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2018.—Tobacco smoking is a major risk factor for cardiovascular
disease and hypertension. It is associated with the oxidative stress and
induces metabolic reprogramming, altering mitochondrial function.
We hypothesized that cigarette smoke induces cardiovascular mito-
chondrial oxidative stress, which contributes to endothelial dysfunc-
tion and hypertension. To test this hypothesis, we studied whether the
scavenging of mitochondrial H2O2 in transgenic mice expressing
mitochondria-targeted catalase (mCAT) attenuates the development
of cigarette smoke/angiotensin II-induced mitochondrial oxidative
stress and hypertension compared with wild-type mice. Two weeks of
exposure of wild-type mice with cigarette smoke increased systolic
blood pressure by 17 mmHg, which was similar to the effect of a
subpresssor dose of angiotensin II (0.2 mg·kg�1·day�1), leading to a
moderate increase to the prehypertensive level. Cigarette smoke
exposure and a low dose of angiotensin II cooperatively induced
severe hypertension in wild-type mice, but the scavenging of mito-
chondrial H2O2 in mCAT mice completely prevented the develop-
ment of hypertension. Cigarette smoke and angiotensin II coopera-
tively induced oxidation of cardiolipin (a specific biomarker of mito-
chondrial oxidative stress) in wild-type mice, which was abolished in
mCAT mice. Cigarette smoke and angiotensin II impaired endotheli-
um-dependent relaxation and induced superoxide overproduction,
which was diminished in mCAT mice. To mimic the tobacco smoke
exposure, we used cigarette smoke condensate, which induced mito-
chondrial superoxide overproduction and reduced endothelial nitric
oxide (a hallmark of endothelial dysfunction in hypertension). West-
ern blot experiments indicated that tobacco smoke and angiotensin II
reduce the mitochondrial deacetylase sirtuin-3 level and cause hyper-
acetylation of a key mitochondrial antioxidant, SOD2, which pro-
motes mitochondrial oxidative stress.

NEW & NOTEWORTHY This work demonstrates tobacco smok-
ing-induced mitochondrial oxidative stress, which contributes to en-
dothelial dysfunction and development of hypertension. We suggest
that the targeting of mitochondrial oxidative stress can be beneficial
for treatment of pathological conditions associated with tobacco

smoking, such as endothelial dysfunction, hypertension, and cardio-
vascular diseases.

Listen to this article’s corresponding podcast at https://ajpheart.
podbean.com/e/mitochondrial-oxidative-stress-in-smoking-and-
hypertension/.

catalase; cigarette smoke; hypertension; mitochondria; oxidative
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INTRODUCTION

Hypertension represents a major risk factor for stroke, myo-
cardial infarction, and heart failure, which cause one-third of
deaths worldwide (58, 59). Thirty percent of adults have
hypertension (21), and hypertension has been diagnosed in
46% men and 27% women among the Department of Veterans
Affairs health care users (41); however, despite treatment with
multiple drugs, 37% of patients remain hypertensive (7). Hy-
pertension is a multifactorial disorder (23), and smoking is one
of the major risk factors for the development of hypertension
(38). Smoking increases blood pressure in both normotensive
and hypertensive individuals (22, 46); however, smoking ces-
sation success is very limited (7%) (7a, 8), and the risk for
cardiovascular diseases remains elevated long after individuals
quit smoking (29a, 35). Furthermore, patients with hyperten-
sion who smoke have significantly reduced responses to com-
mon classes of antihypertensive drugs, due to metabolic inter-
ference between cigarette smoking and drugs (38).

Cigarette smoke exposure results in a dose-dependent inhibi-
tion of mitochondrial complex I and complex II, which attenuates
mitochondrial respiration and diminishes ATP production (69).
Cigarette smoke increases cardiomyocyte ceramide accumulation
(67), which increases the production of mitochondrial superoxide
(O2

·�) and H2O2 (19), and alters flow-induced vasodilation (20).
Furthermore, cigarette smoke exposure causes metabolic altera-
tions (3) and leads to metabolic reprogramming of the epithelium
(54). The deleterious effects of cigarette smoke, however, are not
limited to the airway epithelium and spread with circulation to
multiple organs, leading to increased central nervous system
sympathetic activity (45), endothelial dysfunction (1), and inflam-
mation (42). These harmful effects are mediated by multiple
cigarette smoke constituents, such as nicotine and other stable
compounds accumulated in cigarette smoke condensate. Although
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the exact mechanism of cigarette smoke-mediated cardiovascular
impairment is not fully elucidated, oxidative stress (47) is likely to
play an important role in smoking-associated vascular dysfunction
and hypertension.

In the past decade, it has become clear that oxidative stress
contributes to hypertension by vascular constriction, kidney
dysfunction, and inflammation (24). Mitochondria are an im-
portant source of O2

·� radicals, and we showed that the
mitochondria become dysfunctional in hypertension and de-
fined the novel role of mitochondrial O2

·� in this disease (12,
16). We showed that endothelial dysfunction and hypertension
are associated with inactivation of the key mitochondrial anti-
oxidant, SOD2, due to SOD2 hyperacetylation associated with
impaired activity of mitochondrial deacetylase sirtuin (Sirt)3
(17). Hypertension is associated with a profound reduction in
Sirt3 expression and activity in animal models and humans
with essential hypertension (17).

Sirt3 is a key node in the regulation of mitochondrial
function (25). It activates mitochondrial metabolism by
deacetylation of tricarboxylic acid cycle enzymes (65), complex I
(5, 50), and fatty acid �-oxidation enzymes (6, 28), maintains
mitochondrial NADPH-GSH redox status by deacetylation of
isocitrate dehydrogenase 2 (76), and activates SOD2 by deacety-
lation of specific lysine residues (66). Interestingly, cigarette
smoke promotes both metabolic and redox alterations (4, 51), and
nicotine can reduce Sirt3 expression (39). Meanwhile, Sirt3 de-
pletion promotes vascular oxidative stress and hypertension (17).

