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The mechanisms underlying cigarette smoke-induced mitochondrial dysfunction in skeletal muscle are still
poorly understood. Accordingly, this study aimed to examine the effects of cigarette smoke on mitochondrial
energy transfer in permeabilized muscle fibers from skeletal muscles with differing metabolic characteristics. The
electron transport chain (ETC) capacity, ADP transport, and respiratory control by ADP were assessed in fast- and
slow-twitch muscle fibers from C57BL/6 mice (n = 11) acutely exposed to cigarette smoke concentrate (CSC)
using high-resolution respirometry. CSC decreased complex I-driven respiration in the white gastrocnemius
(CONTROL:45.4 + 11.2 pmolO,.s L. mg™! and CSC:27.5 + 12.0 pmolO2.s~1.mg™}; p = 0.01) and soleus (CON-
TROL:63.0 + 23.8 pmolOg.s~*.mg ™! and CSC:44.6 + 11.1 pmolO,.s L.mg™!; p = 0.04). In contrast, the effect of
CSC on Complex II-linked respiration increased its relative contribution to muscle respiratory capacity in the
white gastrocnemius muscle. The maximal respiratory activity of the ETC was significantly inhibited by CSC in
both muscles. Furthermore, the respiration rate dependent on the ADP/ATP transport across the mitochondrial
membrane was significantly impaired by CSC in the white gastrocnemius (CONTROL:-70 + 18 %; CSC:-28 + 10
%; p < 0.001), but not the soleus (CONTROL:47 + 16 %; CSC:31 + 7 %; p = 0.08). CSC also significantly
impaired mitochondrial thermodynamic coupling in both muscles. Our findings underscore that acute CSC
exposure directly inhibits oxidative phosphorylation in permeabilized muscle fibers. This effect was mediated by
significant perturbations of the electron transfer in the respiratory complexes, especially at complex I, in both fast
and slow twitch muscles. In contrast, CSC-induced inhibition of the exchange of ADP/ATP across the mito-
chondrial membrane was fiber-type specific, with a large effect on fast-twitch muscles.

1. Introduction Mitochondrial alterations elicited by chronic cigarette smoking

include substantial changes to their functional characteristics

Cigarette smoke exposure is a significant risk factor for frailty, sar-
copenia, and the development of numerous chronic diseases, causing
over 480,000 premature deaths in the United States [1]. Additionally,
increased muscle fatiguability [2] and lower exercise tolerance [3] are
frequently reported in chronic heavy smokers, which contribute to
impaired quality of life. The underlying causes of cigarette smoke-
induced exacerbations in fatiguability are multifaceted and include
impaired oxygen transport [4,5], deficits in myofiber contractile func-
tion [6,7], and mitochondrial dysfunction [8-11].

[10,12,13], decreased oxidative enzymes activities [14-16], and
enhanced mitochondrial-derived ROS production [14,15,17]. Interest-
ingly, the mechanisms by which energy transduction in the mitochon-
dria of skeletal muscle is directly impaired by cigarette smoke have
recently garnered attention. Specifically, acute exposure to cigarette
smoke condensate (0.02-1 %) inhibited maximal ADP-stimulated
respiration in isolated mitochondria from the hindlimb muscles of
mice [18]. In this study, complex-II-supported respiration was also less
sensitive to the inhibitory effects of cigarette smoke condensate than
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complex I [18]. Another interesting finding was the documentation of a
decreased mitochondrial proton leak with cigarette smoke condensate
exposure, which alluded to direct impairment of the electron transport
system in this preparation.

Other studies in epithelial cells exposed to cigarette smoke conden-
sate pointed toward an increase in mitochondrial membrane perme-
ability via activation of the adenine nucleotide translocase (ANT) [19], a
crucial transporter responsible for the exchange of nucleotides (i.e., ADP
and ATP) across the inner mitochondrial membrane [20]. ANT also
serves as an important site of proton leak and mitochondrial uncoupling
[21], regulating mitochondrial membrane potential and the proto-
nmotive force driving ATP production. Based on the above evidence
obtained in vitro in isolated mitochondria and cultured cells, the
impairment of mitochondrial ATP production induced by cigarette
smoke in the skeletal muscle can be mediated by three potential
mechanisms: decreased supply of reducing equivalent in the electron
transport, increased proton leak, and/or decreased ATP turnover (ATP
synthesis and transport across the membrane). However, whether all
these mechanisms are involved and their relative contribution to the
bioenergetic deficits induced by cigarette smoke in the skeletal muscle
remains to be established. In addition, given the existence of different
mitochondrial phenotypes between fast and slow muscle fibers [22,23],
it is also important to determine whether these mechanisms may be
fiber-type specific.

The purpose of the present study was to examine the effect of ciga-
rette smoke concentrate on mitochondrial energy transfer involving the
electron transport chain, ADP transport into the mitochondria, and
respiratory control by ADP in permeabilized fibers from skeletal muscles
with differing metabolic characteristics. To achieve these aims, we
assessed in situ mitochondrial respiration via titrations of ADP and car-
boxyatractyloside, an ANT inhibitor, in predominantly fast (white
gastrocnemius) and slow-twitch (soleus) skeletal muscle fibers acutely
exposed to cigarette smoke concentrate (CSC) in vitro. CSC, a commonly-
used substance for the investigation of the effects of cigarette smoke on
cellular function in vitro [12,18,24-26], and contains the lipid-soluble
componenets of cigarette smoke that impact cellular function [12,18]
and thus, induce mitochondrial dysfunction in vitro. In addition, CSC
incubation triggers the fundamental regulatory changes that occur in
response to an acute exposure to cigarette smoke, which is crucial to
better understand the toxicity of cigarette smoke within the skeletal
muscle. We hypothesized that CSC would inhibit the sensitivity and
maximal capacity of mitochondrial respiration supported by ADP,
attributed to decreased electron flow through the respiratory complexes
combined with impairments in ANT activity, resulting in enhanced
proton leak.

