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Abstract

Cigarette smoke exposure is a well-known risk factor for developing numerous chronic health conditions, including pulmonary
disease and cardiometabolic disorders. However, the cellular mechanisms mediating the toxicity of cigarette smoke in extrapul-
monary tissues are still poorly understood. Therefore, the purpose of this study was to characterize the acute dose-dependent
toxicity of cigarette smoke on mitochondrial metabolism by determining the susceptibility and sensitivity of mitochondrial respira-
tion from murine skeletal (gastrocnemius and soleus) and cardiac muscles, as well as the aorta to cigarette smoke concentrate
(CSC). In all tissues, exposure to CSC inhibited tissue-specific respiration capacity, measured by high-resolution respirometry,
according to a biphasic pattern. With a break point of 451+ 235 pg/mL, the aorta was the least susceptible to CSC-induced mito-
chondrial respiration inhibition compared with the gastrocnemius (151£109 pg/mL; P = 0.008, d = 2.3), soleus (211+£107 pg/mL;
P = 0.112; d = 1.7), and heart (94 £ 51 png/mL; P < 0.001; d = 2.6) suggesting an intrinsic resistance of the vascular smooth muscle
mitochondria to cigarette smoke toxicity. In contrast, the cardiac muscle was the most susceptible and sensitive to the effects of
CSC, demonstrating the greatest decline in tissue-specific respiration with increasing CSC concentration (P < 0.001, except the
soleus). However, when normalized to citrate synthase activity to account for differences in mitochondrial content, cardiac fibers’
sensitivity to cigarette smoke inhibition was no longer significantly different from both fast-twitch gastrocnemius and slow-twitch
soleus muscle fibers, thus suggesting similar mitochondrial phenotypes. Collectively, these findings established the acute dose-
dependent toxicity of cigarette smoke on oxidative phosphorylation in permeabilized tissues involved in the development of
smoke-related cardiometabolic diseases.

NEW & NOTEWORTHY Despite nhumerous investigations into the mechanisms underlying cigarette smoke-induced mitochondrial
dysfunction, no studies have investigated the tissue-specific mitochondrial toxicity to cigarette smoke. We demonstrate that,
while aorta is least sensitive and susceptible to cigarette smoke-induced toxicity, the degree of cigarette smoke-induced toxicity
in striated muscle depends on the tissue-specific mitochondrial content. We conclude that while the mitochondrial content influ-
ences cigarette smoke-induced toxicity in striated muscles, aorta is intrinsically protected against cigarette smoke-induced mito-
chondrial toxicity.

aorta; cardiac muscle; cigarette smoke; high-resolution respirometry; skeletal muscle

INTRODUCTION

Cigarette smoke exposure is a well-known and significant
health concern in the United States, contributing to 480,000
premature deaths and costing an estimated $300 billion
annually in direct and indirect costs (1). Chronic cigarette
smoking has a causative role in the development of respira-
tory diseases. In addition, mounting evidence indicates a
dose-dependent increase in the risks for cardiovascular and
metabolic diseases, skeletal muscle atrophy and weakness,
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or frailty in smokers (2-5). Despite the strong epidemiologi-
cal link between cigarette smoking and numerous adverse
health outcomes, the exact cellular mechanisms mediating
the toxicity of cigarette smoke on tissues throughout the
body are still poorly understood.

Mitochondria are the major energy source of most organs
in humans and are also involved in maintaining cellular redox
balance, calcium homeostasis, and apoptosis. Expanding on
the central role of mitochondria in maintaining homeostasis
in a wide range of cell types, a growing number of studies
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suggest that mitochondria may be implicated as a mediator of
the multisystemic defects induced by cigarette smoke expo-
sure. Mainstream cigarette smoke is composed of over 4,800
different chemicals, including reactive oxygen species (ROS)
and toxins (6), which can impair mitochondrial function (7,
8). Specifically, acute exposure to reactive oxygen species low-
ered the activity of several Krebs cycle enzymes and maximal
respiration in isolated mitochondria (9). Also, direct exposure
to cigarette smoke compounds, nicotine and o-cresol, inhib-
ited maximal respiration in isolated mitochondria in vitro
(10). Although these findings were essential as proof of con-
cept that cigarette smoke exposure can alter mitochondrial
function, the use of isolated mitochondria in these studies is
an important caveat, as this approach exaggerates mitochon-
drial susceptibility to dysfunction (11), which limited the
translational impact of these findings.

In lung epithelial cells, it is well described that acute exposure
to cigarette smoke condensate elicits substantial bioenergetics
perturbation and redox stress. Specifically, mitochondrial mem-
brane potential and ATP production are lowered by exposure to
cigarette smoke concentrate (CSC) as a result of the modulation
of the mitochondrial ADP/ATP transporter thus increasing pro-
ton leak (7, 12-14). These energetic perturbations are accompa-
nied by greater mitochondrial-derived ROS generation (12-14)
and increased susceptibility to apoptosis (15). In contrast, the
mitochondrial toxicity of cigarette smoke on other organs or tis-
sues has been scarcely investigated. For instance, acute expo-
sure to cigarette smoke or nicotine, a constituent of tobacco,
resulted in lower proton driving force and increased mitochon-
drial-derived ROS production in cultured cardiomyocytes (16)
and carotid arteries (17, 18).

