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Cardiovascular disease (CVD) has been the leading cause 
of mortality and morbidity in the United States for the 

past century.1 Although racial differences in the prevalence 
of CVD have been well documented, the mechanisms that 
underlie these differential susceptibilities have yet to be deter-
mined. Endothelial dysfunction is generally considered to be 
the initiating factor in CVD development, and increased cel-
lular oxidant stress has been linked to endothelial dysfunction. 
In this regard, there have been multiple endogenous sources 
of reactive oxygen species (ROS) implicated in endothelial 

dysfunction and CVD. Among them, the mitochondrion has 
been noted to be both a primary source and a target of oxidants.

Clinical Perspective on p 36
The mitochondrion is a multifunctional organelle, serving 

as the site for electron transport, oxidative phosphorylation, 
the citric acid cycle, β-oxidation, steroidogenesis, and many 
other important cellular functions, including growth, oxi-
dant generation, and programmed cell death. Mitochondria 
also have their own genome (mitochondrial DNA [mtDNA]) 
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that encodes the translational machinery (2 rRNAs and 22 
tRNAs) necessary for the generation of polypeptides from 13 
mtDNA-encoded genes that are essential for electron trans-
port and oxidative phosphorylation. During oxidative phos-
phorylation, mitochondria couple electron transport with 
proton translocation, which in turn enables the production 
of ATP. Mitochondrial ROS generation occurs when elec-
trons leak from electron transport (estimated to account for 
≈4% to 5% of total oxygen consumption) resulting in the 
formation of superoxide (O

2
•¯).2,3 It has been proposed that 

variation in mitochondrial energy and oxidant production 
exists in normal cells that would translate into differences 
in mitochondrial oxygen utilization between individuals. 
Moreover, these changes are attributed to the known inher-
ent genetic variability of the mtDNA, which characterize 
mtDNA haplogroups.4–6

Indeed, epidemiological studies have indicated that 
associations exist between certain mtDNA haplogroups 
and many age-related diseases, including ischemic CVD, 
hypertension, type-2 diabetes mellitus, obesity, metabolic 
syndrome, cancer, and neurodegenerative diseases.7–12 
Similarly, animal studies indicate that mtDNA haplotype 
can influence longevity, risk of type-2 diabetes mellitus, 
CVD, cancer, and fatty liver disease development.13–21 
Although cellular studies using animal models of mtDNA 
variation or immortalized cybrid cell lines have yielded 
conflicting results in terms of mitochondrial function and 
ROS production,22–24 to our knowledge, no studies have 
compared mitochondrial function or integrity in normal 
cells from healthy individuals who represent different 
mtDNA haplogroups. In fact, all published data have used 
systems that are reliant on immortalized cell lines, thereby 
potentially confounding the interpretation of these data 
within the normal cellular context.

In this study, endothelial cells harboring either mito-
chondrial haplogroup H or L (representing West Eurasian or 
African mtDNAs, respectively) demonstrated distinct bioen-
ergetic profiles. These profiles indicate that cells belonging 
to haplogroup L were more economical in terms of energy 
generation (used less oxygen for ATP production), but also 
had higher basal levels of mtDNA damage. MtDNA dam-
age was also quantified from peripheral blood mononu-
clear cells (PBMCs) collected from age-matched healthy 
controls and compared between individuals belonging to 
West Eurasian and African haplogroups. Results show that 
mtDNA damage is significantly higher in groups belonging 
to African and West Eurasian maternal ancestries that share 
a single-nucleotide polymorphism (SNP) at nucleotide pair 
10398. Furthermore, additional studies comparing patients 
with CVD and healthy, age-matched individuals found that 
mtDNA damage significantly correlated with vascular func-
tion and remodeling. These data demonstrate that (1) mito-
chondrial bioenergetics can vary in normal, primary cells 
having distinct mtDNA haplogroups, (2) mtDNA damage 
varies by mtDNA haplogroups, and (3) increased mtDNA 
damage segregates with both CVD and differences in vascu-
lar function and remodeling. Thus, our results provide new 
insights into the mechanisms that govern CVD susceptibility 
in humans.

Methods
Primary Endothelial Cells
Primary human umbilical vein endothelial cells (HUVECs) were cho-
sen for these studies because of the desire to minimize the possibil-
ity of pre-existent factors influencing endothelial function (age, CVD 
risk factor exposure, etc) and obtain normal, naive endothelial cells. 
Single-donor HUVECs were obtained from individual cords from 
male infants (Lonza, Walkersville, MD), and the mtDNA haplotype 
was determined by direct sequencing as previously described.25,26 For 
these studies, HUVEC samples belonging to haplogroup H (West 
Eurasian, n=5) or L (African, n=9) were selected and maintained in 
a humidified incubator at 37°C with 5% CO

2
 in EGM2 growth me-

dium (Lonza, Walkersville, MD). All experiments used cells between 
passages 5 and 9. HUVECs within haplogroups H and L were used 
because their mtDNAs represent the most common maternal lineages 
in North American whites and blacks, respectively. All HUVEC stud-
ies were performed in triplicate.