We hypothesized that cigarette smoke induces mitochondrial
oxidative stress, which contributes to endothelial dysfunction
and development of hypertension. To test this hypothesis, we
examined whether scavenging of mitochondrial H2O2 in mito-
chondria-targeted catalase (mCAT) mice prevents mitochon-
drial oxidative stress and attenuates hypertension in response to
cigarette smoke, investigated the interplay between cigarette
smoke and angiotensin II, and defined the potential role of
Sirt3 impairment and SOD2 hyperacetylation.

EXPERIMENTAL PROCEDURES

Reagents. The hydroxylamine spin probes 1-hydroxy-4-methoxy-
2,2,6,6-tetramethylpiperidine hydrochloride and MitoTEMPO-H were
purchased from Enzo Life Sciences (San Diego, CA). DMEM was
from ThermoFisher Scientific (Waltham, MA). Sirt3 antibodies (cat-
alog no. D22A3) were obtained from Cell Signaling Technology
(Danvers, MA). SOD2 and SOD2-K68 acetyl antibodies (catalog nos.
169560 and 137037) were received from Abcam (San Francisco, CA).
All antibodies were validated on knockout and mutant cells. Cigarette
smoke condensate was purchased from Murty Pharmaceuticals (Lex-
ington, KY). All other reagents were from Sigma (St. Louis, MO).

Animal experiments. All experimental procedures were approved by
the Vanderbilt University Institutional Animal Care and Use Committee.
Transgenic mice expressing mCAT and their wild-type littermates
(C57BL/6J, The Jackson Laboratory, Bar Harbor, ME) were used. Hy-
pertension was induced by a low-suppressor dose of angiotensin II using
osmotic pumps (15) or cigarette smoke exposure (57). Blood pressure
was monitored by the tail-cuff method, as previously described (36, 73).
Mice (3–4 mo old) were divided into the following four groups: sham,
cigarette smoke exposure, angiotensin II infusion, and cigarette smoke
exposure plus angiotensin II. Mice were exposed to cigarette smoke for
2 wk using the nose-only exposure setup of the inExpose system (Scireq,
Montreal, QC, Canada) by one 10-s puff/min followed by ambient air at
2 l/min for 50 s (4 cigarettes/day). Animals were housed in soft restraints
for the duration of cigarette smoke treatment and after treatment were
immediately returned to their cages. Sham mice were housed in soft

restraints for the duration of cigarette smoke treatment. The potential
interplay between the renin-angiotensin system and smoking was tested
in cigarette smoke-exposed mice coinfused with a subpressor low dose of
angiotensin II (0.2 mg·kg�1·day�1), which alone does not cause hyper-
tension (61, 64).

O2
·� measurements by electron spin resonance. Five aortic sec-

tions (2 mm) were incubated for 30 min at 37°C in Krebs/HEPES
buffer containing 10 �M diethylenetriamene pentaacetate and then
placed in a 1-ml syringe and frozen in liquid nitrogen, as previously
described (13). Electron spin resonance (ESR) spectra were recorded
using the quartz finger Dewar flask. The amplitude of the signal was
measured, and the concentration of the detected O2

·� was to be
determined by accumulation of the corresponding stable compound
nitroxide radical (11), determined from the 4-hydroxy-2,2,6,6-tetram-
ethylpiperidinyloxy calibration curve.

Nitric oxide measurements by ESR. Nitric oxide (NO) production in
endothelial cells and vessels was quantified by ESR and colloid ferrous-
diethyldithiocarbamate 2 [Fe(DETC)2], as we have previously described
(9). All ESR samples were placed in a quartz Dewar (Corning, New
York, NY) filled with liquid nitrogen. ESR spectra were recorded using
an EMX ESR spectrometer (Bruker Biospin, Billerica, MA) and a
superhigh-Q microwave cavity. The ESR settings were as follows: field
sweep, 160 G; microwave frequency, 9.42 GHz; microwave power, 10
mW; modulation amplitude, 3 G; scan time, 150 ms; time constant, 5.2
s; and receiver gain, 60 dB (n � 4 scans).

Vasorelaxation experiments. Isometric tension experiments were
performed on 2-mm mouse aortic rings dissected free of perivascular
fat. Experiments were performed in a horizontal wire myograph
(models 610M and 620M, DMT, Aarhus, Denmark) containing phys-
iological salt solution with the composition of 118 mM NaCl, 4.7 mM
KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3, 11 mM
glucose, and 1.8 mM CaCl2. The isometric tone of each vessel was
recorded using LabChart Pro v7.3.7 (AD Instruments). Aortic rings
were equilibrated over a 2-h period by heating and stretching the
vessels to an optimal baseline tension of 36 mN before contracting
them with three cycles of 60 mM KCl physiological saline solution.
Endothelium-dependent and -independent vascular relaxation was
tested after preconstriction with 1 �M phenylephrine. Once the
vessels reached steady-state contraction, increasing concentrations of
acetylcholine were administered, and the response to each concentra-
tion of the drug was recorded.

Measurements of cardiolipin oxidation. Cardiolipin oxidation was
measured by liquid chromatography/mass spectrometry (LC/MS), as
previously described (75). The extracted lipid fraction was separated
online by ultraperformance LC, using a Waters Acquity UPLC system
(Waters, Milford, MA). MS analysis was performed on a Quantum
Ultra triple-quadrupole mass spectrometer (ThermoFisher Scientific).

Statistics. Experiments were analyzed using a Student’s Newman-
Keuls post hoc test and ANOVA. P values of �0.05 were considered
significant.

