeloid cells was suppressed in aged mCAT→Ldlr−/− 

chimeric mice compared to aged controls, and this led to a significant reduction in aortic root 

atherosclerotic lesion area despite higher plasma cholesterol levels. Neutrophil extracellular traps 

(NETs), a pro-inflammatory extracellular structure that contributes to atherosclerosis progression, 

were significantly increased in the lesions of aged mice compared with lesions of younger mice. 

Aged mCAT→Ldlr−/− mice had less lesional neutrophils and decreased NETs compared with age-

matched WT→Ldlr−/− mice, while young mCAT→ and WT→ Ldlr−/− mice had comparable 

numbers of neutrophils and similar low levels of lesional NETs. Using cultured neutrophils, we 

showed that suppression of mitoOS reduced 7-ketocholesterol-induced NET release from 

neutrophils of aged but not younger mice.

Conclusions—MitoOS in lesional myeloid cells enhanced atherosclerosis development in aged 

mice, and this enhancement was associated with increased lesional NETs. Thus, mitoOS-induced 

NET formation is a potentially new therapeutic target to prevent atherosclerosis progression during 

aging.
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Introduction

Excessive mitochondrial oxidative stress (mitoOS) results in increased oxidative damage to 

mitochondrial DNA (mtDNA), proteins, and lipids. This process has been implicated in 

several human diseases including atherosclerosis and aging1–3. Studies from humans and 

animal models have confirmed that atherosclerosis and mtDNA damage increase 

exponentially with aging4–6, and mitoOS level correlates with atherosclerotic lesion 

progression during aging5, 7. We previously showed that excessive mitoOS in atherosclerotic 

lesional myeloid cells (macrophages) accelerated lesion development via enhanced 

inflammation and increased recruitment of monocytes in young Ldlr−/− mice8. However, 

roles of myeloid cell mitoOS in atherosclerosis during aging and cell-specific mechanisms 

of mitoOS require further investigation.

Neutrophils are the most abundant type of white blood cells and form an essential part of 

innate immunity. They contribute to acute inflammation by a number of different 

mechanisms including phagocytosis and degranulation or release of neutrophil extracellular 

traps (NETs).9–11 NETs are networks of extracellular fibrous material composed of 

neutrophil derived DNA and granule proteins. Neutrophils use these fibrous structures to 

trap and kill extracellular pathogens12. NET formation has also been implicated in the 

regulation of innate and acquired immune responses in chronic inflammatory and 

autoimmune diseases9, 13. The association of NETs with human and murine atherosclerotic 

lesions has been recently identified14. Further studies have revealed that cholesterol-crystal-

induced NET formation in atherosclerotic lesions primes macrophages for cytokine release, 

thus amplifying immune cell recruitment and promoting diseases progression15. 

Mitochondrial ROS was also necessary for spontaneous NET release in granulocytes in 

individuals with systemic lupus erythematous, and released NET bound to oxidized form of 
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mitochondrial mtDNA contributed to lupus-like disease13. However, the molecular 

mechanisms underlying NET formation in atherosclerosis are poorly understood.

Human NETs induced by certain stimuli (e.g., IL-8 or LPS) have been reported to be 

impaired in advanced aging16. Neutrophils from aged mice generated significantly fewer 

NETs when challenged with Staphylococcus Aureus17. These observations provided one of 

the mechanisms underlying declined innate immune functions in response to bacterial 

infection in aging. However, NETs induced by sterile inflammation or atherosclerotic-

relevant stimuli in the setting of hyperlipidemia in advanced aging remains elusive. Given 

that mitoOS has been shown to increase with aging18, 19, we hypothesized that increased 

myeloid-cell mitoOS during aging could accelerate atherosclerosis progression by 

promoting NET formation in mice.

To address this question, we utilized the mitochondrial catalase (mCAT) transgenic mouse. 

Normally, catalase is an endogenous enzyme exclusively located in peroxisome. Catalase 

catalyzes the reduction of H2O2 and prevents its conversion into the most detrimental 

hydroxyl nitrites. The mCAT transgenic mouse ectopically expresses human catalase in 

mitochondria through a mitochondrial matrix–targeting motif, which quenches mitoOS in 
vivo and protects against mitoOS-induced damage3. To focus on myeloid cell in 

atherosclerosis, we performed transplantation of mCAT transgenic bone marrow cells into 

aged athero-prone Ldlr−/−mice. We showed that aged mCAT→Ldlr−/−mice had less lesional 

neutrophils and decreased NETs compared with age-matched WT→Ldlr−/− mice. Using 

cultured neutrophils, we showed that suppression of mitoOS reduced 7-ketocholesterol-

induced NET release from neutrophils of aged but not younger mice.

