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Abstract Epidemiological studies suggest that events

occurring during fetal and early childhood development

influence disease susceptibility. Similarly, molecular stud-

ies in mice have shown that in utero exposure to cardio-

vascular disease (CVD) risk factors such as environmental

tobacco smoke (ETS) increased adult atherogenic suscep-

tibility and mitochondrial damage; however, the molecular

effects of similar exposures in primates are not yet known.

To determine whether perinatal ETS exposure increased

mitochondrial damage, dysfunction and oxidant stress in

primates, archived tissues from the non-human primate

model Macaca mulatta (M. mulatta) were utilized.

M. mulatta were exposed to low levels of ETS (1 mg/m3 total

suspended particulates) from gestation (day 40) to early

childhood (1 year), and aortic tissues were assessed for

oxidized proteins (protein carbonyls), antioxidant activity

(SOD), mitochondrial function (cytochrome oxidase), and

mitochondrial damage (mitochondrial DNA damage).

Results revealed that perinatal ETS exposure resulted in

significantly increased oxidative stress, mitochondrial

dysfunction and damage which were accompanied by sig-

nificantly decreased mitochondrial antioxidant capacity

and mitochondrial copy number in vascular tissue.

Increased mitochondrial damage was also detected in buffy

coat tissues in exposed M. mulatta. These studies suggest

that perinatal tobacco smoke exposure increases vascular

oxidative stress and mitochondrial damage in primates,

potentially increasing adult disease susceptibility.

Keywords Tobacco � Cigarette smoke � Mitochondria �
Macaque � mtDNA � Oxidative stress � Vascular

Introduction

Cardiovascular disease (CVD) development generally

begins decades before its clinical manifestations are

apparent. Epidemiological studies of CVD risk factors

suggest that events occurring during fetal and early child-

hood development (e.g. exposure to a risk factor) may

influence disease susceptibility, and in this regard, studies

have shown that in utero exposure to CVD risk factors such

as environmental tobacco smoke (ETS) and hypercholes-

terolemia convey increased adult atherogenic susceptibility

in exposed animals [1, 2]. In humans, it has been estimated

that over half the children aged 4–11 have cotinine in their

blood, suggesting that exposure to nicotine or cigarette

smoke is a regular occurrence [3]. Similarly, it has also

been estimated that 22% of children under the age of 18 are

regularly exposed to cigarette smoke in the home [3].

Studies have also revealed that while many female smokers

will abstain from smoking during pregnancy, 13.2% of

U.S. women continue to smoke during pregnancy [4].

Consequently, a significant number of children are exposed
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to cigarette smoke during gestation and early childhood,

and while there have been numerous reports that associated

low birth weights and delayed developmental effects in

children associated with tobacco smoke exposure, the

molecular effects of these exposures are not yet clearly

known [5, 6].

It has been previously shown that a relationship exists

between fetal exposure to ETS, mitochondrial damage and

adult atherosclerotic lesion development in mice [1, 2].

These effects were not associated with significant changes

in LDL or HDL cholesterol levels in the mother or off-

spring, but instead, were associated with increased mito-

chondrial damage and oxidative stress in exposed offspring

[1]. While these findings suggest that both increased ath-

erosclerotic lesion formation and mitochondrial damage

are associated with in utero exposure to ETS, molecular

studies demonstrating similar effects in humans or non-

human primates are currently lacking. Herein, molecular

data are presented from archived tissues from the non-

human primate model Macaca mulatta (M. mulatta).

For these studies, archived aortic and blood tissues were

utilized from M. mulatta that were exposed to low levels of

ETS during gestation and early childhood were assessed for

mitochondrial function, antioxidant activity, oxidative

stress and mtDNA damage. Results reveal that exposure to

even relatively low ETS dosages during gestation and early

childhood significantly impacted vascular morphology,

oxidative stress, antioxidant activity, mitochondrial func-

tion and damage. In addition, differences in mitochondrial

damage could also be detected in blood, suggesting these

effects were not isolated to the vascular tissues. Conse-

quently, these studies provide molecular evidence for

increased oxidative stress and mitochondrial damage in

primate aortic tissues associated with developmental ETS

exposure.