2. Methods
2.1. Animals and experimental design

Eleven mature C57BL/6 mice (male/female = 7/4) were used for this
study. All animals were maintained on a 12-h dark/light cycle without
access to running wheels and were fed standard chow ad libidum.
Following euthanasia by 5 % isoflurane, the white gastrocnemius and
soleus were immediately harvested and placed in an ice-cold BIOPS
preservation solution [27]. The white gastrocnemius and soleus were
specifically chosen to encompass tissues that contain varying amounts of
type I and type II skeletal muscle fibers [28], and these two tissues have
been shown to recapitulate mitochondrial function observed in humans
[29]. Animal use and husbandry followed protocols approved by the
University of Massachusetts Institutional Animal Care and Use Com-
mittee (IACUC #2152).

2.2. Preparation of permeabilized muscle fibers

The tissue preparation and respiration measurement techniques
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were adapted from established methods [27,30] and have been previ-
ously described by our group [31]. Briefly, BIOPS-immersed fibers (2.77
mM CaK,;EGTA, 7.23 mM K,EGTA, 50 mM K™ MES, 6.56 mM MgCl,, 20
mM Taurine, 5.77 mM ATP, 15 mM PCr, 0.5 mM DTT, 20 mM 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. Following saponin treatment, muscle fibers were rinsed twice in
ice-cold mitochondrial respiration fluid (MIR-05, in mM: 110 Sucrose,
0.5 EGTA, 3 MgCly, 60 K-lactobionate, 20 taurine, 10 KHyPO4, 20
HEPES, BSA 1 g.L-1, pH 7.1) for 10 min each.

Following chemical permeabilization, tissues were incubated in vitro
for 1-h in separate containers with a 2 mL solution of MiRO5 (control) or
4 % (80 pg/mL) cigarette smoke concentrate (CSC; Murty Pharmaceu-
ticals, Lexington, KY) at 4 °C. These concentrations of cigarette smoke
concentrate were chosen based on pilot studies (supplementary fig. S2)
indicating that this concentration replicates the mitochondrial impair-
ments previously reported in mice and humans chronically exposed to
airstream cigarette smoke [8,10,32] and used in previous research by
our lab [26].

Immediately after incubation, the muscle sample was gently dabbed
with a paper towel to remove excess fluid, and the wet weight of the
sample (1-2 mg) was measured using a standard, calibrated scale. The
muscle fibers were then placed in the respiration chamber (Oxygraph
02K, Oroboros Instruments, Innsbruck, Austria) with 2 mL of MIR05
solution warmed to 37 °C. Oxygen was added to the chambers, and
oxygen concentration was maintained between 190 and 250 pM to
prevent O, diffusion limitation. After allowing the permeabilized muscle
sample to equilibrate for 5 min, mitochondrial respiratory function was
assessed in duplicate. Following the addition of each substrate, the
respiration rate was recorded until a steady state of at least 30-s was
reached, the average of which was used for data analysis. The rate of Oz
consumption was expressed relative to muscle sample mass (in pico-
moles per second per milligram of wet weight).

2.3. Measurement of mitochondrial respiration

The titration protocol used in the present study was designed to
investigate several steps of the mitochondrial energy transduction
pathway in permeabilized fibers from the skeletal muscle and was per-
formed as follows: First, saturating concentrations of glutamate (G; 10
mM) and malate (M; 2 mM) were added to the chambers. The addition of
glutamate and malate without the presence of ADP (also known as state
II/IV respiration) represents a non-phosphorylating state where the
oxygen consumed by the mitochondria is linked to the leak of protons
out of the mitochondrial intermembrane space [33]. After attaining a
steady-state, ADP was added in 5 titration steps: 1) 0.025 mM, 2) 0.05
mM, 3) 0.10 mM, 4) 0.25 mM, and 3) 5 mM (ADPsgg) to characterize
mitochondrial respiration sensitivity to ADP and maximal ADP stimu-
lated respiration linked to complex I. Following this step, saturating
amounts of succinate (S; 10 mM) were added to the chambers to assess
maximal complex I & II-driven mitochondrial respiration. Cytochrome c
(C; 10 pM) was added to assess the integrity of the outer mitochondrial
membrane [34]. Carboxyatractyloside (CAT; Cayman Chemical no.
21120), a selective non-competitive inhibitor of the adenine nucleotide
translocator (ANT), was added in 5 steps with final concentrations of
0.05 pM, 0.1 pM, 0.2 pM, 1.0 pM, and 5.0 pM. Following this, carbonyl
cyanide m-chlorophenyl hydrazone (FCCP) was titrated to assess the
capacity of the mitochondrial electron transport chain. Rotenone (Rot;
0.5 pM), a complex I inhibitor, was then added to the chamber to assess
complex II-linked respiration. Lastly, oligomycin (Omy; 2.5 pM), an
inhibitor of ATP synthase, and antimycin A (AmA; 2.5 pM), a complex III
inhibitor, were added to the chambers to assess residual, or non-
mitochondrial, oxygen consumption.



