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ORIGINAL RESEARCH

Associations of Peripheral Artery 
Disease With Calf Skeletal Muscle 
Mitochondrial DNA Heteroplasmy
Marta Gonzalez-Freire , PhD*; A. Zenobia Moore, PhD*; Charlotte A. Peterson, PhD; Kate Kosmac, PhD;  
Mary M. McDermott, MD; Robert L. Sufit, MD; Jack M. Guralnik, MD, PhD, MPH; Tamar Polonsky, MD;  
Lu Tian, PhD; Melina R. Kibbe, MD; Michael H. Criqui, MD, PhD; Lingyu Li, MS; Christian Leeuwenburgh, PhD; 
Luigi Ferrucci, MD, PhD

BACKGROUND: Patients with peripheral artery disease (PAD) undergo frequent episodes of ischemia- reperfusion in lower ex-
tremity muscles that may negatively affect mitochondrial health and are associated with impaired mobility. We hypothesized 
that skeletal muscle from PAD patients will show high mitochondrial DNA heteroplasmy, especially in regions more susceptible 
to oxidative damage, such as the displacement loop, and that the degree of heteroplasmy will be correlated with the severity 
of ischemia and mobility impairment.

METHODS AND RESULTS: Mitochondrial mutations and deletions and their relative abundance were identified by targeted mi-
tochondrial DNA sequencing in biopsy specimens of gastrocnemius muscle from 33 PAD (ankle brachial index <0.9) and 9 
non- PAD (ankle brachial index >0.9) subjects aged ≥60 years. The probability of heteroplasmy per DNA base was significantly 
higher for PAD subjects than non- PAD within each region. In adjusted models, PAD was associated with higher heteroplasmy 
than non- PAD (P=0.003), but the association was limited to microheteroplasmy, that is heteroplasmy found in 1% to 5% of all 
mitochondrial genomes (P=0.004). Heteroplasmy in the displacement loop and coding regions were significantly higher for 
PAD than non- PAD subjects after adjustment for age, sex, race, and diabetes mellitus (P=0.037 and 0.004, respectively). Low 
mitochondrial damage, defined by both low mitochondrial DNA copy number and low microheteroplasmy, was associated 
with better walking performance.

CONCLUSIONS: People with PAD have higher “low frequency” heteroplasmy in gastrocnemius muscle compared with people 
without PAD. Among people with PAD, those who had evidence of least mitochondrial damage, had better walking perfor-
mance than those with more mitochondrial damage.

REGISTRATION: URL: http://www.clini caltr ials.gov. Unique identifier: NCT02246660.

Key Words: ankle brachial index ■ D-loop ■ heteroplasmy ■ mtDNA ■ mtDNA copy number ■ peripheral artery disease

Peripheral artery disease (PAD) is typically an ath-
erosclerotic disorder of the lower limb arteries 
that affects mobility and is associated with high 

morbidity and mortality.1–4 PAD patients undergo 

ischemia- reperfusion (IR) episodes during walking; 
walking induced ischemia limits oxygen supply to 
lower extremity muscle mitochondria and reperfu-
sion induces a burst of radical species production that 
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causes oxidative damage to mitochondria and dis-
rupts ATP production. Damaged mitochondria release 
damage- associated molecular pattern molecules, 
such as fragmented mtDNA, which trigger an inflam-
matory response that contributes to muscle pathol-
ogy.5,6 The specific mechanisms by which oxidative 
stress damages mitochondria and impairs their func-
tion have not been fully elucidated.7–11

In a previous study including people with and 
without PAD we found that lower ankle brachial 
index (ABI) was associated with higher mitochon-
drial DNA copy number (mtDNA) in skeletal muscle 
biopsies.12 Further, among people with PAD, those 
with higher muscle mtDNA copy number had worse 
walking performance, whereas in those without PAD, 
higher mtDNA copy number was associated with 
better walking performance. Based on these results, 
we hypothesize that increased mtDNA copy number 
in people with PAD may represent a compensatory 
mechanism to increase mitochondrial abundance in 
ischemic calf muscle. However, because of damage 
to mtDNA, including fragmentation and increased 
point mutation frequency attributable to excessive 
oxidative stress, this compensatory mechanism 
might fail to increase mitochondrial function and con-
sequently walking performance.

MtDNA is a small circular molecule of about 
16.5k bases, with multiple copies contained within 
each mitochondrion and thousands contained 
within each cell. MtDNA includes coding regions 
for 13 proteins, 22 tRNAs, 2 rRNAs and a main 
 non- coding region called the displacement loop  
(D- loop), that is considered a critical region for DNA 
replication.13,14 It has been estimated that mutations 
occur in mtDNA at a rate ≈10 to 17 times higher than 
in nuclear DNA probably because of the close vi-
cinity of reactive oxygen species produced by the 
mitochondrial electron transport chain complexes.14 
Random mtDNA mutations accumulate with aging 
and undergo clonal expansion, especially in tissues 
with high energy demand such as skeletal muscle, 
causing a mixture of wild- type and mutated mtDNA 
sequences known as heteroplasmy.15–19 Repeated 
episodes of IR in calf muscle in people with PAD 
may elevate mtDNA heteroplasmy over the threshold 
for functional consequences.20–23 Point mutations of 
mtDNA lead to amino acid substitutions of respira-
tory chain subunits, which in some cases may affect 
the functionality of respiratory chain complexes fur-
ther increasing ROS production and curtailing en-
ergy production with deleterious effects on skeletal 
muscle function.14,24–29 It has been suggested that 
the D- loop region of mtDNA is especially sensitive 
to oxidative damage that occurs during IR episodes, 
and oxidized D- loop shows enhanced affinity for 
the transcription factor A mitochondrial (TFAM), the 
major transcription factor that regulates mtDNA rep-
lication.30–34 It is possible that in people with PAD, IR 
may cause damage in the skeletal muscle mtDNA 
D- loop region and consequent increased affinity for 
TFAM leading to higher mtDNA copy number, but 
this hypothesis has not been formally tested.12

The purpose of this study was to determine whether 
there is higher mtDNA heteroplasmy in lower extremity 

CLINICAL PERSPECTIVE

What Is New?
• This is the first study showing that mitochondrial 

DNA (mtDNA) global heteroplasmy, the coexist-
ence of different mtDNA sequences in a tissue 
and the abundance of mtDNA sequence vari-
ability, are higher in skeletal muscle of people 
with peripheral artery disease (PAD); mtDNA 
heteroplasmic variants are not homogeneously 
distributed across regions of the mitochondrial 
genome, with greater frequency in the displace-
ment loop region, in PAD patients.