Methods

Monkeys

Archived aortic and blood (buffy coats) tissues from three

ETS-exposed (gestation day 40 until 1 year of age) and

three age-matched control (unexposed) male monkeys

were utilized. Briefly, normally cycling, adult female rhe-

sus monkeys were bred and identified as pregnant via

ultrasound (gestation day 40), using established methods

[7]. Pregnancy in the rhesus monkey is divided into tri-

mesters by 55 day increments with 0–55 days gestation

representing the first trimester, 56–110 days gestation

representing the second trimester, and 111–165 days ges-

tation the third trimester (term 165 ± 10 days). All fetuses

were sonographically assessed to confirm normal growth

and development prior to assignment to the study. All

measures were compared to normative growth curves and

developmental parameters for rhesus fetuses [8]. Animals

were handled in accordance with standards established by

the US Animal Welfare Acts as set forth in the National

Institutes of Health Guidelines and by the University of

California, Davis, Animal Care and Use Committee.

Exposure Regimen and Generation of ETS

Commencing at gestation day 40, pregnant dams were

exposed to ETS or FA for 6 h/day, 5 days/week. All ani-

mals were closely monitored during exposure for health

and pregnancy status. Upon birth, both dam and infant

were housed in the same exposure chamber. The exposure

system and monitoring methods have been previously

described in detail [9]. Briefly, ETS was generated by a

smoke exposure system (Teague Enterprises, Davis, CA)

using IR4F conditioned cigarettes from the Tobacco and

Health Research Institute of the University of Kentucky.

Sidestream smoke was drawn into a conditioning chamber

where it was aged, diluted, and then further diluted as it

passed into the exposure chambers to produce total sus-

pended particulate (TSP) concentrations of 1.0 mg/m3,

4–5 ppm carbon monoxide, and 200–300 lg/m3 nicotine.

This level of exposure is highly reminiscent of ETS con-

centrations found in homes or the workplace where

smoking is permitted. The exposure chambers were stain-

less steel and glass Hinners-type and 4.2 m3 in size. Each

chamber has an air capacity of 3.5 m3.

Tissue Collection

Necropsies were performed under sterile conditions with

full protective clothing at the California Regional Primate

Research Center. Under the direction of veterinarians and

pathology staff, each animal was euthanized under humane

conditions. The aorta was removed and perfused with cold

PBS buffer, and snap frozen in liquid nitrogen, and stored

at -80�C.

Histology

Frozen archived tissues were thawed and fixed in 10%

neutral-buffered formalin, embedded in paraffin, sectioned,

and stained with hematoxylin-eosin. Slides were provided

(blinded) to an experienced cardiovascular pathologist for

scoring. Coded slides were examined and given a grade

using a scale with 0 being morphologically normal endo-

thelium with no subintimal cells and a score of 3 repre-

senting endothelial disruption and significant accumulation
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of cells within the subintimal region. Grades 1 or 2 were

assigned to sections that were intermediate.

SOD Activity

SOD activity was quantified using the cytochrome C

reduction assay. This assay is based upon the ability of

SOD to inhibit the reduction of cytochrome C by O2
-

generated by xanthine/xanthine oxidase [10]. Increased

SOD activity results in inhibition of cytochrome C reduc-

tion, reflected by decreased absorbance at 550 nm. Cyanide

and azide (3 mM KCN, 3 mM NaN3) were used to inhibit

cytoplasmic and extracellular SOD, allowing for direct

measurement of mitochondrial SOD (SOD2) activity.

Activity was determined from a standard curve generated

using known amounts of SOD2 (Sigma S-5639).

Quantitative PCR (QPCR) for Evaluating DNA

Damage

MtDNA damage was quantified by QPCR, which is based

upon the principle that DNA lesions will block the poly-

merase and therefore will lead to a decrease in target

amplification. This assay has been used to quantify DNA

damage both in vitro [11] and in vivo [12]. For these studies,

genomic DNA was extracted (Qiagen) from archived tissues

(aorta, buffy coat) harvested from male M. mulatta exposed

to cigarette smoke (N = 3) or filtered air (N = 3), or human

buffy coats collected from male, age-matched smokers

(N = 8; mean age 40.25 ± 2.27 years) and non-smokers

(N = 5; mean age 41.6 ± 1.47 years). Human buffy coat

were isolated from whole blood as previously described

[13]. Extracted DNA was quantified fluorescently (Pico-

green, Invitrogen), and 15 ng was used to amplify a 16 kb

mtDNA QPCR product using primer set MQND5For/

MQND4Rev: 50-caaccctcatctccctgacccttc/cgtgtgaaggggggtt

ttatattga-30 in M. mulatta and previously reported primers in

humans [11]. Each QPCR reaction experiment included a

standard QPCR using a serial dilution of 30, 15, 7.5, 3.75,

1.875, 0.937 and 0 lg of control genomic DNA (M. mulatta

or human) as template to verify quantitative amplification.