Materials and Methods

We used male Ldlr−/− mice on C57BL/6 background. Materials and Methods are available in 

the online-only Data Supplement.

Results

Suppression of myeloid-cell mitoOS protects against atherosclerosis and reduces 
myeloid-cell accumulation in aged mice

Bone marrow from mCAT transgenic3 or littermate wild-type (WT) mice was transplanted 

into 8-week-old male Ldlr−/− recipient mice. Beginning at 36 weeks of age, mice were 

placed on a western-type diet (WD) for an additional 16 weeks. Oxidative damage to nuclear 

and mitochondrial DNA can be assessed by immunostaining for nuclear and non-nuclear 8-

hydroxydeoxyguanosine (8OHDG) respectively20, 21. We utilized non-nuclear 8OHDG as 

the marker of mitoOS in the lesion8, 20. Because mitoOS occurs in various cell types in the 

lesions, including blood derived cells, vascular endothelial cells and smooth muscle cells8, 

sections were immunostained with the anti-Ly6G (neutrophil) 22, 23, anti-Mac3 

(macrophage)24, the nuclear marker DAPI, and anti-8OHDG, or the respective isotype-

matched IgGs as negative controls (Figure 1, Supplementary Figure I and IIA) to quantify 

the relative distribution of mitoOS in specific types of myeloid cells. We defined cells that 

contain Ly6G or Mac3 immunofluorescence signals surrounding a DAPI positive nuclei as 
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authentic neutrophils or macrophages. For quantification, lesional sections from multiple 

mice were viewed and visualized by confocal fluorescence microscopy to look for punctate 

8OHDG staining that was either cytoplasmic (localization of 8OHDG signal in juxtaposed 

with DAPI) or nuclear (co-localization of 8OHDG with DAPI). In lesions of mCAT mice, 

8OHDG staining was reduced in both lesional neutrophils (Ly6G+)(Figure 1) and 

macrophages (Mac3+) (Supplementary Figure IIA). Moreover, in comparison with WT 

mice, aortic root lesion area was significantly reduced in the mCAT→Ldlr−/− chimeric mice 

(Figure IIA), whereas necrotic areas or necrotic core areas were comparable between the two 

groups (Supplementary Figure III). These findings suggest that myeloid-cell mitoOS 

regulates lesion size, but does not change necrotic core area in aged animals. 

Immunofluorescence staining showed that mCAT-positive lesions had >60% reduction of 

Ly6G+ cell number or cell density (cell number normalized to lesion area), as well as ~40% 

reduction of Mac3+ areas (Figure IIB–C, Supplementary Figure IIB) compared with control 

lesions. The protective effect mCAT was observed despite a ~30% increase in plasma 

cholesterol levels in the mCAT cohort (Supplementary Figure IV A) but comparable levels 

of weight gain, blood glucose and triglyceride between the two cohorts (Supplementary 

Figure IV B–D). Taken together, these data show that suppression of myeloid-cell mitoOS 

protects against atherosclerosis and reduces myeloid-cell accumulation despite elevated 

plasma cholesterol levels in aged mCAT→Ldlr−/− mice.

Suppression of myeloid-cell mitoOS reduces NET formation in atherosclerotic lesions of 
aged mice

Given that mCAT lesions contained reduced number of Ly6G+ neutrophils in aged mice, we 

next examined whether this could lead to a decreased content of lesional NETs. Aortic root 

lesions from two groups of mice were stained with antibodies against citrullinated histone 3 

(Cit-H3), myeloperoxidase (MPO), the key enzyme required for NET formation, and 

counter-stained with DAPI for nuclei (Figure 3). NET formation was then quantified as the 

areas that were covered by extracellular Cit-H3+MPO+structures (Figure 3A)15. We found 

that NETs were formed in the necrotic core areas in the intima, extending into a region of 

damaged medial elastic fibers throughout tunica media and reaching the adventitia in the 

control lesions (1st column in Figure 3A and Supplemental Figure V). These extracellular 

structures co-localized with neutrophil marker Ly6G and the oxidized mtDNA marker 

