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Abstract

Rationale: Aging is one of the strongest risk factors for atherosclerosis. Yet whether aging 

increases the risk of atherosclerosis independently of chronic hyperlipidemia is not known.

Objective: To determine if vascular aging prior to the induction of hyperlipidemia enhances 

atherogenesis.

Methods and Results: We analyzed the aortas of young and aged normolipidemic wild type 

(WT), disease free mice and found that aging led to elevated IL-6 levels and mitochondrial 

dysfunction, associated with increased mitophagy and the associated protein Parkin. In aortic 

tissue culture, we found evidence that with aging mitochondrial dysfunction and IL-6 exist in a 

positive feedback loop. We triggered acute hyperlipidemia in aged and young mice by inducing 

liver-specific degradation of the LDL receptor combined with a 10-week western diet and found 

that atherogenesis was enhanced in aged WT mice. Hyperlipidemia further reduced mitochondrial 

function and increased the levels of Parkin in the aortas of aged mice but not young mice. Genetic 

disruption of autophagy in smooth muscle cells of young mice exposed to hyperlipidemia led to 

increased aortic Parkin and IL-6 levels, impaired mitochondrial function, and enhanced 

atherogenesis. Importantly, enhancing mitophagy in aged, hyperlipidemic mice via oral 

administration of spermidine prevented the increase in aortic IL-6 and Parkin, attenuated 

mitochondrial dysfunction, and reduced atherogenesis.

Conclusions: Prior to hyperlipidemia, aging elevates IL-6 and impairs mitochondrial function 

within the aorta, associated with enhanced mitophagy and increased Parkin levels. These age-
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associated changes prime the vasculature to exacerbate atherogenesis upon acute hyperlipidemia. 

Our work implies that novel therapeutics aimed at improving vascular mitochondrial bioenergetics 

or reducing inflammation before hyperlipidemia may reduce age-related atherosclerosis.
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INTRODUCTION

Cardiovascular diseases are the leading cause of morbidity and mortality in older people, 

accounting for ~25% of all deaths in the United States. Importantly, 81% of cardiovascular 

patients who die are > 65-years old.1 Epidemiological studies have established that aging is 

a major risk factor for atherosclerosis.1, 2 However, it is not known whether this increased 

risk reflects chronic hypercholesterolemia, or other age-associated effects. For instance, 

macroautophagy (herein termed autophagy), including mitophagy, is thought to decline with 

age. This process removes damaged mitochondria from the cell,3 and is a key regulator of 

longevity.4 Autophagy packages dysfunctional or damaged organelles and delivers them to 

lysosomes for degradation. Dysfunctional autophagy results in the release of damage-

associated molecular patterns, which induces inflammation to promote chronic vascular 

diseases such as atherosclerosis.5 Thus, autophagy prevents inflammation by clearing 

defective organelles.6

Several studies have linked autophagy to atherogenesis. For instance, a key adapter protein 

of the inner membrane of the autophagosome, p62, accumulates in atherosclerotic aortas of 

Apoe−/− mice but not in the aortas of wild type (WT) mice.7 Furthermore, deletion of key 
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autophagy genes in myeloid cells in mice increases atherosclerotic plaque necrosis by 

reducing macrophage efferocytosis.8 Enhancing autophagy by feeding atherogenic mice the 

polyamine spermidine increases lifespan and reduces atherogenesis.9, 10 However, how 

autophagy and specifically mitophagy change with vascular aging is not known.

Current murine models of atherosclerosis fail to separate the effects of intrinsic aging from 

chronic hypercholesterolemia on atherogenesis. Specifically, Ldlr−/− and Apoe−/− mice 

exhibit hypercholesterolemia as early as 3-months of age and subsequent metabolic 

derangements from 12-months of age.11-13 In this study, to overcome these limitations, we 

induced acute hypercholesterolemia in young and aged WT mice by ectopically expressing 

“proprotein convertase subtilisin/kexin 9” (Pcsk9), which triggers the degradation of the 

LDL receptor. We used a liver-trophic adeno-associated virus to overexpress Pcsk9, and 

subsequently fed mice a high fat western-type diet (WD).14 This allowed us to directly 

examine the effect of intrinsic aging on the development of atherosclerosis.

Employing this inducible hyperlipidemia model, we used young and aged, male and female 

mice to investigate how aging impacts the vasculature prior to and in response to acute 

hyperlipidemia. We show that prior to hyperlipidemia, vascular aging leads to elevated IL-6 

levels, impaired mitochondrial function with enhanced mitophagy that exacerbates 

atherogenesis arising from acute hyperlipidemia.

METHODS

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

See Online Supplemental Material for detailed methods and regulatory approval.

RESULTS

Aging impairs mitochondrial function within the aorta.

Mitochondrial dysfunction is a hallmark of aging,3, 15 although how this impacts the 

vasculature is not clear. We hypothesized that mitochondrial function within the vasculature 

also decreases with age, even prior to hyperlipidemia. To test this hypothesis, we measured 

maximal oxygen consumption rates (OCR) during coupled oxidative phosphorylation 

(OXPHOS) and uncoupled respiration in the aortas of young and aged WT mice on a low-fat 

diet (LFD, i.e., a normal laboratory diet). Maximal OCRs were determined by titrating a 

mitochondrial inner membrane uncoupler as well as electron transport chain substrates and 

inhibitors using a standard protocol (Figure 1A and methods).16 We observed a 40% 

reduction (P=0.026) in maximal complex I+II OXPHOS and a 50% (P=0.02) reduction in 

maximal complex II uncoupled OCR (Figure 1B) in the aortas from aged (i.e., 18-19 months 

of age) versus young (i.e., 2-3 months of age) male C57BL/6 WT mice. Despite the decline 

in aortic OCR with aging, aged and young WT mice on a LFD exhibited similar whole-body 

respiratory exchange ratio (Online Figure I). Thus, aging leads to a decline in mitochondrial 

function within the aorta of healthy mice.
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To determine if reductions in aortic OCR with aging correlated with increased mitochondrial 

DNA damage, we assessed mitochondrial DNA breaks via qPCR. We found no evidence of 

increased mitochondrial DNA breaks in the aged aortas as compared to young aortas (Online 

Figure II A-B), suggesting that the age-related mitochondrial dysfunction is not associated 

with mitochondrial DNA breaks.