• Our study shows that the displacement loop is 
a hot spot for heteroplasmy accumulation, but 
also identified cytochrome b coding regions as 
an another heteroplasmy hot spot in PAD.

• Among people with PAD, those who had evi-
dence of least mitochondrial damage, defined 
as both low mtDNA copy number and low het-
eroplasmy in calf muscle, had better walking 
performance than those with more mitochon-
drial damage.

What Are the Clinical Implications?
• Our findings may suggest that both mtDNA 

heteroplasmy and copy number could be used 
as biomarkers for mitochondrial damage in the 
muscle of patients with PAD.

• This might be useful to identify patients with a 
worst prognosis of the disease and to develop 
interventions focused to improve the mobility 
and walking performance in these patients.

Nonstandard Abbreviations and Acronyms

ABI ankle brachial index
D-loop displacement-loop region
IR ischemia-reperfusion
mtDNA  mitochondrial DNA
PAD peripheral arterial disease
RESTORE Resveratrol to Improve Outcomes in 

Older People With Peripheral Arterial 
Disease (Clinical Trial)
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muscle from people with PAD compared with people 
without PAD, and whether the degree of heteroplasmy 
is proportional to the degree of lower extremity ischemia 
and walking ability in people with PAD. We measured 
mtDNA copy number and degree of heteroplasmy in 
biopsy specimens of gastrocnemius muscle from PAD 
patients and individuals free of PAD. We hypothesized 
that skeletal muscle from PAD patients will show high 
mtDNA heteroplasmy, especially in regions more sus-
ceptible to oxidative damage, such as the D- loop, and 
that the degree of heteroplasmy will be correlated with 
the severity of ischemia and mobility impairment in PAD 
patients.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Study Population
This study uses data from baseline muscle biop-
sies from subjects who participated in the RESTORE 
(Resveratrol to Improve Outcomes in Older People 
With PAD) trial, a pilot randomized controlled trial of 
resveratrol to improve mobility function in PAD pa-
tients.35 Non- PAD controls were identified from among 
those evaluated for eligibility in RESTORE and other 
randomized trials of PAD participants or observational 
studies of participants with and without PAD.10,12 The 
Institutional Review Board of Northwestern University 
approved the protocol. Participants provided written 
informed consent.

Inclusion and Exclusion Criteria
All participants were aged ≥60 years. PAD participants 
were included if they had an ABI <0.90 and controls 
if they had an ABI between 0.90 and 1.40. Exclusion 
criteria are reported elsewhere.10,12,35–37 Briefly, PAD 
patients with a below- knee or above- knee amputation 
in the next 6 months were excluded, as well as par-
ticipants using a walking aid or wheelchair or who had 
severe hearing or visual impairment. Participants with a 
recent cardiovascular event (within the past 3 months) 
or a poor prognosis because of cancer or other signifi-
cant medical illness were excluded as well as partici-
pants with a score <23 at baseline in the Mini- Mental 
Status.

Ankle Brachial Index Measures
The ankle brachial index (ABI) was measured as pre-
viously described.38,39 A hand- held Doppler probe 
(Nicolet Vascular Pocket Dop II, Golden, CO) was used 
to obtain systolic pressures at different locations, twice 

in the right and left brachial, dorsalis pedis, and poste-
rior tibial arteries using established methods. The ABI 
was calculated by dividing the mean of ankle systolic 
pressure by the mean of the arm systolic pressure, 
which is an indicator of the severity of ischemia in lower 
extremity muscle.

Medical History
Medical history, race, and demographics were ob-
tained using a questionnaire administered at baseline 
by a certified and trained health practitioner.

Six- Minute Walk Test
Participants were instructed to walk continuously for 
6 minutes to cover as much distance as possible, as 
described elsewhere.10,12 Briefly, participants walked 
back and forth over a 100- foot hallway for 6 minutes, 
to complete as many laps as possible. The distance 
completed after 6 minutes as well as the distance at 
onset of leg symptoms were recorded.

Four- Meter Walking Velocity
Participants were instructed to walk 4 m at a “normal” 
and “fast” pace to measure walking velocity, as previ-
ously described.10,12

Skeletal Muscle Biopsy Procedures
Skeletal muscle biopsies were taken from the medial 
head of the gastrocnemius muscle of the leg with lower 
ABI, as described elsewhere.10 Briefly, an open muscle 
biopsy was performed under anesthesia with subcu-
taneous lidocaine. Adipose and subcutaneous tissues 
were dissected until muscle was identified and biop-
sied. One hundred milligrams of muscle tissue was 
collected and immediately frozen in liquid- nitrogen and 
stored at −80°C.