Potential differences in mtDNA copy numbers were nor-

malized by using a short (0.2 kb) QPCR reaction product

using primers MQmtstFor/MQmtstRev: 50-caactatagcaa-

cagccttcata/aa ctaggtctgttccaatgtatg-30. DNA damage was

quantified by dividing the 16 kb product by the corre-

sponding 0.2 kb product, and comparing the normalized

ETS-exposed values to normalized unexposed control

values, resulting in a relative amplification ratio (AETS/

Aunexposed). Assuming a random distribution of lesions and

using the Poisson equation [f(x) = ekkx/x!, where k = the

average lesion frequency] for the non-damaged templates

(zero class; x = 0), the average lesion frequency per DNA

strand is determined; k = -ln AETS/Aunexposed [11, 12, 14].

To assess the levels of specific DNA lesions recognized

by formamidopyrimidine (Fapy) DNA glycosylase (Fpg,

New England BioLabs), which cleaves DNA at specific

lesions such as 7, 8-dihydro-8-oxoguanonine, 8-oxoade-

nine, fapy-guanine, methy-fapy-guanine, fapy-adenine, and

5-hydroxy-cytosine, 1 lg of genomic aortic DNA was

digested with Fpg (12 units) or sham treated (to confirm

digestion) overnight at 37�C. Next, DNA was re-extracted

(Qiagen), and QPCR performed on 15 ng genomic DNA.

Levels of Fpg-recognized DNA adducts were calculated to

by comparing the DNA damage results from the ETS-

exposed animals to unexposed controls, as described

above. Overall levels of Fpg detectable lesions were then

expressed in ETS-exposed animals as increase in Fpg

detectable lesions/16 kb relative to Fpg-treated, unexposed

controls.

Mitochondrial Number Determination

Mitochondrial numbers were estimated based upon the

amount of mtDNA present in 15 ng of genomic DNA.

Because the number of mtDNAs present within a mito-

chondrion remains stable (5–10 copies per mitochondrion),

total mitochondrial numbers were estimated via amplifica-

tion of a short region of mtDNA using primers MQmtstFor/

MQmtstRev: 50-caactatagcaacagccttcata/aa ctaggtctgttcc

aatgtatg-30 from equal amounts of genomic DNA between

samples. Amplification products were then quantified and

expressed relative to control tissue.

SOD2 and Anti-Nitrotyrosine Immunoblotting

Thirty micrograms of homogenized primate aorta was

denatured in SDS–PAGE sample buffer by heating at 95�C

for 10 min. Samples were separated on an 18-well 4–12%

bis–tris gel (BioRad 03450124) using MES as running

buffer (BioRad 161-0789). Electrophoretic separation of

the proteins was conducted for an hour at 100 V or until

leader dye reached bottom of the gel. Separated proteins

were transferred to nitrocellulose membrane (0.45 micron)

for 12 h (overnight), 150 mA, 4�C. The blots were ponceau

stained, imaged, and then blocked in 3% NFDM (BioRad)

in TBS for 3 h at room temp. Blots were rinsed once with

tris-buffered saline (TBS) and probed with either primary

rabbit anti-MnSOD (Fitzgerald #RDI-RTSODMAbr)

1:5,000, or primary goat anti-nitrotyrosine (Biodesign

K97520G) 1:1,000, overnight at 4�C. Blots were washed

four times 10 min each with TBS-Tween (TBST), and then

probed with HRP-conjugated goat anti-rabbit (Sigma)

1:10,000, or rabbit anti-goat (Sigma) 1:20,000, for 2 h.
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Blots were developed using ECL-plus (GE RPN2132) and

imaged using a Storm 840. Lanes were quantitated using

ImageQuant software. A control sample was run on mul-

tiple blots to enable comparisons and data normalization

between blots.