Aging increases the levels of the mitophagy protein Parkin within the aorta.

Mitophagy removes dysfunctional mitochondria.17 The E3 ubiquitin ligase Parkin, a key 

mitophagy protein, is recruited to impaired mitochondria, and this recruitment requires 

PINK1 expression.18 The relationship between aging and mitophagy within the vasculature 

is unknown. To address this question, we measured the levels of Parkin and PINK1 within 

the aorta of young and aged mice maintained on a LFD. We found that the aortas from aged 

mice exhibited significantly higher (i.e., greater than two-fold, P =0.0001) levels of Parkin 

but not PINK1 (Figure 1C-E). Importantly, baseline levels of the mitochondrial electron 

transport chain proteins complex V, complex III, and complex II, and the mitochondrial-to-

nuclear DNA ratio, were similar between young and aged aortas (Figure 1F-I). Thus, 

increased Parkin was not due to an increase in mitochondrial content. Fluorescence imaging 

indicated that the age-related increase in Parkin occurred in all vascular layers of the aorta, 

but particularly in smooth muscle cells (SMCs) (Figure 1J-K). Together, with the data above, 

our findings suggest that aging leads to dysfunctional mitochondria and the accumulation of 

Parkin within the aorta.

Aging increases mitophagy within the aorta despite preserved autophagy.

Given the increases in Parkin within the aged aorta, we examined potential differences in the 

autophagic flux within the aorta in young and aged mice. Specifically, we measured 

autophagic proteins LC3I, LC3II, the LC3 II:I ratio as a measure of autophagic flux, the 

autophagy substrate/autophagosome marker p62, and the lysosomal protein Lamp1.19 We 

measured these in aortas ex vivo with serum-free media (i.e., serum-starved) and with 

complete media (i.e., with 10% FBS). Serum-starvation, which induces autophagy,20 

significantly increased the LC3II:I ratio regardless of aging (Online Figure III A-B), 

suggesting that autophagic flux in response to serum-starvation is preserved in the aorta of 

normolipidemic hosts with aging. p62 and Lamp1 exhibited similar expression regardless of 

aging and was reduced by starvation (Online Figure III C-D). Additionally, fluorescence 

imaging revealed that p62 and Lamp1 exhibited a similar co-localized expression pattern 

within aged and young aortas (Online Figure III G-H).

Aging was associated with increased levels of Parkin and of Nix, a protein that tethers 

mitochondria to the autophagic machinery (Online Figure III A and E-F).21 Parkin and Nix 

levels were unaffected by serum-starvation, suggesting they are not degraded during 

autophagic flux (Online Figure III A and III E-F). Overall, these data suggest that autophagy 

in the aorta is not affected by aging.

To assess basal mitophagy in young and aged aortas, we monitored the colocalization of 

mitochondria with lysosomes by fluorescence microscopy. The frequency of mitochondria-

lysosome colocalization was significantly higher in aortas from aged mice than in those 
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from young mice, both maintained on a LFD (Figure 2A-C, P=0.029). Additionally, we 

isolated aortic mitochondria and measured poly-ubiquitination, which tags mitochondria for 

removal by mitophagy,22 and observed a two-fold increase with aging (Figure 2D-E, 

P=0.002). Finally, we employed young and aged mitophagy reporter mtKeima mice. These 

mice express the pH-sensitive and lysosome resistant-protein Keima fused to the 

mitochondrial targeting sequence from Cox VIII.23 As a result, mitochondria that are in the 

lysosomes emit a red signal in these mice.23 By coupling this signal with mitotracker green, 

a mitochondrial marker, the ratio of red to green emission can be objectively calculated as a 

mitophagy index that signifies the proportion of mitochondria within the lysosomes. Aortas 

from 4 month and 16-month old mtKeima mice indicated that the aged mtKeima mice 

exhibit a 30% increased mitophagy index within the aorta as compared to young mtKeima 

mice (Figure 2F-G, P=0.029). Overall, these data suggest that aging leads to an increase in 

dysfunctional mitochondria and mitophagy within the aorta.

Aging leads to increased expression of TLR9-MyD88 IL-6 pathway within the aorta.

Mitochondrial damage-associated molecular patterns activate the Toll-Like Receptor 9 

(TLR9)-MyD88 pathway to produce inflammatory cytokines such as IL-6.24, 25 Because our 

data suggest that aging reduces mitochondrial function and increases mitophagy within the 

aorta of normolipidemic mice, we evaluated the levels of TLR9-MyD88-IL-6 pathway. We 

found that aortas from aged mice had 2-3-fold higher levels of TLR9 (P=0.0008), MyD88 

(P=0.02), and IL-6 (P=0.0047) compared to those from young mice (Figure 3A). Thus, 

aging is associated with elevated levels of TLR9-MyD88-IL-6 within the aorta.

IL-6 impairs mitochondrial function and increases Parkin levels in aortic tissue culture.

IL-6 is an inflammatory cytokine that impacts mitochondrial function in a variety cells.
26,27,28 Therefore, we reasoned that elevated IL-6 in the aged aorta could impair 

mitochondrial function and elevate Parkin levels. To determine if IL-6 treatment is sufficient 

to impair mitochondrial function in aortas, we cultured young aortas with recombinant IL-6. 

We found that this treatment reduced maximal coupled OXPHOS (P=0.02) and uncoupled 

(P=0.0004) respiration within the young aorta by 20% (Figure 3B), and also increased the 

levels of both Parkin and Nix two-fold (Figure 3C), implying that IL-6 treatment 

compromises mitochondrial function and induces mitophagy.

To determine if Parkin was critical for the IL-6-dependent decrease in OCR, we cultured 

aortas from young Parkin-deficient mice with IL-6. We found that OCR declined similarly in 

both the aortas of young WT and Parkin-deficient aortas (compare Figure 3B to Online 

Figure IV A). Aortic OCR measurements were similar between young WT and Parkin-

deficient aortas cultured in standard conditions without IL-6 (Online Figure IV B). These 

data suggest that Parkin elevation is a consequence, rather than a cause, of mitochondrial 

dysfunction within the aorta, likely reflecting increased mitophagy.