Mitochondrial DNA Isolation
Total DNA was isolated from human muscle using the 
Wizard Genomic DNA Purification Kit according to the 
manufacturer’s instructions (Promega, Madison, WI, 
USA). After purification, DNA was evaluated spectro-
photometrically by NanoDrop 1000 (Thermo Scientific, 
Rockford, IL, USA)

Mitochondrial DNA Genome Sequencing
Mitochondrial mutations and deletions and their rel-
ative abundance were identified by targeted mtDNA 
sequencing (mtDNA- Seq) performed at the DNA 
Methylation and Mitochondrial Heteroplasmy Core 
of the Nathan Shock Center (Reynolds Center on 
Aging, Oklahoma Health Sciences Center, Oklahoma 
City, OK, USA). Briefly, 1  ng of DNA isolated from 



J Am Heart Assoc. 2020;9:e015197. DOI: 10.1161/JAHA.119.015197 4

Gonzalez- Freire et al MtDNA Heteroplasmy in PAD

gastrocnemius muscle was used for the analy-
sis. Polymerase chain reaction was used to enrich 
mtDNA from total genomic DNA, followed by Next- 
Generation Sequencing of the entire mitochondrial 
genome at depths of ≥1000x allowing the identifica-
tion of (1) large- scale deletions and breakpoints, (2) 
homozygous or inherent variants, and (3) heterozy-
gous or low frequency somatic mutations. For the 
present analyses, heteroplasmy was quantified as 
counts of positions where heterozygous or somatic 
mutations with a frequency of >1% were identified. 
There is evidence that maternally inherited mtDNAs 
mutations are characterized by high frequency het-
eroplasmy, while somatic mutation that accumulate 
during the lifetime, especially in post- mitotic tissues, 
are characterized by low frequency heteroplasmy.40 
Thus, mtDNA heteroplasmies were further classi-
fied as microheteroplasmy (heteroplasmies that af-
fect between 1% and <5% of the mtDNA genomes) 
and mtDNA heteroplasmies at high frequency (het-
eroplasmies that affect >10% of mtDNA genomes).41 
MtDNA heteroplasmy was also classified by re-
gion of the mitochondrial genome with counts of 
heteroplasmic positions in the D- loop and in gene 
regions including protein coding, rRNA, and tRNA 
regions also quantified. The variants in the mtDNA 
were characterized in comparison with the Revised 
Cambridge Reference Sequence (NC_012920): 
The Human Mitochondrial Resequencing Array 2.0 
(Affymetrix, Santa Clara, CA)42,43 and classified as 
single nucleotide variants, multiple nucleotide vari-
ants, and deletions. mtDNA copy number was quan-
tified at the Nathan Shock Center (Oklahoma Health 
Sciences Center, Oklahoma City, OK, USA) with a 
chip- based digital polymerase chain reaction fol-
lowed by fluorogenic assays that allow counting of 
mtDNA copies, and expressed as the ratio between 
mitochondrial DNA to nuclear DNA copy number 
(mtDNA/nDNA).

Statistical Analyses
Baseline characteristics of participants with ver-
sus without PAD were summarized as means and 
SDs for continuous variables and as frequencies 
and percentages for categorical variables. T tests 
were used to compare continuous characteristics 
and Fisher exact tests were used to compare cat-
egorical characteristics of participants with versus 
without PAD, when appropriate. The heteroplasmy 
per base was calculated for different mtDNA cod-
ing and non- coding regions. Differences in het-
eroplasmy by regions were tested by mixed effect 
models adjusted for age, sex, PAD status, and dia-
betes mellitus. Average number of heteroplasmy 
counts according to PAD status were plotted within 

different mtDNA regions and compared by Student t 
tests. Association of PAD status with the natural log 
of mtDNA heteroplasmy count was assessed in mul-
tivariable linear regression models adjusted for age, 
sex, race, and diabetes mellitus. The association be-
tween natural log count of low-  and high- frequency 
variants, as well as of variants in the D- loop and 
in gene regions were evaluated in separate models. 
For participants with no high frequency variants, log 
values were imputed equal to 0.1. Age was centered 
at 70 and scaled to 10 years. Relationship of mtDNA 
characteristics with ABI and walking performance 

Table 1. Characteristics of Non- PAD and PAD Participants

Non- PAD 
(n=9)

PAD  
(n=33) P Value

Age, y 73.3 (4.9) 73.7 (6.5) 0.858

Men (%) 2 (22.2) 24 (72.7) 0.016

Black race, n (%) 5 (55.6) 18 (54.5) 1

ABI 1.14 (0.07) 0.67 (0.15) Not 
applicable

Smoking status, n (%)

Never 3 (33.3) 6 (18.2)

Former 6 (66.7) 18 (54.5) 0.188

Current 0 (0) 9 (27.3)

BMI 27.6 (5.1) 29.6 (4.1) 0.294

Diabetes mellitus, 
n (%)

1 (11.1) 15 (45.5) 0.119

Other non- diabetes 
mellitus comorbidity*

2 (22.2) 10 (30.3) 1

Rapid 4- m walk 
speed, m/s

1.16 (0.25) 1.14 (0.20) 0.841

Normal 4- m walk 
speed, m/s

0.92 (0.25) 0.82 (0.12) 0.282

6- min walk distance, 
m

1387 (488) 1207 (206) 0.307

mtDNA copy number 1472 (929) 4456 (5325) 0.004

Heteroplasmy†

Count 21.7 (5.2) 42.6 (21.9) <0.001

Microheteroplasmy 
(>1% & <5%) count

18.2 (4.3) 34.3 (15.9) <0.001

High frequency 
heteroplasmy 
(>10%) count

2.6 (1.4) 3.2 (3.0) 0.407

Displacement loop 
heteroplasmy count

9.1 (3.3) 13.5 (6.2) 0.008

Gene region 
heteroplasmy count

12.6 (4.8) 28.8 (17.7) <0.001

Values are mean±SD. ABI indicates ankle brachial index; and BMI, body 
mass index.