A major caveat with these studies was that the cigarette
smoke concentrations used (upward of 20% of the total solu-
tion) in those preparations was well above the physiological
range of cigarette smoke particulate found in the blood of smok-
ers (19, 20), making the findings from these studies challenging
to translate to in vivo conditions in humans. Also, although the
organs’ susceptibility to the harmful effects of cigarette smoke
differs, as illustrated by the greater relative risks for disease in
some tissues (3, 21), the tissue-dependent toxicity of cigarette
smoke on mitochondrial function remains unknown.

Therefore, this study aimed to characterize the toxicity of
acute exposure to cigarette smoke concentrate on mitochon-
drial respiratory capacity in permeabilized tissues from car-
diac, skeletal, and smooth muscles, as this approach closely
replicates mitochondrial functional properties in vivo (7, 22—
24). Based on prior epidemiological studies demonstrating
an exaggerated cardiovascular disease burden compared
with other chronic diseases in smokers (3), we hypothesized
that cardiac and smooth muscle tissues would be more sus-
ceptible (lower break point from piecewise linear regression
analysis) and sensitive (steeper slope after the break point)
to cigarette smoke concentrate-induced mitochondrial toxic-
ity than fast- and slow-twitch skeletal muscles.

METHODS

Animals and Experimental Design

Mature male and female C57BL/6 mice (mean age, 31+12
wk) were used for this study. All animals were maintained
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on a 12-h:12-h dark/light cycle without access to running
wheels and were fed standard chow ad libitum. Following eu-
thanasia by 5% isoflurane, the gastrocnemius, soleus, left ven-
tricle, and aorta were extracted and placed in ice-cold BIOPS
preservation solution. The gastrocnemius and soleus were
specifically chosen because of the similarities in mitochon-
drial respiratory rates per unit of mass compared with those
of human vastus lateralis muscle (24), and to encompass tis-
sues that contain varying amounts of type I and type II skele-
tal muscle (25). Animal use and husbandry followed protocols
approved by the University of Massachusetts Institutional
Animal Care and Use Committee (IACUC No. 2152).

Cigarette Smoke Concentrate Preparation

Cigarette smoke concentrate (Murty Pharmaceuticals,
Lexington, KY) containing 40 mg of cigarette smoke particu-
late matter/mL (henceforth considered 100%) was diluted in
MiRO05, consisting of (in mM) 110 sucrose, 0.5 EGTA, 3 MgCl,,
60 K-lactobionate, 20 taurine, 10 KH,PO,, and 20 HEPES, and
1 g/L BSA at pH 7.1, to obtain six different concentrations of
cigarette smoke concentrate ranging from 0.004 (0.00001%)
t0 2,400 pg/mL (6%) before being stored at —80°C.

Citrate Synthase Activity

In a separate cohort of mice (n = 7, mean age, 20 +10 wk),
tissues (gastrocnemius, soleus, heart, and aorta) were har-
vested as described earlier and then immediately placed in 2
mL of MiR-05 and incubated for 20 min. Each sample was
snap frozen in liquid nitrogen after incubation and stored at
—80°C for later analysis. Tissues were thawed and homoge-
nized on ice in a buffer containing 1 mM EDTA and 50 mM tri-
ethanolamine, as previously described (11). Samples were
transferred to a 96-well plate containing 200 pM acetyl-CoA,
200 uM DTNB, and 70 uM oxaloacetate, where spectrophoto-
metric analysis of citrate synthase activity was assessed using
a multimode reader (Synergy HTX BioTek Instruments,
Winooski, VT) by detecting the increase in absorbance at 412
nm at 30°C (11).