DNP Treatment and Immunoblotting

Homogenized primate aorta samples were derived accord-

ing to protocol [15]. Briefly, to 100 micrograms protein, one

volume 12% SDS was added. To half protein sample (50

micrograms), two volumes of 2,4-Dinitrophenylhydrazine

(D199303) solution was then added and allowed to incubate

for ten minutes at room temperature. Solution was brought to

neutrality using 2 M tris with 3% glycerol. Volume reduced

as necessary by speed vacuum to load onto 18-well 4–12%

bis–tris gel (BioRad 0345-0124) using MES as running

buffer (BioRad 161-0789). Electrophoretic separation of the

proteins was conducted for an hour at 100 V or until leader

dye reached bottom of the gel. Separated proteins were

transferred to nitrocellulose membrane (0.45 micron) for

12 h (overnight), 150 mA, 4�C. The blots were blocked in

3% NFDM (BioRad) in TBS for 3 h at room temp. Blots

were rinsed once with tris-buffered saline (TBS) and probed

with primary rabbit anti-DNP (Sigma D9656) 1:1,000 for

2 h at room temp. Blots were washed four times 10 min each

with TBS-Tween (TBST), and then probed with HRP-con-

jugated goat anti-rabbit (Sigma) 1:20,000 for 2 h. Blots were

developed using ECL-plus (GE RPN2132) and imaged

using a Storm 840. Lanes were quantitated using Image-

Quant software.

Isolation of Mitochondria and Cytochrome c Oxidase

Activity

Complex IV activity was determined from previously pre-

pared, frozen mitochondrial isolates. Briefly, mitochondria

were isolated from aortic tissue homogenized in isolation

buffer on ice as previously described [16], centrifuged at

1,200g (4�C, 20 min), and supernatant centrifuged at

13,000g (4�C, 20 min) to pellet mitochondria which were

resuspended in 0.2-ml isolation buffer and stored at -80�C

until further use. Cytochrome c oxidase activity was deter-

mined by following the oxidation of reduced cytochrome c

at 550 nm [16]. Briefly, reduced cytochrome c was prepared

using ascorbate and its concentration determined. The oxi-

dation of reduced cytochrome c was followed in the pres-

ence of the sample and potassium phosphate buffer for

3–4 min at 37�C. One unit of enzyme activity is defined as

by the enzymatic conversion of 1 micromole of substrate per

minute. Unit enzyme activity is calculated using the first

derivative of the Beers Lambert law, which is (1 unit/mL or

umol reduced cyt C conversion/min/mL) = (change in

Absorbance at 550 nm/min)/(millimolar extinction coeffi-

cient, with the unit of mmol/l-1 cm-1). This U/ml enzyme

activity is then normalized by mg/ml protein concentration

to yield U/mg (mU/mg) protein.

Protein Quantification

Protein quantification from tissue homogenates and mito-

chondrial preparations were done by Lowry assay [17].

Statistical Analyses

Results from the quantitative studies are expressed in terms

of mean and standard error (mean ± SE). Statistical

ANOVA and Student–Newman–Keuls Test (when appro-

priate) with Bonferroni adjustment for number of com-

parisons were performed using SAS software to assess the

effects of exposure regimen on each parameter.

Results

To determine the effects of perinatal exposure to ETS on

vascular oxidative and nitrative stress, oxidized and nitrated

protein levels were determined via quantification of protein

carbonylation and 3-nitrotyrosine levels in aortic homoge-

nates, respectively. Protein carbonylation is determined via

derivatization of the carbonyl group with 2,4-dinitrophen-

ylhydrazine (DNPH), leading to the formation of stable

dinitrophyenyl (DNP) hydrazone products which can be

immunodetected and quantified. Figure 1a shows that the

levels of DNP-labeled proteins were significantly increased

in the ETS-exposed monkeys compared to the unexposed

controls, suggesting that oxidized proteins were signifi-

cantly higher in aortas from monkeys exposed to ETS

perinatally compared to unexposed controls. Similarly,

Fig. 1b reveals that 3-NT levels were significantly increased

with perinatal ETS exposure as well in M. mulatta compared

to controls. To determine whether ETS exposure specifically

impacted the mitochondrion in vascular tissue, as reported in

mouse models [1, 12], mitochondrial SOD (MnSOD, SOD2)

activities were determined. Figure 2a shows that M. mulatta

sustaining perinatal ETS exposure had significantly lower

SOD2 activity compared to unexposed controls. These

decreases in SOD2 activity were accompanied with signif-

icantly decreased SOD2 protein levels in the aortic tissues

from M. mulatta exposed to perinatal ETS compared to

controls (Fig. 2b).

