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ABSTRACT
MECHANISMS OF CIGARETTE SMOKE-INDUCED MITOCHONDRIAL DYSFUNCTION
IN STRIATED MUSCLE AND AORTA
FEBRUARY 2023
STEPHEN DECKER, B.S., STEPHEN F. AUSTIN STATE UNIVERSITY
M.S., STEPHEN F. AUSTIN STATE UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Gwenael Layec
Cigarette Smoke is a significant cause of morbidity and mortality in the United States,
accounting for over 480,000 annual deaths. Of these deaths, the most common cause of mortality
in chronic smokers is cardiometabolic diseases. Likewise, a significant portion of smokers
experience some form of cardiac, vascular, or metabolic dysfunction throughout their lifetime.
More specifically, smoking is shown to induce mitochondrial dysfunction in these tissues, causing
an increase in oxidative damage and poor overall health. However, despite the advances in the
health outcomes related to cigarette smoke exposure, the mechanisms underlying mitochondrial
dysfunction in striated muscle and the vasculature remain largely unexplained. Particularly, no
investigations have been conducted to (1) characterize the acute inhibitory effects of cigarette
smoke to the mitochondria in these tissues, (2) assess the changes in mitochondrial substrate
oxidation with exposure to cigarette smoke, or (3) identify the mechanisms by which cigarette
smoke induces deleterious effects on the mitochondrial electron transport chain. Therefore, the
purpose of this dissertation is to use high-resolution respirometry to characterize the toxicity of

cigarette smoke in the mitochondria of the aorta, heart, and two types of skeletal muscle, determine

vi



the capacity for cigarette smoke to induce a shift in mitochondrial carbohydrate- or fatty acid-
stimulated mitochondrial respiration, and further investigate the mechanisms by which cigarette
smoke impairs the mitochondrial electron transport chain.

Herein, we first demonstrate that cigarette smoke-induced inhibition of mitochondrial
respiration is tissue-specific and depends on the intrinsic qualities of the mitochondria in each
tissue (e.g. morphology) as well as the tissue-specific mitochondrial content. Second, we show
that mitochondrial pyruvate oxidation, not fatty acid oxidation, is a primary mechanism for
cigarette smoke-induced mitochondrial dysfunction. Third, we further support the hypothesis that
mitochondrial complex I is a primary site of smoke-induced mitochondrial dysfunction. However,
we also identify the ADP/ATP transporter, ANT, as another site of smoke-induced mitochondrial
impairment. Lastly, we discuss the clinical implications of each of these findings as well as future

research directions.
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CHAPTER 1
INTRODUCTION

Cigarette smoke exposure is estimated to cause more than 480,000 deaths annually in the
United States and is a primary contributor to developing several cancers, respiratory,
cardiovascular, and chronic metabolic diseases (United States Department of Health and Human
Services, 2014). For example, cigarette smoke exposure is the most significant predictor of
developing Chronic Obstructive Pulmonary Disease (COPD), a condition in which prolonged
airway inflammation irreversibly damages alveolar structures, leading to emphysema and airflow
limitation (Mannino & Buist, 2007). In addition to lung damage, cigarette smoke exposure impairs
the function of numerous organs and tissues of the body (Larsson & Orlander, 1984; Messner &
Bernhard, 2014; A. Meyer et al., 2013; Orlander et al., 1979), increases the risk for frailty
(Ambrosino & Strambi, 2004; Caram et al., 2016; De Tarso Muller et al., 2019; Papathanasiou et
al., 2007a), and ultimately decreases healthspan and lifespan (Sakata et al., 2012; United States
Department of Health and Human Services, 2014). With vaping and cannabis smoke growing in
popularity as new forms of smoking, exposure to smoke is currently and will continue to be a
significant public health concern worldwide. Knowledge of the biological mechanisms underlying
the pathogenic effects of cigarette smoke on health is therefore of great importance, and,
accordingly, the adverse effects of cigarette smoking on lung structure and function have been well
characterized. In stark contrast, the extra-pulmonary manifestations of cigarette smoke exposure,
which also significantly contribute to poor health outcomes and increased mortality, are still poorly

understood.