S.T. Decker et al.
2.4. Data analysis

The rate of Oy consumption (JO3) was expressed relative to muscle
sample mass (in picomoles per second per milligram of wet weight).
Samples that demonstrated impaired mitochondrial membrane integrity
(more than a 10 % increase in respiration in response to cytochrome C)
were excluded from the analysis (n = 3). All extreme outliers (more
extreme than Q1-3 * IQR or Q3 + 3 * IQR) were also excluded from the
analysis. The relative contribution of Complex II to maximal uncoupled
respiration was determined by calculating the ratio of Rot:FCCPpeyk.

Thermodynamic coupling (q) is another method of quantifying
mitochondrial respiratory capacity [35] and estimates all enzymatic
processes and free energy changes that occur during oxidative phos-
phorylation. Furthermore, thermodynamic coupling changes are theo-
rized to reflect changes in the P/O ratio [35,36]. Thermodynamic
coupling was calculated by:

CATs)

9=\l —riep—
FCCPPEdk

CSC-induced changes to the ETS (A FCCPpeyk) in the white gastrocne-
mius and soleus was determined by calculating the difference in
uncoupled respiration (FCCPpeax) between the cigarette smoke concen-
trate and control tissues expressed as a percentage of the control fibers.
CSC-induced inhibition to ANT for each tissue was calculated as follows:
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40, = c4 Yt
s

where JO, is the respiration rate at the concentration of a given sub-
strate [S], Vimax is the maximal rate of respiration, Ky, is the concentra-
tion of [S] at 50 % of V., and C is JO; when [S] = 0. Likewise, the
inhibitory kinetics of CAT was fitted to the same equation but modified
as follows:

C — Ly
JOy = Lypax +—¢

L i
where I qx is the minimum rate of respiration induced CAT and ICs is
the respiration rate at 50 % Ipax.

Normality and homoscedasticity were determined using the Shapiro-
Wilk test and Levene's test, respectively. Due to violations in the as-
sumptions of normality and/or homoscedasticity, the effects of cigarette
smoke concentrate and tissue on all parameters were determined using a
two-way (CSCxTissue) Aligned Ranks Transform (ART) ANOVA [37]. If
main effects or interaction effects were determined to be statistically
significant (p < 0.05), post hoc comparisons were performed using
Dunn's test with a Holm-Sidak correction. Likewise, a nonparametric
Wilcoxon's test was used for the comparison between the difference in
FCCPpeax between the white gastrocnemius and soleus. Effect sizes were
determined by calculating the partial eta-squared (n2) and Cohen's d for

(GMDSSmoke - CATS.O Smoke) - (GMDSCOmrol - CATS.O Comrol)

CSC — induced ANT inhibition (%) = GMDS
Control

Apparent K, and Vp,ox were determined using a 3-parameter model
of the Michaelis-Menten equation:

both the ANOVA and the post hoc comparisons, respectively. For clarity,
the results are presented as mean + SD in text and tables, and individual
data values in the figures.
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Fig. 1. Respiration rates (JO,) normalized to the wet weight of permeabilized white gastrocnemius (A) and soleus (B) skeletal muscle fibers incubated in control
medium (white bars) or CSC (dark grey bars). Also shown is the contribution of complex II (C). n = 9-10 per group. Values are expressed as mean and individual data

points. G: glutamate; M: malate; D: ADP; S: succinate; Rot: rotenone.
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3. Results

3.1. Effects of CSC on respiratory capacity in fast and slow twitch skeletal
muscles

Mitochondrial respiration rates are shown in Fig. 1A and B, and
Supplementary Table S1. Leak respiration (GM) was significantly
affected by the tissue type (p < 0.001, partial n = 0.61), but not CSC (p
= 0.314, partial nz = 0.03), nor was there an interaction effect (p =
0.308, partial n> = 0.03). Both CSC exposure (p < 0.001, partial n? =
0.32) and tissue type (p = 0.001, partial n? = 0.28) had main effects on
complex-I-driven ADP-stimulated respiration (GMDsqqg), but there was
no interaction effect (p = 0.604, partial n? = 0.01). As determined by
post hoc tests, CSC significantly inhibited the white gastrocnemius
(adjusted p = 0.014, d = 1.54) and soleus muscles (adjusted p = 0.038, d
= 0.99). Likewise, maximal ADP-stimulated respiration (GMDS) with
convergent electron flow from complex I and II exhibited significant
main effects of CSC (p < 0.001, partial n2 = 0.27), tissue (p < 0.001,
partial 12 = 0.47), but not an interaction effect (p = 0.542, partial n% =
0.01). Maximal ADP-stimulated respiration in CSC-exposed fibers was
significantly lower with CSC than control in the soleus (adjusted p =
0.041, d = 1.37), but only trended toward significance in the white
gastrocnemius (adjusted p = 0.069, d = 1.14).

Complex II-specific respiration, i.e. with the addition of rotenone,
was affected by CSC (p = 0.022, partial n> = 0.14) and tissue type (p <
0.001, partial n2 = 0.37), but there was not an interaction effect (p =
0.538, partial n2 = 0.01). There was a significant main effect of CSC (p =
0.015, partial 12 = 0.16) and an interaction effect (p = 0.048, partial 12
= 0.11), but no main effect of tissue (p = 0.466, partial n = 0.02) on the
relative contribution of complex II respiration (Fig. 1C). Post hoc analysis
indicated a significant increase in the CSC-exposed white gastrocnemius
compared with control (control: 67.2 + 9.5 %; CSC: 82.1 + 2.1 %j;
adjusted p = 0.006, d = 2.16). No significant differences were observed
in the soleus between control and CSC conditions (control: 74.1 4+ 12.6
%; CSC: 76.1 + 10.4 %; adjusted p = 0.323, d = 0.17).