Measurement of Mitochondrial Function and 
Estimation of Oxygen Utilization
A Seahorse Bioscience XF24 extracellular flux analyzer was used to 
measure mitochondrial function in intact HUVECs. The XF24 cre-
ates a transient, 7-μL chamber in specialized microplates that allows 
for the determination of oxygen and proton concentrations in real 
time.27,28 Thus, the rates of oxygen consumption and proton produc-
tion can be measured across several samples at a time. Measurements 
of extracellular flux were made in unbuffered media. For these ex-
periments, cells were seeded at 30 000 cells per well onto Seahorse 
Bioscience (North Billerica, MA) V7 tissue culture plates in culture 
media and allowed to adhere and grow for 24 hours. The following day, 
the media was changed 1 hour before the start of the extracellular flux 
assay to DMEM supplemented with 25 mmol/L d-glucose, 2 mmol/L 
l-glutamine, and 1 mmol/L pyruvate. The pH of the medium was ad-
justed to 7.4 with NaOH. To allow comparison between experiments, 
data are expressed as the rate of oxygen consumption in pmol/min per 
3×104 cells. To assay mitochondrial function, oligomycin, carbonyl 
cyanide-4-(trifluoromethoxy)phenylhydrazone, and a combination 
of antimycin A/rotenone were injected through ports in the Seahorse 
Flux Pak cartridges to final concentrations of 4 μg/mL, 4 μmol/L, and 
10 μmol/L/1 μmol/L, respectively.29 Figure  1 illustrates how basal 
(baseline), ATP, non-ATP, and nonmitochondrial levels of oxygen 
consumption rates (OCRs) are evaluated. Baseline OCR (OCR

baseline
) 

is represented by the total OCR of the cells before addition of mi-
tochondrial inhibitors. Because oligomycin inhibits mitochondrial 
ATP synthase (complex V), non-ATP–linked OCR is equal to the rate 
observed in the presence of oligomycin (OCR

oligo
). Consequently, 

ATP-linked OCR (OCR
ATP

) is determined by subtracting the non-
ATP OCR from the baseline OCR (OCR

ATP
=OCR

baseline
−OCR

oligo
). 

Maximal OCR (OCR
max

) is determined in the presence of carbonyl 
cyanide-4-(trifluoromethoxy)phenylhydrazone, an ionophore that un-
couples the mitochondrion, leading to maximal oxygen consumption 
in an attempt to re-establish a membrane potential. Finally, addition 
of antimycin A and rotenone blocks electron entry into the electron 
transport chain, inhibiting mitochondrial oxygen consumption, which 
allows estimation of nonmitochondrial OCR, which is subtracted 
out as background for the mitochondrial OCR calculations. By us-
ing these OCR calculations, oxygen utilization can be estimated by 
determining the percentage of oxygen dedicated for ATP production 
using the formula OCR

ATP
/OCR

baseline
 and percent oxygen consumed 

for non-ATP purposes by using the formula OCR
oligo

/OCR
baseline

.

Determination of Intracellular ATP
For the determination of intracellular ATP, HUVECs were seeded at 
30 000 cells per well in 96-well tissue culture plates, and ATP levels 
were determined using the ATP bioluminescent somatic cell assay 
kit (Sigma, St. Louis, MO) following the manufacturer’s instructions. 
ATP production rates were determined by measuring intracellular 
ATP under both basal and oligomycin (4 μg/mL)–treated conditions.
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Flow Cytometry
Cultured HUVECs grown to ≈85% to 90% confluence in T-75 flasks 
were washed twice with PBS followed by a 5-minute incubation 
with 3 mL of 0.25% trypsin/EDTA at 37°C. After trypsin treatment, 
cells were resuspended in PBS at a final concentration of 300 000 
cells per mL. MitoTracker Red was added to a final concentration 
of 200 nmol/L, and the mitochondria were labeled for 30 minutes 
at 37°C. After labeling, cells were washed once with PBS contain-
ing 5% FBS and then resuspended in 200 mL of PBS with 5% FBS 
for fluorescence-activated cell sorting analysis. Cells were ana-
lyzed with the assistance of the Analytic and Preparative Flow Core 
Facility on a SORP-LSRII digital cell analyzer, and MitoTracker 
Red fluorescence was monitored using the 535-nm excitation laser. 
Live cells were gated using FSC v. SSC and comparisons on the 
amount of MitoTracker Red staining compared with a nonstained 
negative control.

DNA Isolation and MtDNA Damage Assays
DNA was isolated from HUVECs or PBMCs. MtDNA copy num-
ber, quantitative polymerase chain reaction conditions, and calcula-
tion of DNA lesion frequencies have been previously described.30,31 
Briefly, genomic DNAs were extracted using QIAamp DNA Mini 
kits (Qiagen), and mtDNA damage was assessed via amplification 
of a 16.2-kb quantitative polymerase chain reaction product (L) from 
mtDNA templates that was normalized by mtDNA copy number as 
determined by a smaller quantitative polymerase chain reaction prod-
uct (S), yielding an L/S ratio.30,31 For the studies herein, mtDNA le-
sion frequencies were determined relative to either average L/S of 
haplogroup H or DdeI– (10398A) haplogroups, which represented 
zero-class lesions as previously described.31

Aconitase Assay
Aconitase activity was determined by measuring the transformation 
of isocitrate to cis-aconitate at 240 nm in 50 mmol/L Tris–HCl (pH 
7.4) containing MnCl

2
 and 20 mmol/L isocitrate at 25°C. Aconitase 

is specifically inactivated by superoxide (O
2
• −) and peroxynitrite 

(ONOO−), and hence, decreased activity correlates with increased 
oxidative stress associated with these oxidants.32–34 Because ONOO− 
formation is related to O

2
• − production, decreased aconitase activity 

can be associated indirectly with increased O
2
• − generation. Decreases 

in enzymatic activity were interpreted as consistent with increased 
oxidant stress associated with O

2
• −.