1.1. Adverse health outcomes from cigarette smoke exposure: extra-pulmonary
manifestations

While cigarette smoke exposure has been implicated in the altered function of multiple
organs, the present work will focus on the effects of cigarette smoke on the cardiovascular and
skeletal muscles systems, given the scarcity of the literature on those organs, their crucial role on
the quality of life and mortality, and their therapeutic potential. Considering the increased odds
ratios in various muscular (e.g., sarcopenia and diabetes) and vascular diseases (e.g., peripheral
artery disease and stroke) with exposure to cigarette smoke, it is imperative that we increase the
understanding of the causal mechanisms underlying the increased risk of these diseases (Jo et al.,

2019; Lee & Choi, 2019; Maddatu et al., 2017a; Miinzel et al., 2020).

1.1.1. Cardiovascular function

Epidemiological studies have consistently demonstrated a strong association between
cigarette smoke and the risk for cardiovascular diseases (CVD) such as stroke, peripheral artery
disease, and aortic aneurism (United States Department of Health and Human Services, 2014). The
contribution of cigarette smoke to cardiovascular morbidity is complex and involves several
intertwined pathophysiological mechanisms, including autonomic dysregulation, atherosclerosis,
endothelial dysfunction, and a shift in blood characteristics toward a pro-coagulant state (Messner
& Bernhard, 2014). In a landmark study on the clinical effects of cigarette smoke, (Celermajer et
al., 1993) demonstrated a dose-response relationship between smoking exposure (pack-years
smoked) and flow-mediated dilation in conduit arteries of healthy young adults. The deleterious
effects of cigarette smoke on flow-mediated dilation in conduit arteries were subsequently

confirmed in a large clinical trial, the Gutenberg Health Study (Hahad et al., 2021), which also



revealed a dose-dependent effect of cigarette smoke on conduit arteries stiffness and microvascular
function. Combined with other studies (Amato et al., 2013; Doonan et al., 2010; Graham Barr et
al., 2007; Siasos et al., 2014), there is robust evidence that atherosclerosis and endothelial

dysfunction are hallmarks of chronic exposure to cigarette smoke.

1.1.2. Skeletal muscle function

Epidemiological data demonstrated that cigarette smoking predicts frailty status amongst
adults (Kojima et al., 2015). Consistent with this observational study, chronic cigarette smoking
has been associated with detrimental effects on physical function such as quadriceps weakness
(Degens et al., 2015; Seymour et al., 2010) and greater susceptibility to exercise-induced fatigue
(Wiist et al., 2008). Also, mice chronically exposed to cigarette smoke developed skeletal muscle
abnormalities. For instance, Nogueira et al. (Nogueira et al., 2018) showed slower calcium
reuptake into the sarcoplasmic reticulum of mice exposed to cigarette smoke. Furthermore,
cigarette smoke oxidizes several proteins related to contractile function and aerobic metabolism,
decreasing their functionality and exacerbating muscular fatigue (Barreiro et al., 2010, 2012;
Gosker et al., 2009).

Aerobic metabolism appears to be particularly affected by cigarette smoke exposure.
Several studies demonstrated that smokers presented with slower whole-body oxygen uptake
(VO2) onset kinetics (Chevalier et al., 1963; Krumholz et al., 1964), and lower maximal VO
(VO2max) (Cooper et al., 1968; Morton & Holmik, 1985). The impairments in aerobic metabolism
in humans were also evident with acute exposure to cigarette smoke (Hirsch et al., 1985; Morton

& Holmik, 1985), indicating both rapid and long-lasting effects of cigarette smoke exposure on



whole-body aerobic capacity. Although limited Oz availability caused by altered vascular function
may play a role in these findings, mechanisms intrinsic to skeletal muscles are also involved.