Effects of CSC on the electron transport chain in fast and slow twitch
skeletal muscles.

Uncoupled respiration (FCCP Peak; Fig. 2A) was significantly
affected by CSC (p = 0.003, partial n% = 0.20) and tissue type (p < 0.001,
partial n? = 0.39), however, there was not a significant interaction effect
(p = 0.892, partial 1 < 0.01). Post hoc analysis trended toward signif-
icant differences between the control and CSC-exposed white
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gastrocnemius (adjusted p = 0.082, d = 0.87), but not the soleus
(adjusted p = 0.139, d = 0.74). There were no significant main effects of
CSC (p = 0.287, partial n? = 0.04) or tissue (p = 0.946, partial n% < 0.01),
nor an interaction effect (p = 0.557, partial n> = 0.02) on the ratio of
GMDS to FCCP (Fig. 2B).

3.2. Effects of CSC on ADP kinetics in fast and slow twitch skeletal
muscles

Respiration rates and the corresponding Michaelis-Menten kinetic
curves during ADP titration in the white gastrocnemius and soleus
muscles are shown in Fig. 3A and B, respectively. There were significant
main effects of CSC (p < 0.001, partial n? = 0.35) and tissue (p < 0.001,
partial n2 = 0.38), as well as significant interaction effects (p < 0.001,
partial 12 = 0.37) in the apparent Ky, of ADP (Fig. 3C). No significant
differences were observed between the white gastrocnemius control and
white gastrocnemius CSC (adjusted p = 0.431, d = 0.35), the white
gastrocnemius control and the soleus CSC (p = 0.277, d = 1.03), or the
CSC-exposed white gastrocnemius and CSC-exposed soleus (adjusted p
=0.242,d = 0.19).

Similarly, CSC (p < 0.001, partial nz = 0.35) and tissue type (p <
0.001, partial n? = 0.46) had significant main effects on the skeletal
muscle Vo (Fig. 3D); however, there was not a significant interaction
effect (p = 0.813, partial n2 < 0.01). Post hoc analysis indicated that Vo,
was lower in the CSC-exposed fibers than control in the white gastroc-
nemius (control: 44.5 + 10.8 pmolpy/s/mgye; CSC: 27.3 + 12.4 pmolpy/
s/mgyy; adjusted p = 0.014, d = 1.48) as well as the soleus (control: 64.0
=+ 22.2 pmolpy/s/mgy; CSC: 42.7 + 10.1 pmolpy/s/mgyy; adjusted p =
0.013,d = 1.23).

Effects of CSC on adenine nucleotide transfer in fast and slow twitch
skeletal muscles.

Dose-response and fitting curves following titration of carboxya-
tractyloside are shown for the white gastrocnemius and soleus in Fig. 4A
and B, respectively. CSC (p = 0.004, partial n? = 0.21) and tissue (p <
0.001, partial n? = 0.43) type had significant main effects on the initial
rate of respiration before the addition of carboxyatractyloside (Fig. 4C).
However, there was not a significant interaction effect (p = 0.717,
partial n2 < 0.01). There were no significant main effects of CSC (p =
0.644, partial 12 < 0.01) and tissue (p = 0.516, partial n?> = 0.01), nor a
significant interaction effect (p = 0.581, partial 1> = 0.01) in the
apparent ICsy of carboxyatractyloside (Fig. 4D). Following maximal
inhibition of ANT by carboxyatractyloside, there was no longer a
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Fig. 2. The smoke-specific effects on uncoupled (FCCPpe,) respiration (A) and the ratio of state III coupled respiration (GMDS) to state III uncoupled respiration
(FCCPpeak; B) in the white gastrocnemius (white) and soleus (grey) muscle fibers. n = 9-10 per group. Values are expressed as mean and individual data points. G:
glutamate; M: malate; D: ADP; S: succinate; FCCP: carbonyl cyanide m-chlorophenyl hydrazine.
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Fig. 3. Dose-response curve for ADP-stimulated respiration in the white gastrocnemius (A; n = 9-10) and soleus (B; n = 10) incubated in control medium or CSC
(white and grey, respectively); and mean estimates for the apparent Ky, (C) and Vpax (D). Values are expressed as mean + SEM (panels A and B) and mean with

individual data points (panels C and D).

significant main effect of CSC (p = 0.056, partial 52 = 0.10) or an
interaction effect between CSC and tissues on the respiration rate (p =
0.506, partial 2 = 0.01). There was a significant main effect of tissue
type (p < 0.001, partial nz = 0.41) on the respiration rate following
maximal inhibition by carboxyatractyloside (Fig. 4E).

When data were normalized to the initial respiration rate, the rela-
tive inhibition elicited by carboxyatractyloside was significantly atten-
uated by CSC (p < 0.001, partial 12 = 0.61), tissue type (p = 0.048,
partial n2 = 0.11), and their interaction (p = 0.004, partial n? = 0.22,
Fig. 4F). Post hoc analysis indicated a significantly lower inhibition of
carboxyatractyloside with CSC than control in the white gastrocnemius
(control: —70 + 18 %; CSC: —28 + 10 %,; adjusted p < 0.001, d = 2.96),
and trended toward significance in the soleus (control: 47 + 16 %; CSC:
31 + 7 %; adjusted p = 0.076, d = 1.37).