Human Subjects
To investigate the relationships between mtDNA haplogroups in 
terms of mtDNA damage in normal, healthy individuals, PBMCs 
from healthy, age-matched individuals (23 men and 22 women) were 
collected, and the mtDNA haplogroup was determined. MtDNA hap-
logroups were then segregated by the presence (+) or absence (−) of a 
DdeI restriction site at nucleotide pair 10394. An ancient transitional 
mutation, the guanosine (DdeI+) to adenosine (DdeI−) switch at nu-
cleotide pair 10398 alters the last nucleotide of the DdeI recognition 
sequence (CTGAG) that begins at nucleotide pair 10394. This site is 
present in maternal lineages that are ubiquitous in African populations 
(L0 to L7) and also in a specific subset of West Eurasian mtDNAs (I, 
J, and K) proposed to have Middle Eastern origins but is absent in the 
remaining West Eurasian maternal lineages (haplogroups H, T, U, V, 
W, and X).35,36 Although this SNP has also been proposed to increase 
the risk of invasive breast cancer in black women when cancer ex-
ists, many studies investigating this issue have been conflicting.37–41 
Its use in the study herein was simply to segregate haplogroups into 
northern (DdeI−) or southern (DdeI+) latitudes. PBMCs were isolated 
from whole blood by density gradient centrifugation (BD Vacutainer 
CPT tubes Becton; Dickerson and Company, Franklin, NJ). The mean 
ages for individuals representing the DdeI− (n=29) and DdeI+ (n=16) 
groups were 52.2±1.4 and 50.4±2.0 years, respectively (P=0.47).

To determine whether a relationship existed between mtDNA 
damage, CVD, and vascular function, an additional age-matched 56 
subjects (23 healthy volunteers and 33 angiographically proven coro-
nary artery disease) receiving care at Boston Medical Center were 
enrolled (mean age, 55.0±10.0 years; 37 men and 19 women). Among 
these, 23 were healthy volunteers with no history of CVD, diabetes 
mellitus, hypertension, dyslipidemia, or cigarette smoking (10 men 
and 13 women), and 33 had angiographically proven coronary artery 
disease (27 men and 6 women). A blood sample was collected for 
the assessment of mtDNA damage, haplogroup status, flow-mediated 
dilation (FMD; a measure of endothelial vasodilator function), and 
brachial artery diameter (a measure of chronic remodeling) as previ-
ously described.42–44 All participants provided written informed con-
sent. The protocol was approved by the Institutional Review Boards 
of the Boston Medical Center and the University of Alabama at 
Birmingham.

Vascular Measurements in Human Subjects
We examined the correlation between mtDNA damage and FMD (a 
measure of endothelial vasodilator function) and brachial artery di-
ameter (a measure of chronic remodeling). Both variables have been 
shown to be related to cardiovascular risk.45 Subjects rested for 10 
minutes in a recumbent position, and endothelium-dependent bra-
chial artery FMD was assessed as previously described.43,44 Briefly, 
2-dimensional images and Doppler ultrasound signals were recorded 
from the brachial artery before and 1 minute after induction of reac-
tive hyperemia by 5-minute cuff occlusion of the upper arm.

Statistical Analysis
Study results are expressed as mean±SEM. ANOVA was used to test 
the null hypothesis that all samples were drawn from a single popu-
lation. If this test revealed significant differences (P<0.05), then a 
Student–Newman–Keuls test was used for group comparisons. The 

Figure 1.  Experimental profile of basal, oligomycin, carbonyl 
cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), and anti-
mycin A+rotenone–induced oxygen consumption rates (OCRs). 
For these studies, 30 000 human umbilical vein endothelial cells 
per well from single donors were cultured for 24 hours onto V7 
tissue culture plates and OCRs were determined using the Sea-
horse XF24 Bioanalyzer. First, baseline OCRs (portion indicated 
by baseline) were determined. Second, oligomycin was added 
to inhibit mitochondrial respiration at ATP synthase and thus, 
decrease OCR by the amount of oxygen consumed for mitochon-
drial ATP production (indicated by ATP). The OCR remaining in 
the presence of oligomycin represents the oxygen consumed by 
the mitochondrion for non-ATP–related consumption (indicated 
by non-ATP) and nonmitochondrial oxygen consumption. Third, 
FCCP, an ionophore, uncouples mitochondrial respiration and 
dissipates mitochondrial membrane potential that induces maxi-
mal mitochondrial oxygen consumption (indicated by maximal). 
Finally, cells are treated with the combination of antimycin A and 
rotenone, inhibitors of cytochromes b and c and nicotinamide 
adenine dinucleotide dehydrogenase, respectively, which inhib-
its electron entry into electron transport and thus provides an 
estimate of nonmitochondrial oxygen consumption (indicated by 
nonmitochondrial).
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nonparametric Mann–Whitney rank sum test was used in certain 
cases (aconitase activity and mtDNA damage in HUVECs). We cal-
culated Pearson correlations between the measures of vascular func-
tion and mtDNA damage. Statistical analyses were performed with 
SigmaStat statistical software (Systat Software, Inc).