It is noteworthy that chronic exposure to cigarette smoke induces muscle atrophy (Marques
et al., 2020; Montes De Oca et al., 2008b; Sadaka et al., 2021), and disproportionately impact
oxidative type I fibers (Kapchinsky et al., 2018; Montes De Oca et al., 2008b) thus translating
metabolically in a shift toward non-oxidative metabolism (Montes De Oca et al., 2008b).
Accordingly, the skeletal muscle of mice exposed to cigarette smoke exhibited lower activities of
enzymes involved in aerobic metabolism (Gosker et al., 2009). Notably, the extent of these
metabolic alterations is such that it can compromise skeletal muscle energy status and result in a
lower concentration of ATP at rest (Pérez-Rial et al., 2020; van der Toorn et al., 2007, 2009).
However, such a mechanism would not explain the acute impairments in aerobic metabolism in

response to acute cigarette smoke exposure (Hirsch et al., 1985; Morton & Holmik, 1985).

1.2. Pathways and cellular mechanisms for cardiovascular and skeletal muscle dysfunction
induced cigarette smoke

While the epidemiological evidence for the deleterious effects of cigarette smoke on the
cardiovascular and skeletal muscle systems are no longer disputed (Tong & Glantz, 2007), the
cellular mechanisms that initiate those dysfunctions are still under investigation. Among those,
perturbed mitochondrial function appears to play a pivotal role.

Cigarette smoke is composed of approximately 4,800 different chemicals (Rodgman &
Green, 2016), including reactive oxygen species (ROS) and several well-known toxicants such as
nicotine, carbon monoxide (CO), and cyanide. Some of these compounds can diffuse through the

alveolar-capillary barrier in the lungs, be carried in the bloodstream, and reach peripheral tissues.
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Other compounds can augment endogenous sources of free radicals by altering the function of
enzymes involved in the redox balance, such as NADPH oxidase (NOX) (Chang et al., 2017), NO
synthase (NOS) (Abdelghany et al., 2018; Satoh et al., 2005), xanthine oxidase (XO) (Kim et al.,
2013), or altering mitochondrial-derived ROS production (van der Toorn et al., 2009).
Mitochondria are a well-known source of cellular ROS production, and the compromised function
of these organelles can have crippling implications for cells far beyond changes in bioenergetic
status (Murphy, 2009). Indeed, it is now recognized that mitochondria also play a critical role in
cell signaling, calcium homeostasis, and apoptosis. Recent in vitro evidence suggests that
mitochondrial dynamics and respiration are affected by exposure to cigarette smoke (Agarwal et
al.,2012; Ahmad et al., 2015; Hara et al., 2013). Given the ubiquity of these organelles in the cells
of the human body, identifying the mechanisms by which cigarette smoke affects mitochondrial
function has important implications for understanding the systemic effects of cigarette smoke

exposure.

1.2.1. Tissue-specific susceptibility to cigarette smoke-induced mitochondrial damage

Cigarette smoke alters the function of nearly every organ in the body. However, the organs’
susceptibility to the detrimental effects of cigarette smoke varies greatly, as illustrated by the
greater relative risks for cancer of some tissues relative to others (Gandini et al., 2008). Although
the literature is scarce on this topic, the degree of dysfunction inflicted on the mitochondria appears
to be tissue-dependent. For example, ICso values, the concentration at which an inhibitor decreases
the activity of an enzyme by 50%, for succinate dehydrogenase activity in cigarette smoke extract-
exposed mitochondria isolated from rat eye, kidney, skin, and liver tissues range from 3% to 46%

of the final solution concentration (Naserzadeh et al., 2015; Naserzadeh & Pourahmad, 2013),