Preparation of Permeabilized Tissues and Mitochondrial
Respiration Measurements

The tissue preparation and respiration measurement techni-
ques were adapted from established methods (23, 26) and have
been previously described by our group (27). Briefly, BIOPS-
immersed fibers (in mM: 2.77 CaK,EGTA, 7.23 K,EGTA, 50 K"
MES, 6.56 MgCl,, 20 taurine, 5.77 ATP, 15 PCr, 0.5 DTT, and 20
imidazole) were carefully separated with fine-tip forceps and
subsequently bathed in a BIOPS-based saponin solution (50 pg
saponin/mL BIOPS) for 30 min for the gastrocnemius, soleus,
and heart and 40 min for the aorta as previously described (28,
29). Following saponin treatment, tissues were rinsed twice in
ice-cold mitochondrial respiration fluid (MIROS, in mM: 110 su-
crose, 0.5 EGTA, 3 MgCl,, 60 K-lactobionate, 20 taurine, 10
KH,PO,4, and 20 HEPES, and 1 g/L BSA at pH 7.1) for 10 min
each. After the muscle sample was gently dabbed with a paper
towel to remove excess fluid, the wet weight of the sample (1 to
2 mg) was measured using a standard, calibrated scale. The
muscle fibers were then placed in the respiration chamber
(Oxygraph O2K, Oroboros Instruments, Innsbruck, Austria)
with 2 mL of MIRO5 solution warmed to 37°C. Oxygen was
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added to the chambers, and oxygen concentration was main-
tained between 175 and 250 uM for the gastrocnemius, soleus,
and aorta and between 350 and 450 uM for the right ventricle.
After we allowed the permeabilized muscle sample to equili-
brate for 5 min, mitochondrial respiratory function was
assessed in duplicate. To determine maximal ADP-stimulated
respiration (state III with convergent electron flow from com-
plex I and II), glutamate (10 mM), malate (2 mM), ADP (5 mM),
and succinate (10 mM) were added to the chamber (GMDS).
Cytochrome-c (10 pM) was then added to the chamber to assess
mitochondrial membrane integrity. Samples that demon-
strated impaired mitochondrial membrane integrity (more
than a 10% increase in respiration in response to cyto-
chrome-c) were excluded from the analysis (23, 26).
Following the test for membrane integrity, cigarette smoke
concentrate was injected into each chamber at incremen-
tal concentrations starting from 0.004 (0.00001%) up to
2,400 pg/mL (6%). In each condition, the respiration rate
was recorded until a steady state of at least 30 s (at a sam-
pling rate of 2 s) was reached, the average of which was
used for data analysis. The rate of O, consumption was
expressed relative to muscle sample mass (in pmol O,/s/
mg wet wt), or normalized to citrate synthase activity (in
pmol O,/s per CS) to determine tissue-specific and mito-
chondria-specific respiration, respectively.

Data Analysis

The assessment of the normality and homoscedasticity was
performed using a Shapiro-Wilk and Levene test for all the
variables. The effects of cigarette smoke concentrate on mito-
chondrial respiration were determined using a nonparametric
two-way (tissue x concentration) aligned ranks transform
(ART) ANOVA (30). Planned comparisons of the effect of ciga-
rette smoke concentrations on state III respiration (GMDS), as
established a priori, were determined using Dunn’s tests with
a Holm-Sid4k adjustment.

A piecewise linear regression model based on the logarith-
mic transformation (log;o) of the concentration of cigarette
smoke concentrate was used to estimate break points in the
dose-dependent changes to mitochondrial respiration. The
break point and the slope after the break point were used to
determine the susceptibility and sensitivity, respectively, of a
given tissue to cigarette smoke toxicity, respectively. To adjust

the log;o transform for concentrations at 0 (log;o(0) = infin-
ity), 0.0004 was added to all concentrations such that the log-
transformed values for each concentration of cigarette smoke
concentrate (x) was equal to log;o(x + 0.0004). The differen-
ces between each tissue on break point, slope, and ICsy were
determined using a nonparametric Kruskal-Wallis test, fol-
lowed by post hoc pairwise Dunn’s test with a Holm-Sidak
adjustment. Statistical significance was accepted at P < 0.05.
All statistical analyses were performed using R, version 4.1.
Break-point analyses were performed using the “segmented”
(31) package. Dose-response curves using a three-parameter
Weibull-type two dose-response functions in the “drc” pack-
age were used to estimate the ICso and are shown in the
Supplemental Figs. S1 and S2 (all Supplemental Figures are
available at https://doi.org/10.6084/m9.figshare.c.6855297).
Effect sizes (Cohen’s d) were calculated using the “emmeans”
package. Results are presented as means * SD in text and
means * SE in figures.

RESULTS

Tissue-Specific Citrate Synthase Activities

Citrate synthase activities, used as markers of mitochon-
drial content, for each tissue are shown in Fig. 1. There was
a significant main effect of tissue type on the citrate syn-
thase activity (P < 0.001; n® = 0.94). Post hoc analyses
indicated that citrate synthase activity in the heart
(63.8+6.4 AU) was significantly higher than the soleus
(22.3+5.4 AU; P < 0.001, d = 6.4), gastrocnemius (9.4 3.4
AU; P < 0.001, d = 8.4), and aorta (36.4+9.3 AU; P = 0.025,
d=4.3).