Results
Single-Donor HUVECs From Haplogroup H or L 
Have Distinct Oxygen Consumption Profiles
OCRs were monitored in single-donor HUVECs representing 
haplogroups H and L under basal conditions and after treat-
ment with oligomycin, carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone, and a combination of antimycin 
A+rotenone (design illustrated in Figure  1). Figure  2A 
shows that HUVECs from haplogroup H had significantly 
higher basal OCRs compared with those from haplogroup 
L (62.78±5.05 versus 48.60±2.40 pmol/min, respectively). 
Treatment with oligomycin, an inhibitor of complex V (ATP 
synthase), decreased OCRs in both haplogroups (Figure 2A; 
24.17±4.19 versus 23.28±1.80 pmol/min); decreases in intra-
cellular ATP levels were also observed for haplogroups H 
and L under these conditions (Figure  2B; 26.33%±7.15% 
versus 26.93%±6.07% in H versus L, respectively), suggest-
ing similar patterns of ATP utilization for them. Dissipation 
of mitochondrial membrane potential by the addition of car-
bonyl cyanide-4-(trifluoromethoxy)phenylhydrazone revealed 
that HUVECs from haplogroup H had a significantly higher 
maximal OCR compared with those from haplogroup L (Fig-
ure 2A; 107.68±10.06 versus 69.89±5.49 pmol/min, respec-
tively), whereas the addition of antimycin A+rotenone (which 
blocks mitochondrial electron flow) revealed no significant 

differences in nonmitochondrial oxygen consumption between 
groups (Figure 2A; 24.36±5.43 versus 21.17±4.63 pmol/min, 
respectively). No differences in the mitochondrial number per 
cell were observed between haplogroups H and L (Figure 2C), 
suggesting that the differences in oxygen consumption were 
not because of the organelle number per cell between the 2 
lineages.

Oxygen Utilization Differs in HUVECs From 
Haplogroups H and L
HUVECs from haplogroups H and L maintained similar 
steady-state levels of intracellular ATP (Figure  3A) under 
basal conditions although those from haplogroup L trended 
toward increased levels of intracellular ATP (344.12±53.56 
pmol/3×104 cells versus 442.98±31.71 pmol/3×104 cells in H 
and L, respectively). Because HUVECs from the 2 haplogroups 
had significantly different OCRs yet maintained similar lev-
els of intracellular ATP, we postulated that they had different 
oxygen utilization profiles. Consequently, the percentage of 
oxygen consumed for ATP production relative to total oxygen 
consumption was calculated in HUVECs from haplogroups H 
and L. Using oligomycin as a specific inhibitor of ATP syn-
thase, the percentage of oxygen dedicated for ATP produc-
tion is calculated by subtracting the oligomycin-inhibited 
OCR from the baseline OCR (OCR

ATP
=OCR

baseline
−OCR

oligo
) 

and dividing by the baseline rate (OCR
ATP

/OCR
baseline

; Methods 
section). This estimates oxygen consumption directly linked 
to mitochondrial ATP synthesis relative to all other oxygen 
consuming processes in the mitochondria (eg, proton leak and 
oxidant generation). Figure 3B shows that HUVECs from the 
2 haplogroups had significant differences in the percentage of 
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Figure 2.  Oxygen consumption rates 
(OCRs), ATP utilization, and the mito-
chondrial number in human umbilical 
vein endothelial cells (HUVECs) from 
haplogroups H and L. A, HUVECs from 
haplogroup H (West Eurasian; n=5 
single donors) and haplogroup L (Afri-
can; n=9 single donors) were seeded 
onto Seahorse XF24 plates (30 000 
cells per well), and OCRs were moni-
tored at baseline and after treatment 
with oligomycin (4 μg/mL), carbonyl 
cyanide-4-(trifluoromethoxy)phenylhydra-
zone (FCCP; 4 μmol/L), or antimycin A 
(AA)+rotenone (Rot; 10 and 1 μmol/L) for 
a period of 18 minutes in unbuffered mini-
mal essential media. B, Under identical 
conditions, the decrease in intracellular 
ATP because of oligomycin treatment 
(4 μg/mL) was determined relative to 
untreated controls. C, Mitochondrial num-
ber was assessed by staining mitochon-
dria from both groups with MitoTracker 
Red (200 nmol/L) for 30 minutes and 
determining the average fluorescence 
per cell via flow cytometry. Values are 
mean±SEM of ≥3 independent experi-
ments per single-donor cell line. *P<0.05.
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basal oxygen used for ATP production: haplogroup H commit-
ted 61.5%±4.2% of total oxygen consumed under basal con-
ditions for ATP production, whereas HUVECs in haplogroup 
L used 52.1%±4.1% of total oxygen consumed for ATP pro-
duction. These results translated into haplogroup H HUVECs 
using more oxygen for ATP production than haplogroup L 
HUVECs under basal conditions (1.29×10–3 pmoles of oxy-
gen per minute per cell versus 8.44×10–4 pmoles of oxygen per 
minute per cell, respectively; Figure 3C). Thus, haplogroup H 
HUVECs consumed more oxygen to maintain similar steady-
state levels of ATP indicating a lower mitochondrial economy 
with respect to ATP production when compared with those 
from haplogroup L.