highlighting the large variability in the degree of tissue susceptibility to cigarette smoke-induced
damage. Furthermore, the degree of ROS production, mitochondrial swelling, cytochrome C
release, and mitochondrial membrane potential collapse in response to cigarette smoke exposure
all differed between eye, kidney, skin, and liver mitochondria (Naserzadeh et al., 2015). Using a
mouse model of nose-only cigarette smoke exposure, Raza et al. (Raza et al., 2013) showed distinct
ROS levels and lipid peroxidation in liver, kidney, heart, and lungs in response to cigarette smoke
exposure. Furthermore, cigarette smoke-induced inhibition of mitochondrial complex I and IV
enzymatic activities in the liver, kidney, heart, and lung was tissue-dependent, with cardiac tissues
being more resistant to the effects of cigarette smoke. Lastly, Haji et al. (Haji et al., 2020) showed
that, unlike the quadriceps muscle, which was similar between groups, complex I and V protein
expression in isolated mitochondria from lung tissues of ex-smokers were downregulated
compared to age-matched healthy controls, suggesting that skeletal muscle may have a greater
resistance to cigarette smoke-induced toxicity than airway tissues. However, considering the likely
variability in the levels of toxicant exposure between in situ cigarette smoke exposure and the
exposure experienced in the human condition, it is challenging to compare the direct toxicity of
cigarette smoke exposure to ROS production and mitochondrial function between tissues.
Collectively, these studies point towards variable tissue-dependent effects of cigarette
smoke on mitochondrial function. However, an important caveat in these studies is the use of
isolated or homogenized tissue, which may produce a selection bias favoring more robust
mitochondria and disrupt mitochondrial functional characteristics (Picard et al., 2010), unlike
permeabilized fiber bundles (Kuznetsov et al., 2008b). In line with these observations, recent

advancements in 3-dimensional electron microscopy have elegantly shown that mitochondria form



dense networks within tissues (especially skeletal muscle), which may comprise an interconnected
network spanning large distances across a given tissue (Glancy et al., 2015). Effectively, his vast
reticulum of mitochondria allows for a greater ability to maintain the chemiosmotic gradient across
the mitochondrial network, as the phosphorylation potential can then be spread across the whole
mitochondria (Glancy et al., 2017). Therefore, in intact tissues, localized disruptions in the electron
transport chain are compensated for by the activity in other areas of the mitochondria. However,
in isolated mitochondria, the structural network of the mitochondrial reticulum is likely
compromised, thereby exacerbating deficits in mitochondrial function. In addition, the activities
of a limited selection of enzymes do not fully reflect oxidative phosphorylation in vivo. Therefore,
it remains unclear whether the sensitivity of mitochondrial respiration to cigarette smoke differs
across tissue types under physiological conditions, especially in tissues critical to the development
of cardiometabolic disease, which includes the heart, skeletal muscle, and arteries. This is indeed
a necessary piece of information to determine the relevant dose of cigarette smoke that can elicit
mitochondrial dysfunction, which will help better understand the greater susceptibility of some

organs to the adverse effects of cigarette smoke.

1.2.2. Direct effects of cigarette smoke on mitochondrial function: in vitro findings

In airway epithelial cells, cigarette smoke exposure resulted in mitochondrial
fragmentation and branching, lower protein expression of respiratory complexes, and mitophagy
(Agarwal et al., 2012; Ahmad et al., 2015; Hara et al., 2013). Functional changes accompanied
these alterations in mitochondrial dynamics and morphology. Specifically, incubation of epithelial
cells in cigarette smoke extract (CSE) induced a dose-dependent decrease in mitochondrial

membrane potential (A¥m), greater ROS production, which ultimately resulted in lower ATP



levels in the cells (van der Toorn et al., 2009). CSE incubation inhibited mitochondrial complex I
and II activities of epithelial cells (van der Toorn et al., 2007) and increased proton leakage caused
by adenylate translocase activation (ANT), a key mitochondrial ADP/ATP carrier involved in the
regulation of the AWm (Wu et al., 2020). Together, these in vitro findings suggest that CSE
incubation can de-energize mitochondria by decreasing both the supply of reducing equivalents
through complex I and II and/or increasing proton leakage, ultimately resulting in bioenergetic
failure. Importantly, similar findings were documented in airway smooth muscle cells from
humans (Aravamudan et al., 2014, 2017), thus suggesting that circulating factors, such as lung-
derived ceramides (Thatcher et al., 2014) or lipid-soluble constituients of cigarette smoke (van der
Toorn et al., 2009), derived from cigarette smoke could elicit mitochondrial defects in other cell
types.