To determine if IL-6 is required for mitochondrial dysfunction in the aged aorta, we cultured 

the aortas of aged mice with a neutralizing monoclonal antibody to IL-6. We found that this 

antibody treatment, as compared to isotype control, resulted in a 20% increase in maximal 

coupled OXPHOS (P=0.002) and uncoupled (P=0.011) respiration (Figure 3D) and in a two-
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fold reduction in Parkin (P=0.016) and Nix levels (P=0.06) (Figure 3E). These data suggest 

that IL-6, which is increased within the aged aorta, is necessary and sufficient to impair 

mitochondrial function and elevate Parkin. Overall, our data suggest that a positive feedback 

loop of mitochondrial dysfunction and elevated IL-6 exists within the aorta during aging.

FCCP treatment enhances mitophagy and reduces Parkin, TLR9-MyD88 and IL-6 levels in 
aged aortas in vitro.

FCCP is a potent uncoupler of oxidative phosphorylation, which results in impaired 

mitochondrial ATP synthesis.16 FCCP also enhances mitophagy15 by reducing cytosolic pH 

independently of mitochondrial membrane potential.29 To verify that FCCP treatment 

increased mitophagy in the aorta, we used the mitophagy reporter mtKeima mice described 

above. We employed aortas from aged (16 months of age) mtKeima mice and observed an 

increase in mitophagy upon FCCP treatment (Figure 4A-B). In addition, FCCP treatment 

reduced the levels of aortic Cox IV, a mitochondrial protein that decreases with increased 

mitochondrial degradation or removal,30 consistent with increased mitophagy (Figure 4C-

D).

Next, we examined whether FCCP treatment can mitigate the age-associated elevations of 

Parkin, TLR9, MyD88 and IL-6 within the aged aorta. We found that culturing aortas with 

1μM FCCP for 2h reduced the maximal uncoupled aortic respiration (Online Figure V), as 

expected. Importantly, administering increasing doses of FCCP reduced the levels of Parkin l 

TLR9, MyD88, and IL-6 within the aorta (Figure 4C-H). These data suggest that mitophagy 

in the aged aorta limits the clearance of damaged mitochondria, resulting in mitochondrial 

dysfunction and elevated levels of Parkin, TLR-9, IL-6 and MyD88.

Young and aged WT mice display similar metabolic profiles.

Our data from WT mice fed the LFD indicate that aging leads to elevated IL-6 levels and 

decreased mitochondrial function, concomitant with an increase in mitophagy and the 

associated proteins, Parkin and Nix, within the aorta. To determine if these changes in aged 

mice reflect potentially different metabolisms,31 we examined a number of metabolic 

parameters, including body weight, body composition, serum cholesterol, and glucose 

metabolism of young and aged WT mice maintained on LFD.

Aged WT mice had a higher body weight than young WT mice maintained on a LFD (Week 

0 data, Online Figure VI A). Non-invasive measurements revealed that, on average, an aged 

mouse had 16% increase in lean mass compared to a young mouse, but no difference in fat 

mass (Week 0, Online Figure VI B-C). Aged and young mice maintained on a LFD 

exhibited similar, low levels of fasting total serum cholesterol, averaging between 100-110 

mg/dL (Week 0, Online Figure VI D) and behaved similarly in glucose tolerance and insulin 

tolerance tests (Week 0, Online Figure VI E-F, left panels). Aged and young mice fed a LFD 

also had similar levels of fasting insulin, leptin, and adiponectin (Online Figure VII A-C). 

Thus, young and aged WT mice fed a LFD have similar metabolic readouts based on 

multiple criteria. These findings suggest that the age-associated changes within the aorta in 

aged mice fed the LFD do not arise from systemic metabolic alterations.
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Similar induction of acute hypercholesterolemia in young and aged WT mice.

We hypothesized that the age-associated changes in the aorta during normolipidemia 

“prime” the aorta to enhance atherogenesis. To test this hypothesis, we induced acute 

hypercholesterolemia in young and aged male and female WT C57BL/6 mice that had been 

maintained on a LFD. Specifically, we induced degradation of the LDL receptor via 

intraperitoneal (i.p.) injection of an adeno-associated virus (AAV) that expresses Pcsk9 
(denoted as PCSK9-AAV), as previously published.14 We concurrently switched the diet of 

the mice to a 10-week high fat, WD (see methods for diet description). We found that acute 

overexpression of Pcsk9 coupled with a WD induced a durable elevation in circulating 

cholesterol levels, which were initially similar between young and aged mice but ~15% 

higher in young mice than aged mice after the WD-feeding period (Online Figure VI D, 

P=0.043). The elevated cholesterol levels we detected in young PCSK9-AAV treated young 

and aged mice were similar to those observed in contemporaneously WD fed, young Ldlr−/− 

mice, a common murine model to study atherosclerosis (Online Figure VI D).

Young and aged PCSK9-AAV mice gained weight similarly over the WD-feeding period, 

with respect to both lean mass and fat mass (Online Figure VI A-C). Young and aged mice 

had no difference in food intake at baseline or at the end of the WD-feeding period (Online 

Figure VIII A-B). Although young mice were more active than aged mice prior to 

hypercholesterolemia, there was no difference in activity levels between groups after the 

WD-feeding period (Online Figure VIII C-D). Feeding C57BL/6 mice a western diet 

induces insulin resistance.32 Indeed, the WD led to glucose and insulin intolerance in young 

and aged mice, and young mice showed reduced glucose tolerance compared to aged mice 

by the end of the WD-feeding period (Online Figure VI E-F). Overall, young and aged mice 

were equally susceptible to the induction of hypercholesterolemia, although young mice 

exhibited slightly increased cholesterol levels and impaired glucose handling after 10-weeks 

on the WD (Online Figure VI D-E).

Aged mice show increased atherosclerosis in response to acute hypercholesterolemia.

To investigate atherosclerosis, we harvested the aortic roots from young and aged male and 

female C57BL/6 PCSK9-AAV mice after the WD-feeding and quantified atherosclerotic 

lesion size and composition in the aortic root (Figure 5A [male], Online Figure IX A 

[female]). Total aortic root lesion size was similar in young and aged atherosclerotic male 

and female mice (Figure 5A-B, Online Figure IX A-B) but lesions within the 

brachiocephalic artery were larger in aged mice compared to young mice (Figure 5D-E). We 

next analyzed the necrotic area of aortic root atherosclerotic lesions, which are defined as 

acellular/without intact cells and can be visualized using Masson’s trichrome stain (Online 

Figure X).33 Aortic root atherosclerotic lesions of aged mice had an increased necrotic area 

within the atherosclerotic lesion (Figure 5C, Online Figure IX C) (see methods) and greater 

Mac2 staining suggesting higher macrophage content (Figure 5F-G), consistent with plaque 

instability.