8OHDG (Figure 3C). Such NET enriched with oxidized DNA are positive for mitochondrial 

inner membrane protein Tom20, and has been reported to activate type-I interferon gamma 

signaling and contribute to lupus like phenotypes in mice13. NETs also formed in non-

necrotic areas, particularly in lesions adjacent to the opening of the coronary artery in aged 

WT lesions (Figure 3, 2nd). Most importantly, such NETs structures were seen much less 

frequently in the lesions of the mCAT group (Figure 3A, 3rd and 4th columns), with a ~65% 

reduction in average NET-covered areas and a ~60% reduction in the percentage of NET-

covered areas normalized to total lesion size (Figure 3B). In addition, we observed that 

media erosion occurred in 4 out of 9 WT→Ldlr−/− lesions but in none of the 8 

mCAT→Ldlr−/− lesions (Fisher Exact Test, P = 0.082, n = 9 WT and 8 mCAT) 

(Supplementary Figure V). These findings indicated a potential link between suppressed 

NET release and a strong trend toward reduced media degradation in mCAT lesions. The 
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reduction in NET formation was associated with decreased number of cells positive for 

MPO, an enzyme required for NET formation (Supplementary Figure VI, 3rd and 4th plots).

Suppression of myeloid-cell mitoOS does not reduce NET formation in atherosclerotic 
lesions of the younger mice

In view of the striking reduction of NET formation in aged mCAT lesions, we wondered if 

this was also the case in younger mice, who were placed on a WD for additional 16 weeks 

beginning at 14 weeks of age. We first compared the total lesion sizes between young and 

aged animals, and found that young animals have significant smaller lesion size than the 

aged cohorts (young vs. old WT→Ldlr−/− mice: 332504±139889 vs. 562548±79320 μm2; 

mCAT→Ldlr−/− mice: 229901±78137 vs. 491615±87921 μm2)8(Figure 2A). In contrast to 

the older WT mice, no medial erosion was observed in two groups of young mice (data not 

shown). The numbers of Ly6G+ were comparable between young WT and mCAT mice, and 

total numbers of Ly6G+ cells in the young mice were significantly less than the older cohorts 

(left graph of Figure 2C and Supplementary Figure VII-A). This was not due to the 

enhanced migratory capacity of neutrophils from aged mice (Supplementary Figure VIII). 

However, the Ly6G+ cell density (the number of Ly6G+ cells normalized to lesion size) was 

similar between aged and younger groups (right graph of Figure 2C and Supplementary 

Figure VII-B). Despite similar Ly6G+ cell density, there was similarly less lesional NETs 

area (Figure 3B upper graph) and NETs density (NETs area normalized to lesion area) in the 

young WT→ Ldlr−/− and mCAT→ Ldlr−/− mice (Figure 3B lower graph). Taken together, 

NET formation was increased in atherosclerosis during aging. Suppression of myeloid 

mitoOS decreased NETs in atherosclerotic lesions of aged mice but not in younger mice.

Suppression of mitoOS abrogates 7KC-triggered NET formation in neutrophils from aged 
mice in vitro

Finally, we questioned whether the findings in vivo were related to a neutrophil cell-intrinsic 

effect that could be observed in neutrophils from aged mice in vitro. We first tested which 

stimuli could induce NET in neutrophils in vitro by testing several athero-relevant stimuli 

(oxLDL and 7-ketocholestero [7KC], the most abundant oxysterol in human oxLDL25 and 

atheroma26) and bacterial infection-relevant stimuli (LPS primed with TNF-α)16, 27. 

Neutrophils isolated from peripheral blood of three 58-week-old mice were treated with 

oxLDL (100μg/ml), 7KC (50μg/ml), or LPS (100ng/ml) with TNF-α priming (10ng/ml 

pretreatment) for 4 hr. PMA (200ng/ml), a potent chemical NET inducer, was used as the 

positive control. NETs were seen as string-like structure extending from the cell body that 

were positive for DNA and histone, which we quantified as extracellular material that was 

double-positive for DNA (DAPI+) and citrullinated H3 (Cit-H3+)28. We found that PMA and 

7KC triggered NET formation in cultured neutrophils (Supplementary Figure IX). Although 

oxLDL or LPS with TNF-α priming was reported to induce NET formation in human 

neutrophils, a similar dose and period of stimulation only minimally induced NET formation 

in cultured mouse neutrophils (Supplementary Figure IX). We therefore focused on 7KC-

induced NET as the in-vitro model for further investigation.