Effects of Cigarette Smoke Concentrate on Tissue-
Specific Rates of Respiration

Tissue-specific respiration rates are shown in Fig. 2.
There were significant main effects of cigarette smoke con-
centrate (P < 0.001; partial n? = 0.72) and tissue type (P <
0.001; partial n* = 0.72), as well as a significant interaction
effect (P < 0.001; partial n> = 0.33). Post hoc analyses for
each tissue (Fig. 3) indicated that the respiration rates of
the gastrocnemius, soleus, and heart were significantly
(adjusted P < 0.05) inhibited by cigarette smoke starting at

= 90+ p <0.001 Main Effect: p < 0.001

£ p <0.001

€ 801 p = 0.025

£ 70 R

% A p <0.001

> 60 § p =0.027
Figure 1. Citrate synthase activity for the 'S 504 4
heart (white), soleus (dark gray), gastro- '-3
cnemius (light gray), and aorta (black). n = & 3
7 for all tissues. Values are represented as 3 L p =0.025
means + SE. 1]

£ 304 a

= o

& 20-

)

T 104 2

= &

© ' :

Heart Soleus Gastrocnemius Aorta

H1090 AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00199.2023 - www.ajpheart.or

g
Downloaded from journals.physiology.org/journal/ajpheart by Stephen Decker (073.003.111.022) on October 21, 2023.


https://doi.org/10.6084/m9.figshare.c.6855297
http://www.ajpheart.org

Q) TISSUE-SPECIFIC MITOCHONDRIAL TOXICITY TO CIGARETTE SMOKE

350+
Interaction Effect: p < 0.001
300+ PP BTl Gt b s -
\\
250+
3
(=)
£
S 200
[
2
9
£
s 1504
N
o
=

T R S SRS SN N

CSC Main Effect: p <0.001

=O- Aorta
=O- Gastrocnemius
=&~ Heart

N =0- Soleus

Figure 2. Relationship between cigarette
smoke concentrate (CSC) concentration

\ and tissue-specific respiration rates for the
heart (n = 9; triangles), soleus (n = 11;
squares), gastrocnemius (n = 11; circles),
and aorta (n = 8; diamonds). Values are
represented as means + SE.

-~ ~§
1 R K RRRLEEPE T AEEEEEEE [ REEEEEE - REPEEEEr - ﬁ%
.
s %
c T T L]

0.;)4 0:4 4
Cigarette Smoke Concentration (ug/mL)

800 pg/mL (2%), 800 pg/mL (2%), and 1,200 pg/mL (3%),
respectively. The cigarette smoke-induced decrements to
mitochondrial respiration trended toward significance
(P =0.054) at the highest concentration of cigarette smoke
used in this study (2,400 pg/mL, 6%)

Results of the piecewise linear regression are shown in
Fig. 4. Results from the one-way ANOVA indicated a signifi-
cant main effect of tissue type on the break point at which
cigarette smoke concentrate inhibited mitochondrial respi-
ration (P = 0.001; n® = 0.40; Fig. 4A). Based on the post hoc
analysis, the concentration of cigarette smoke concentrate at
which the break point occurred in the aorta (450.9 *235.3 pg/
mL) was significantly different from the heart (93.6 = 50.6 pg/
mL; P = 0.001; d = 2.6) and the gastrocnemius (150.9 +108.6
pg/mL; P = 0.005, d = 2.2), but not the soleus (211.0 +108.0
pug/mL; P = 0.081; d = 0.7). Likewise, there was a significant
difference between the heart and soleus (P = 0.031; d = 0.9).
However, there were no significant differences between the
soleus and the gastrocnemius (P = 0.170; d = 0.4), nor were
there differences between the gastrocnemius and the heart
(P=0.123;d =0.4).

Likewise, tissue type had a significant main effect on the
slope following the break (P < 0.001; n2 = 0.84; Fig. 4B). Post
hoc analyses indicated that the rate of cigarette smoke concen-
trate-induced inhibition in the heart (—145.1+45.5 JO,/ciga-
rette smoke concentrate) was significantly different from
the gastrocnemius (—22.0+7.8 JO,/cigarette smoke con-
centrate; P < 0.001, d = 4.8) and aorta (—15.1+ 8.9 JO,/ciga-
rette smoke concentrate; P < 0.001, d = 5.1), and trended
in the soleus (—55.5 £ 22.7 JO,/cigarette smoke concentrate;
P = 0.053, d = 3.5). Likewise, the rate of cigarette smoke
concentrate-induced inhibition in the soleus was signifi-
cantly different from the gastrocnemius (P = 0.015, d =
1.3) and the aorta (P = 0.002, d = 1.6). However, there was
not a significant difference between the rate of cigarette
smoke concentrate-induced inhibition in the gastrocne-
mius and the aorta (P = 0.161, d = 0.3).
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Effects of Cigarette Smoke Concentrate on
Mitochondria-Specific Respiration across Tissues

Mitochondrial respiration rates normalized to citrate syn-
thase activity are shown in Fig. 5. There were significant
main effects of cigarette smoke concentrate (P < 0.001; par-
tial n2 = 0.72) and tissue type (P < 0.001; partial 2 = 0.72),
as well as a significant interaction effect (P < 0.001; partial
n? = 0.33). Post hoc analyses for each tissue (Fig. 5, A-D)
indicated that the normalized respiration rates of the gastro-
cnemius, soleus, heart, and aorta were significantly (adjusted
P < 0.05) inhibited by cigarette smoke concentrate starting
at 400, 800, 1,200, and 2,400 pg/mL, respectively.