The age-enhanced effect of atherogenesis was not limited to the C57BL/6 strain of mice, as 

female mice that were outcrossed onto 4 different genetic backgrounds (designated as UM-
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HET334) exhibited increased necrotic core area with aging (Online Figure IX E-H). All mice 

from this point are male unless otherwise indicated.

As a high fat diet induces a peripheral monocytosis, which can contribute to macrophage 

accumulation within atherosclerotic lesions,35-37 we assessed the number of circulating 

monocytes, both patrolling (i.e., surface expression of Ly6clo) and inflammatory (i.e., 

surface expression of Ly6chi), in mice on a LFD as well as after a WD and PCSK9-AAV 

treatment. During the LFD, the numbers of circulating monocytes were similar in young and 

aged mice. After treatment with the WD, the frequency of inflammatory monocytes 

increased in both young and aged mice, with the aged mice exhibiting a significant 

(P=0.011) increase in inflammatory but not patrolling monocytes (Online Figure XI A-B). 

Additionally, Parkin levels within the monocytes, both during the LFD and after the 

induction of hyperlipidemia, were similar between young and aged mice (Online Figure XI 

D-E). Similar results were noted with other myeloid cells such as neutrophils (Online Figure 

XI C and F).

Finally, we did not observe vascular lesions in young and aged WT mice fed a LFD (Online 

Figure XII), consistent with prior studies that WT, normolipidemic mice are resistant to 

atherosclerosis.38 Overall, these results indicate that, despite their slightly lower cholesterol 

levels at the end of the PCSK9-AAV, WD protocol, aged mice exhibit increased 

atherogenesis in response to acute hypercholesterolemia compared to young mice.

Atherogenesis increased aortic Parkin levels and further impaired mitochondrial function 
in aged mice.

To determine if atherosclerosis affected aortic mitochondrial function in young and aged 

mice, we examined the levels of Parkin, and PINK1, as well as aortic OCRs. We found that 

the levels of both PINK1 and Parkin significantly increased during atherosclerosis in aged 

mice, but not young mice (Figure 6A-C). The levels of autophagy protein 5 (ATG5), a 

protein involved in autophagosome-lysosome fusion,20 within the aorta were unaltered by 

diet and were similar in young and aged mice (Figure 6D). During normolipidemia, Nix was 

elevated in aged mice as compared to young mice (Figure 6E), although there was no 

significant elevation in Nix between age groups during atherosclerosis (Figure 6E). 

Moreover, atherosclerosis reduced the maximal coupled and uncoupled respiration within 

the aorta in aged but not young mice (Figure 6F-I), specifically a decline in complex I 

OXPHOS (Figure 6F) and complex I and II uncoupled respiration (Figure 6H). Overall, 

these data suggest that atherosclerosis exacerbates the age-associated mitochondrial 

dysfunction within the aorta.

Reduced vascular autophagy combined with hyperlipidemia increases IL-6 and impairs 
mitochondria in young mice.

To determine if autophagy, which includes mitophagy, is critical for aortic IL-6 levels and 

mitochondrial function, we inhibited autophagy within VSMCs of young mice by deleting 

ATG5 an essential protein for autophagosome formation and thus for removing damaged 

organelles, including mitochondria.39 We bred homozygous floxed Atg5 (Atg5fl/fl) mice 

with mice expressing tamoxifen-inducible Cre in VSMCs (Myh11-creERT2) and treated 
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young (~2-4 months-old) Atg5fl/flMyh11-cre/ERT2 mice with tamoxifen to generate VSMC-

ATG5−/− mice or with vehicle to generate SMC-ATG5+/+ littermate controls.

We confirmed that ATG5 levels are reduced upon tamoxifen treatment of Atg5fl/flMyh11-
cre/ERT2 mice, consistent with loss of ATG5 in VSMCs (Online Figure XIII A). During 

normolipidemia and two months of Atg5 gene deletion within VSMCs, there was neither an 

alteration in the TLR9-MyD88-IL-6 pathway nor Parkin and PINK1 levels in young, 

normolipidemic VSMC-ATG5−/− mice compared to littermate controls (Figure 7A-B). 

These data suggest that in young normolipidemic mice, impaired vascular autophagy alone 

does not alter Parkin levels or the TLR9-IL-6-MyD88 pathway.

We next determined whether impaired autophagy within VSMC coupled with 

hyperlipidemia would lead to increased IL-6 and Parkin levels, impaired mitochondrial 

function and accelerated atherosclerosis in the aorta of young mice. We induced acute 

hyperlipidemia in tamoxifen-treated Atg5fl/flMyh11-cre/ERT2 mice and their littermate 

controls (Online Figure XIII B-C). Hyperlipidemic, VSMC-ATG5−/− mice exhibited an 

increase in aortic TLR9, MyD88, and IL-6 levels compared to atherosclerotic littermate 

controls, accompanied by increased levels of aortic Parkin, but not PINK1 (Figure 7C-D). 

We also measured mitochondrial function within the aorta of hyperlipidemic VSMC-

ATG5−/− and littermate control mice and found that maximal complex I+II OXPHOS and 

maximal complex I+II uncoupled OCR were significantly reduced in hyperlipidemic 

VSMC-ATG5−/− mice compared to littermate controls (Figure 7E). Thus, young mice with 

VSMC deletion of ATG5 exhibit increased IL-6 aortic levels with decreased mitochondrial 

function and elevated Parkin during atherogenesis. Importantly, the total atherosclerotic 

lesion area within the aortic root was doubled in VSMC-ATG5−/− mice (Figure 7F-G, 

P=0.0001) compared to littermate controls, in agreement with similar studies that 

conditionally deleted the autophagy gene Atg7 in SMCs.40, 41

In sum, neither impairing autophagy alone (Figure 7A-B) nor inducing atherosclerosis in 

young mice (Figure 6A-C) is sufficient to increase aortic IL-6, PINK1, Parkin, or 

mitochondrial dysfunction. However, disrupting autophagy within the VSMC of young 

atherosclerotic mice phenocopies some of the aortic features of aged atherosclerotic mice, 

including increased levels of IL-6 and Parkin, and reduced mitochondrial function. Together, 

these data support that at least two insults (impaired autophagy and atherogenesis) are 

required to increase IL-6, impair mitochondrial function and elevate Parkin levels within the 

aorta of young mice.