To quantify mitoOS in vitro, we used MitoSOX to selectively detect superoxide in the 

mitochondria of the live cells29. Confocal microscope images showed that MitoSOX signals 
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exclusively localized to mitochondria marker Mitotracker Green (MTG), confirming the 

usefulness of MitoSOX to quantify ROS located in mitochondria (Supplementary Figure X). 

We isolated neutrophils from three 58-week-old mice and three 16-week-old gender-

matched C57/BJ mice, and then incubated with 7KC. 7KC led to a more pronounced 

increase in the mean fluorescence intensity (MFI) of MitoSOX in neutrophils from both 

mice by flow cytometry, but the increment was greater in neutrophils from the aged mice 

(Figure 4A, the middle two bars). This increment was not related to changes in neutrophil 

mitochondrial mass, as quantified by the MFI of MTG using flow cytometry (Supplementary 

Figure XI). Pretreatment with the mitochondrial antioxidant mitoTEMPOL(10 μM) reduced 

the MFI of MitoSOX (Figure 4A, the right two bars) without reducing the MFI of the 

cytosolic ROS indicator, CellROX (Supplementary Figure XII), indicating that 10μM 

mitoTEMPOL suppressed mitochondrial ROS without affecting cytosolic ROS30. As 

another control, neutrophils treated with NADPH oxidase activator PMA also increases 

CellROX MFI. Such enhancement of CellROX MFI could be suppressed by 20μM NADPH 

oxidase inhibitor DPI31 but not by 10μM mitoOS inhibitor mitoTEMPOL (Supplementary 

Figure XIII). These observations further confirmed the specific role of mitoTEMPOL in 

quenching mitochondrial ROS but not cytosolic ROS. Previous work has shown that NETs-

bound 8OHDG positive structures co-localized with the mitochondrial marker13, we 

therefore utilized 8OHDG as the marker for oxidized mitochondrial DNA (mtDNA). As 

shown in Figure 4B, 7KC led to NET formation in ~40% of the neutrophils from aged mice. 

Most importantly, suppression of mitochondrial ROS with mitoTEMPOL, which was 

verified by a decrease in mitoSOX MFI (Figure 4A), suppressed NETs release, decreased 

extracellular DAPI+ Cit-H3+ area (Figure 4B) and reduced oxidized mtDNA-bound NET 

formation (depicted by arrows in Figure 4B and Supplementary Figure XIV). In contrast, 

NETs were formed in only ~20% of neutrophils from the younger mice, and mitoTEMPOL 

did not decrease total NETs or oxidized mtDNA-bound NETs in these cells (Figure 4B and 

Supplementary Figure XIV). The impact of 7KC and mitoTEMPOL on NET formation in 

both mice (Figure 4B) well paralleled that on MitoSOX (Figure 4A).

Discussion

In view of the presence of mitoOS in aging and human atherosclerotic vascular diseases, the 

current study provides in vivo evidence for the role of endogenous neutrophil mitoOS in 

atherosclerosis during aging and demonstrated that one of the mechanisms might involve the 

formation of NETs. Given that NETs promoted atherosclerosis progression15, 32, we think 

that suppression of NET formation in aged mCAT→Ldlr−/− mice could be at least partly 

responsible for the decrease in lesion area and cellularity. Interestingly, suppression of 

mitoOS reduced NETs in aged mice but not in younger mice. These observations suggest 

that neutrophil mitoOS contributes to atherosclerosis lesion progression specifically during 

aging. In agreement with these in-vivo observations, we found that younger Ldlr−/− mice did 

not display significant NET formation, paralleling their lower level of mitoOS, which may 

explain previous observations that mitochondrial membrane potential uncouplers, FCCP and 

dinitrophenol, suppressed mitoOS but did not inhibit PMA-induced NET formation in 

cultured neutrophils isolated from healthy young adults33. Increased ROS production by 

mitochondria, increased 8OHDG content in the mtDNA and mitochondrial oxidative 
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damage have been consistently reported to be associated with aging18, 34. We showed that 