Relative effects of CSC on the main components of oxidative phos-
phorylation and indices of mitochondrial efficiency

The CSC-specific inhibition of uncoupled respiration (FCCPpeqy) for
both the white gastrocnemius and soleus are shown in Fig. 5A, which
display no significant differences (p = 0.426; d = 0.23) between the
white gastrocnemius (—29 % + 30 %) and the soleus (—23 % + 22 %).
The CSC-specific inhibition of ANT is shown in Fig. 5B, which indicates a
significant difference (p = 0.009; d = 0.93) between the white
gastrocnemius (—43 % + 12 %) and the soleus (—22 % + 17 %).

Significant main effects of GSC (p < 0.001, partial n? = 0.58), tissue
(p = 0.015, partial n2 = 0.15), and an interaction effect (p = 0.025,
partial n> = 0.12) were observed on the thermodynamic coupling
(Fig. 6A). Post hoc analysis revealed significant differences between the
control and CSC-exposed white gastrocnemius (control: 0.71 + 0.07,
CSC: 0.40 + 0.15; adjusted p < 0.001, d = 2.70) and soleus (control:
0.54 + 0.13, CSC: 0.39 + 0.12; adjusted p = 0.046, d = 1.18).

Furthermore, there were significant differences between the control
white gastrocnemius and control soleus (adjusted p = 0.042, d = 1.74)
and the control white gastrocnemius and the CSC-exposed soleus
(adjusted p < 0.001, d = 3.27). No significant differences were observed
between the CSC-exposed white gastrocnemius and the control soleus
(adjusted p = 0.063, d = 0.98) or the CSC-exposed white gastrocnemius
and the CSC-exposed soleus (adjusted p = 0.380, d = 0.09).

4. Discussion

The present study aimed to examine the effect of cigarette smoke
concentrate on mitochondrial energy transfer involving the electron
transport chain, ADP transport into the mitochondria, and respiratory
control by ADP in permeabilized fibers from skeletal muscles with
different metabolic characteristics. Consistent with our hypothesis,
acute cigarette smoke concentrate exposure significantly inhibited
maximal ADP-stimulated respiration in slow- and fast-twitch skeletal
muscle fibers. Despite quantitatively similar impairments in maximal
ETC capacity, the site of CSC-induced inhibition of mitochondrial
respiration appeared to be tissue-dependent. Specifically, the fast-twitch
white gastrocnemius muscle exhibited a greater decrease of Complex-I-
specific respiration than the slow-twitch soleus. In comparison, Complex
II-linked respiration was marginally affected by CSC, such that its rela-
tive contribution to muscle respiratory capacity was increased in the
CSC-exposed white gastrocnemius muscle relative to controls. CSC also
elicited a tissue-dependent effect on respiratory control as mitochon-
drial respiration sensitivity for ADP was significantly increased in the
soleus but not the white gastrocnemius.

Moreover, the effect of carboxyatractyloside-induced inhibition of
nucleotide transfer was markedly attenuated in cigarette smoke
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concentrate-exposed fibers compared to control tissues, suggesting that
cigarette smoke concentrate impairs the ANT-mediated exchange of
ATP/ADP across the inner mitochondrial membrane. This mechanism
contributed to the cigarette smoke concentrate-induced loss of mito-
chondrial oxidative capacity and was accentuated in the fast-twitch
white gastrocnemius muscle. However, cigarette smoke concentrate
did not significantly affect mitochondrial proton leak in slow- and fast-
twitch skeletal muscle fibers. Finally, mitochondrial thermodynamic
efficiency was decreased by cigarette smoke concentrate in both mus-
cles, albeit with a greater relative decline in the white gastrocnemius
than the soleus muscle. Collectively, these findings support the theory
that cigarette smoke concentrate directly impairs mitochondrial respi-
ration, especially in fast-twitch muscles. This acute effect was mediated
by the inhibition of the mitochondrial ETC capacity, predominantly at
the site of complex I, and impairment of nucleotide exchange by ANT in
both muscles.

4.1. CSC-induced impairment of muscle respiratory capacity and electron
transport chain

Consistent with our hypothesis, CSC drastically inhibited maximal
ADP-stimulated respiration with convergent electron flow from complex
I and II (GMDS) by ~35 % and ~ 30 % in the white gastrocnemius and
soleus muscles fibers, respectively (Fig. 1). When complex I- and II-
driven respiration were assessed separately, CSC decreased complex-I-
supported respiration by ~40 % in the white gastrocnemius and ~30
% in the soleus. In contrast, the CSC-induced inhibition of complex II-
supported respiration was relatively small in both muscles such that
the relative contribution of complex II-supported respiration to muscle
respiratory capacity was increased with CSC in the white gastrocnemius
(Fig. 1C), partially compensating for the decline in mitochondrial
membrane potential caused by complex I inhibition. In contrast, the
soleus muscle fibers did not demonstrate such compensation of complex
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II-driven respiration. Together, these findings suggest that the mecha-
nisms implicated in decreased muscle respiratory capacity following
exposure to cigarette smoke concentrate differed between fast and slow
twitch muscles. Specifically, the deleterious effect of CSC was mainly
mediated by severe complex I inhibition in the fast-twitch white
gastrocnemius muscles. In contrast, both complex I- and II-linked
respiration were impaired, but to a lower extent, by cigarette smoke
concentrate in the slow-twitch soleus muscle. Despite different mecha-
nisms, the cigarette smoke concentrate-induced decline in the capacity
for electron transfer through the respiratory complexes was quantita-
tively similar in fast and slow twitch muscles as uncoupled respiration
with the protonophore FCCP was ~25 % lower with CSC in both muscles
(Fig. 5A).