Pharmacological induction of autophagy/mitophagy during hyperlipidemia attenuates the 
elevation in IL-6, aortic mitochondrial dysfunction, and atherosclerosis in aged mice.

We hypothesized that enhancing autophagy and mitophagy in aged mice would reduce IL-6 

and Parkin levels within the aorta. We augmented autophagy/mitophagy in WT aged mice 

maintained on a LFD by administering spermidine orally (see methods; Figure 8A). 

Spermidine is a polyamine drug that increases mitophagy, autophagy,42, 43 extends murine 

lifespan,9 and reduces atherogenesis in young Apoe−/− mice in an SMC-dependent manner.
10 Using the aortas of young mtKeima mice that were maintained on a LFD, we verified that 

spermidine enhanced mitophagy within the aorta in tissue culture (Online Figure XIV A-B). 
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However, 10-weeks of oral spermidine treatment administered to 18-month old mice on a 

LFD did not alter the levels of Parkin, PINK1, or TLR9-MyD88-IL-6 signaling in the aorta 

(Figure 8B-C).

Next, we examined whether spermidine treatment can prevent the increase in IL-6 and 

Parkin levels and the further declines in mitochondrial function during hyperlipidemia in 

aged mice. Hence, we induced acute hyperlipidemia in aged WT mice, and supplemented 

the drinking water with spermidine or vehicle for 10-weeks during the WD feeding period 

(Figure 8D). Although spermidine treatment did not impact the induction of 

hypercholesterolemia or body weight gain (Online Figure XIV C-D), it mitigated the 

increase in the levels of IL-6 and Parkin in aged atherosclerotic mice (Figure 8E-F). In 

addition, compared to aortas from vehicle-treated hypercholesterolemic aged mice, 

spermidine-treated hypercholesterolemic aged mice had a 25-35% increase in maximal 

complex I+II OXPHOS (P=0.0132) and maximal complex I+II uncoupled OCR (P=0.0009) 

(Figure 8G). Finally, the atherosclerotic lesion size and necrotic core area within the aortic 

root were significantly smaller with spermidine treatment compared to control treated aged 

mice (Figure 8H-J). Spermidine did not, however, impact the number of lesional 

macrophages (Online Figure XIV E-F). Thus, spermidine treatment mitigates the 

hyperlipidemia-related increases in IL-6 and Parkin in aged mice. Spermidine also enhanced 

vascular mitochondrial function, and attenuated atherogenesis due to acute 

hypercholesterolemia in aged mice.

DISCUSSION

Our work reveals that, prior to hyperlipidemia, aging elevates IL-6 within the aorta and 

impairs mitochondrial function. This is accompanied by increased Parkin levels and elevated 

mitophagy within the aorta, which is likely due the increased removal of dysfunctional 

mitochondria. Our study suggests that the age-related elevation in IL-6 and impaired 

mitochondrial function “prime” the vasculature to promote atherogenesis: aged mice with a 

similar degree of hyperlipidemia as young mice showed more severe atherogenesis. Hence, 

our study identified a pathway of vascular aging prior to hyperlipidemia and linked this 

pathway to atherogenesis.

Although clinical epidemiological studies have identified aging as a strong risk factor for 

atherosclerosis, these clinical studies fail to separate biological aging from chronic exposure 

to atherogenic risk factors, notably hyperlipidemia. Regrettably, currently employed murine 

atherogenic models, e.g., Apoe−/− and Ldlr−/− mice, have also failed to separate biological 

effects of aging from chronic hyperlipidemia, as these mice exhibit hyperlipidemia from 

early adulthood. A study of ancient mummies indicates that atherosclerosis occurred before 

the modern era,44 a time before many common atherogenic risk factors such as 

hypercholesterolemia likely were evident. In this study, the presence of atherosclerosis, 

documented by X-ray computed tomography scanning, was correlated with age up to the 5th 

decade, although vascular lesions reduced during the 6th decade of life,44 complicating the 

contribution of aging to vascular disease. Based upon these studies, there is a lack of 

evidence directly linking biological aging to atherosclerosis. Our study has resolved this 

issue via our approach to induce hyperlipidemia in WT young and aged normolipidemic 
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mice. The PCSK9-AAV approach, combined with a WD, induced a similar degree of 

hyperlipidemia in both young and aged mice, and unambiguously shows that biological 

aging, prior to hyperlipidemia enhances atherogenesis.

IL-6 is a pleiotropic cytokine that impacts mitochondrial function in a variety cells including 

reducing oxygen consumption in skeletal muscle,26 reducing mitochondrial membrane 

potential in islets,27 and elevating mitochondrial calcium levels in CD4+ T cells.28 Aging 

also leads to the secretion of inflammatory proteins, including IL-6, likely via cellular 

senescence.45 Impaired mitochondrial function within the aorta with aging could occur in 

other cell types beside VSMCs, such as endothelial cells. Importantly, recent studies have 

shown that cells in the aorta exhibit dynamic phenotypes, as smooth muscle cells can take on 

macrophage or fibroblast like phenotypes.46-48 Ultimately studies that employ aged mice 

that permit lineage tracing of specific cell populations48 will be required to determine how 

aging impacts the cell fate decision within the aorta during atherogenesis.

Declining mitochondrial function may lead to the production of reactive oxygen species49 

which could impact the inflammatory status and metabolism of a cell. As mitochondria 

employ oxidative phosphorylation in oxygen replete conditions for energy generation, we 

measured the OCR of the aorta as a marker mitochondrial function in our study. However, 

aging may lead to a shift to anaerobic metabolism via glycolysis. Furthermore, dysfunctional 

mitochondria may release their contents (e.g., mtDNA) into the cytosol. Both reactive 

oxygen species and mitochondrial contents may synergize to activate innate immune 

signaling pathways,50, 51 leading to further increases in IL-6, which could exacerbate 

mitochondrial dysfunction. Our study establishes that there is a positive feedback loop 

between elevated IL-6 and mitochondrial dysfunction within the aorta with aging. Other 

inflammatory mediators, besides IL-6, may be released during mitochondrial dysfunction 

and could include TNFα, IL-1β, and chemokines such as CCL-2.45 These mediators may 

also be secreted in the aged aorta during normolipidemia and could also contribute to 

impairing mitochondrial function. Furthermore, IL-6 exhibits athero-protective effects 

although these effects were in young mice.52 Given the redundancy between inflammatory 

pathways and pleotropic function of certain cytokines, future investigation will be required 

to identify the key pathways that could be targeted to improve bioenergetics and vascular 

health with aging.