Mitochondrial Damage Is Increased in HUVECs 
From Haplogroup L
As these studies suggested that HUVECs from haplogroup 
L were more economical in generating ATP than those from 
haplogroup H, we were curious to know whether levels of 
mitochondrial damage were different between the 2 lineages. 
Consequently, activity of aconitase, a citric acid cycle enzyme 
in the mitochondrial matrix, which is specifically inactivated 
by superoxide or peroxynitrite,33 was quantified to determine 
overall levels of oxidative stress within the mitochondrion. 
Figure  4A shows that aconitase activity was significantly 
decreased in HUVECs from haplogroup L compared with 
those in haplogroup H, indicating greater oxidative stress in 
the mitochondria from the former group. Next, aconitase pro-
tein levels were determined via immunoblot, and no signifi-
cant differences between H and L haplogroups were observed 
(data not shown), indicating that the differences in enzyme 
activity were not because of differences in protein levels. To 
more specifically examine the degree of mtDNA damage in 
both groups, the level of mtDNA damage was determined in 
HUVECs from both haplogroups H and L. Consistent with the 

aconitase results, Figure 4B shows that HUVECs from hap-
logroup L had significantly more mtDNA damage relative to 
those from haplogroup H (0.45±0.096 lesions per 16 kb ver-
sus 0.0±0.088 lesions per 16 kb, respectively). Collectively, 
these results suggest that HUVECs belonging to haplogroup 
L are exposed to higher levels of oxidant stress compared with 
those in haplogroup H, as reflected by differences in enzy-
matic activity of aconitase, and the levels of mtDNA damage.

MtDNA Damage Differs in PBMCs Collected From 
Individuals With Haplogroups Having African or 
West Eurasian Origins
To further investigate whether differences in mtDNA damage 
levels existed between humans having West Eurasian or Afri-
can maternal origins, PBMC mtDNAs from 45 age-matched 
healthy individuals were sequenced and then placed into either 
African or West Eurasian maternal lineages. Interestingly, no 
differences in mtDNA damage between these 2 groups were 
initially observed (data not shown). However, additional 
analysis revealed that differences in mtDNA damage existed 
when haplogroups were segregated using the 10398 SNP 
resulting in the presence (+) or absence (−) of the DdeI 10394 
site (Figure 5A). When the ancestral nucleotide (G) is pres-
ent at 10398, it creates the DdeI+ 10394 site. African lineages 
(DdeI+) are distinguished from the bulk of West Eurasian 
(DdeI−) haplogroups (H, T, U, V, W, and X) by this site (the 
latter having 10398A). However, the site has also indepen-
dently recurred in 3 West Eurasian haplogroups (I, J, and K) 
that are phylogenetically distinctive from each other, arose at 
different times in Europe or the Middle East, and have a more 
southern latitude distribution.46 Further analysis showed that 
differences in mtDNA damage were more significantly associ-
ated with sex. DdeI+ 10394 men had significantly higher levels 
of mtDNA damage relative to DdeI− 10394 men (Figure 5B; 
0.0±0.094 lesions per 16 kb versus 0.766±0.229 lesions per 
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Figure 3.  Oxygen consumption devoted 
to ATP maintenance differs in human 
umbilical vein endothelial cells (HUVECs) 
from haplogroups H and L. A, HUVECs 
from haplogroup H (West Eurasian) and 
haplogroup L (African) were seeded onto 
96-well plates (30 000 cells per well), 
and steady-state concentrations of ATP 
were determined via bioluminescent 
detection (Methods section). B, Percent 
oxygen utilization for ATP production in 
HUVECs was calculated by subtracting 
oligomycin-associated oxygen con-
sumption from baseline consumption 
and dividing by baseline consumption 
[(baseline−oligomycin)/baseline]. C, Cel-
lular oxygen consumption rate (OCR) for 
ATP production was determined by mul-
tiplying the basal oxygen consumption 
rates by the proportion of oxygen used 
for ATP generation for each sample. Bar 
graph depicted the mean and SEM for all 
samples. Values presented as mean±SEM 
of ≥3 independent experiments per 
single-donor cell line (n=5 haplogroup 
H single donors and n=9 haplogroup L 
single donors). *P<0.05.
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16 kb), whereas no significant differences were observed in 
healthy women (data not shown).

Vascular Function, Remodeling, and mtDNA 
Damage in Humans
Because increased ROS production contributes to both endo-
thelial dysfunction and mtDNA damage, we were interested in 
determining whether a relationship existed between mtDNA 
damage, vascular function, and CVD. Consequently, mtDNA 
damage was assayed in PBMCs collected from 33 patients 
with CVD and 23 age-matched controls in which vascular 
function had also been assessed by FMD. Changes in brachial 
artery diameter were monitored in response to reactive hyper-
emia, whereas vascular remodeling was assessed by quantify-
ing the brachial diameter in the conduit arteries of the upper 
extremity through pulse wave velocity. Figure 6A shows that 
a significantly positive relationship between brachial diameter 

and mtDNA damage was observed in all subjects (r=0.42; 
P=0.001). Consistent with pathological changes in vascular 
function, a negative relationship between FMD and mtDNA 
damage was also observed in all subjects (Figure 6B; r=−0.32; 
P=0.01).