In cardiac, skeletal, and vascular smooth muscles, mitochondrial energy production
through the process of oxidative phosphorylation is essential for sustaining muscle contractions,
myogenic tones, and cellular transport involved in maintaining the structural integrity of the cells
(Larson-Meyer et al., 2000, 2001; Zhang & Gao, 2021). Interestingly, in recent years, there has
been a growing recognition that mitochondrial-derived ROS is also an important signaling
pathway involved in the maintenance of vascular and skeletal muscle homeostasis (Ashok & Ali,
1999; Cui et al., 2012; Moylan & Reid, 2007; Weseler & Bast, 2010). Importantly, acute exposure
to cigarette smoke has been related to excessive mitochondrial-derived free radical levels and
attenuated endothelial-dependent vasodilation in response to acetylcholine in mice aorta (Csiszar
et al., 2008; Dikalov et al., 2019), thus implicating mitochondria as both a target and a contributor

to cigarette-smoke induced vascular dysfunction. However, a limitation in these studies was that



mitochondrial respiration was not measured. Therefore, it is unclear whether the elevated levels of
mitochondrial-derived ROS stemmed from a lower antioxidant capacity within the mitochondrial
matrix, e.g., manganese superoxide dismutase, or from perturbed oxidative phosphorylation

through the respiratory complexes.

1.2.3. Direct effects of cigarette smoke on mitochondrial function: muscle cells and fibers

While in vitro studies in isolated mitochondria from epithelial cells have improved our
fundamental understanding of the mechanisms of action of cigarette smoke on mitochondrial
function (van der Toorn et al., 2009), whether those mechanisms are involved in mitochondrial
dysfunction under physiologically relevant conditions for other organs and tissues remains unclear.
Recent studies by Khattri et al. (Khattri et al., 2022) showed that an acute (~10 minutes) CSE
incubation with mitochondria isolated from mouse skeletal muscles directly inhibited
mitochondrial respiration state III respiration. Furthermore, the loss of mitochondrial respiration
was attributed to the direct inhibition of complex I-driven respiration via the presence of nicotine
and o-cresol. However, while these findings show the direct cause of CSE-induced loss of
mitochondrial respiration, these studies homogenized several muscle fiber types to produce their
isolated mitochondria preparation and did not identify if muscle fiber types (i.e. oxidative or
glycolytic muscles) are differentially impacted by CSE. Therefore, it remains to be determined if
the CSE-induced inhibition of mitochondrial respiration is the same in muscles with different fiber
compositions.

Furthermore, in C2C12 muscle cells conditioned in media from smoke-exposed lung cells
and smoke-exposed mice, (Thatcher et al., 2014) reported impaired muscle respiratory capacity

using substrates replicating the Krebs cycle (glutamate, malate, succinate). Interestingly, in another



set of experiments with mice chronically exposed to cigarette smoke, the authors also
demonstrated impaired whole-body glucose tolerance and ceramide accumulation, a fatty acid of
the sphingolipid family that accumulates in response to an imbalance between fatty acid supply
and oxidation (Watt et al., 2012). In addition, inhibition of ceramide formation by myriocin
injection resulted in higher in situ respiratory capacity from both cardiac and skeletal muscle
permeabilized fibers. The authors interpreted this result as evidence that ceramide accumulation
caused by cigarette smoke inhibited mitochondrial respiration in both tissues. However, a caveat
to this study was that both mice chronically exposed to cigarette smoke and their corresponding
time-control demonstrated improvement in mitochondrial respiration with ceramide inhibition. In
addition, the sensitivity and capacity of the mitochondria to oxidize fatty acids were not assessed.
Therefore, it is still unclear whether ceramide accumulation caused mitochondrial dysfunction or
was secondary to a shift in substrate preference and/or altered capacity for fatty acid oxidation

with cigarette smoke exposure.