*Angina, myocardial infarction, heart failure, or pulmonary disease.
†Heteroplasmy count corresponds to the count of all heteroplasmic 

variants (single nucleotide polymorphism [SNP], insertion, or deletion) 
observed with a minor frequency >1% in a participant sample. Low and high 
frequency counts reflect the number of variants with a frequency of the minor 
variant within the specified ranges. Displacement loop and gene region are 
counts of the subsets of all variants within the displacement loop and region 
of any mtDNA gene (coding, rRNA, tRNA), respectively. (N=42, exclusions: 
mtDNA copy number=1, covariates=1).
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were examined by mixed effect models adjusted for 
sex, age, race, body mass index, smoking status, 
and diabetes mellitus. In additional adjusted mod-
els, participants with PAD were cross- classified 
by the median of mtDNA copy number (mtDNA/
nDNA) and heteroplasmy count, and those with low 
mtDNA copy number and low heteroplasmy count 
(considered having low mitochondrial deficit) were 
compared with other participants in t tests and mul-
tivariable linear regression models adjusted for sex, 
age, race, body mass index, smoking status, and 
diabetes mellitus. Age was centered and scaled as 
above, and body mass index was centered at 30. 
All analyses were performed using R, version 3.6.0 
(R Foundation for Statistical Computing, Vienna, 
Austria).

RESULTS
Participant Characteristics
A total of 44 participants consented to the muscle bi-
opsy. One participant was excluded because of poor 
quality mtDNA and another because of incomplete de-
mographics and clinical data. Therefore, the final sam-
ple for this analysis was 42 participants; 33 people with 
PAD and 9 without PAD. The main characteristics of 
the study population, including demographics, clinical 

and mtDNA copy number and heteroplasmy levels are 
summarized in Table 1.

Participants With PAD have Higher 
mtDNA Copy Number and mtDNA 
Heteroplasmy in Gastrocnemius Muscle 
Compared With Non- PAD
One hundred sixty- two mtDNA variants were identified 
across the entire population (89.5% single nucleotide 
variants; 8.64% deletions and 1.85% multiple nucleo-
tide variants) (Table S1). After adjusting for age, sex, 
PAD, and diabetes mellitus, the probability of mtDNA 
heteroplasmy per base was higher in the D- loop and 
in the cytochrome b coding region compared with all 
other regions (Figure 1A, Table S2). Microheteroplasmy, 
namely heteroplasmy that involved between 1% and 
5% of all mtDNA genomes, was the most common het-
eroplasmy for all participants (Figure 1B). The number 
of mtDNA heteroplasmic variants was higher in skeletal 
muscle from patients with PAD compared with non- PAD 
(P<0.001; Table  1; Figure  2 [inset]) overall, as well as 
within each one of different mtDNA regions (Figure 2).

Adjusting for age, sex, race and diabetes mellitus, 
the presence of PAD was associated with higher lev-
els of heteroplasmy in skeletal muscle compared with 
those without PAD (P=0.003) (Table 2). The count of 
microheteroplasmy positions, and counts of variants 

Figure 1. Distribution of heteroplasmic variants by region and frequency in the whole study sample (n=42).
A, Rate of heteroplasmy (heteroplasmy count per base) by mitochondrial DNA region among all participants; (B) proportion of 
heteroplasmic variants categorized as low (microheteroplasmy), mid, or high frequency. Parentheses indicate the number of bases 
used to calculate rate for each region. D- loop indicates displacement loop; and mtDNA, mitochondrial DNA.
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located in the D- loop or coding regions were signifi-
cantly associated with PAD after adjustment for age, 
sex, race and diabetes mellitus (β=0.58, P=0.004; 
β=0.49, P=0.037 and β=0.72, P=0.004, respectively) 
(Table 2). No statistically significant difference in het-
eroplasmy at high frequency were found between PAD 
and non- PAD in skeletal muscle (β=−0.20, P=0.664). 
After excluding participants affected by other chronic 
disease such as angina, myocardial infarction, heart 
failure, or pulmonary disease (12 of 42 participants), 
the association between heteroplasmy frequency and 

PAD remained substantially unchanged, although 
difference in heteroplasmy by PAD in the D- loop re-
gion only approached statistical significance (β=0.55, 
P=0.067; Table S3).

Among Participants With PAD, Those 
With the Least mtDNA Damage had 
Better Walking Performance
Participants with PAD had higher mtDNA copy num-
ber per cell (mtDNA/n/DNA) compared with non- PAD 

Figure 2. Heteroplasmy count by mitochondrial DNA region and peripheral artery disease status (n=42, darker boxes=non- 
peripheral artery disease; lighter boxes=peripheral artery disease; *P<0.05 and #P<0.01).
mtDNA indicates mitochondrial DNA; and PAD, peripheral artery disease.



J Am Heart Assoc. 2020;9:e015197. DOI: 10.1161/JAHA.119.015197 7

Gonzalez- Freire et al MtDNA Heteroplasmy in PAD

(P=0.004, Figure S1A). However, heteroplasmy count 
was not associated with mtDNA copy number among 
participants with PAD (Figure S1B). Heteroplasmy was 
also not correlated to ABI (Figure S2).

In unadjusted and adjusted analyses, neither 
mtDNA microheteroplasmy nor mtDNA copy number 
were significantly associated with performance in the 
4- m walk at usual and fastest pace, nor in the 6- minute 
walk test (Figure S3 and Table S4). To understand 
whether mtDNA microheteroplasmy and mtDNA copy 
number provide complementary information as bio-
markers of mitochondrial impairment, PAD participants 
were cross- classified by mtDNA microheteroplasmy (≤ 
versus >36, median count level) and copy number (≤ 
versus >3041, median level mtDNA/nDNA). PAD par-
ticipants with low copy number and low microhetero-
plasmy did not, on average, differ in ABI (Pt-test=0.854), 
but did have higher walking speed than those in the 
other 3 groups (Pt-test=0.049) (Figure  3, Table S5). 
The difference in walking performance was consis-
tent across measures of walking performance, rapid 
walking speed, and distance walked in 6 minutes, and 
after adjustment for sex, age, race, body mass index, 
smoking status, diabetes mellitus in linear regression 
models (Table S5).