To further determine whether PBMC mtDNA damage was 
also associated with CVD, levels of mtDNA damage were 
compared between patients and age-matched, healthy controls. 
The results showed that patients with CVD had significantly 
higher levels of mtDNA damage in their PBMCs compared 
with age-matched controls (Figure 6C; 0.686±0.0882 versus 
0.00±0.115, respectively). These differences also seemed to be 
maintained between the DdeI 10394 (−) and (+) haplogroups 
compared with their corresponding age-matched controls 
(Figure 6D). As found previously, an interaction between lati-
tude and sex was also observed in that mtDNA damage was 
significantly higher in the healthy male control DdeI+ 10394 

Figure 4.  Mitochondrial DNA (mtDNA) damage in human umbili-
cal vein endothelial cells (HUVECs). A, The activity of the citric 
acid cycle enzyme aconitase was quantified in HUVECs belong-
ing to haplogroup H (West Eurasian; n=3 single donors) and 
haplogroup L (African; n=3 single donors) to determine relative 
levels of oxidative stress—aconitase is specifically inactivated 
by superoxide or peroxynitrite in the mitochondrial matrix. 
Decreased activity indicates increased oxidant stress. Data are 
presented as mean±SEM from 3 independent determinations per 
cell line. *P<0.05. B, Baseline mtDNA damage was assessed in 
HUVECs from haplogroup H (West Eurasian; n=3 single donors) 
and haplogroup L (African; n=3 single donors) via quantitative 
polymerase chain reaction. MtDNA damage is expressed rela-
tive to haplogroup H (zero-class lesions). Data are presented as 
mean±SEM and representative of ≥3 independent determinations 
per cell line. *P<0.05.
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Figure 5.  Mitochondrial DNA (mtDNA) damage in healthy 
humans. A, MtDNA damage was quantified from genomic DNA 
extracted from peripheral blood mononuclear cells (PBMCs) col-
lected from 45 age-matched, healthy controls that were positive 
(Dde+) or negative (DdeI−) for a DdeI 10394 restriction site that 
delineates African (n=6) or West Eurasian (n=29) mtDNA hap-
logroups. MtDNA damage is expressed relative to the DdeI− hap-
logroups (zero-class lesions). Data are presented as mean±SEM. 
B, MtDNA damage was quantified from genomic DNA extracted 
from PBMCs collected from 23 age-matched, healthy male 
controls who were positive (Dde+) or negative (DdeI−) for the 
DdeI 10394 restriction site, indicative of mtDNA haplogroups of 
African (n=8) or West Eurasian (n=15) origin. MtDNA damage is 
expressed relative to the DdeI− haplogroups (zero-class lesions). 
Data are presented as mean±SEM.* P<0.05.
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Figure 6.  Relationship between mitochondrial DNA (mtDNA) damage and markers of vascular dysfunction. Brachial diameter and flow-mediated 
dilation (FMD) were determined in 34 patients with cardiovascular disease (CVD; filled symbols) and 23 age-matched control (open symbols) 
human subjects, and the relationship with peripheral blood mononuclear cell (PBMC) mtDNA damage was examined. Circles and triangles indi-
cate DdeI+ (open circles: healthy controls [n=10]; filled circles: CVD [n=17]) and DdeI− (open triangles: healthy [n=13]; filled triangles: CVD [n=17]) 
mtDNA haplogroups, respectively. A, A significant positive relationship was found between brachial diameter and mtDNA damage. B, A signifi-
cant negative relationship was identified between FMD and mtDNA damage. C, Mean PBMC mtDNA damage levels were significantly different 
between patients with CVD and age-matched controls. MtDNA damage is expressed relative to healthy controls (zero-class lesions). *P<0.001. 
D, MtDNA damage was quantified from genomic DNA extracted from PBMCs collected from CVD age-matched, healthy controls that were 
positive (Dde+) or negative (DdeI−) for a DdeI 10394 restriction site. MtDNA damage is expressed relative to the DdeI− healthy controls (zero-class 
lesions). Data are presented as mean±SEM. *P<0.05 from matched healthy controls. E, MtDNA damage in DdeI− 10394 (healthy controls, n= 6; 
patients with CVD, n=15) and DdeI+ 10394 (healthy controls, n=4; patients with CVD, n=13) male patients with CVD and healthy controls. Data 
are expressed relative to the DdeI− healthy control group (zero-class lesions). *P<0.05 between patients with CVD and matched healthy controls, 
**P<0.05 between DdeI 10394 (−) versus (+) groups (healthy+CVD combined). F, Mean age of controls and patients with CVD in DdeI− (healthy 
controls, n=13; patients with CVD, n=17) and DdeI+ (healthy controls, n=10; patients with CVD, n=17) individuals. *P<0.05 from healthy control.
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lineages compared with those with DdeI− 10394 haplogroups 
(P=0.018). In addition, these differences were also seen when 
comparing overall haplogroups irrespective of health status 
(eg, healthy+CVD DdeI− 10394 versus healthy+CVD DdeI+ 
10394; P=0.021; Figure  6E). Although differences between 
healthy and CVD groups were maintained within DdeI− 10394 
and Dde+ 10394 haplogroups in women, no significant asso-
ciation was observed for women on latitude within the healthy 
or CVD groups (data not shown).