Overall, the present findings agree with the results of Khattri et al.
[18], which reported a 50-90 % inhibition of complex-I-driven respi-
ration (stimulated by glutamate and malate) in CSC-exposed isolated
mitochondria from skeletal muscles of different regions of the body.
Likewise, using permeabilized white gastrocnemius muscle fibers,
Thatcher et al. [10] reported a ~ 40 % decrease in complex-I-driven
mitochondrial respiration in mice exposed to airstream cigarette
smoke for six weeks. Although the inhibition induced by cigarette smoke
on the respiration rate was evident with both preparations, it is inter-
esting to note the smaller effect size using an in situ preparation. Spe-
cifically, in the present study, the ~40 % decrease in complex I-
supported respiration in the white gastrocnemius muscles following 1 h
of 4 % CSC incubation was strikingly similar to the ~40 % decrease in
the respiration rate of the red gastrocnemius muscles of mice chronically
exposed to airstream cigarette smoke for six weeks [10]. In comparison,
mitochondrial respiration in isolated mitochondria from a mixture of
skeletal muscles was inhibited by as much as 93 % after exposure to a
lower concentration of CSC (1 %) for only 10 min [18]. These findings
confirm that mitochondrial isolation procedures exacerbate the sus-
ceptibility of the mitochondria to stressors, such as cigarette smoke,
whereas the in situ preparation more closely recapitulates the extent of
mitochondrial dysfunction under conditions that preserve its native
morphology [38].

Another important result from the present study was the finding that
inhibition of complex I respiration with rotenone significantly attenu-
ated the CSC-induced deficit in mitochondrial respiration, although this
effect was fiber-type-specific (Fig. 1C). Indeed, the relative contribution
of complex II-supported respiration was higher in the fast-twitch white
gastrocnemius muscle after CSC incubation than in control but remained
unchanged in the slow-twitch soleus muscle (Fig. 1C). The present
findings provide additional insights into the metabolic alterations pre-
viously documented in the skeletal muscle of patients with Chronic
Obstructive Pulmonary Disease (COPD), a disorder typically caused by
chronic cigarette smoking. Specifically, the skeletal muscles of these
patients are characterized by a greater proportion of type II muscle fi-
bers in the lower limb [39-41] and a greater reliance on complex II-
driven respiration than healthy controls [32,42]. The results of the
present study would therefore suggest that this shift in the mitochon-
drial pathways for energy production in the skeletal muscle of patients
with COPD is mediated by the direct effect of cigarette smoke on
mitochondrial respiration in type II fibers, which becomes the pre-
dominant fiber type as the disease progresses.

4.2. Effect of cigarette smoke concentrate on the control of oxidative
phosphorylation in the skeletal muscle

Unlike the white gastrocnemius muscle, the apparent K, for ADP in
the soleus markedly decreased from ~320 pM in the control condition to
~40 pM with CSC (Fig. 3C). In the control condition, the apparent Ky,
values for ADP for the white gastrocnemius and soleus muscles are
within the range of values previously reported using permeabilized
muscle fibers. For instance, slow-twitch oxidative muscles are charac-
terized by an apparent Ky, for ADP in the range of 200-500 pM whereas
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fast-twitch glycolytic muscles exhibit values in the range of 10-40 pM
[43,44]. This lower sensitivity for ADP in slow-twitch oxidative muscles
stems from the selective permeability of the mitochondrial outer mem-
brane to ADP, which restricts its diffusion into the matrix. Interestingly,
the mitochondrial sensitivity for ADP of slow-twitch oxidative muscles
can be substantially increased (K, < 100 pM) with the addition of
creatine in the respiration buffer [43,44]. In slow-twitch oxidative
muscles, mitochondrial creatine kinase (Mt-CK) is functionally coupled
to ANT and the voltage-dependent anion channel (VDAC), located on the
inner and outer mitochondrial membrane, respectively. Within this
functional network, Mt-CK catalyzes the transfer of phosphate groups
between the sites of ATP production in the mitochondrial matrix (ATP
synthase) and ATP consumption in the cytosol (myosin ATPase and ionic
pumps) [45-48].

In light of the Cr/PCr shuttle theory detailed above, the CSC-induced
increase in mitochondrial respiration sensitivity for ADP in the per-
meabilized fibers from the soleus suggests that cigarette smoke
concentrate disrupted the functional interactions between VDAC, mtCK,
and ANT. This disruption resulted in greater permeability of the mito-
chondrial outer membrane to ADP in the slow-twitch oxidative muscle,
which was, perhaps, mediated by higher VDAC conductance as ANT is
unlikely to contribute to this effect (see next section). In support of this
interpretation, it has been reported that tubulin structure, which is a
cytoskeletal protein present at the mitochondrial surface that binds to
VDAC and regulates its conductance [49], can be disrupted by cigarette
smoke exposure in lung epithelial cells [50]. The present findings pro-
vide evidence for a tissue-dependent effect of cigarette smoke concen-
trate on the control of oxidative phosphorylation mediated by
perturbations of the Cr/PCr shuttle in slow-twitch oxidative soleus
muscle. Further studies are warranted to examine whether this alter-
ation in the control of oxidative phosphorylation is caused by changes in
VDAC conductance.