DISCUSSION
In a previous study we found that lower ABI was 
associated with higher mitochondrial mtDNA copy 
number in gastrocnemius muscle biopsies of PAD 
patients compared with non- PAD.12 Also, mtDNA 
copy number was negatively associated with mo-
bility performance in PAD participants, whereas it 
was positively related to performance in non- PAD 

participants. To better understand the significance of 
these findings, in this study, we used next generation 
sequencing to comprehensively characterize mtDNA 
variants. To our knowledge, this is the first study 
showing that mtDNA global heteroplasmy, the coex-
istence of different mtDNA sequences in a tissue and 
the abundance of mtDNA sequence variability, were 
higher in the gastrocnemius muscle of people with 
PAD compared with non- PAD.

In keeping with our original hypothesis, we found 
that mtDNA heteroplasmic variants were not ho-
mogeneously distributed across regions of the mi-
tochondrial genome, with greater frequency in the 
D- loop region (Figure  1). We also observed higher 
heteroplasmy among participants with PAD com-
pared with non- PAD. Consistent with our findings, a 
previous study assessed the frequency of a specific 
4977–base pair mtDNA deletion mutations in muscle 
of the ischemic limb of PAD patients compared with 
the less ischemic limb and to muscle from seden-
tary non- PAD controls.20 They found that PAD pa-
tients had a higher deletion frequency than controls, 
although there was no significant difference between 
affected and unaffected limbs. Compared with the 
prior study, the current study included a substantially 
larger sample size and included a more comprehen-
sive assessment of heteroplasmy, including both 
deletions and mutations, low and high frequency 
heteroplasmy, and heteroplasmy in different mtDNA 
regions. To our knowledge, no prior work has studied 
microheteroplasmy versus high frequency hetero-
plasmy or mtDNA regional heteroplasmy in patients 
with versus without PAD.

Several mechanisms may contribute to elevated 
abundance of mtDNA microheteroplasmy variants 
in gastrocnemius muscle in PAD. For example, PAD 

Table 2. Coefficients From Multivariable Linear Regression Models Estimating the Association Between the Natural Log of 
mtDNA Heteroplasmy Count and PAD Status by mtDNA Region and Frequency, Adjusting for Age, Sex, Race, and Diabetes 
Mellitus Status (n=42)

Coefficient

All

All

D- Loop Gene RegionMicroheteroplasmy High Frequency

β (SE) P Value β (SE)
P 

Value β (SE)
P 

Value β (SE) P Value β (SE) P Value

(Intercept) 2.96 (0.19) <0.001 2.84 (0.19) <0.001 0.39 (0.44) 0.387 2.13 (0.22) <0.001 2.34 (0.23) <0.001

PAD 0.62 (0.20) 0.003 0.58 (0.19) 0.004 −0.20 (0.45) 0.664 0.49 (0.23) 0.037 0.72 (0.23) 0.004

Age† 0.03 (0.12) 0.815 0.05 (0.12) 0.649 −0.28 (0.27) 0.319 0.01 (0.14) 0.925 0.08 (0.14) 0.581

Men 0.12 (0.16) 0.465 0.09 (0.16) 0.564 0.30 (0.38) 0.427 −0.15 (0.19) 0.445 0.27 (0.19) 0.165

Black 0.15 (0.15) 0.331 0.04 (0.15) 0.785 0.76 (0.35) 0.036 0.14 (0.17) 0.436 0.16 (0.18) 0.387

Diabetes 
mellitus

−0.27 (0.15) 0.082 −0.23 (0.15) 0.132 −0.05 (0.35) 0.878 −0.25 (0.17) 0.166 −0.38 (0.18) 0.041

D- loop indicates displacement loop; and PAD, peripheral artery disease.
†Age centered at 70 years and scaled to 10 years.
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Figure 3. Distribution of ankle brachial index (top panel) and normal 4- m walking speed (bottom 
panel) by categories of heteroplasmy count and copy number among participants with peripheral 
artery disease (n=33).
Participants were cross- classified by heteroplasmy count ≤ vs >36 (median level) and mitochondrial DNA 
copy number ≤ vs >3041 (median level). ABI indicates ankle brachial index.
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patients undergo repeated episodes of ischemia- 
reperfusion, with production of reactive oxygen 
species that cause oxidative damage in surround-
ing macromolecules, including random mutations in 
mtDNA. This hypothesis is consistent with the fact 
that high frequency mutations, which are probably 
maternally inherited, did not differ between PAD and 
non- PAD. This is also consistent with data showing 
that in patients with PAD increased mitochondria 
ROS production is associated with elevated intra-
muscular oxidative stress and is associated with dis-
ease severity.8,44

Oxidative stress also upregulates Peroxisome 
proliferator-activated receptor gamma coactivator 
1-alpha PGC- 1α that induces mitochondrial biogen-
esis by activating nuclear respiratory factors 1 and 2, 
which promote the expression of TFAM.45–47 TFAM 
drives the transcription and replication of mtDNA, the 
early step in mitochondrial biogenesis, by binding to 
the D- loop region of mtDNA. Several previous stud-
ies have shown that the D- loop is particularly sen-
sitive to oxidative damage and is a frequent site of 
heteroplasmies in other chronic diseases. We had 
hypothesized that the enhanced affinity for TFAM 
of oxidized D- loop may overdrive mtDNA replication 
and cause higher mtDNA copy number.12 Our results 
support the notion that the D- loop is a mutational hot 
spot contributing to heteroplasmy, and also identified 
the cytochrome b coding region as another hot spot. 
In these hot spots as well in other regions of mtDNA 
heteroplasmy was higher in PAD than non- PAD.31,34 
In addition, we found no evidence of a relationship 
between heteroplasmy in the D- loop (or anywhere 
else) with mtDNA copy number, nor degree of isch-
emia operationalized as ABI, therefore failing to con-
firm our original hypothesis.