7KC, an oxysterol found in human atheroma26, led to a more profound mitoOS production 

in aged neutrophils compared to the young neutrophils. The mechanism may have been 

related to decreased antioxidant enzyme activity, cumulative damage to mitochondria, and 

mitochondrial DNA (mtDNA) during aging35, 36. Further, the increase in mitoOS production 

correlated with the enhanced NET formation in neutrophils from aged mice, and both were 

suppressed by mitoTEMPOL. These findings are consistent with our hypothesis that 

increased mitoOS contributes to neutrophil NET formation during aging via a cell-intrinsic 

manner. However, these findings does not rule out the possibilities that reduced content of 

7KC37 or other NET inducers, such as damage-associated molecular pattern (DAMP) 

released or ROS leaking from other types of cells38, also contributed to decreased neutrophil 

mitoOS and NET formation in aged mCAT lesion in vivo, especially with the observation 

that total macrophage contents and macrophage mitoOS also decreased in mCAT lesions 

(Supplementary Figure II).

Several stimuli have been reported to stimulate NET in human neutrophils in vitro, such as 

LPS plus TNF-α priming as pathogen associated molecular pattern (PAMP), oxLDL and 

cholesterol crystal as athero-prone stimuli, High Mobility Group Box 1(HMGB1) and 

histones as DAMP38. However, a similar dose and incubation period with LPS plus TNF-α 
priming did not induce NET formation in mouse neutrophils in vitro (Supplementary Figure 

IX). OxLDL seems to induce neutrophil apoptosis rather than NET formation, as indicated 

by the shrinkage of nuclei stained by DAPI (Supplementary Figure IX). Such a discrepancy 

between human and mouse neutrophils could be due to the differences in TLR properties 

and signaling between man and mouse, particularly the stronger effect of LPS in human than 

mouse immune cells39. From the translational perspective, it would be interesting to 

investigate the existence of 7KC-mitoOS-NET pathway and related pathological roles in 

human neutrophils from aged subjects.

In this study, we first reported that 7KC could trigger NETs in mouse neutrophils partly 

through mitoOS (Supplementary Figure IX and Figure 4), although the molecular 

mechanisms remain to be elucidated. Studies have shown that 7KC triggers multiple types of 

stress and signaling pathways, including NADPH oxidative-mediated oxidative stress40, 

mitochondrial oxidative stress8, ER stress and protein kinase R (PKR) activation40, 

autophagy and even caspase-mediated cell apoptosis41. Therefore, there may be other 

mechanisms involved in 7KC-induced NETs such as NADPH oxidase-induced oxidative 

burst27, peptidylarginine deiminase (PAD) enzyme activation42, neutrophil elastase 

translocation to the nucleus15, as well as paracrine effects including HMGB1 release from 

macrophage 38 or NET enriched in oxidized mtDNA from neighboring neutrophils13.

Several recently identified NET inducers, including cholesterol crystals and components of 

oxidized LDL15, 27, are also capable of generating mitoOS and generating oxidized 

mtDNA8. In this regard, previous work has shown that binding of oxidized mtDNA 

components to released chromatin activates monocytes and macrophages, triggers IL-1, 

IL-17, and interferon signaling reactions, promotes inflammation in the spleen and kidney, 

and amplifies sustained inflammation in lupus-like diseases13. The current study identified a 

novel athero-relevant NETs inducer 7KC. Importantly, 7KC also resulted in the structure of 
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oxidized mtDNA-bound NETs, which could be quenched by mitoTEMPOL in neutrophils 

from aged animals (Figure 3B and Supplemental Figure VII). We therefore propose that 

mitoOS promotes atherosclerosis in aged animals by promoting NET formation and by 

producing highly pro-inflammatory oxidized mtDNA-bound NETs.