Our study reveals that young mice, prior to hyperlipidemia, exhibit low IL-6 levels and 

preserved mitochondrial function within the aorta (Online Figure XV A). In young mice, at 

least two insults are required to elevate IL-6 and impair mitochondrial function: impaired 

autophagy in smooth muscle cells combined with hyperlipidemia. Our study has revealed 

that neither alone is sufficient to increase IL-6 or Parkin, and impair mitochondrial function 

within the aorta of young mice. Furthermore, in our model (Online Figure XV B), aged mice 

already exhibit elevated IL-6 in the aorta during normolipidemia and dysfunction 

mitochondria, which triggers mitophagy. The elevated IL-6 and dysfunctional mitochondria 

could operate in a positive feedback loop. Spermidine treatment at the time of 

hyperlipidemia in aged mice, reduced IL-6 levels, improved mitochondrial function with 

reduced Parkin levels within the aorta. These effects were accompanied by reduced 

atherogenesis. Spermidine enhances autophagy and mitophagy.42, 43 However, it is possible 
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that spermidine may be mediating its effects via multiple pathways such as inhibiting 

inflammatory pathways or reducing oxidative stress.43 Furthermore, it is possible that 

prolonged treatment of more than several months of spermidine in normolipidemic 

conditions could have beneficial effects on vascular aging. Whether other agents that 

increase autophagy and lifespan, such as rapamycin, which reduces atherogenesis in young 

Apoe−/− mice 53, ameliorate atherogenesis in aged mice will be investigated in future work.

A variety of immune cells and pathways, from both the innate and adaptive arms of the 

immune system, have been implicated in atherosclerosis pathogenesis.54, 55 Additionally, 

aging exerts complex effects on the immune system, including dysregulated inflammation, 

impaired innate immunity, and declining adaptive immunity.56, 57 Aging also impacts the 

stem cell niche and is known to lead to myeloid skewing,58 which could contribute to the 

recently appreciated role of clonal hematopoiesis and atherosclerosis.59, 60 How aging 

impacts specific immune cells to enhance atherosclerosis will require future investigation. 

Our study indicates that alterations within the vasculature, in addition to the potential effects 

of aging on the immune system, contribute to atherosclerosis.

Prior work has shown that VSMCs derived from human atherosclerotic lesions from subjects 

in their 8th decade exhibit reduced OCR with enhanced mitophagy compared to VSMCs 

from disease-free arteries.15 It will be important in future clinical studies to determine if the 

findings of our study, in particular elevated IL-6 and dysregulated mitophagy, occur within 

the aorta during human aging prior to the onset of vascular diseases. There are already 

clinically approved agents that target IL-6 to treat rheumatological diseases,61 so if our 

findings translate to humans then it may be possible to target specific inflammatory 

pathways, such as IL-6, to increase mitochondrial function and mitigate the effects of 

vasculature aging.

In conclusion, our study has definitively linked biological aging to atherogenesis. 

Specifically, our work has revealed that aging, independent of chronic hyperlipidemia, leads 

to elevated IL-6 levels, impaired vascular mitochondrial function and enhanced mitophagy. 

These alterations within the vasculature prior to hyperlipidemia “prime” the vasculature to 

enhance atherogenesis during hyperlipidemia. Our study suggests that novel therapies that 

mitigate against the effects of vascular aging prior to hyperlipidemia may reduce 

atherogenesis and improve healthspan in the elderly.
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Nonstandard Abbreviations and Acronyms:

AAV adeno associated virus

αSMa smooth muscle α-actin

ATG5 autophagy protein 5

CCCP Carbonyl cyanide m-chlorophenyl hydrazine

LFD Low fat diet

MyD88 Myeloid differentiation factor 88

mtDNA mitochondrial DNA

nucDNA nuclear DNA

Park2−/− Parkin deficient

PCSK9 Proprotein convertase subtilisin/kexin 9

OCR oxygen consumption rate

OXPHOS oxidative phosphorylation

SMC smooth muscle cell

TLR Toll-like receptor

VSMC vascular smooth muscle cell

WD Western Diet

WT wild type
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NOVELTY AND SIGNIFICANCE

What Is Known?

• Aging is a risk factor for atherosclerosis.

• Mitochondrial function declines with aging.

• Mitochondrial dysfunction contributes to atherosclerosis.

What New Information Does This Article Contribute?

• Aging within the aorta during normolipidemia leads to mitochondrial 

dysfunction and elevations in the inflammatory cytokine Interleukin (IL)-6, 

with each positively enhancing the other.

• Aging leads to elevations in mitophagy, a process to remove damaged or 

dysfunctional mitochondria within the aorta during normolipidemia.

• The above aortic alterations with aging prime for enhanced atherosclerosis 

during hyperlipidemia.

• Enhancing mitophagy pharmacologically during hyperlipidemia increases 

aortic mitochondrial function, reduces IL-6, and atherosclerosis with aging.

Although aging is a known epidemiological risk factor for atherosclerosis, most humans 

age with chronic hyperlipidemia. In established models of atherosclerosis (e.g., Ldlr−/− or 

Apoe−/− mice), mice also age with chronic hyperlipidemia. Hence, the true biological 

impact of aging on atherosclerosis has not been separated from chronic hyperlipidemia 

(high cholesterol levels). As mitochondrial function is a hallmark of aging, we sought to 

determine whether aging impairs mitochondrial function within the aorta prior to 

hyperlipidemia, and whether any identified age-dependent alterations impact 

atherosclerosis. We employed young and aged wild type mice and found that in a low 

cholesterol environment, aging leads to mitochondrial dysfunction with elevations in the 

proinflammatory cytokine IL-6 within the aorta. IL-6 and mitochondrial dysfunction co-

exist within a positive feedback loop in the aorta with aging. The mitochondrial 

dysfunction is also accompanied by increased mitophagy, a process to remove damage 

mitochondria. Upon inducing hyperlipidemia in wild type mice, we found that aged mice 

display a higher degree of atherosclerosis than young mice. Importantly, enhancing 

mitophagy by adding spermidine to drinking water during hyperlipidemia restrained 

aortic mitochondrial dysfunction, IL-6 levels, and reduced atherosclerosis with aging. 