To determine whether perinatal ETS exposure impacted

mitochondrial integrity, quantitative PCR was performed

on aortic tissue collected from M. mulatta. Figure 3 illus-

trates that perinatal ETS exposure resulted in significantly

increased levels of mtDNA damage in aortic tissues
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compared to controls (Fig. 3a; less product in the ‘‘long’’

row on inset reflects more mtDNA damage). To investigate

whether an additional measure of DNA damage yielded

differences between unexposed and ETS-exposed animals,

aortic DNA samples were also treated with formamido-

pyrimidine (fapy) DNA glycosylase (Fpg), which cleaves

DNA at specific lesions such as 7, 8-dihydro-8-oxoguan-

onine, 8-oxoadenine, fapy-guanine, methy-fapy-guanine,

fapy-adenine and 5-hydroxy-cytosine. Figure 3b shows

that Fpg treatment revealed net increased levels of mtDNA

lesions in exposed animals compared to unexposed controls

(less product on inset reflects more mtDNA damage).

To determine whether mtDNA damage was also

increased in a surrogate tissue such as blood, DNA was

extracted from buffy coat tissues from M. mulatta exposed

perinatally to ETS, and also from age-matched human

smokers and non-smokers. Figure 4a shows that perinatal

cigarette smoke exposure increased mtDNA damage in

M mulatta buffy coat DNA (less product in the ‘‘long’’ row

on inset reflects more mtDNA damage). Figure 4b reveals

that human smokers also had significantly increased

mtDNA damage compared to non-smokers, consistent with

the notion that tobacco smoke exposure induces mito-

chondrial damage in humans. Interestingly, perinatal

tobacco smoke exposure was also accompanied by a sig-

nificant decrease in total mtDNA copy number in aorta

(Fig. 5), but not blood, in M. mulatta.

To determine whether these changes in mtDNA integrity

were associated with altered mitochondrial function in

M. mulatta exposed to perinatal ETS, cytochrome oxidase

Fig. 1 Relative levels of 2,4 dinitrophenylhydrazine (DNP) and

3-nitrotyrosine (3-NT) in aortic homogenates isolated from M. mulatta.
a Aortic homogenates were derivatized based on the reaction of

carbonyl groups with 2,4-dinitrophenylhydrazine (DNPH) to form

2,4-dinitrophenylhydrazone derivatives, subjected to electrophoresis,

and immunoblotted with anti-2,4 DNP antibody (n = 3/group). The

panels to the right of the graph provide a typical anti-DNP

immunoblot (upper panel) and ponceau-stained gel (lower panel,
total protein stain) for unexposed and perinatal ETS-exposed animals

(lanes 1–3 and 4–6, respectively). b Aortic protein homogenates were

subjected to electrophoresis and immunoblotted with anti-3NT

antibody (n = 3/group). The panels to the right of the graph provide

a typical anti-3NT (upper panel) immunoblot and ponceau-stained gel

(lower panel, total protein stain) for unexposed and perinatal ETS-

exposed animals (lanes 1–3 and 4–6, respectively). Unexposed,

M. mulatta age-matched control; ETS, M. mulatta exposed to 1 mg/m3

ETS during gestation to 1 year of age. Asterisks indicate significant

difference (P \ 0.05) from unexposed M. mulatta
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(complex IV) activity was determined from aortic samples.

Figure 6 reveals that mitochondrial function was signifi-

cantly declined in M. mulatta sustaining perinatal exposure

to ETS compared to unexposed controls.

Finally, to determine whether these observed changes in

molecular biology were also accompanied by differences in

histology, archived tissues were fixed, sectioned and

stained with hematoxylin-eosin, and provided to a trained

pathologist in a blinded fashion for scoring. Results

showed that perinatal exposure to ETS was associated with

significantly increased numbers of cells within the subin-

tima, indicative of early atherogenic changes in the

abdominal aorta compared to age-matched controls

(Fig. 7). Consequently, both changes at the molecular and

cellular levels appear to be associated with perinatal ETS

exposure in M. mulatta.