Finally, it is important to note that lesions of the two groups of aged mice had comparable 

necrotic (core) areas, suggesting a dispensable role for myeloid-mitoOS in regulating plaque 

necrosis during aging. Interestingly, young mCAT chimeric mice had significantly reduced 

total lesion area and less Mac3+ macrophages in the intima compared with young WT 

chimeric mice8, while neutrophil infiltration and NET formation did not differ between the 

two groups of younger mice. However, we observed that NETs localized to necrotic areas 

and regions with medial degradation suggesting a potential unidirectional link between 

medial degradation and NETs (Figure 3 and Supplementary Figure V). Observations in 

human lesion by Inota, et al. also showed that high neutrophil numbers in human carotid 

atherosclerotic plaques are associated with characteristics of rupture-prone lesions43. Due to 

the limited sample size in our study, we could not firmly conclude that suppression of 

mitoOS in myeloid cells were associated with decreased medial degradation in age mice 

(Supplementary Figure V). Future studies will be needed to establish causation and elucidate 

potential mechanisms linking plaque necrosis to NET formation. If plaque necrosis is indeed 

trigger NET formation, that process would be yet another pathologic consequence of 

necrotic cores in vulnerable plaques, i.e., in addition to the role of necrotic cores in 

inflammation, plaque disruption, and thrombosis44, 45.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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mCAT mitochondrial catalase

ROS reactive oxygen species

mitoOS mitochondrial oxidative stress

mtDNA mitochondrial DNA

NETs neutrophil extracellular traps
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8OHDG 8-hydroxydeoxyguanosine

WD western-type diet

Cit-H3 citrullinated histone 3

MPO myeloperoxidase

7KC 7-ketocholesterol
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Highlights

• This article provides causative in vivo evidence that quelling mitoOS in 

myeloid cells suppresses atherosclerosis in aged mice.

• Suppression of mitoOS in myeloid is associated with reduced formation of 

neutrophil extracellular traps (NETs) in atherosclerotic lesions of aged mice.

• 7-ketocholesterol, the most abundant oxysterol in human atheroma, induces 

NET release from neutrophils in vitro.

• Suppression of mitoOS abrogates 7-ketocholesterol-triggered NET formation 

in neutrophils from aged mice but not from the younger mice in vitro.
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Figure 1. Suppression of myeloid cell mitochondrial oxidative stress in aged mCAT→Ldlr−/− 

mice
36-week-old mCAT→Ldlr−/− and WT →Ldlr−/− (littermate control) chimeric mice were fed 

the Western-type diet for another 16 weeks and aortic root lesions were analyzed by 

confocal fluorescence microscopy. (A) Representative immunofluorescence staining of 

Ly6G (the marker of neutrophil, red), and non-nuclear 8OHDG staining (a marker of DNA 

oxidative damage, green) in the aortic root lesions from two groups of mice, with the intima 

outlined by the dotted line. In the merged images, the green 8OHDG signal locates either 

within the blue nuclei (arrowheads) or in juxtaposed with the blue nuclei (arrows). When 

mitochondrial DNA oxidative damage is suppressed, the green 8OHDG signal was 

exclusively restricted to nuclei region. The non-nuclei 8OHDG signal was abrogated and 

myeloid cells give red signals (arrowheads). The images in the 2nd or 4th rows are of higher 

magnifications of the boxed areas in the images above. Scale bar, 20μm (1st and 3rd rows) 

and 5μm (2nd and 4th rows). A, adventitia; I, intima; L,lumen. (B) Data were quantified as 

the percentage of non-nuclear 8OHDG+ cell among all Ly6G+ cells in intima per section, 

the absolute number of 8OHDG+Ly6G+ cells in intima per section, and number of 
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8OHDG+Ly6G+ cell normalized to lesion area. n = 9 WT vs. 5 mCAT mice; *P<0.05 using 

student’s t test.
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Figure 2. Suppression of myeloid cell mitochondrial oxidative stress protects against 
atherosclerosis and reduces myeloid-cell accumulation in aged mice
(A) Shown are hematoxylin and eosin–stained aortic root lesions, with the intima marked by 

dotted lines, and total lesion area quantification (n= 9 WT vs. 8 mCAT; *P<0.05 using 

student’s t test). Scale bar, 40 μm. (B) Representative images of Ly6G staining (green) and 

counter-stained nuclei DAPI (blue) in the lesions from two groups of mice, with the intima 

outlined by the dotted line. The images in the 2nd or 4th rows are of higher magnifications of 

the boxed areas in the images above. Scale bar, 20 μm (1st and 3rd rows) and 10 μm (2nd and 