Results of the piecewise linear regression are shown in Fig,.
6. Results from the one-way ANOVA indicated a significant
main effect of tissue type on the break point at which cigarette
smoke concentrate impaired mitochondrial respiration (P =
0.001; % = 0.40; Fig. 6A). Post hoc analysis revealed that the
cigarette smoke concentrate at which the break point occurred
in the aorta (450.9 +235.2 pg/mL) was significantly higher than
the heart (93.6 £50.6 ug/mL; P < 0.001; d = 2.6) and the gastro-
cnemius (150.9 £108.6 pug/mL; P = 0.008, d = 2.3), but not the
soleus (211.0 £107.0 pg/mL; P = 0.112; d = 1.7). There were also
significant differences between the soleus and heart (P =
0.031; d = 0.9). However, there were no significant differences
between the soleus and the gastrocnemius (P = 0.170; d =
0.4); nor were there differences between the gastrocnemius
and the heart (P = 0.128; d = 0.4).

Likewise, tissue type had a significant main effect on the
slope following the break (P < 0.001; 2 = 0.53; Fig. 6B). Post
hoc analyses indicated that the rate of cigarette smoke con-
centrate-induced inhibition in the aorta (—0.8+0.4 JO,/ci-
trate synthase/cigarette smoke concentrate) was significantly
lower than the heart (—2.6 +1.4 JO,/citrate synthase/cigarette
smoke concentrate; P = 0.022, d = 1.6), soleus (—3.4+0.9 JO,/
CS/cigarette smoke concentrate; P < 0.001, d = 2.3), and gas-
trocnemius (—3.9+1.5 JO,/citrate synthase/cigarette smoke

H1091


http://www.ajpheart.org

Q) TISSUE-SPECIFIC MITOCHONDRIAL TOXICITY TO CIGARETTE SMOKE

A

60
50+
40+
30+
20+
10+

Gastrocnemius

Adjusted R? = 0.709

Figure 3. Relationship between cigarette smoke con-
centrate concentration and tissue-specific respiration
rates for the gastrocnemius (n = 11; A), soleus (n = 11; B),
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heart (n = 9; C), and aorta (n = 8; D) fitted with a piece-
wise linear regression. Break points are indicated by the
dotted black line. Slopes of the piecewise linear regres-
sion are indicated by the red dashed lines. Values are
represented as means + SE. *P < 0.05, significantly dif-
ferent from glutamate, malate, ADP, and succinate
(GMDS, 0 pg/mL) following post hoc analysis using
Dunn’s test with a Holm—Sidak correction.
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concentrate; P < 0.001, d = 2.7). However, there were no sig-
nificant differences between the heart and the gastrocnemius
(P=0.132, d = 1.1) or the soleus (P = 0.181, d = 0.7); nor were
there significant differences between the gastrocnemius and
the soleus (P = 0.347, d = 0.4).

DISCUSSION

Mitochondrial dysfunction has been implicated as a
potential mediator of the cardiometabolic dysregulation
associated with cigarette smoking. Accordingly, this study
aimed to characterize the toxicity of acute exposure to cig-
arette smoke concentrate on mitochondrial respiratory
capacity in permeabilized tissues from cardiac, skeletal,
and smooth muscles. Exposure to cigarette smoke concen-
trate inhibited mitochondrial respiration capacity consist-
ent with a biphasic pattern in all tissues. Furthermore, the
differences in break points and slopes after the break point
revealed both tissue-specific susceptibility and sensitivity
to cigarette smoke.

Specifically, cardiac tissues exhibited the greatest susceptibil-
ity and the greatest sensitivity to cigarette smoke concentrate
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toxicity, whereas the aorta was the least sensitive and least sus-
ceptible. When normalized to citrate synthase activity to
account for differences in mitochondrial content, cardiac fibers’
sensitivity to cigarette smoke inhibition was no longer signifi-
cantly different from both fast-twitch gastrocnemius and slow-
twitch soleus muscle fibers, thus suggesting similar mitochon-
drial phenotypes. In contrast, even after normalization for mi-
tochondrial content, the aorta remained the least susceptible
and least sensitive to cigarette smoke-induced inhibition of mi-
tochondrial respiration, suggesting an intrinsic resistance of the
vascular smooth muscle mitochondria to cigarette smoke toxic-
ity. This characterization of the dose-effect of cigarette smoke
concentrate on skeletal, cardiac, and smooth muscle tissues on
mitochondrial respiration capacity indicates that, compared
with striated muscles, vascular smooth muscle has intrinsic
characteristics that provide greater protection from smoke-
induced mitochondrial toxicity.