RESULTS

Cigarette smoke and angiotensin II cooperatively induced
oxidative stress and hypertension. Hypertension is a multifac-
torial disorder, and exacerbated angiotensin II signaling con-
tributes to the development of endothelial dysfunction and
hypertension. We investigated the potential interplay between
cigarette smoke and angiotensin II in the development of
hypertension. Two-week exposure of wild-type mice to ciga-
rette smoke increased systolic blood pressure by 17 mmHg,
which was similar to the effect of a subpressor dose of
angiotensin II (0.2 mg·kg�1·day�1) (64), leading to a moderate
increase to the prehypertensive level (Fig. 1). The combined
treatment with cigarette smoke and a low dose of angiotensin
II cooperatively induced severe hypertension in wild-type
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mice, whereas the scavenging of mitochondrial H2O2 in mCAT
mice completely prevented smoke-induced hypertension (Fig.
1). These data strongly support the role of mitochondrial
oxidative stress in cigarette smoke-induced hypertension.

The specific role of cigarette smoke exposure in mitochon-
drial oxidative stress was confirmed by LC/MS analysis of
oxidized cardiolipin. Cardiolipin selectively localizes at the
matrix side of the mitochondrial inner membrane, and cardio-
lipin oxidation is a specific marker of mitochondrial oxidative
stress (34). Two-week exposure of wild-type mice to cigarette
smoke increased cardiolipin oxidation by 30%, whereas angio-
tensin II infusion doubled cardiolipin oxidation. Interestingly,
combined treatment with cigarette smoke and a low dose of
angiotensin II cooperatively enhanced cardiolipin oxidation by
threefold compared with wild-type sham mice, but the scav-
enging of mitochondrial H2O2 in mCAT mice completely
prevented cardiolipin oxidation (Fig. 2).

Cigarette smoke and angiotensin II induced endothelial
dysfunction in wild-type but not in mCAT mice. Impaired
endothelium-dependent relaxation is a hallmark of endothelial
dysfunction in hypertension, due to NO oxidation by O2

·� (37).
We tested whether mitochondrial oxidative stress, associated in
response to cigarette smoke plus angiotensin II treatment,
contributes to impaired vascular relaxation and overproduction
of vascular O2

·�. We did not see the alteration of endothelium-
independent relaxation to the NO donor sodium nitroprusside
(data not shown), but cigarette smoke plus angiotensin II led to
severe impairment of endothelium-dependent vasorelaxation to
acetylcholine, and expression of mitochondria-targeted cata-
lase significantly attenuated the impairment of vasorelaxation
(Fig. 3A). ESR analysis of aortic sections isolated from wild-

type mice exposed to cigarette smoke plus angiotensin II
revealed significant O2

·� overproduction (Fig. 3B), as mea-
sured by ESR and the 1-hydroxy-4-methoxy-2,2,6,6-tetrameth-
ylpiperidine hydrochloride spin probe (11). Interestingly, ex-
pression of mitochondrial catalase in mCAT mice completely
prevented the O2

·� overproduction in cigarette smoke and
angiotensin II treatment (Fig. 3B).

Cigarette smoke and angiotensin II reduced Sirt3 expression
and induced mitochondrial hyperacetylation. Cigarette smoke
induces metabolic reprogramming in mitochondria (48, 54),
and these metabolic alterations are associated with increased
mitochondrial O2

·� and reduced SOD2 activity (43). We have
recently shown that hypertension is associated with SOD2
inactivation due to SOD2 hyperacetylation and reduced expres-
sion of mitochondrial deacetylase Sirt3 (17). We tested
whether cigarette smoke reduces the Sirt3 level and induces
SOD2 hyperacetylation, which contribute to hypertension and
endothelial dysfunction. To test this hypothesis, we performed
Western blot analysis of whole kidneys isolated from mice
after 2 wk of treatment with cigarette smoke exposure, angio-
tensin II infusion, and cigarette smoke exposure plus angioten-
sin II compared with sham mice (Fig. 4A). We previously
reported that hypertension is associated with diminished Sirt3
levels both in kidney and vasculature (17), and in this work, we
analyzed Sirt3 expression in the kidney, due to the tissue
availability. It was found that cigarette smoke exposure and
angiotensin II infusion induced SOD2 hyperacetylation (Fig.
4B), which is linked to diminished SOD2 activity (17). Inter-
estingly, SOD2 expression was not changed significantly
(Fig. 4C). SOD2 acetylation was accompanied by a moderate
reduction of the mitochondrial deacetylase Sirt3 level (Fig. 4D).

Fig. 1. Cigarette smoke and angiotensin II
(ANG II) cooperatively induce hypertension
in C57BL/6 mice but not in mice expressing
mitochondria-targeted catalase (mCAT). Mice
had cigarette smoke nose-only exposure for
2 wk (4 cigarettes/day). Sham mice were
housed in soft restraints for the duration of
cigarette smoke treatment. Some mice re-
ceived a subpressor low dose of ANG II (0.2
mg kg�1·day�1), which does not cause hy-
pertension (61, 64). Data are expressed as
means � SD; n � 6. P values were calcu-
lated by two-way ANOVA. WT, wild type.