4.3. Cigarette smoke concentrate-induced perturbation of nucleotide
exchange across the mitochondrial membrane

A unique aspect of the present study was the titrations of carbox-
yatractyloside to examine the effects of cigarette smoke concentrate on
the contribution of ANT-mediated exchange of ADP/ATP to mitochon-
drial respiration. Carboxyatractyloside is a non-competitive inhibitor of
ANT [51], which is located on the inner mitochondrial membrane and is
responsible for the exchange of ADP/ATP between the mitochondrial
intermembrane space and the mitochondrial matrix [20,52], as well as
the control of mitochondrial coupling via proton leak [21]. CAT binds to
the ANT from the cytosolic side of the mitochondrial inner membrane,
locking ANT in a cytoplasmic side open conformation and preventing
the exchange of ADP/ATP [51,53]. Using CAT to inhibit ANT in the
present study, we aimed to measure the functional contribution of ANT
to the control of mitochondrial respiration under our experimental
conditions.

Using this specific inhibitor ([43,45,54]; V. [46]; V. A. [47,48]), the
differences in maximal ADP-stimulated respiration between CSC and
control conditions were abolished under saturating concentrations of
CAT in the white gastrocnemius and the soleus (CATs g, Fig. 4E). As a
result, the relative inhibition induced by CAT was significantly lower in
CSC-exposed fibers (~30 %) than in control fibers (~70-50 %, Fig. 4F)
for both muscles, although the magnitude of this effect was tissue-
dependent. Specifically, the inhibitory effect of cigarette smoke
concentrate on ANT-dependent respiration was markedly higher in the
white gastrocnemius (~43 %) than the soleus (~22 %, Fig. 5B). In
contrast, cigarette smoke concentrate exposure had no significant effect
on the ratio of maximal ADP-stimulated respiration (GMDS) to maximal
ETC respiration (FCCPpeak, Fig. 2B), which rules out impairments of the
phosphorylation capacity of the F1-Fy ATP Synthase as a contributor to
the decline in maximal ADP-stimulated respiration induced by cigarette
smoke concentrate. Collectively, these findings indicate that, in addition
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to impairments to the electron transport chain, cigarette smoke
concentrate also impaired the exchange of ADP/ATP by specifically
inhibiting ANT function. A study in human lung epithelial A459 cells has
also previously implicated ANT in the deleterious effects of cigarette
smoke concentrate on mitochondrial function [19]. However, the dif-
ference in protocols (10 % versus 4 % CSC, intact cells versus per-
meabilized fibers, 6 versus 1 h incubation, carboxyatractyloside
prolonged incubation versus acute titration) precluded any direct com-
parison between the study by Wu et al. and the present work.

Interestingly, the white gastrocnemius was nearly twice as suscep-
tible to CSC-induced ANT inhibition than the soleus muscles (Fig. 5B).
Considering the differences in expression of Mt-CK between the white
gastrocnemius and soleus muscles [55], it is likely that these observa-
tions are due to differing mechanisms which regulate the exchange of
adenine nucleotides between the mitochondrial intermembrane space
and matrix. Indeed, several models estimate that Mt-CK-facilitated ex-
change of nucleotides accounts for up to ~80 % of energy transfer from
the matrix to the cytosol [49,55-57]. Thus, the Mt-CK present in soleus
muscles, which is interdependent on the activity of ANT, could act as a
buffer system to better maintain energy transfer between the sarcoplasm
and the mitochondrial matrix. Alternatively, the lack of Mt-CK in white
gastrocnemius would increase the reliance of these tissues on ANT for
energy transfer and, therefore, would increase the susceptibility of the
white gastrocnemius to CSC-induced ANT-dependent bioenergetic
dysfunction, as observed in the present study.

4.4. Relative effects of cigarette smoke concentrate on the main
components of oxidative phosphorylation

Mitochondrial proton leak in slow- and fast-twitch skeletal muscle
fibers was not significantly affected by cigarette smoke concentrate,
which rules out this mechanism as an important mediator of the effects
of cigarette smoke concentrate on mitochondrial function. Also,
maximal uncoupled respiration (FCCPpesx), in which mitochondrial
respiration is not coupled to ATP production and is independent of ADP
availability, was less affected by CSC exposure than was maximal
coupled respiration (GMDS), thus indicating that additional mechanisms
contributed to the inhibition of oxidative phosphorylation capacity.
Specifically, maximal coupled respiration was impaired in the CSC-
exposed fibers by as much as 40 % and 35 % in the white gastrocne-
mius and soleus, respectively (Fig. 1A and B). In comparison, uncoupled
respiration was only impaired by ~25 % in the white gastrocnemius and
soleus under this condition (Fig. 5A). Our results thus support a signif-
icant role in the perturbation of ANT-mediated exchange of ADP/ATP to
mitochondrial respiration inhibition induced by cigarette smoke
concentrate, especially in fast-twitch skeletal muscle fibers.

4.5. Effect of CSC exposure on mitochondrial coupling

Mitochondrial thermodynamic coupling (q-value) was significantly
impaired by cigarette smoke concentrate exposure in both muscles
(Fig. 6A). Interestingly, the cigarette smoke concentrate-induced loss of
energy coupling was accentuated in the fast-twitch white gastrocnemius
compared to the slow-twitch soleus muscle. This thermodynamic
coupling reflects all enzymatic processes and free energy changes during
oxidative phosphorylation [58] and is linked to the mitochondrial P/O
ratio [36], thus providing a direct measure of mitochondrial efficiency
[35]. The present results in skeletal muscle fibers acutely exposed to
cigarette smoke concentrate are consistent with those of Kyle et al. [59],
which reported cigarette smoke-induced decreases in the P/O ratio of
mitochondria isolated from the lungs of guinea pigs. Also, patients with
COPD, a condition caused by chronic cigarette smoking, are character-
ized by impaired metabolic efficiency during dynamic contraction
[60,61].