Cigarette Smoke Concentrate Directly Inhibits Tissue-
Specific Respiration

The dose-response of cigarette smoke concentrate on tis-
sue-specific respiration rates were characteristics of a
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Figure 4. Parameters estimates from the piecewise linear regression of the relationship between cigarette smoke concentrate concentration and tissue-
specific respiration rates. Estimates of the break point (A) and the slope following the breaking point (B) for the heart (n = 9; white), soleus (n = 11; dark
gray), gastrocnemius (n = 11; light gray), and aorta (n = 8; black). Values are represented as means + SE.

threshold model as beyond a concentration of 200-500 ng/
mL (~0.5-1%), cigarette smoke concentrate had an evident
dose-dependent inhibitory effect on mitochondrial respira-
tion in all tissues, as shown in Figs. 2 and 3. Moreover, at the
final concentration of 2,400 ug/mL (6%) cigarette smoke
concentrate, maximal ADP-stimulated respirations with
convergent electron flow from complex I and IT were inhib-
ited by as much as ~60% in the striated muscles (gastro-
cnemius, soleus, and heart), and by ~40% in the smooth
muscles from the aorta. The toxicity of cigarette smoke
concentrate on tissue-specific respiration observed in the
present study was consistent with the derangements of mi-
tochondrial function previously documented in a range of
tissues, including lung epithelial tissue, carotid arteries,
cardiac muscle, and skeletal muscle. (10, 12, 14, 17, 32-35).
Notably, the present study extends these findings obtained
in vitro to intact permeabilized tissues in situ. The use of
permeabilized tissues has indeed the added benefit of
maintaining the structural integrity of the surrounding
cellular environment, which, considering that mitochon-
dria form a reticulum across cells (36), preserves the mito-
chondrial structure (11), and better reflects the functional
characteristics of the mitochondria in vivo (22-24).

These methodological differences between the use of
isolated mitochondria and permeabilized fibers have im-
portant implications in regard to the susceptibility to ciga-
rette smoke concentrate toxicity. For example, Khattri et
al. (10) found that incubating mitochondria isolated from
a mixture of mouse skeletal muscles in 0.02, 0.1, and 1.0%
cigarette smoke concentrate solution for 10 min impaired
maximal ADP-stimulated respiration by 5, 22, and 61%,
respectively. In contrast, the present study provides evi-
dence that permeabilized cardiac and skeletal muscle
fibers are more resistant to cigarette smoke concentrate
than mitochondria isolated from skeletal muscle, as much
higher (~2-10 times) cigarette smoke concentrate concen-
trations were needed to elicit decrements in mitochondrial
respiration of similar magnitude. Therefore, although cigarette

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00199.2023 - www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart by Stephen Decker (073.003.111.022) on October 21, 2023.

smoke concentrate-induced toxicity was evident in both prep-
arations, there are distinct differences in the concentration of
cigarette smoke concentrate required to cause acute mito-
chondrial metabolic dysfunction between isolated mitochon-
dria and intact tissue samples. Such differences have an
important bearing on the conclusion when translating these
findings to determine the functional effects of smoking at clin-
ically relevant levels.

A strength of the present study was the use of concentra-
tions for the dose response that encompassed both physio-
logical and supraphysiological amounts of cigarette smoke
to characterize toxicity on mitochondrial metabolism. Based
on prior studies indicating that in vivo levels of water-solu-
ble components of cigarette smoke in the plasma from smok-
ers corresponded to cigarette smoke concentrations <40 pg/
mL or 0.1% (17, 19, 20, 32, 37), our results indicate that ciga-
rette smoke concentrate demonstrated no significant effect
on mitochondrial respiration in permeabilized tissues at
clinically relevant concentration. Specifically, the dose-
response analysis identified a break point of 200-500 pg/mL
(0.5-1%), beyond which cigarette smoke concentrate inhib-
ited mitochondrial respiration in striated and smooth
muscles. This threshold is, therefore, five to 10 times higher
than plasmatic levels of water-soluble components of ciga-
rette smoke in the plasma from smokers (37), which seems to
rule out a direct inhibitory effect of cigarette smoke concen-
trate, at least acutely, on mitochondrial respiratory capacity
in striated and smooth muscles in vivo. Previous studies
using various preparation in vitro had reported a linear dose-
dependent decrease in mitochondrial respiration exposed to
cigarette smoke concentrate (14, 38). However, these studies
relied on supraphysiological concentrations of cigarette
smoke concentrate (>1%) to characterize the effects of ciga-
rette smoke concentrate on mitochondrial respiration.
Therefore, our findings build on these results to demonstrate
that acute cigarette smoke concentrate exposure at clinically
relevant concentrations appears to have a limited effect on
oxidative phosphorylation capacity in tissues, yet, highly