Fig. 2. Cigarette smoke and angiotensin II
(ANG II) cooperatively induce oxidation of
mitochondrial cardiolipin in C57BL/6 mice
but not in mice expressing mitochondria-
targeted catalase (mCAT). Mice had ciga-
rette smoke nose-only exposure (4 ciga-
rettes/day), a subpressor low dose of ANG II
infusion (0.2 mg·kg�1·day�1), or combined
ANG II � smoke treatment. After 2 wk of
treatment, mice were euthanized for liquid
chromatography/mass spectrometry analysis
of oxidized cardiolipin in the heart. Data are
expressed as means � SD; n � 6. §P � 0.01
vs. sham mice; #P � 0.05 vs. sham mice;
**P � 0.01 vs. ANG II. L4CL, tetralino-
leoylcardiolipin; oxL4CL, monohydroxy
L4CL; WT, wild type.
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Of note, the extent of SOD2 hyperacetylation does not match the
loss of Sirt3 expression. For example, combined cigarette smoke
exposure plus angiotensin II infusion reduced Sirt3 by 43% and
increased SOD2 acetylation by 3.5-fold. These data suggest a
potential role of increased acetylation rate and redox Sirt3
inactivation (17) in the imbalance of SOD2 acetylation-
deacetylation, leading to SOD2 hyperacetylation in response to
cigarette smoke.

Endothelial dysfunction induced by cigarette smoke condensate.
Our data show that cigarette smoke induces SOD2 hyperacety-
lation and mitochondrial oxidative stress. This can be mediated
by increased mitochondrial O2

·�, which oxidizes and inacti-

vates endothelial NO, leading to impaired vascular relaxation.
To test this hypothesis, we studied whether cigarette smoke can
directly affect vascular function. It was found that incubation
of mouse aortic sections with cigarette smoke condensate
increases the production of mitochondrial O2

·� by 50% and
reduces the endothelial NO by 51%, as measured by the
mitochondria-targeted spin probe MitoTEMPO-H (11) and
specific NO spin trap Fe(DETC)2 (9, 10) by ESR (Fig. 5).
These data support that cigarette smoke alters mitochondrial
function, leading to an imbalance of mitochondrial SOD2
acetylation and increased O2

·� production, which contributes
to endothelial oxidative stress and hypertension.

Fig. 3. Vasodilatation (A) and vascular super-
oxide (O2

·�) production (B) in aortas isolated
from mice treated with a combination of cig-
arette smoke and angiotensin II (ANG II; 0.2
mg·kg�1·day�1) for 2 wk. Vascular O2

·� was
measured by the 1-hydroxy-4-methoxy-2,2,6,6-
tetramethylpiperidine hydrochloride spin probe
and electron spin resonance, as we have
previously described (11). Results are
means � SD; n � 6. *P � 0.01 vs. wild-
type (WT) mice; **P � 0.05 vs. WT �
ANG II/smoke. mCAT, mice expressing mi-
tochondria-targeted catalase.

Fig. 4. Effect of cigarette smoke and angiotensin II (ANG II) on acetylation of mitochondrial antioxidant SOD2 (SOD2-Ac), expression of SOD2, and sirtuin
3 (Sirt3). Mice had cigarette smoke exposure, ANG II infusion, or combined ANG II � smoke treatment. After 2 wk of treatment, mice were euthanized for
kidney Western blot experiments (A). Cigarette smoke exposure and ANG II infusion induced SOD2 hyperacetylation (B), which diminished SOD2 activity (17).
SOD2 expression was not significantly changed (C). SOD2 acetylation was accompanied by a moderate reduction of mitochondrial deacetylase sirtuin 3 (Sirt3;
D). Data are normalized by �-actin level and expressed as means � SE; n � 6. *P � 0.01 vs. sham mice; **P � 0.001 vs. ANG II.
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DISCUSSION

This study provides the first evidence that cigarette smoke
induces SOD2 hyperacetylation and enhances endothelial dys-
function and, cooperatively with angiotensin II, induces mito-
chondrial oxidative stress, which promotes the development of
hypertension. Our data indicate that acute cigarette smoke expo-
sure for 2 wk reduces expression of mitochondrial deacetylase
Sirt3 and increases SOD2 hyperacetylation, which increases mi-
tochondrial O2

·�, leads to cardiolipin oxidation, and contributes to
impaired vascular relaxation (Figs. 2–5). It is interesting that the
scavenging of mitochondrial H2O2 in transgenic mice expressing
mitochondria-targeted catalase completely prevents overproduc-
tion of mitochondrial O2

·� and inhibits cigarette smoke-induced
oxidative stress and hypertension (Figs. 1 and 2).

Tobacco smoking is strongly associated with oxidative stress
(47). Clinical studies have shown that accumulation of the lipid
peroxidation product malondialdehyde in blood plasma of smok-
ers was increased by 2.5-fold, whereas activity of the major
antioxidant enzymes catalase, SOD, and glutathione peroxidase
was reduced significantly (44). This leads to oxidation of cysteine
and glutathione, and the level of reduced glutathione is diminished
in the kidney by twofold in mice exposed to cigarette smoke for
4 days (56). The resultant alteration in the thiol redox status
impairs cellular redox signaling and can cause cellular dysfunc-
tion. Indeed, the smoking of a single cigarette rapidly reduces
endothelial NO production and significantly diminishes blood
plasma antioxidants (68). It has been proposed that cigarette
smoke induces O2

·� production in endothelial cells, leading to NO
inactivation and NO synthase (NOS) uncoupling (53). Treatment
of cultured endothelial cells with cigarette smoke condensate or
smokers’ blood plasma increases cellular O2

·� production and
reduces NOS activity (31, 49). The specific mechanisms of smok-
ing-mediated endothelial dysfunction and hypertension, however,
remain unclear. Our data demonstrate that cigarette smoke di-
rectly induces mitochondrial O2

·� and diminishes endothelial NO,
which promote hypertension.