Taken together, our study indicates that therapies that improve vascular bioenergetics 

may reduce the burden of atherosclerosis with aging.
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Figure 1. Aging leads to mitochondrial dysfunction and increased aortic Parkin expression 
during normolipidemia.
WT mice were maintained on a LFD until either 3-months or 18-months of age. At this 

point, the thoracic aorta was harvested for oxygen consumption rate (OCR) measurements, 

western blots or immunofluorescence staining. (A) Representative protocol for measuring 

the maximal OCR using inhibitors, substrates, and uncoupler (see Methods). (B) Maximal 

aortic OCR with substrates for complex I and I+II coupled OXPHOS and maximal complex 

I+II and II uncoupled OCR. (C) Aortic lysates from LFD-fed young and aged WT C57BL/6 

mice were immunoblotted against PINK1, Parkin, Complex V, Complex III, and Complex II 
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and β-actin. (D-H) Quantification of immunoblot in C. (I) Ratio of mtDNA to nuclear DNA 

as measured by real time PCR. (J) Fixed frozen aortic sections (6μm) were stained with 

primary antibodies against Parkin and smooth muscle α-actin or secondary antibodies only 

and nuclei were stained with hoechst. Scale bars: 10μm. (K) Mean fluorescence intensity 

(MFI) of parkin signal within the smooth muscle α-actin positive media layer was 

quantified. 2-way ANOVA with Sidak’s multiple comparison test for B. Unpaired t-test for 

D and E. Mann-Whitney U-test for F-I and K. Each data point represents a biological 

replicate. All results are presented as mean ±SEM. A=aged, CI=complex I, CII=complex II, 

Y=young.
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Figure 2. Aging leads to increased measures of aortic mitophagy and mitochondrial 
ubiquitination.
(A) Aortas from young or aged WT, LFD-fed mice were harvested and incubated with 

mitotracker and lysotracker then stained with hoechst and imaged by confocal microscopy. 

Arrows denote colocalized mitochondrial puncta and lysosomal puncta. Scale bars=10μm. 

(B) Fluorescence histograms of mitotracker and lysotracker signal of puncta denoted by 

arrows in (A) showing colocalized signal. (C) Percent of total mitochondrial puncta MFI 

that colocalizes with lysosome puncta (see methods). (D-E) Mitochondria were isolated 

from the aortas of young and aged mice and were immuoblotted against ubiquitin, β-actin, 

and CoxIV. Isolated mitochondria lanes were normalized against CoxIV. (F-G) Aortas were 

harvested from young (4 months of age) and aged (16 months of age) mtKiema mice (see 

methods). Aortas were incubated with mitotracker green. The mitotracker green signal 

(488nm excitation) and mtKeima red signal (561nm excitation) were assessed by 

fluorescence microscopy (see methods) and the ratio of 561:488 (mitophagy index) is shown 

in G. Scale bars in L= 10μm. Each data point represents a biological replicate. All results are 

presented as mean ±SEM. Mann-Whitney U-test for C, E, G. A=aged, Y=young.
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Figure 3. Aging leads to increased IL-6 aortic expression during normolipidemia. IL-6 impairs 
OCR and increases Parkin in aortic tissue culture.
(A) Thoracic aortas from young or aged WT, LFD-fed mice were harvested and frozen for 

immunoblots and blotted against TLR9, MyD88, IL-6, and β-actin. Quantification of 

immunoblots is to the right. (B) Thoracic aortas from young WT mice were incubated in 

DMEM+10%FBS with either 0 or 10ng/mL of IL-6 for 2h and then OCR was assessed per 

Figure 1A. (C) Thoracic aortas from young WT mice were incubated in DMEM+10%FBS 

with either 0 or 10ng/mL of IL-6 and then the lysate was immunoblotted against Parkin, 

Nix, and β-actin. (D) Thoracic aortas from aged (18 months of age) WT mice were 

incubated in DMEM+10%FBS with 5μg/ml anti-IL-6 antibody or isotype control antibody 

for 2h and then OCR measured. (E) Thoracic aortas from aged (18months of age) WT mice 

were incubated in DMEM+10%FBS with 5μg/ml anti-IL-6 antibody or isotype control for 

2h and then the lysate was immunoblotted against Parkin, Nix, and β-actin. Each data point 

represents a biological replicate. All results are presented as mean ±SEM. Mann-Whitney U-

test for A, C, and E. 2-way ANOVA with Sidak’s post-hoc test for B and D. A=aged, 

CI=complex I, CII=complex II, Y=young,
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Figure 4. FCCP enhances mitophagy in the aorta of aged mice in tissue culture and reduces 
levels of Parkin, TLR9, MyD88, and IL-6.
(A-B) Thoracic aortas from aged (16 months of age) mtKiema mice were incubated with 

mitotracker green and also 10μM of FCCP or vehicle control. The mitotracker green signal 

(488nm excitation) and mtKeima red signal (561nm excitation) were assessed by 

fluorescence microscopy (see methods) and the ratio of 561:488 (mitophagy index) is shown 

in B. (C) Thoracic aortas from 18-month old WT mice were harvested and divided into 5 

equal parts and cultured in DMEM+10% FBS supplemented with the indicated 

concentrations of FCCP for 2h. Lysates were immunoblotted against Parkin, TLR9, MyD88, 

IL-6, CoxIV, and β-actin. (D-H) Quantification of immunoblots. Each point is a biological 

replicate. All results are presented as mean ±SEM. Kruskal-Wallis with Dunn’s post-hoc test 

for D-H. Mann-Whitney U-test for B.
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Figure 5. Atherosclerotic lesions show an age-associated increased size of necrosis induced by 
acute hyperlipidemia.
WT C57BL/6 mice were maintained on a LFD until either 3-months or 18-months and were 

then transfected with PCSK9-AAV and fed a WD for 10 weeks. At this point, aortic roots 

were obtained, paraffin-embedded, and stained with H&E. (A) Cross sections of aortic roots 

from male C57BL/6 mice show total lesion area, outlined in dashed lines, and necrotic core 

area, denoted by asterisks. Higher magnification shows the presence of necrotic core in aged 

mice. Scale bars: 100μm. (B and C) Quantification of total lesion area and necrotic core. (D) 