In the RESTORE PAD cohort study we found that 
citrate synthase activity, a proxy of mitochondrial num-
ber and function, was positively correlated with mtDNA 
copy number and we speculated that the association 
of higher mtDNA copy number with poor walking per-
formance, specific to PAD, may represent a compen-
satory mechanism for decreased mitochondrial activity 
because of oxidative stress.12 In particular, we hypoth-
esized that the increased mtDNA mutational load in 
regions coding for proteins involved in mitochondrial 
electron transport chain in PAD may result in newly 
created mitochondria being of poorer quality and less 
functional, which may contribute to the association of 
higher mtDNA copy number with poorer walking per-
formance specifically in PAD. An alternative hypoth-
esis prompted by this study is that ROS- mediated 
mitochondrial damage causes the release of mtDNA 
fragments from damaged cells and, therefore, mtDNA 
copy number in the muscle of PAD patients should 

be considered a biomarker of mitochondrial damage 
accumulation.48

In this study, total heteroplasmy, microheteroplasmy, 
and mtDNA copy number were not associated with 
differential performance in the 3 walking tests investi-
gated. However, compared with other participants in 
our study sample, PAD participants with both mtDNA 
heteroplasmy and mtDNA copy number below the me-
dian value had significantly better walking performance 
in the 3 walking tests considered. These findings may 
suggest that both mtDNA microheteroplasmy and copy 
number are biomarkers of mitochondrial damage in the 
muscle of patients with PAD. Because of the small sam-
ple size and the cross- sectional nature of this study, the 
findings presented here should be interpreted with cau-
tion and do not prove causality between mtDNA het-
eroplasmy and mobility impairment in PAD. However, 
our findings are consistent with the notion that severity 
of mtDNA damage could be implicated in the functional 
damage induced by PAD and this hypothesis should be 
tested in future larger, longitudinal studies to establish 
whether preventing DNA damage and reducing mtDNA 
copy number is associated with improved functional 
performance in those with PAD.

Interestingly, point mutations are frequent during 
embryogenesis in mtDNA mutator mice, but the ab-
normal phenotype is not observed until early adult 
life.15 Thus, an alternative hypothesis is that mtDNA 
heteroplasmy that emerges earlier in life predis-
poses individuals to PAD. This is consistent with the 
finding that lower ABI within the normal range is al-
ready associated with mitochondrial dysfunction.49 
To address this possibility, future studies will assess 
mtDNA heteroplasmy, mtDNA copy number, and mi-
tochondrial function both in lower extremity skeletal 
muscle affected by PAD as well as in upper extrem-
ity skeletal muscle that should not be affected by 
PAD. Comparable mtDNA heteroplasmy in upper and 
lower extremity muscles would suggest mutations 
are independent of IR- induced oxidative stress, and 
may identify individuals at an early stage at risk of 
developing more severe PAD.

Our study has limitations. First, the small sample size 
and the fact that there were more people with PAD than 
non- PAD may have limited our ability to uncover im-
portant differences. Second, the percentage of males 
with PAD was higher than the non- PAD; although all 
analyses presented were adjusted for sex, we cannot 
exclude the persistence of residual confounding. Third, 
the study was cross- sectional and no causal inferences 
can be made. In spite of the limitations, our study pro-
vides convincing evidence that PAD is associated with 
high mtDNA microheteroplasmy, and results are con-
sistent with the hypothesis that mtDNA damage affects 
functional performance in PAD.
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CONCLUSIONS
People with PAD have greater abundance of mtDNA 
mutations than non- PAD controls across the entire 
mitochondrial genome. Our findings suggest that both 
load of mtDNA microheteroplasmy and increased 
mtDNA copy number are biomarkers of mitochon-
drial damage, and in combination are correlated with 
impaired mobility performance. Longitudinal studies 
are needed to test the hypothesis that people with 
PAD with low mtDNA microheteroplasmy and low 
copy number have a better clinical course of PAD 
and better preservation of mobility performance over 
time.
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Table S1. mtDNA variants observed in participants with muscle biopsy (n = 44). 
 
[Please see excel spreadsheet.] 
 
  



Table S2. Coefficients from mixed effect models estimating the difference in heteroplasmy rate (heteroplasmy count per base) across mtDNA 
regions among study participants (n = 42) adjusted for age, sex, PAD and Diabetes status. The same model is estimated in each column with a 
different mtDNA region used as the reference region and indicated in the top row.   

Coefficient 
D-loop rRNA ND 1-6 COX 1-3 

β (se) p β (se) p β (se) p β (se) p 

(Intercept) 1.01×10-2 (6.19×10-4) <.001 2.38×10-4 (6.19×10-4) 0.702 5.92×10-4 (6.19×10-4) 0.342 -8.69×10-5 (6.19×10-4) 0.889 

D-loop   9.83×10-3 (5.01×10-4) <.001 9.48×10-3 (5.01×10-4) <.001 1.02×10-2 (5.01×10-4) <.001 

rRNA -9.83×10-3 (5.01×10-4) <.001   -3.55×10-4 (5.01×10-4) 0.480 3.25×10-4 (5.01×10-4) 0.518 

ND 1-6 -9.48×10-3 (5.01×10-4) <.001 3.55×10-4 (5.01×10-4) 0.480   6.79×10-4 (5.01×10-4) 0.176 

COX 1-3 -1.02×10-2 (5.01×10-4) <.001 -3.25×10-4 (5.01×10-4) 0.518 -6.79×10-4 (5.01×10-4) 0.176   

ATP 8/6 -1.00×10-2 (5.01×10-4) <.001 -2.05×10-4 (5.01×10-4) 0.683 -5.60×10-4 (5.01×10-4) 0.265 1.19×10-4 (5.01×10-4) 0.812 