1.2.4. Effects of cigarette smoke on substrate oxidation

Despite the study by Thatcher implicating mitochondrial dysfunction in the metabolic
disruption induced by cigarette smoke, the effects of cigarette smoke on energy metabolism and
substrate oxidation have predominantly focused on whole-body metabolism. For instance, whole-
body fatty acid oxidation has been reported to increase in smokers (Bergman et al., 2009; Jensen
et al., 1995). Moreover, Jensen et al. (1995) reported that the increase in fatty acid oxidation was
proportional to the concentration of urine cotinine, a metabolite of nicotine, indicating a greater
ability to oxidize fatty acids following smoke exposure. This shift in substrate preference,

specifically the greater incorporation and oxidation of fatty acids observed by Bergman et al.
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(Bergman et al., 2009) in smokers acutely undergoing a cigarette smoking session, is also linked
to a decrease in insulin sensitivity and the development of type II diabetes. However, while 1-2
weeks of smoking cessation was able to reverse the loss of insulin resistance in smokers, palmitate
rate of appearance and the percentage of saturated triglycerides and diglycerides remained elevated
relative to control subjects, indicating that smoking cessation may only partially restore the
metabolic perturbations associated with cigarette smoke (Bergman et al., 2012).

In contrast, several reports have documented higher serum triglycerides and fatty acids in
smokers (Muscat et al., 1991a). There is a dose-response relationship between the number of
cigarettes smoked per day and serum cholesterol levels (Muscat et al., 1991a). Specifically,
cigarette smoking was documented to acutely increase free fatty acid (FFA) and glycerol fluxes as
well as circulating FFA secondary to nicotine-induced stimulation of lipolysis (Hellerstein et al.,
1994). Cigarette smoking increased delivery of FFA to the liver, increased hepatic reesterification,
and augmented very low-density cholesterol production (Hellerstein et al., 1994). However,
despite the increase in lipolysis, cigarette smoking did not increase the rate of whole-body lipid
oxidation, and these smoke-induced changes were not reversed after one week of smoking
cessation (Neese et al., 1994). Data from the CARDIA study showed that while smokers have less
subcutaneous adipose tissue than never or former smokers, intramuscular adipose tissue (IMAT)
volume was increased (as was IMAT/lean tissue ratio) in current smokers (Terry et al., 2020),
indicating greater storage and less fatty acid oxidation of lipids in skeletal muscle of smokers per
volume of lean mass.

These findings are indicative of larger deposits of fatty acids in the skeletal muscle of

smokers, which may be due to incomplete fatty acid oxidation. There is, therefore, an apparent
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conundrum in the literature as whole-body studies demonstrate an increased reliance on fatty acid
metabolism, whereas recent experiments in mice chronically exposed to cigarette smoke indicate
a build-up of toxic lipids such as ceramides perhaps secondary to impaired (decreased capacity) or
incomplete (change in substrate preference) fatty acid oxidation. However, no studies have directly
measured whether cigarette smoke directly alters substrate preference or the capacity for

mitochondrial fatty acid oxidation.

1.3. Statement of the Problem

Therefore, considering the critical role that the mitochondria play in cellular energy
metabolism and redox homeostasis and the damaging consequences that cigarette smoke may
inflict upon the mitochondria, it is imperative that we better understand the causal mechanisms
underlying cigarette smoke-induced mitochondrial dysfunction in order to identify possible
therapeutic targets to mitigate these dysfunctions. Specifically, it is critical to understand the
mitochondrial damage that cigarette smoke can cause in skeletal and cardiac muscle and vascular
tissues, as these are the primary tissues involved in developing cardiometabolic diseases, which
amount to the most significant cause of smoking-related deaths. However, there are currently
several gaps in the literature that require reconciliation.