Discussion

Perinatal exposure to ETS has been associated with altered

physiologic and developmental changes, which can also be

related to increased risk for childhood and adult disease

development [1, 2, 18, 19]. Previous studies have shown

that gestational exposure to cigarette smoke increases

individual risk for atherogenesis in rodents [1], which was

accompanied by increased mitochondrial damage and

Fig. 2 Mitochondrial SOD (SOD2) activity and protein levels in

M. mulatta aorta. a SOD2 activity in exposed (ETS) and unexposed

control M. mulatta. b Thirty micrograms of protein from aor-

tic homogenates were subjected to electrophoresis and immunoblot-

ted with anti-SOD2 or VDAC (for normalization) antibodies (n = 3/

group) and quantified densitometrically. Inset SOD2 and

VDAC immunoblots from unexposed and ETS-exposed animals

(lanes 1–3 and 4–6, respectively). Unexposed, M. mulatta age-

matched control; ETS, M. mulatta exposed to 1 mg/m3 ETS during

gestation to 1 year of age. Asterisks indicate significant difference

(P \ 0.05) from unexposed M. mulatta

Fig. 3 Mitochondrial DNA (mtDNA) damage in M. mulatta aorta.

MtDNA damage was quantified from genomic DNA preparations

extracted from aorta. a mtDNA damage determined by QPCR;

(n = 3/group/tissue). The inset (lanes 1–3 are unexposed control,

lanes 4–6 are ETS exposed) shows the full-length QPCR product

(Long) that is used to quantify relative levels of mtDNA damage (less
product indicates increased damage) relative to control, whereas the

lower inset (lanes 1–3 are unexposed control, lanes 4–6 are ETS

exposed) shows the smaller QPCR product (Short) that is used for

mtDNA copy number normalization. Bar graph shows the relative

level of mtDNA damage (normalized for copy number) between

exposure groups. b mtDNA damage detected by Fpg digestion

followed by QPCR. The inset shows QPCR results for Fpg-treated

unexposed controls and ETS-exposed animals (lanes 1–3 and 4–6,

respectively), showing the full-length QPCR product (less product
indicates increased mtDNA damage). The bar graph shows the

difference in Fpg detectable lesions (±Fpg) in ETS-exposed monkeys

relative to unexposed controls. Unexposed, M. mulatta age-matched

control; ETS, M. mulatta exposed to 1 mg/m3 ETS during gestation to

1 year of age. Asterisks indicate significant difference (P B 0.05)

from unexposed M. mulatta
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sensitivity to inhibitors of mitochondrial function [2]. The

studies herein represent an extension of those reports using

archived vascular tissues (aorta) from the non-human pri-

mate, M. mulatta. Here, it is shown that M. mulatta

exposed to low levels of ETS during gestation to early

childhood resulted in significantly increased oxidative

stress, mitochondrial dysfunction and damage in vascular

tissue (aorta). These effects were also accompanied by

significantly decreased mitochondrial antioxidant capacity

and mtDNA copy numbers in vascular tissue. Increased

mitochondrial damage was also detected in buffy coat tis-

sues in exposed M. mulatta, suggesting its potential as a

biomarker for exposure in a surrogate tissue. Similarly,

quantification of mtDNA damage in buffy coat tissues from

human smokers and non-smokers showed that smokers had

significantly increased mtDNA damage compared to non-

smokers, consistent with the concept that tobacco smoke

exposure increases mitochondrial damage. Overall, these

studies provide molecular evidence for increased oxidative

Fig. 4 Mitochondrial DNA (mtDNA) damage in M. mulatta and

human buffy coat tissues. MtDNA damage was quantified using

QPCR on genomic DNA preparations extracted from M. mulatta and

human buffy coats. a Bar graph showing the relative level of mtDNA

damage (normalized for copy number) in M. mulatta perinatally

exposed the ETS compared to unexposed controls. The inset (lanes
1–3 are unexposed control, lanes 4–6 are ETS exposed) shows the

full-length QPCR product (Long) which is used to quantify relative

levels of mtDNA damage (less product indicates increased damage)

relative to control, whereas the lower inset (lanes 1–3 are unexposed

control, lanes 4–6 are ETS exposed) shows the smaller QPCR product

(Short) that is used for mtDNA copy number normalization, b Bar
graph showing the relative level of mtDNA damage (normalized for

copy number) in human smokers (N = 8) compared to non-smokers

(N = 5). The inset (lanes 1, 2 are non-smoker control, lanes 3, 4 are

smoker) shows the full-length QPCR product (Long) that is used to

quantify relative levels of mtDNA damage (less product indicates
increased damage) relative to control, whereas the lower inset (lanes
1, 2 are non-smoker control, lanes 3, 4 are smoker) shows the smaller