H1093


http://www.ajpheart.org

Q) TISSUE-SPECIFIC MITOCHONDRIAL TOXICITY TO CIGARETTE SMOKE

Gastrocnemius

Adjusted R? = 0.702

Adjusted R? = 0.713

Adjusted R? = 0.642

A "
10
9
8
7
6
5
4
3
2
1
0
B
@
0
©
Figure 5. Relationship between cigarette smoke concen- =
trate (cigarette smoke concentrate) concentration and mi- §,
tochondrial-specific respiration rate for the gastrocnemius &
(n = 11; A), soleus (n = 11; B), heart (n = 9; C), and aorta % 14
(n = 8; D) fitted with a piecewise linear regression. Red & 0
dashed lines indicate the two slopes calculated from the (G
piecewise linear regression, with the estimated break ~5 C
point represented as the black dotted line. Citrate syn- 8
thase activity was used a marker of mitochondrial content.  —
Values are expressed as means + SE. ¥P < 0.05, signifi- 2
cantly different from glutamate, malate, ADP, and succi- g
nate (GMDS, O pg/mL) following post hoc analysis using s
Dunn’s test with a Holm—Sidak correction. ~
g 1
0
D
2.009
1.754
1.50+
1.25+
1.004
0.754
0.504
0.25+
0.00

—%

Adjusted R? = 0.545

susceptible to smoke-related diseases. Interestingly, previ-
ous studies in mouse models of second-hand cigarette
smoke documented rather subtle effects of chronic expo-
sure to cigarette smoke on skeletal muscle respiratory
capacity whereas mitochondrial oxidative stress was evi-
dent (39, 40). Based on these findings, alterations in the
cellular redox state via increased mitochondrial superox-
ide generation may be of importance in regulating the cig-
arette smoke-induced loss of mitochondrial respiration.
Although these outcomes were not measured in the pres-
ent study, it is possible that cigarette smoke exposure
causes an increase in mitochondrial electron leak and
superoxide generation, thereby directly decreasing elec-
tron flux through the electron transport chain (ETC) and
oxygen consumption at the site of complex IV. Future
studies are therefore warranted to examine whether
changes in mitochondrial ROS generation, rather than energy
production, underlie the metabolic anomalies and the devel-
opment of cardiometabolic diseases associated with smoking.
Moreover, studies examining the abilities of mitochondria-
target ROS scavengers, such as MitoQ (41) or Mito-TEMPO
(42), to rescue cigarette smoke-induced mitochondrial dys-
function are also warranted.
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Mitochondria from Aortic Smooth Muscles Are Less
Susceptible and Sensitive to Cigarette Smoke
Concentrate than Striated Muscles

A central aim of the present study was to characterize the
susceptibility and sensitivity to cigarette smoke concentrate
of the aorta, cardiac, and two metabolically distinct skeletal
muscle fibers. Using a piecewise linear regression, we identi-
fied a break point at which cigarette smoke significantly
started to inhibit mitochondrial respiration (Fig. 4A). Based
on this rigorous analysis, we estimate that the mitochondria
in the smooth muscles of the aorta exhibited deficits in mito-
chondrial respiration beginning at ~500 pg/mL cigarette
smoke concentrate—i.e., between two and five times the
amount of cigarette smoke concentrate required to inhibit res-
piration in the gastrocnemius, soleus, and cardiac muscle
fibers. This difference remained even after accounting for mi-
tochondrial content by normalizing the data to citrate syn-
thase activity (Fig. 6A). Moreover, the sensitivity (Fig. 4B)
of the smooth muscles of the aorta to cigarette smoke concen-
trate-induced inhibition of mitochondrial respiration was the
lowest of the tissues used in the present study by two- to five-
fold, especially when normalized for citrate synthase activity
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isons using Dunn’s test with a Holm—Sidak correction.

(Fig. 6B). Our estimation of the concentration of CSC at 50%
of maximal respiration was also in agreement with these data
(Supplemental Fig. S2). We also estimated the dose-response
curves for these experiments that are in agreement with these
data (Supplemental Fig. S1); however, we caution the interpre-
tation of these data because of our inability to achieve a lower
limit of cigarette smoke-induced inhibition on mitochondrial
respiration. Nonetheless, we provide evidence that the mito-
chondria in the aorta are intrinsically less susceptible to the
negative impacts of cigarette smoke exposure than mitochon-
dria in skeletal and cardiac muscles.