First, while it is apparent that tissue susceptibility to cigarette smoke-mitochondrial
dysfunction is variable across organs, the sensitivities of skeletal and cardiac muscles and vascular
tissues have not been characterized in the literature. Therefore, it is unknown if the mitochondria
in the arteries, cardiac muscle, or type I and type II skeletal muscle fibers have different
sensitivities to cigarette smoke, an essential piece of information in identifying which tissues are

most susceptible to cigarette smoke-induced damage and more likely to be the targets of therapies.
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Second, cigarette smoke alters the metabolism of many energy-generating substrates,
especially fatty acids. While whole-body studies using indirect calorimetry have shown an increase
in fatty acid oxidation caused by cigarette smoking, other studies using metabolic tracers showed
a decrease in fatty acid uptake and utilization. However, the findings from these studies, while
clearly at odds with each other, did not directly investigate the capacity of the mitochondria to
oxidize fatty acids. Therefore, it is still unknown if the alterations to fatty acid metabolism occur
at the mitochondrial level or at some other point along the process of fatty acid metabolism.

Lastly, cigarette smoke exposure has been shown to damage isolated mitochondria at
several sites along the respiratory chain, most notably complex I and IIl, and decrease
mitochondrial membrane potential, thus resulting in impaired oxidative ATP production.
However, the process of isolating mitochondria may damage the mitochondria compared to the
permeabilized fiber technique, which could alter the interpretation of these studies. Research has
yet to explore the contribution of phosphate transport, ADP sensitivity, and respiratory chain
activities to mitochondrial function in permeabilized fibers exposed to cigarette smoke. These
findings are critical to identifying the molecular targets of cigarette smoke within the

mitochondria.

1.4. Purpose & Aims

Considering the existing gaps in the literature, the overarching goal of this project is to
advance the understanding of the underlying causes of cigarette smoke-induced mitochondrial
dysfunction — specifically targeting tissue-specific susceptibility to cigarette smoke toxicity,
alterations to mitochondrial substrate oxidation, and identifying key mitochondrial targets of

cigarette smoke-induced dysfunction using an in situ mouse model.
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In specific aim 1, we will determine the extent of tissue-specific susceptibility to cigarette
smoke for the aorta, cardiac muscle, and oxidative and glycolytic skeletal muscles. Our working
hypothesis is that each tissue will display different susceptibility to cigarette smoke, with the
cardiac muscle and aorta being more susceptible to cigarette smoke based on epidemiological
evidence suggesting the greater relative risks for tobacco-related diseases in these tissues relative
to others (Gandini et al., 2008).

In specific aim 2, we will determine the cigarette smoke-induced alterations to the
mitochondrial oxidation of palmitoylcarnitine, a long-chain fatty acid, and pyruvate, a product of
glycolysis in the skeletal muscle (glycolytic gastrocnemius fibers and oxidative soleus fibers). Our
working hypothesis is that cigarette smoke will decrease the sensitivity and maximal capacity to
oxidize palmitoylcarnitine oxidation relative to pyruvate.

In specific aim 3, we will determine the extent of cigarette smoke-induced perturbations to
the exchange of phosphates, ADP sensitivity, and mitochondrial respiratory chain activity. Based
upon prior studies in epithelial cells (Wu et al., 2020), our working hypothesis is that cigarette
smoke will primarily affect phosphate exchange by decreasing the activity of ANT, which in turn
will decrease ADP sensitivity, and ultimately result in lower mitochondrial respiration in

permeabilized fibers from both glycolytic gastrocnemius muscle and oxidative soleus muscle.
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CHAPTER 2
LITERATURE REVIEW

Exposure to cigarette smoke is a significant health concern domestically and globally, as
cigarette smoke is related to many adverse public health outcomes and ultimately increases
mortality risk. While smoking tobacco and other substances have been worldwide religious and
medicinal practices for millennia — especially in the Americas where the tobacco plant originated
(Gilman & Zhouu, 2004) — the health concerns of smoke exposure were not elucidated until 1925,
when German physician Fritz Lickint (Gourd, 2014; Lickint, 1930) established the link between
tobacco smoke and cancer. This initial research sparked decades of investigation into adverse
smoking-related outcomes, leading to the release of Smoking and Health: Report of the Advisory
Commiittee of the Surgeon General of the Public Health Service in January 1964 (United States
Department of Health and Human Services, 2014). Since the publication of this monumental
document, cigarette smoking has taken the forefront of public health concerns in the United States.
This report — now part of a series referred to as the Surgeon General’s Report — was written by US
Surgeon General, Luther L. Terry, under President John F. Kennedy's request to review decades
of research surrounding the detrimental public health effects of smoke exposure and establish
national health recommendations related to smoking (United States Department of Health and
Human Services, 2014) with emphasis on encouraging people to avoid smoke exposure and
practice behaviors which encourage smoking cessation. Furthermore, these monumental reports
began pushing US public policy changes to mitigate cigarette smoke exposure, such as the