Cyt b -7.39×10-3 (5.01×10-4) <.001 2.45×10-3 (5.01×10-4) <.001 2.09×10-3 (5.01×10-4) <.001 2.77×10-3 (5.01×10-4) <.001 

tRNA -9.83×10-3 (5.01×10-4) <.001 3.53×10-7 (5.01×10-4) 0.999 -3.54×10-4 (5.01×10-4) 0.480 3.25×10-4 (5.01×10-4) 0.517 

Age* -9.41×10-5 (3.77×10-4) 0.804 -9.41×10-5 (3.77×10-4) 0.804 -9.41×10-5 (3.77×10-4) 0.804 -9.41×10-5 (3.77×10-4) 0.804 

Male -2.14×10-4 (5.21×10-4) 0.683 -2.14×10-4 (5.21×10-4) 0.683 -2.14×10-4 (5.21×10-4) 0.683 -2.14×10-4 (5.21×10-4) 0.683 

PAD 2.13×10-3 (6.37×10-4) 0.002 2.13×10-3 (6.37×10-4) 0.002 2.13×10-3 (6.37×10-4) 0.002 2.13×10-3 (6.37×10-4) 0.002 

Diabetes -9.31×10-4 (4.91×10-4) 0.065 -9.31×10-4 (4.91×10-4) 0.065 -9.31×10-4 (4.91×10-4) 0.065 -9.31×10-4 (4.91×10-4) 0.065 

 

Coefficient 
ATP8/6 Cytb tRNA 

β (se) p β (se) p β (se) p 

(Intercept) 3.26×10-5 (6.19×10-4) 0.958 2.68×10-3 (6.19×10-4) <.001 2.38×10-4 (6.19×10-4) 0.702 

D-loop 1.00×10-2 (5.01×10-4) <.001 7.39×10-3 (5.01×10-4) <.001 9.83×10-3 (5.01×10-4) <.001 

rRNA 2.05×10-4 (5.01×10-4) 0.683 -2.45×10-3 (5.01×10-4) <.001 -3.53×10-7 (5.01×10-4) 0.999 

ND 1-6 5.60×10-4 (5.01×10-4) 0.265 -2.09×10-3 (5.01×10-4) <.001 3.54×10-4 (5.01×10-4) 0.480 

COX 1-3 -1.19×10-4 (5.01×10-4) 0.812 -2.77×10-3 (5.01×10-4) <.001 -3.25×10-4 (5.01×10-4) 0.517 

ATP 8/6   -2.65×10-3 (5.01×10-4) <.001 -2.05×10-4 (5.01×10-4) 0.682 

Cyt b 2.65×10-3 (5.01×10-4) <.001   2.45×10-3 (5.01×10-4) <.001 

tRNA 2.05×10-4 (5.01×10-4) 0.682 -2.45×10-3 (5.01×10-4) <.001   

Age* -9.41×10-5 (3.77×10-4) 0.804 -9.41×10-5 (3.77×10-4) 0.804 -9.41×10-5 (3.77×10-4) 0.804 

Male -2.14×10-4 (5.21×10-4) 0.683 -2.14×10-4 (5.21×10-4) 0.683 -2.14×10-4 (5.21×10-4) 0.683 

PAD 2.13×10-3 (6.37×10-4) 0.002 2.13×10-3 (6.37×10-4) 0.002 2.13×10-3 (6.37×10-4) 0.002 

Diabetes -9.31×10-4 (4.91×10-4) 0.065 -9.31×10-4 (4.91×10-4) 0.065 -9.31×10-4 (4.91×10-4) 0.065 



Table S3. Coefficients from multivariable linear regression models estimating the association between the natural log of mtDNA 
heteroplasmy count and PAD status by mtDNA region and frequency after exclusion of participants with non-diabetes comorbidities* (n = 
30).  

 All All D-loop Gene region 

Coefficient 
 Microheteroplasmy 

High frequency 
heteroplasmy 

  

β (se) p β (se) p β (se) p β (se) p β (se) p 

(Intercept) 2.89 (0.26) <.001 2.77 (0.26) <.001 0.33 (0.56) 0.570 2.04 (0.30) <.001 2.29 (0.30) <.001 

PAD 0.70 (0.25) 0.010 0.68 (0.26) 0.013 -0.35 (0.55) 0.533 0.55 (0.29) 0.067 0.79 (0.29) 0.012 

Age† 0.01 (0.16) 0.974 0.04 (0.16) 0.802 -0.44 (0.35) 0.230 0.02 (0.19) 0.931 0.04 (0.19) 0.831 

Male 0.08 (0.21) 0.699 0.07 (0.21) 0.750 0.11 (0.45) 0.807 -0.17 (0.24) 0.476 0.22 (0.24) 0.362 

Black 0.14 (0.21) 0.510 0.04 (0.21) 0.869 0.88 (0.46) 0.066 0.10 (0.24) 0.670 0.18 (0.24) 0.460 

Diabetes -0.29 (0.21) 0.183 -0.25 (0.22) 0.263 0.02 (0.47) 0.969 -0.31 (0.24) 0.218 -0.36 (0.25) 0.159 

* Angina, myocardial infarction, heart failure or pulmonary disease. 
†Age centered at 70 years and scaled to 10 years. 
 
  



Table S4. Coefficients from multivariable linear regression models estimating the association between heteroplasmy count or copy number 

and ABI as well as measures of walking performance among participants with PAD (n = 33). 