Finally, although the mean ages of healthy and CVD 
groups were not significantly different when undifferenti-
ated by the mtDNA haplogroup, further analysis revealed an 
interesting relationship between the ages of healthy controls, 
patients with CVD, and DdeI 10394 status. Figure 6F shows 
that the age of patients with CVD was significantly older in 
individuals who belonged to DdeI− 10394 haplogroups rela-
tive to (DdeI−) healthy controls (12.15 years older) and their 
DdeI+ CVD counterparts (9.82 years older), consistent with 
the notion of a delayed onset of CVD for DdeI− 10394 hap-
logroup individuals.

Discussion
Numerous epidemiological studies have demonstrated that 
associations exist between the mitochondrial haplogroup 
and the incidence of disease,7–9,47–49 and more recent studies 
in animals have shown that mtDNA background can play a 
significant role in aspects of disease susceptibility in the heart 
and liver.18,19 Whether differences exist in cellular bioenerget-
ics and mitochondrial damage between normal individuals 
having different mtDNA backgrounds has not been studied in 
primary cells. In this study, primary endothelial cells having 
mtDNAs belonging to either H (West Eurasian) or L (African) 
haplogroups exhibited significant differences in mitochondrial 
function, oxygen utilization, and damage consistent with the 
observed differences in CVD susceptibility between individu-
als with West Eurasian (eg, European) and African ancestries.

Classically, the identification of mtDNA haplogroups was 
based on the presence or absence of different diagnostic SNPs 
that had been identified in numerous molecular anthropology 
and evolutionary studies.36,50,51 The reckoning of these SNPs 
and the haplogroup classifications they facilitated were made 
through comparisons with the Cambridge Reference Sequence 
for the human mtDNA,52 which was later revised to correct for 
sequencing errors and haplogroup-specific markers.53 A more 
refined haplogroup classification was achieved through the 
comparison of whole-mtDNA genome sequences from various 
world populations26,54–57 and the comparison of control region 
(D-loop) sequences from previous mtDNA studies to these 
new whole-mtDNA genome data sets.58 In this context, it was 
demonstrated that populations harboring mtDNA haplogroups 
from more northern latitudes had a greater proportion of mis-
sense mutations relative to those living in Africa.35 On the 
basis of this observation, it was hypothesized that the increase 
in missense mutations in certain East and West Eurasian hap-
logroups allowed for better adaptation and survival of human 
populations in colder climates because of increased heat pro-
duction resulting from less-efficient energy coupling. By con-
trast, haplogroups arising in populations living in sub-Saharan 
Africa were predicted to be more economical in the use of 

caloric energy for generation of molecular energy (ATP).35,59,60 
The data presented in this study are consistent with the latter 
view in that cells having L mtDNAs generate equal amounts 
of ATP compared with those harboring H mtDNA yet use less 
oxygen. These findings are also consistent with the predic-
tion that individuals with more economical mitochondria will 
be more prone to oxidative stress compared with those with 
less economical mitochondria (eg, haplogroup H). They are 
further consistent with mitochondrial paradigms that propose 
that different mtDNA lineages convey distinct mitochondrial 
bioenergetic capacities because of prehistoric selection events 
for features of mitochondrial function.61

Interestingly, women of African descent have generally 
lower values of total and resting daily energy expenditure rates 
compared with white women,62–64 and in this respect, uncou-
pling protein (UCP) gene variation has been interrogated as a 
potential basis for these differences.65 However, no significant 
variation in resting daily energy expenditure has been linked 
with UCP gene variants with exception of an exon 5 variant 
for UCP3, and although this variant is found in both women 
of African and Eurasian descent, the association is only found 
in those of African ancestry.65 Although UCP expression and 
genetic variability were not investigated herein, no differ-
ences in OCR were observed between or within the H and 
L haplogroups in the presence of oligomycin or antimycin 
A+rotenone (Figure 2A), suggesting little or no role of UCPs 
in the differences seen in HUVEC experiments herein—differ-
ential UCP expression should manifest in differences in OCRs 
in the presence of oligomycin—furthermore, the lack of differ-
ences in OCR between oligomycin and antimycin A+rotenone 
rates suggests that the observed differences in HUVECs are 
not consistent with differential UCP expression. Finally, the 
10398 SNP used to segregate mtDNA haplogroups into north-
ern and southern latitudes has been previously associated 
with certain neurodegenerative diseases and breast cancer.38,66 
However, these findings are controversial,37,40,41 and whether 
this SNP is directly related to the differences observed in these 
studies is not yet known. Direct comparisons between closely 
related mtDNA haplogroups within the West Eurasia may pro-
vide additional insights into this question.