We have previously shown that cigarette smoke condensate
induces metabolic reprogramming in mitochondria, which con-
tributes to cancer development (48, 54). These metabolic
alterations are associated with reduced SOD2 activity (43) and
increased NADPH/NADH accumulation (54). The increased
NADPH level can partially compensate for the mitochondrial
oxidative stress, due to NADPH-dependent maintenance of the
thiol redox status by glutathione reductase and thioredoxin
reductase (32) as well as the scavenging of H2O2 and lipid
peroxide by glutathione peroxidases (63). Our data show in-

creased cardiolipin oxidation and blood pressure in wild-type
mice exposed to cigarette smoke, which was prevented by the
mitochondrial catalase, indicating that cigarette smoke-induced
metabolic reprogramming does not completely compensate for
the mitochondrial oxidative stress.

Our data indicate that expression of mitochondria-targeted
catalase protects from cigarette smoke-induced mitochondrial
oxidative stress measured by cardiolipin oxidation and attenu-
ates endothelial dysfunction and hypertension (Figs. 1–3).
Meanwhile, mCAT mice do not induce mitochondrial O2

·�

overproduction (30), and these mice have higher SOD2 activity
(17), due to SOD2 deacetylation compared with wild-type
littermates. This provides mCAT mice with enhanced activities
of catalase and SOD2 in mitochondria, which protect mito-
chondria from both O2

·� and H2O2. These data, therefore, do
not provide definitive information as to whether O2

·� or H2O2

is critical in the mediation of the effect of smoking and
angiotensin II on blood pressure. We have previously shown
that SOD2-overexpressing mice are protected from hyperten-
sion and endothelial dysfunction; however, mCAT mice have
normal SOD2 expression, similar to wild-type mice. The scav-
enging of mitochondrial H2O2 is important in redox homeo-
stasis of mitochondria (63), and it improves Sirt3-mediated
SOD2 deacetylation (17). Indeed, the maintenance of thiol

Fig. 6. Proposed role of mitochondrial oxidative stress in tobacco smoking-
mediated endothelial dysfunction and hypertension. CNS, central nervous system;
mCAT, mitochondria-targeted catalase; O2

·�, superoxide; Sirt3, sirtuin 3.

Fig. 5. Effect of cigarette smoke condensate
(CSC) on mitochondrial superoxide (mito
O2

·�) production (A) and endothelial nitric
oxide (NO; B) in the mouse aorta. Aortic
sections isolated from sham wild-type mice
were treated in DMEM tissue culture medium
with CSC (40 �g/ml) or DMSO as vehicle
(sham) for 24 h before electron spin resonance
(ESR) measurements (insets) (10). *P � 0.01
vs. sham mice (n � 6). Fe(DETC)2, ferrous-
diethyldithiocarbamate.
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redox balance plays a key role in the regulation of mitochon-
drial function, and disruption of this redox organization is a
common basis for disease (32, 33). Sirt3 is a key node in the
regulation of mitochondrial function (25), and we have re-
cently shown that Sirt3 S-glutathionylation contributes to Sirt3
inactivation in hypertension (17). The scavenging of mitochon-
drial H2O2 in transgenic mCAT mice prevents Sirt3 S-gluta-
thionylation, reduces SOD2 hyperacetylation, and attenuates
angiotensin II-induced hypertension (17), whereas treatment
with the mitochondria-targeted H2O2 scavenger MitoEbselen,
after the onset of hypertension, improved Sirt3 deacetylase
activity and reduced blood pressure in wild-type mice (17).
Furthermore, mitochondrial H2O2 plays an important role in
redox cell signaling and contributes to ROS-induced ROS
production by NADPH oxidases, xanthine oxidase, and other
sources (12, 78). It is conceivable that Sirt3 redox inactivation
and redox-dependent stimulation of ROS production contribute
to cigarette smoke-induced mitochondrial alterations and en-
dothelial dysfunction.

The diminished endothelial NO level is a hallmark of endothe-
lial dysfunction in hypertension, and our data show that cigarette
smoke and cigarette smoke condensate reduce NO and impair
endothelial-dependent relaxation (Figs. 2 and 4). This can be
associated with a diminished NOS activity and/or NO oxidation
by O2

·�. Indeed, cigarette smoke increases O2
·� production,

which contributes to impairment of endothelial-dependent relax-
ation corrected by SOD (62), whereas endothelial-independent
relaxation is preserved in acute cigarette smoke exposure (18),
suggesting that cigarette smoke-induced O2

·� in endothelium
contributes to a reduction of vascular NO levels. The precise
mechanism of a smoke-induced reduction of NO, however, re-
mains unclear. It can include the uncoupling and inhibition of
NOS. L-Arginine depletion or O2

·�/peroxynitrite-mediated tetra-
hydrobiopterin oxidation results in the uncoupling of NOS, lead-
ing to O2

·� production rather than NO release (70). Indeed,
cigarette smoke extract increases O2

·� production and depletes the
essential NOS cofactor tetrahydrobiopterin (1), and tetrahydrobi-
opterin supplementation improves endothelium-dependent relax-
ation in chronic smokers (26). Furthermore, supplementation
L-arginine improves endothelium-dependent relaxation in a smoke
exposure model (29). Cigarette smoke decreases expression of
arginine transporter cationic amino acid transporter 1 and in-
creases accumulation of an endogenous inhibitor of endothelial
NOS, asymmetric dimethylarginine (77). It is conceivable that
metabolic reprogramming and oxidative stress, in response to
tobacco smoking, contribute to NO inactivation, NOS inhibition,
and uncoupling. Further studies are warranted to define potential
supplements that can improve the endothelium-independent relax-
ation in individuals with a history of tobacco smoking.