 ABI 
Normal 

4-meter walk speed 

Rapid 

4-meter walk speed 
6-minute walk distance 

Coefficient β (se) p β (se) p β (se) p β (se) p 

(Intercept) 0.76 (0.13) <.001 0.90 (0.11) <.001 1.23 (0.15) <.001 1298 (198) <.001 

Heteroplasmy* -0.01 (0.02) 0.500 -0.01 (0.01) 0.521 -0.02 (0.02) 0.184 1 (23) 0.974 

Diabetes -0.29 (0.14) 0.042 -0.09 (0.11) 0.451 -0.22 (0.16) 0.184 -241 (209) 0.262 

Heteroplasmy* × Diabetes 0.08 (0.03) 0.014 0.02 (0.03) 0.456 0.04 (0.04) 0.315 72 (48) 0.151 

Age† 0.06 (0.05) 0.247 -0.08 (0.04) 0.055 -0.01 (0.06) 0.936 -19 (74) 0.804 

Male -0.002 (0.07) 0.978 -0.04 (0.05) 0.461 -0.06 (0.08) 0.441 -64 (102) 0.536 

Black 0.01 (0.06) 0.861 -0.07 (0.05) 0.160 -0.21 (0.07) 0.009 -124 (96) 0.210 

BMI† 0.003 (0.01) 0.655 -0.01 (0.01) 0.189 -0.003 (0.01) 0.734 -12 (11) 0.279 

Former smoker -0.09 (0.09) 0.319 0.08 (0.07) 0.257 0.25 (0.10) 0.022 27 (134) 0.844 

Current smoker -0.08 (0.10) 0.454 0.06 (0.08) 0.511 0.25 (0.12) 0.046 16 (155) 0.918 
         

 β (se) p β (se) p β (se) p β (se) p 

(Intercept) 0.60 (0.12) <.001 0.85 (0.09) <.001 1.08 (0.13) <.001 1173 (171) <.001 

Copy number* 0.01 (0.01) 0.191 -0.004 (0.01) 0.348 -0.01 (0.01) 0.188 -6 (9) 0.513 

Diabetes 0.04 (0.06) 0.553 -0.01 (0.05) 0.772 -0.07 (0.06) 0.266 -1 (88) 0.989 

Copy number* × Diabetes -0.003 (0.01) 0.836 0.01 (0.01) 0.647 0.02 (0.02) 0.302 19 (20) 0.358 

Age† 0.07 (0.05) 0.229 -0.08 (0.04) 0.063 0.003 (0.06) 0.962 -1 (78) 0.987 

Male 0.03 (0.08) 0.723 -0.03 (0.06) 0.596 -0.03 (0.09) 0.723 3 (117) 0.981 

Black 0.05 (0.07) 0.504 -0.07 (0.05) 0.149 -0.21 (0.07) 0.006 -76 (97) 0.441 

BMI† 0.003 (0.01) 0.714 -0.01 (0.01) 0.240 -0.002 (0.01) 0.825 -10 (12) 0.407 

Former smoker -0.01 (0.09) 0.889 0.10 (0.07) 0.143 0.30 (0.10) 0.006 112 (134) 0.411 

Current smoker -0.07 (0.11) 0.536 0.06 (0.08) 0.474 0.27 (0.12) 0.035 32 (163) 0.848 

* Heteroplasmy scaled to 10 and copy number centered at 3000 and scaled to 1000. MtDNA copy number is expressed as the ratio between 

mitochondrial DNA copy number and nuclear DNA copy number.  

† Age centered at 70 years and scaled to 10 years, BMI centered at 30.  



Table S5. Coefficients from multivariable linear regression models estimating the association between an indicator for high heteroplasmy 
count and/or high copy number and ABI as well as measures of walking performance among participants with PAD (n = 33). 

 ABI 
Normal  

4-meter walk speed 
Rapid  

4-meter walk speed 
6-minute walk distance 

Coefficient β (se) p β (se) p β (se) p β (se) p 

(Intercept) 0.64 (0.15) <.001 1.00 (0.09) <.001 1.36 (0.13) <.001 1470 (190) <.001 

mtDNA category* -0.01 (0.10) 0.911 -0.16 (0.06) 0.020 -0.28 (0.09) 0.004 -277 (129) 0.043 

Diabetes 0.01 (0.13) 0.939 -0.12 (0.08) 0.134 -0.28 (0.11) 0.016 -192 (160) 0.242 

mtDNA category* × Diabetes 0.02 (0.15) 0.894 0.14 (0.09) 0.160 0.28 (0.13) 0.042 248 (190) 0.206 

Age† 0.07 (0.06) 0.253 -0.07 (0.04) 0.055 0.01 (0.05) 0.905 1 (72) 0.984 

Male 0.03 (0.08) 0.759 -0.04 (0.05) 0.385 -0.06 (0.07) 0.378 -49 (102) 0.637 

Black 0.04 (0.07) 0.583 -0.09 (0.05) 0.059 -0.25 (0.06) 0.001 -115 (92) 0.225 

BMI† 0.01 (0.01) 0.588 -0.01 (0.01) 0.153 -0.004 (0.01) 0.604 -10 (11) 0.345 

Former smoker -0.02 (0.10) 0.876 0.08 (0.06) 0.223 0.24 (0.09) 0.011 55 (126) 0.667 

Current smoker -0.07 (0.12) 0.557 0.07 (0.07) 0.335 0.29 (0.10) 0.011 45 (151) 0.766 

* A two category variable where low heteroplasmy-low copy number is the reference group, and heteroplasmy count > 36 (median level) or 
copy number > 3041 (median level) is the alternate category. 
† Age centered at 70 years and scaled to 10 years, BMI centered at 30. 
 
 
  



Figure S1. Distribution of mtDNA copy number by (A) PAD status and (B) heteroplasmy count among participants with (n = 33) and without 
PAD (n = 9). 

 
 
  



Figure S2. Scatterplots depicting relationships between mtDNA heteroplasmy and ABI, overall and according to mtDNA region in 33 
participants with PAD. 
 

  



Figure S3. Normal 4-meter walking speed versus heteroplasmy count and mtDNA copy number among participants with PAD (n = 33). 

 