Conceptually, lower thermodynamic coupling values indicate that
mitochondrial respiration was not as tightly coupled to oxidative ATP
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production following cigarette smoke concentrate exposure, which
might be mediated by a greater dissipation of the proton gradient via
proton leak. However, the lack of significant differences between ciga-
rette smoke concentrate and control conditions in leak respiration (GM,
Fig. 1) does not support this mechanism. Alternatively, a decrease in the
protons/electrons stoichiometry of the proton pumps caused by slipping
of the proton pumps in the respiratory chain [62] may account for the
effects of cigarette smoke concentrate on thermodynamic coupling. In
support of this interpretation, cigarette smoke concentrate markedly
inhibited electron flow in the electron transport chain in both muscles as
assessed by the titration of FCCP (Fig. 2A). Also, a lower mitochondrial
membrane potential has been consistently documented in various tissue
preparation [12,13,17,19], consistent with lower respiratory coupling.
From a translational perspective [29,38,59], the impaired efficiency of
ATP production in hindlimb skeletal muscles of mice could explain
many of the altered bioenergetic differences commonly reported in the
locomotor muscles of persons chronically exposed to cigarette smoke,
including increased muscle fatiguability [2] and impaired exercise
tolerance [3].

4.6. Experimental considerations

Given the low sample size of female mice in the dataset (n = 4), and
the focus on mitochondrial toxicity per se, the present study was ot
adequately powered to detect any sex differences in mitochondrial
function or any sex-specific effects of cigarette smoke. However, a sec-
ondary analysis indicated several nonsignificant trends toward main
effects of sex on several of our mitochondrial kinetic parameters (Vmax,
relative inhibition of CAT, RCR, thermodynamic coupling, and respira-
tion states with submaximal ADP concentration). It is noteworthy that a
recent meta-analysis performed on mitochondrial function in human
skeletal muscle fiber bundles reported no overall sex-specific differences
in mitochondrial respiration [63]. However, this meta-analysis only
analyzed oxygen flux in skeletal muscle mitochondria and did not
analyze the sensitivity (Ky) or maximal capacity (Vmax) to ADP or car-
boxyatractyloside, presumably due to a lack of studies that have per-
formed these kinetic analyses. Therefore, while the current study was
not designed nor powered to identify sex differences in the kinetic pa-
rameters of ADP or carboxyatractyloside, our exploratory analysis sug-
gest that future investigation should examine the influence of sex on
mitochondrial sensitivity and maximal capacity.

It is also noteworthy that the present study utilized thermodynamic
coupling as a surrogate measure of mitochondrial thermodynamic effi-
ciency (P:O ratio) rather than simultaneously measuring ATP production
(via fluorescence) and oxygen flux directly. Although not a direct mea-
sure of mitochondrial efficiency, several studies have shown that ther-
modynamic coupling is tightly related to the mitochondrial P:O ratio
[35,36]. While it is possible to simultaneously monitor ATP flux and
oxygen consumption using fluorescent probes and high-resolution
respirometry [27,64], these measures have not been validated for use
in permeabilized skeletal muscle fiber bundles and, as such, were not
available for use in the present study. Thus, once robust methodologies
for permeabilized fibers have been rigorously validated, more studies
are needed to investigate the effects of cigarette smoke on the mito-
chondrial P:O ratio in skeletal muscle.

Lastly, the present study sought to investigate the direct effects of
cigarette smoke concentrate on mitochondrial ADP sensitivity and ADP/
ATP exchange via measurement of the activities of ATP synthase and
ANT, respectively. However, it is noteworthy that other mitochondrial
proteins and pores, such as the mitochondrial permeability transition
pore, may become active when exposed to individual constituents of
cigarette smoke and may also contribute to impairments in mitochon-
drial function [65,66]. However, considering that the respiration rate at
the maximal inhibition (Inax) of carboxyatractyloside was not signifi-
cantly different between the control and cigarette smoke concentrate-
exposed fibers, our data would suggest that the ANT is the
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predominent source of increased mitochondrial permeability induced by
cigarette smoke concentrate exposure.

5. Conclusion

In conclusion, the present study examined the effects of cigarette
smoke concentrate on mitochondrial energy transfer involving the
electron transport chain, ADP transport into the mitochondria, and
respiratory control by ADP in skeletal muscles with different metabolic
characteristics. Acute cigarette smoke concentrate exposure signifi-
cantly inhibited maximal ADP-stimulated respiration in the skeletal
muscle. Interestingly, the site of CSC-induced inhibition of mitochon-
drial respiration appeared to be tissue-dependent. Specifically, the fast-
twitch white gastrocnemius muscle exhibited a greater decrease of
Complex-I-specific respiration than the slow-twitch soleus. CSC also
elicited a tissue-dependent effect on respiratory control as mitochon-
drial respiration sensitivity for ADP was significantly increased in the
soleus but not the white gastrocnemius.

Furthermore, we provide evidence to suggest that cigarette smoke
concentrate also directly impairs mitochondrial thermodynamic effi-
ciency and the exchange of ADP/ATP by inhibiting ANT in the inner
mitochondrial membrane. Unlike previous studies using in vitro prepa-
ration which can affect mitochondrial morphology and function, mito-
chondrial proton leak in slow- and fast-twitch skeletal muscle fibers was
not significantly affected by cigarette smoke concentrate when assessed
in situ in permeabilized fibers. Our findings shed light on the mecha-
nisms of energy transfer that mediate the cigarette smoke-induced
impairment of mitochondrial production of ATP in the skeletal mus-
cle, leading to bioenergetic deficiencies and ultimately contributing to
poor exercise tolerance commonly observed in humans chronically
exposed to cigarette smoke.
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