Cross sections of brachiocephalic artery from male C57BL/6 mice showing total lesion area, 
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outlined in dashed lines. Scale bars: 100μm and 10μm for magnified image. (E) 

Quantification of total lesion area. (F) Cross sections of the aortic root were stained with 

Mac2 monoclonal antibody as described in detailed methods. Scale bar: 100μm. (G) 

Quantification of Mac2 positive staining area as a percentage of the total plaque area. Each 

data point represents a biological replicate. For atherosclerotic plaque and necrotic area, 

each biological replicate is the sum of 30 serial sections, 6μm per section. All results are 

presented as mean ±SEM. Student’s t-test for B, C, and G. Mann-Whitney U-test for E. 

A=aged, Y=young.
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Figure 6. Aged but not young mice show reduced mitochondrial function and increased levels of 
Parkin and PINK1 during atherogenesis.
(A) Thoracic aortas were harvested from 3-month or 18-month WT, LFD-fed mice, and WT 

mice maintained on a low-fat diet until either 3-months or 18-months which were then 

transfected with PCSK9-AAV and fed a WD for 10 weeks. Lysates were blotted against 

PINK1, Parkin, ATG5, Nix and β-actin (Note, that Nix immunoblot was run separately to 

other proteins and has its own loading β-actin control, below). (B-E) Quantification of 

immunoblots from A. (F) Maximal thoracic aorta OCR with substrates for complex I 

OXPHOS. (G): Maximal aortic OCR with substrates for complex I+II OXPHOS. (H) 

Maximal aortic complex I+II uncoupled OCR. (I) Maximal aortic complex II uncoupled 

OCR. Each data point represents a biological replicate. Note, that the normolipidemic data 

(i.e., WT LFD denotation) are the same data shown in Figure 1. Data from Figure 1 and 

Figure 6 were run contemporaneously. All results are presented as mean ±SEM. 2-way 
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ANOVA with Sidak’s post-hoc test for B-C and F-I. Kruskal-Wallis with Dunn’s post-hoc 

test for E. A=aged, Y=young.

Tyrrell et al. Page 27

Circ Res. Author manuscript; available in PMC 2021 January 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7: Conditional loss of ATG5 in VMSCs leads to reduced mitochondrial function with 
increased levels of Parkin, TLR9, MyD88 and IL-6 levels during atherosclerosis.
Inducible Atg5fl/flMyh11-cre/ERT2 mice were treated with either tamoxifen (ATG5−/−) or 

vehicle (ATG5+/+) and some were transfected with PCSK9-AAV and fed a WD for 10 weeks 

before measuring proteins, mitochondrial function and aortic root sections. (A) Thoracic 

aortas from LFD-fed Atg5fl/flMyh11-cre/ERT2 mice treated with tamoxifen or littermate 

controls treated with vehicle were harvested and blotted against PINK1, Parkin, TLR9, 

MyD88, IL-6, and β-actin. (B) Quantification of immunoblots. (C) Atg5fl/flMyh11-cre/ERT2 

mice were treated with tamoxifen or littermate controls treated with vehicle and all mice 

were then transfected with PCSK9-AAV and fed a WD for 10-weeks. Aortas were harvested 

and blotted against PINK1, Parkin, TLR9, MyD88, IL-6, and β-actin. (D) Quantification of 

immunoblots. (E) Maximal thoracic aorta OCR with substrates for complex I and I+II 

coupled OXPHOS and maximal complex I+II and II uncoupled OCR. (F) Cross sections of 

aortic root show total lesion area, outlined in dashed lines; and necrotic core area, outlined in 

dotted lines and denoted by asterisks. Scale bars: 100μm. (G and H) Quantification of total 

lesion area and necrotic core. Each data point represents a biological replicate. For 

atherosclerotic plaque and necrotic area, each biological replicate is the sum of 30 serial 

sections, 6μm per section. All results are presented as mean ±SEM. Mann-Whitney U-test 
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for B, D, G, and H. 2-way ANOVA with Sidak’s multiple comparison test for E. 

CI=complex I, CII=complex II, Tam=tamoxifen, Veh=vehicle
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Figure 8: Spermidine treatment in aged mice mitigates increased Parkin and IL-6 levels, and 
mitochondrial dysfunction during atherogenesis.
WT aged mice were maintained on a LFD until 18-months old and some were then 

transfected with PCSK9-AAV and fed a WD for 10 weeks. During the WD feeding period, a 

subset of randomly selected aged mice were supplemented with spermidine in the drinking 

water. Some aged mice were maintained on a LFD from 18-months and treated with 

spermidine for 10-weeks. (A) Schematic of experimental design for B and C. (B) Thoracic 

aortas from aged WT LFD-fed mice either treated with spermidine or vehicle were harvested 

and blotted against PINK1, Parkin, TLR9, MyD88, IL-6, and β-actin. (C) Quantification of 

immunoblots from B. (D) Schematic of experimental design for E-J. (E) Aortas from aged 

WT mice treated with PCSK9-AAV and fed a WD were either treated with spermidine or 

vehicle and blotted against PINK1, Parkin, TLR9, MyD88, IL-6, and β-actin. (F) 

Quantification of immunoblots from E. (G) Maximal thoracic aortic OCR with substrates 

for complex I and I+II coupled OXPHOS and maximal complex I+II and II uncoupled OCR. 

(H) Cross sections of aortic root show total lesion area, outlined in dashed lines, and 

necrotic core area, outlined in dotted lines. Scale bars: 100μm. (I and J) Quantification of 

total lesion area and necrotic core based on H&E. Scale bars: 100μm. Each data point 

represents a biological replicate. For atherosclerotic plaque and necrotic area, each 

biological replicate is the sum of 30 serial sections, 6μm per section. All results are 

presented as mean ±SEM. Mann-Whitney U-test for C, F, I, and J. 2-way ANOVA with 

Sidak’s multiple comparison test for G. CI=complex I, CII=complex II, Sp=spermidine, 

Veh=vehicle.
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