Endothelial dysfunction is critically contributing to the devel-
opment of hypertension, which is associated with impaired relax-
ation in both resistance and conductance vessels (72). In this
work, we studied the effect of tobacco smoking on oxidative stress
and impaired endothelial-dependent relaxation in the aorta; how-
ever, blood pressure is regulated by microcirculation in the resis-
tance vessels, such as mesenteric arteries (40). In patients with
hypertension, relaxation of resistant arteries to acetylcholine is
blunted, and it is not affected by NOS inhibition but is improved
by the NADPH inhibitor apocynin (71), indicating an impaired
NO pathway in patients with hypertension and the potential role
of oxidative stress. Endothelium-dependent relaxation of both the

aorta and mesenteric arteries is redox dependent (27, 74); how-
ever, the lack of NO-dependent relaxation in resistance vessels
can be partially compensated by NOS-independent relaxation
(60). Endothelial dysfunction in both resistance and conductance
vessels contributes to the end-organ damage in hypertension;
however, additional studies are required to establish the specific
effect of tobacco smoking on the function of resistance vessels,
such as mesenteric arteries.

Hypertension is a multifactorial phenomenon that is medi-
ated by a series of central, inflammatory, and metabolic path-
ways (23). The cross-talk among these multiple pathways
increases oxidative stress in multiple organs, and ROS is
critical in the pathophysiology of hypertension (14). Interest-
ingly, tobacco smoking increases inflammation (42), stimulates
central nervous system sympathetic activity (45), and causes
metabolic alterations (54), which are all important risk factors
of endothelial dysfunction and hypertension. We propose that
tobacco smoking, by acting on these multiple pathways, leads
to the development of mitochondrial oxidative stress, which
contributes to the development of hypertension (Fig. 6). In-
deed, in this work, we found that cigarette smoke exposure
promotes mitochondrial dysfunction by Sirt3 depletion, SOD2
hyperacetylation, and cardiolipin oxidation. It is conceivable
that mitochondria-targeted interventions may correct the met-
abolic, central, vascular, and inflammatory alterations that
contribute to the increased risk for cardiovascular diseases,
even long after individuals quit smoking (29a, 35).
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Muntean D, Tudorache V, Mihalaş G. Cigarette smoke extract induces
endothelium dysfunction in isolated rabbit pulmonary arteries via an
oxidative mechanism [in Romanian]. Rev Med Chir Soc Med Nat Iasi 110:
955–961, 2006.

19. Freed JK, Beyer AM, LoGiudice JA, Hockenberry JC, Gutterman
DD. Ceramide changes the mediator of flow-induced vasodilation from
nitric oxide to hydrogen peroxide in the human microcirculation. Circ Res
115: 525–532, 2014. doi:10.1161/CIRCRESAHA.115.303881.

20. Freed JK, Durand MJ, Hoffmann BR, Densmore JC, Greene AS,
Gutterman DD. Mitochondria-regulated formation of endothelium-de-
rived extracellular vesicles shifts the mediator of flow-induced vasodila-
tion. Am J Physiol Heart Circ Physiol 312: H1096–H1104, 2017. doi:10.
1152/ajpheart.00680.2016.

21. Fryar CD, Ostchega Y, Hales CM, Zhang G, Kruszon-Moran D.
Hypertension prevalence and control among adults: United States, 2015-
2016. NCHS Data Brief 2017: 1–8, 2017.

22. Groppelli A, Giorgi DM, Omboni S, Parati G, Mancia G. Persistent
blood pressure increase induced by heavy smoking. J Hypertens 10:
495–499, 1992. doi:10.1097/00004872-199205000-00014.

23. Harrison DG. The mosaic theory revisited: common molecular mecha-
nisms coordinating diverse organ and cellular events in hypertension. J Am
Soc Hypertens 7: 68–74, 2013. doi:10.1016/j.jash.2012.11.007.

24. Harrison DG, Marvar PJ, Titze JM. Vascular inflammatory cells in
hypertension. Front Physiol 3: 128, 2012. doi:10.3389/fphys.2012.00128.

25. He W, Newman JC, Wang MZ, Ho L, Verdin E. Mitochondrial sirtuins:
regulators of protein acylation and metabolism. Trends Endocrinol Metab
23: 467–476, 2012. doi:10.1016/j.tem.2012.07.004.

26. Heitzer T, Brockhoff C, Mayer B, Warnholtz A, Mollnau H, Henne S,
Meinertz T, Münzel T. Tetrahydrobiopterin improves endothelium-de-
pendent vasodilation in chronic smokers: evidence for a dysfunctional
nitric oxide synthase. Circ Res 86: E36–E41, 2000. doi:10.1161/01.RES.
86.2.e36.

27. Hilgers RH, Kundumani-Sridharan V, Subramani J, Chen LC, Cuello
LG, Rusch NJ, Das KC. Thioredoxin reverses age-related hypertension
by chronically improving vascular redox and restoring eNOS function. Sci
Transl Med 9: eaaf6094, 2017. doi:10.1126/scitranslmed.aaf6094.

28. Hirschey MD, Shimazu T, Huang JY, Schwer B, Verdin E. SIRT3
regulates mitochondrial protein acetylation and intermediary metabolism.
Cold Spring Harb Symp Quant Biol 76: 267–277, 2011. doi:10.1101/sqb.
2011.76.010850.

29. Hutchison SJ, Sievers RE, Zhu BQ, Sun YP, Stewart DJ, Parmley
WW, Chatterjee K. Secondhand tobacco smoke impairs rabbit pulmo-
nary artery endothelium-dependent relaxation. Chest 120: 2004–2012,
2001. doi:10.1378/chest.120.6.2004.

29a.International Agency for Research on Cancer; World Health Orga-
nization. Risk of cardiovascular diseases after smoking cessation. In:
IARC Handbooks of Cancer Prevention: Tobacco Control: Reversal of
Risk after Quitting Smoking. Lyon, France: World Health Organization,
2007, vol. 11, p. 227–268.