QPCR product (Short) that is used for mtDNA copy number

normalization. Asterisks indicate significant difference (P \ 0.05)

Fig. 5 Mitochondrial DNA (mtDNA) copy number in M. mulatta.

MtDNA copy numbers were quantified using QPCR of the short

QPCR fragment from 15 ng genomic DNA extracted from aorta as

template, as shown in 3A, lower inset (Short). Unexposed, M. mulatta
age-matched control; ETS, M. mulatta exposed to 1 mg/m3 ETS

during gestation to 1 year of age. Asterisks indicate significant

difference (P \ 0.05) from unexposed M. mulatta (n = 3/group/

tissue)

Fig. 6 Cytochrome oxidase (complex IV) activity in M. mulatta.

Complex IV activity was determined from mitochondrial isolates

extracted from aortic tissues. Unexposed, M. mulatta age-matched

control; ETS, M. mulatta exposed to 1 mg/m3 ETS during gestation to

1 year of age. Asterisks indicate significant difference (P \ 0.05)

from unexposed M. mulatta (n = 3/group/tissue)
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stress and mitochondrial damage in primate aortic tissues

associated with perinatal ETS exposure and supports the

hypothesis that the cardiovasculature is prone to mito-

chondrial damage and dysfunction in response to tobacco

smoke exposure in primates.

A limitation of the current study was that the duration of

ETS exposure encompassed both in utero and early child-

hood development, and thus, was perinatal. Hence, with

these tissues, it was not possible to distinguish the effects

of gestational versus neonatal, early childhood ETS expo-

sure. Previous studies have shown that in utero tobacco

smoke exposure significantly influences mitochondrial

damage and disease development; consequently, it is pos-

sible that the effects observed may be primarily due to

gestational events, although other reports clearly show that

adult exposure to tobacco smoke also cause mitochondrial

damage, dysfunction and increased disease development

[1, 2, 12, 20–22]. Further studies are required to delineate

the cardiovascular effects of fetal versus neonatal exposure

to tobacco smoke. While this report did not specifically

evaluate atherosclerotic lesion development because the

monkeys were not fed atherogenic diets and were still

relatively young (1 year) at the end of the study, basic

histological analyses did suggest early atherogenic changes

in aortas of M. mulatta exposed to perinatal ETS. Previous

studies in hypercholesterolemic rodents have shown an

association between perinatal CVD risk factor exposure

and increased CVD [1, 2, 23], and other studies have

shown that mtDNA damage is significantly increased

human atherosclerotic tissues, and moreover, that mtDNA

damage occurs prior to, or, coincident with atherogenesis

[24, 25]. Hence, the observations of increased oxidative

and nitrative stress, plus mitochondrial damage and dys-

function occurring in vascular tissues harvested from non-

human primates exposed to perinatal ETS are features also

found in human atherosclerotic tissues. In these studies,

mtDNA damage was also significantly increased in blood,

suggesting that perinatal ETS exposure impacted the

mitochondrial genome in multiple tissues. Although

mtDNA integrity has not been specifically examined in

blood from children exposed to ETS, previous studies on

using umbilical cord bloods from infants of smoking

mothers have shown increased frequency of genomic

deletions in nuclear DNA, mediated by V(D)J recombinase

[26]. Similarly, analysis of bronchoalveolar lavage tissues

collected from smokers revealed a significant increase in

both nuclear and mitochondrial genetic damage compared

to non-smokers [20], consistent with the findings in buffy

coats samples from human smokers in this study. While the

impacts of this genetic damage are not clearly known, they

Fig. 7 Histopathology of abdominal aorta from M. mulatta. Histo-

pathology of H&E-stained section of abdominal aorta shows accu-

mulation of inflammatory cells with widening of the subintimal

region (arrows) in the ETS-exposed animal (b) versus age-matched

control aorta (a). Magnification bar (inset on panel b) is 50 lM. Bar

graph (c) depicts mean cellularity score ± SEM (see ‘‘Methods’’),

showing that a significant difference exists between unexposed and

ETS-exposed (perinatal) animals
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likely affect aspects of mitochondrial function, and thus,

cellular function.