This finding of different intrinsic mitochondrial resistance
to stressors such as cigarette smoke is unique, as mitochondria
from cardiac muscle, skeletal muscle, and skeletal muscle feed
arteries have been shown to have similar respiration rates
when these tissues are normalized for differences in mitochon-
drial content, as measured by citrate synthase activity (43). In
addition, much like skeletal muscle, mitochondria in the feed
arteries or aorta have been shown to respond positively to exer-
cise training (29) and impaired with advancing age (28), sug-
gesting metabolic similarities between mitochondria in the
vasculature and skeletal muscle. However, the citrate synthase
activities of the skeletal muscle feed arteries in these studies
were much lower than the citrate synthase activity reported
here. Although we cannot fully explain the discrepancies
between our results and the other studies, it is possible that
there are inherent differences in the mitochondrial content
across the vascular tree. Furthermore, considering the wide di-
versity of the structural and functional components of vascular
tissues (44), it is possible that there are, likewise, very distinct
morphological properties of the mitochondria across the vas-
cular tree. Specifically, it is widely considered that the main
role of peripheral arteries, such as skeletal muscle feed arteries,
is to regulate local blood flow and maintain mean arterial pres-
sure, whereas the role of more centrally located arteries, such
as the aorta, is to withstand the extremely high pressure
invoked by systolic contractions of the heart (44). As such, to
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maintain arterial compliance in response to large variations in
pressure, central arteries are composed of tissues that main-
tain arterial stiffness (i.e., elastin, collagen), which become less
abundant in peripheral arteries (44). These changes in artery
composition may play important roles in shaping the mor-
phology of the mitochondrial reticulum (45) in the specific
regions of the vascular tree, thus altering the regional function
of the mitochondria. However, further research is needed to
determine the structural properties of mitochondria across the
vascular network.

Respiration Sensitivity to Cigarette Smoke Concentrate
in Striated Muscle is Dependent on Mitochondrial
Content

In contrast to the relative resistance to cigarette smoke con-
centrate observed in the aorta, the cardiac and soleus muscle
fibers were much more sensitive to cigarette smoke concen-
trate-induced inhibition of mitochondrial respiratory capacity
than the gastrocnemius muscle. As such, the cardiac muscle
fibers exhibited a loss of mitochondrial respiration per unit of
cigarette smoke concentrate at a rate three times greater than
the soleus and six times greater than the gastrocnemius.
Similarly, the respiration rate of the soleus muscle fibers
decreased at a rate two times greater than the gastrocnemius.
However, these significant findings were abolished when the
cigarette smoke concentrate-induced decreases in respiration
rates were normalized to mitochondrial content measured by
citrate synthase activity. Therefore, these findings suggest
that the differences in sensitivity between striated muscles
can predominantly be attributed to the differences in mito-
chondrial content of these tissues rather than some other in-
herent property of the mitochondria within those tissues.

Although the break point for cigarette smoke concentrate-
induced inhibition of mitochondrial respiration was beyond the
plasmatic concentration measured in smokers, our results are
consistent with the hypothesis that cardiac muscles and oxida-
tive type I fibers may be more vulnerable to the deleterious
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effects of cigarette smoke. Chronic smoking is indeed associated
with dramatic increases in numerous chronic cardiovascular
and muscular ailments, including peripheral artery disease,
heart failure, type II diabetes, and sarcopenia (2-5, 46). The mi-
tochondrial density-dependent inhibition induced by cigarette
smoke concentrate in striated muscles in the present study may
explain, in part, the high incidence of cardiomyopathies in
chronic smokers (i.e., heart failure) and why type I muscle fibers
are more apt to atrophy and contractile dysfunction than type IT
fibers in chronic smokers (47-49). Ventricular remodeling is a
common manifestation in several models of smoke exposure in
animals (50) and humans (51-53). Given the greater mitochon-
drial density of the left ventricle and the soleus (~6- and ~2-fold
greater than the gastrocnemius), these tissues would likely be
more prone to cigarette smoke concentrate-induced deficits in
mitochondrial bioenergetics due to their greater reliance on oxi-
dative ATP production. The bioenergetic deficits in the soleus
muscles could also activate cellular mechanisms, which result
in muscle atrophy (54) as often reported in chronic smokers
(55). Together, these findings suggest that tissues with a greater
mitochondrial density may be more sensitive to cigarette smoke
toxicity and dysfunction, perhaps, due to their greater reliance
on oxidative energy supply. In this scenario, the decrements in
mitochondrial function may result in a mismatch between ATP
supply and demand that, ultimately, leads to loss of cellular
function and poor health outcomes.

Conclusions

In conclusion, this study rigorously characterized the sen-
sitivity and susceptibility characteristics of cigarette smoke-
induced mitochondrial dysfunction in skeletal (slow and
fast-twitch), cardiac, and smooth muscles. Collectively, the
results from this study suggest that inherent characteristics
of mitochondria in the aorta increase its resistance to ciga-
rette smoke metabolic toxicity. On the other hand, cigarette
smoke concentrate inhibition of mitochondrial respiration
in striated muscles was dependent on the mitochondrial
density, with tissues rich in mitochondria (cardiac and slow-
twitch fibers) demonstrated greater sensitivity and suscepti-
bility to the perturbations in mitochondrial metabolism
induced by cigarette smoke. However, considering the range
of bioenergetic demand in these tissues, especially cardiac
muscle, even minor deficits in oxidative ATP production
could rapidly lead to bioenergetic failure and organ dysfunc-
tion. Thus, the findings in the present study established ciga-
rette smoke dose-response on mitochondrial oxidative
phosphorylation in permeabilized tissues linked to cigarette
smoke adverse health outcomes thus contributing to our
understanding of the cellular mechanisms involved in the
development of smoke-related cardiometabolic diseases.
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