4th rows). I, intima; A, adventitia. (C) Data were quantified and presented as No. of Ly6G+ 

cell in the intimal area per section or No. of Ly6G+ cell normalized to the intimal area. n= 9 

WT vs. 5 mCAT; *P<0.05 using student’s t test.
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Figure 3. The formation of neutrophil extracellular traps (NET) in atherosclerotic lesions was 
increased during aging, and mCAT expression limited NET formation only in the aged mice
(A) Aortic root lesions from 36-week-old (aged) and 14-week-old (young) mice were placed 

on WD for additional 16 weeks were stained for citrullinated histone H3 (Cit-H3, a NET 

marker, red), myeloperoxidase (MPO, green) and nuclei (DAPI, blue), with intima and 

tunica media outlined. The bottom row were the H&E of neighboring sections with intima 

outlined in red dotted lines and necrotic core area outlined in blue lines (the 5th row). NET 

formed in both necrotic areas (the 1st and 3rd columns) and non-necrotic areas (the 2nd and 

4th columns). White arrows depicted media erosion and white arrowheads depicted NET that 

extended to adventitia (the 1st column). Red stars depicted the emergence of the coronary 

artery in the bottom row. The images in the 4th row are of higher magnifications of the boxed 

areas in the images above. Scale bars, 40μm for rows #3 and 5; and 20μm for row #4. I, 

intima; NC, necrotic core; M, tunica media; A, adventitia. (B) NET formation was quantified 

as the areas that were covered by extracellular Cit-H3+ structures. Shown are the 

Wang et al. Page 16

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



quantification of NET-covered areas per section and % of NET-covered areas per section 

normalized to lesion area. n = 9 WT vs. 5 mCAT aged mice; 6 WT vs. 7 mCAT young mice; 

* P < 0.05 using one-way ANOVA followed by Bonferroni post hoc test. (C) Aortic root 

lesions from two groups of aged mice were stained for Cit-H3 (magenta), Ly6G (red) and 

8OHDG (green) and nuclei (blue). Shown are the co-localization of extracellular Cit-

H3+structures with Ly6G and 8OHDG immunofluorescence signals in the arotic root 

lesions, which are depicted by white arrows. When mitoOS was suppressed, the extracellular 

Cit-H3 positive DNA structures was diminished, and thus did not overlap with 8OHDG 

signals. The images in the 2nd and 4th rows are of higher magnifications of the boxed areas 

in the 1st and 3rd rows respectively. Scale bars, 20 μm for rows #1 and 3, 10 μm for rows #2 

and 4.
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Figure 4. Inhibition of mitoOS by mitoTEMPOL reduced NET formation in neutrophils from 
aged mice
(A) Neutrophils isolated from 58-week-old (old) and 16-week-old (young) WT mice were 

stained with 5μM mitochondrial superoxide indicator MitoSOX. Cells were then incubated 

with vehicle or mitochondria-targeted antioxidant mitoTEMPOL (10μM) for 30 min 

followed by incubation with vehicle or 7KC for additional 4 hr. Mitochondrial ROS 

production was quantified as the mean fluorescence intensity (MFI) of MitoSOX by flow 

cytometry. (B) Isolated neutrophils were pre-incubated with vehicle or 10μM mitoTEMPOL 

for 30 min followed by incubation with 7KC for 4 hr. Cells were then fixed and stained with 

antibody against Cit-H3 (red), 8OHDG (reflective of mitochondrial DNA oxidative damage, 

green) and DAPI (blue), and visualized by fluorescence microscopy. Shown were the 

representative images. The images in the 5th row are of higher magnifications of the boxed 

areas in the 4th row. Scale bars, 5μm for the 1st – 4th rows, 1.25μm for the 5th row. Arrows 

depicted oxidized mitochondrial DNA-bound NETs where antibodies against 8OHDG co-
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localized with Cit-H3 positive chromosome DNA. Data were quantified in the graphs below, 

as the percentage of neutrophils that release NETs (the upper graph) and the area of NET+ 

structure normalized to the number of NET+ cells (the lower graph). Each dot represented 

the average of 16 randomly picked-up areas in each well, quadruplets for each animal. n = 3 

young and 3 old mice. * P <0.05 using one-way ANOVA followed by Bonferroni post hoc 

test. N.S., not significant.
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