MtDNA copy number was decreased *25% in aortic

tissue from M. mulatta exposed to perinatal ETS.

Decreased mtDNA copy numbers associated with cigarette

smoke exposure have been previously noted in broncho-

alveolar lavage tissues from smokers [20]. Similarly,

depletion of mtDNA copy numbers have been noted in

tissues (heart and skeletal muscle) from adults on zidovu-

dine (AZT) therapy, and from infant primates exposed to

AZT in utero [27–29]. A previous study investigating

genomic DNA levels in brain tissues from the same mon-

keys used in these studies reported regional variation of

DNA content compared to controls[30]; while those studies

did not specifically examine mtDNA levels, they are con-

sistent with tissue variances in DNA content between

M. mulatta exposed to perinatal ETS compared to controls.

It is possible that components of ETS capable of inducing

damage and/or covalent association with genomic DNA, or

more specifically, the mtDNA would contribute to mtDNA

depletion by blocking the mitochondrial-specific polymer-

ase c and/or causing damage to the template strand, thus

interfering with its replication. Interestingly, no mtDNA

copy number differences were observed in blood buffy coat

genomic DNAs in M. mulatta or human smokers; these

differences between tissues may relate to their character-

istics and tolerance for mitochondrial dysfunction. Vascu-

lar tissue is relatively quiescent compared to buffy coat

(leukocytes and platelets), it may be that mtDNA copy

numbers can be more readily maintained in dividing cells

compared to quiescent tissues. Alternatively or addition-

ally, vascular tissue may be more sensitive to decreased

mitochondrial function relative to blood tissues, and hence,

less tolerant of mitochondrial damage and therefore more

prone to cell loss/death with increased mtDNA damage.

Because mtDNA damage was higher in blood tissue than

aorta compared to matched controls (0.85 ± 0.29 lesions/

16 kb vs. 0.66 ± 0.09 lesions/16 kb, respectively), this

suggests that blood cells may tolerate higher levels of

mtDNA damage compared to vascular cells, and therefore

may not be lost to the same degree. This, plus an increased

replicative potential, may allow maintenance of similar

mtDNA copy numbers between exposed and controls in

buffy coat tissues.

Previous studies utilizing tissues from the same

M. mulatta used in these studies have reported altered

cytokine response and immune effectors in the circulation

and the lung [31, 32], hence it is clear that perinatal

exposure to a low dose of ETS has multi-organ impacts,

including the vasculature. Additionally, this and other

studies have shown that the mitochondrion is a vulnerable

target of ETS exposure in both the adult and developmental

exposure models [1, 2, 12, 20, 22, 33–36]. Numerous

reports have shown that mitochondria are sensitive to both

reactive oxygen- and nitrogen-mediated damage and

alterations in function[11, 37–43]. This susceptibility of the

mtDNA to damage is thought to be due to several factors,

including the lack of both protective histone proteins and

the attachment of the mtDNA to the matrix side of the

mitochondrial inner membrane, placing it in proximity to

reactive lipophilic species and reactive lipid oxidation

products (generated within the membrane) that are capable

of modifying the mtDNA [44]. Early injury to mitochon-

dria mediated by prenatal and/or childhood exposure may

hasten the onset or increase the risk for a variety of dis-

eases, including CVD. To our knowledge, this is the first

report showing that perinatal ETS exposure in a non-

human primate model results in significant increases in

mitochondrial damage and function. The findings of this

study are consistent with previous reports in rodents that

reveal increased mitochondrial damage with developmen-

tal environmental toxicant exposure, and thus, are consis-

tent with the hypothesis that the mitochondrion is a

vulnerable cellular target to environmental toxicants.

Because the mitochondrion is an organelle essential for

multiple cellular functions, sustained mitochondrial dam-

age likely increases the likelihood of cellular dysfunction,

thereby increasing risk for disease development.
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