Subtle differences in mitochondrial function in endothe-
lial cells could potentially contribute to CVD initiation and 
progression through the production of ROS. Measures of 
mtDNA damage in both cultured cells (in vitro) and tissues 
(in vivo) are consistent with this notion.19,42,67–69 Furthermore, 
these differences in function are likely to be exacerbated under 
conditions of positive energy balance (excess substrate [high 
caloric intake] and low energy demand [physical inactivity]) 
and cellular challenges (eg, inflammation), which increase the 
propensity for mitochondrial ROS production. The observa-
tions of increased oxidative stress (aconitase activity) and 
mtDNA damage in HUVECs harboring haplogroup L mtD-
NAs relative to those having haplogroup H mtDNAs support 
this concept. However, under conditions of chronic stress, 
even individuals having haplogroup H mtDNAs would sus-
tain significant damage over time and therefore be also predis-
posed to eventual CVD development. Our observations that 
the average age of patients with CVD is significantly older 
in DdeI− individuals are consistent with this notion, as are 
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the findings of greater levels of mtDNA damage in healthy 
individuals harboring DdeI+ haplogroups compared with those 
with DdeI− lineages. Consequently, it follows that differences 
in mitochondrial function and damage may only be observed 
in healthy controls and will not be easily observable in indi-
viduals with advanced CVD belonging to different mtDNA 
haplogroups. Interestingly, comparison of vascular function 
(FMD) with the level of mtDNA damage present in lympho-
cytes collected from patients with CVD and healthy controls 
revealed a significant relationship between mtDNA damage 
and decreased vessel relaxation (Figure 6B), accompanied by 
significant changes in vascular remodeling (Figure 6A). These 
findings suggest that perhaps mtDNA integrity of the circulat-
ing blood cells can serve as an indirect and early biomarker 
of vascular function and condition. Accordingly, information 
on an individual’s haplotype (haplogroup), bioenergetic pro-
file, and mtDNA integrity (mtDNA damage) will be required 
for a more complete assessment of vascular disease risk. 
Future studies that pursue understanding the interrelationship 
between genetics, bioenergetics, and cellular integrity will 
provide a clear basis for making informed decisions on indi-
vidual risk for CVD development.

Studies illustrating the mitochondrion’s role in many 
disease processes continue to grow. The data presented here 
demonstrate that endothelial cell mtDNAs from haplogroups 
H and L, which are maternal lineages with distinct geographic 
origins (West Eurasia and Africa), have unique mitochondrial 
bioenergetic profiles. We show that these differences also 
seem to associate with levels of mtDNA damage and oxidant 
stress. Additional analyses in blood samples from healthy 
humans showed that mtDNA damage was higher in DdeI+ 
haplogroups compared with DdeI− haplogroups and also 
higher in patients with CVD compared with healthy controls. 
Consequently, when making comparisons between healthy 
and diseased groups, it seems advisable to perform hap-
logroup matching between age-matched controls and disease 
cohorts whenever possible. Increases in mtDNA damage were 
also associated with decreased FMD and increased vascular 
remodeling in humans, and was also observed to be highest in 
CVD patients. This work demonstrates that subtle differences 
in bioenergetics between mitochondrial haplogroups occur in 
primary cells. These effects may have a significant influence 
on endothelial cell function which, in turn, can affect systemic 
vascular function. The molecular mechanisms behind these 
effects are currently unclear; it is unlikely, however, that a 
singular molecular pathway will be the basis because of the 
nature of mitochondrial metabolism which is at the hub of all 
cellular metabolism, and therefore, even subtle changes have 
the potential for affecting multiple aspects of cellular func-
tion. Studies using animal models that examine the effect of 
different normal mtDNA backgrounds have shown effects on 
adaptive immunity, cognition, heart failure susceptibility, fatty 
liver disease, and most recently cancer.13,18,19,70,71 The diver-
sity of these phenotypes suggests that a single mechanism is 
unlikely and instead argues that a complex interaction of mito-
chondrial and nuclear genetic backgrounds guides cellular 
metabolism in response to environmental cues and challenges 
which influences cellular function in response.
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CLINICAL PERSPECTIVE
Studies illustrating the mitochondrion’s role in many disease processes continue to grow—the data herein demonstrate that 
endothelial cells derived from maternal lineages with distinct geographic origins (West Eurasia and Africa) have unique 
bioenergetic profiles that also associate with differential levels of mitochondrial DNA (mtDNA) damage and oxidant stress. 
Analyses using blood samples from healthy humans showed that mtDNA damage was higher in individuals having mtDNAs 
representative of southern geographic origins (Africa) compared with those having northern origins (West Eurasia) and that 
patients with cardiovascular disease had increased mtDNA damage compared with matched, healthy controls. Increases in 
mtDNA damage were also associated with decreased flow-mediated dilation and increased vascular remodeling in humans, 
and was also observed to be highest in cardiovascular disease patients. This work demonstrates that subtle differences in 
bioenergetics between mitochondrial haplogroups occur in primary cells that may have a significant influence on vascular 
function. The molecular cause behind these effects is currently unclear; however, it is unlikely that a single mechanism is 
causative, and instead, we propose that a complex interaction of mitochondrial and nuclear genetic backgrounds guides cel-
lular metabolism in response to environmental cues and challenges that influence cellular function in response. This concept 
of Mito-Mendelian interactions could explain the genetics of common disease susceptibility and therefore may be a poten-
tially important clinical consideration when assessing risk.
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