30. Itani HA, Dikalova AE, McMaster WG, Nazarewicz RR, Bikineyeva
AT, Harrison DG, Dikalov SI. Mitochondrial cyclophilin D in vascular
oxidative stress and hypertension. Hypertension 67: 1218–1227, 2016.
doi:10.1161/HYPERTENSIONAHA.115.07085.

31. Jaimes EA, DeMaster EG, Tian RX, Raij L. Stable compounds of
cigarette smoke induce endothelial superoxide anion production via NA-
DPH oxidase activation. Arterioscler Thromb Vasc Biol 24: 1031–1036,
2004. doi:10.1161/01.ATV.0000127083.88549.58.

32. Jones DP, Go YM. Redox compartmentalization and cellular stress.
Diabetes Obes Metab 12, Suppl 2: 116–125, 2010. doi:10.1111/j.1463-
1326.2010.01266.x.

33. Jones DP, Sies H. The redox code. Antioxid Redox Signal 23: 734–746,
2015. doi:10.1089/ars.2015.6247.

34. Kagan VE, Chu CT, Tyurina YY, Cheikhi A, Bayir H. Cardiolipin
asymmetry, oxidation and signaling. Chem Phys Lipids 179: 64–69, 2014.
doi:10.1016/j.chemphyslip.2013.11.010.

35. Kawachi I, Colditz GA, Stampfer MJ, Willett WC, Manson JE,
Rosner B, Speizer FE, Hennekens CH. Smoking cessation and time
course of decreased risks of coronary heart disease in middle-aged women.
Arch Intern Med 154: 169–175, 1994. doi:10.1001/archinte.1994.
00420020075009.

36. Krege JH, Hodgin JB, Hagaman JR, Smithies O. A noninvasive
computerized tail-cuff system for measuring blood pressure in mice.
Hypertension 25: 1111–1115, 1995. doi:10.1161/01.HYP.25.5.1111.

37. Kuzkaya N, Weissmann N, Harrison DG, Dikalov S. Interactions of
peroxynitrite, tetrahydrobiopterin, ascorbic acid, and thiols: implications
for uncoupling endothelial nitric-oxide synthase. J Biol Chem 278:
22546–22554, 2003. doi:10.1074/jbc.M302227200.

38. Leone A. Does smoking act as a friend or enemy of blood pressure? Let
release Pandora’s box. Cardiol Res Pract 2011: 264894, 2011. doi:10.
4061/2011/264894.

39. Li Y, Yu C, Shen G, Li G, Shen J, Xu Y, Gong J. Sirt3-MnSOD axis
represses nicotine-induced mitochondrial oxidative stress and mtDNA
damage in osteoblasts. Acta Biochim Biophys Sin (Shanghai) 47: 306–
312, 2015. doi:10.1093/abbs/gmv013.

40. Lüscher TF, Dohi Y, Tschudi M. Endothelium-dependent regulation of
resistance arteries: alterations with aging and hypertension. J Cardiovasc
Pharmacol 19, Suppl 5: S34–S42, 1992.

41. McDonald M, Hertz RP. Pfizer Facts: Utilization of Veterans Affairs
Healthcare Services by United States Veterans. New York: Pfizer U.S.
Pharmaceuticals, 2003. http://citeseerx.ist.psu.edu/viewdoc/download;
jsessionid�C2AA907798E6E212B04BD6FC06451317?doi�10.1.1.389.
1296&rep�rep1&type�pdf.

42. Madani A, Alack K, Richter MJ, Krüger K. Immune-regulating effects
of exercise on cigarette smoke-induced inflammation. J Inflamm Res 11:
155–167, 2018. doi:10.2147/JIR.S141149.

43. Margaret AL, Syahruddin E, Wanandi SI. Low activity of manganese
superoxide dismutase (MnSOD) in blood of lung cancer patients with

H645MITOCHONDRIAL OXIDATIVE STRESS IN SMOKING AND HYPERTENSION

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00595.2018 • www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart at American Univ of Beirut (212.098.144.019) on April 29, 2024.

https://doi.org/10.1074/jbc.M113.510354
https://doi.org/10.1016/j.ahj.2011.05.010
https://doi.org/10.1016/j.ahj.2011.05.010
http://dx.doi.org/dju122
https://doi.org/10.1093/jnci/dju122
https://doi.org/10.1016/S0076-6879%2805%2996052-7
https://doi.org/10.1016/S0076-6879%2805%2996052-7
https://doi.org/10.1161/01.HYP.0000258594.87211.6b
https://doi.org/10.3109/10715762.2010.540242
https://doi.org/10.1089/ars.2012.4918
https://doi.org/10.1089/ars.2017.7396
https://doi.org/10.1089/ars.2017.7396
https://doi.org/10.1152/ajpheart.00089.2013
https://doi.org/10.1161/CIRCULATIONAHA.105.538934
https://doi.org/10.1161/CIRCRESAHA.109.214601
https://doi.org/10.1161/CIRCRESAHA.109.214601
https://doi.org/10.1161/CIRCRESAHA.117.310933
https://doi.org/10.1161/CIRCRESAHA.117.310933
https://doi.org/10.1161/CIRCRESAHA.115.303881
https://doi.org/10.1152/ajpheart.00680.2016
https://doi.org/10.1152/ajpheart.00680.2016
https://doi.org/10.1097/00004872-199205000-00014
https://doi.org/10.1016/j.jash.2012.11.007
https://doi.org/10.3389/fphys.2012.00128
https://doi.org/10.1016/j.tem.2012.07.004
https://doi.org/10.1161/01.RES.86.2.e36
https://doi.org/10.1161/01.RES.86.2.e36
http://dx.doi.org/eaaf6094
https://doi.org/10.1126/scitranslmed.aaf6094
https://doi.org/10.1101/sqb.2011.76.010850
https://doi.org/10.1101/sqb.2011.76.010850
https://doi.org/10.1378/chest.120.6.2004
https://doi.org/10.1161/HYPERTENSIONAHA.115.07085
https://doi.org/10.1161/01.ATV.0000127083.88549.58
https://doi.org/10.1111/j.1463-1326.2010.01266.x
https://doi.org/10.1111/j.1463-1326.2010.01266.x
https://doi.org/10.1089/ars.2015.6247
https://doi.org/10.1016/j.chemphyslip.2013.11.010
https://doi.org/10.1001/archinte.1994.00420020075009
https://doi.org/10.1001/archinte.1994.00420020075009
https://doi.org/10.1161/01.HYP.25.5.1111
https://doi.org/10.1074/jbc.M302227200
http://dx.doi.org/264894
https://doi.org/10.4061/2011/264894
https://doi.org/10.4061/2011/264894
https://doi.org/10.1093/abbs/gmv013
http://citeseerx.ist.psu.edu/viewdoc/download;jsessionid=C2AA907798E6E212B04BD6FC06451317?doi=10.1.1.389.1296%26rep=rep1%26type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download;jsessionid=C2AA907798E6E212B04BD6FC06451317?doi=10.1.1.389.1296%26rep=rep1%26type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download;jsessionid=C2AA907798E6E212B04BD6FC06451317?doi=10.1.1.389.1296%26rep=rep1%26type=pdf
https://doi.org/10.2147/JIR.S141149


smoking history: relationship to oxidative stress. Asian Pac J Cancer Prev
12: 3049–3053, 2011.

44. Metta S, Basalingappa DR, Uppala S, Mitta G. Erythrocyte antioxidant
defenses against cigarette smoking in ischemic heart disease. J Clin Diagn
Res 9: BC08–BC11, 2015. doi:10.7860/JCDR/2015/12237.6128.

45. Middlekauff HR, Park J, Agrawal H, Gornbein JA. Abnormal sym-
pathetic nerve activity in women exposed to cigarette smoke: a potential
mechanism to explain increased cardiac risk. Am J Physiol Heart Circ
Physiol 305: H1560–H1567, 2013. doi:10.1152/ajpheart.00502.2013.

46. Minami J, Ishimitsu T, Matsuoka H. Effects of smoking cessation on
blood pressure and heart rate variability in habitual smokers. Hypertension
33: 586–590, 1999. doi:10.1161/01.HYP.33.1.586.

47. Morrow JD, Frei B, Longmire AW, Gaziano JM, Lynch SM, Shyr Y,
Strauss WE, Oates JA, Roberts LJ II. Increase in circulating products of
lipid peroxidation (F2-isoprostanes) in smokers. Smoking as a cause of
oxidative damage. N Engl J Med 332: 1198–1203, 1995. doi:10.1056/
NEJM199505043321804.

48. Nagathihalli NS, Massion PP, Gonzalez AL, Lu P, Datta PK. Smoking
induces epithelial-to-mesenchymal transition in non-small cell lung cancer
through HDAC-mediated downregulation of E-cadherin. Mol Cancer Ther
11: 2362–2372, 2012. doi:10.1158/1535-7163.MCT-12-0107.

49. Peluffo G, Calcerrada P, Piacenza L, Pizzano N, Radi R. Superoxide-
mediated inactivation of nitric oxide and peroxynitrite formation by
tobacco smoke in vascular endothelium: studies in cultured cells and
smokers. Am J Physiol Heart Circ Physiol 296: H1781–H1792, 2009.
doi:10.1152/ajpheart.00930.2008.

50. Porter GA, Urciuoli WR, Brookes PS, Nadtochiy SM. SIRT3 defi-
ciency exacerbates ischemia-reperfusion injury: implication for aged
hearts. Am J Physiol Heart Circ Physiol 306: H1602–H1609, 2014.
doi:10.1152/ajpheart.00027.2014.

51. Prasad S, Sajja RK, Kaisar MA, Park JH, Villalba H, Liles T,
Abbruscato T, Cucullo L. Role of Nrf2 and protective effects of Met-
formin against tobacco smoke-induced cerebrovascular toxicity. Redox
Biol 12: 58–69, 2017. doi:10.1016/j.redox.2017.02.007.

53. Rahman MM, Laher I. Structural and functional alteration of blood vessels
caused by cigarette smoking: an overview of molecular mechanisms. Curr
Vasc Pharmacol 5: 276–292, 2007. doi:10.2174/157016107782023406.

54. Rahman SM, Ji X, Zimmerman LJ, Li M, Harris BK, Hoeksema MD,
Trenary IA, Zou Y, Qian J, Slebos RJ, Beane J, Spira A, Shyr Y,
Eisenberg R, Liebler DC, Young JD, Massion PP. The airway epithe-
lium undergoes metabolic reprogramming in individuals at high risk for
lung cancer. JCI Insight 1: e88814, 2016. doi:10.1172/jci.insight.88814.

56. Raza H, John A, Nemmar A. Short-term effects of nose-only cigarette
smoke exposure on glutathione redox homeostasis, cytochrome P450
1A1/2 and respiratory enzyme activities in mice tissues. Cell Physiol
Biochem 31: 683–692, 2013. doi:10.1159/000350087.

57. Rinaldi M, Maes K, De Vleeschauwer S, Thomas D, Verbeken EK,
Decramer M, Janssens W, Gayan-Ramirez GN. Long-term nose-only
cigarette smoke exposure induces emphysema and mild skeletal muscle
dysfunction in mice. Dis Model Mech 5: 333–341, 2012. doi:10.1242/
dmm.008508.

58. Roth GA, Johnson C, Abajobir A, Abd-Allah F, Abera SF, Abyu G,
Ahmed M, Aksut B, Alam T, Alam K, Alla F, Alvis-Guzman N,
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