Congressional vote to ban inflight smoking in 1987.
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Despite these numerous attempts to deter tobacco use by Americans, cigarette smoking
remains a significant health concern in the United States. The Surgeon General's most recent report
published in 2014 (United States Department of Health and Human Services, 2014) estimated that
18% of Americans continue to smoke. While this is a stark decrease compared to the 42% of
smokers in 1965, the economic costs of cigarette smoke for the years 2009-2012 were between
$289-332.5 billion. These costs included direct medical care for adults ($132.5-175.9 billion), lost
productivity due to premature death ($151 billion), and lost productivity due to secondhand smoke
exposure ($5.6 billion). Furthermore, cigarette smoking contributes to over 480,000 annual deaths
and millions of additional smoke-related disabilities, including cardiovascular and cerebrovascular
diseases, respiratory disorders, metabolic diseases, cancer, fetal development issues, and many
other conditions (United States Department of Health and Human Services, 2014). Altogether,
these risks associated with chronic cigarette smoke exposure result in a 10-year reduction in life
expectancy compared to those who abstain from smoke exposure. Therefore, cigarette smoke
exposure remains a significant public health concern and requires immediate attention to remedy
these negative societal impacts.

While cigarette smoke is most commonly associated with detrimental impacts to the airway
and lungs, cigarette smoke exposure also negatively influences peripheral organs, such as skeletal
muscle and vasculature. The impact to the airways and lungs is multifaceted and involves several
pathways related to chronic inflammation and cellular stress (Vaart et al., 2004), which ultimately

degrade tissues and result in fibrotic tissues. However, most smoking-related deaths — nearly 40%
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Figure 2-1. Estimated number of annual deaths due to smoking-related diseases.

complications of lung or airway tissues; instead, they are due to extrapulmonary diseases, such as
cardiovascular and metabolic disease (Figure 2-1) (United States Department of Health and
Human Services, 2014). Considering the biological roles of skeletal muscle, such as locomotion
and the immense contribution to whole-body energy expenditure, and the vasculature, such as
regulating the transport of blood and nutrients, the health of both systems is critical to the
prevention of cardiometabolic diseases. Thus, addressing the mechanisms underlying the cigarette
smoke-induced peripheral impairments — specifically those related to skeletal muscle and vascular

tissues — is critical to improving the health outcomes of those exposed to regular cigarette smoke.
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2.1. Peripheral Manifestations of Cigarette Smoke Exposure

Cigarette smoking is a leading modifiable risk factor for the early development of several
chronic conditions related to skeletal muscle and vascular dysfunction — including muscle wasting,
diabetes, peripheral artery disease, atherosclerosis, frailty, and cancer (United States Department
of Health and Human Services, 2014). Because many of these conditions generally appear in the
late stages of life, cigarette smoke exposure is thought to induce “accelerated aging” of various
tissues throughout the body (Bernhard et al., 2007). The enhanced deterioration of peripheral
tissues — especially skeletal muscle and vascular tissues — caused by cigarette smoke exposure has
many significant physiological implications that result in the progressive loss of function and early
mortality.

Skeletal muscle, the largest organ in the human body by mass and primary organ for
locomotion, is an important contributor to whole-body energy expenditure — representing ~20%
of resting oxygen consumption, a relevant indicator of energy expenditure (Gallagher et al., 1998;
Illner et al., 2000; Zurlo et al., 1990). Cellular energy in resting skeletal muscle, mainly in the form
of adenosine triphosphate (ATP), is primarily used for thermoregulatory and homeostatic
purposes, such as maintaining cellular ion concentrations and enzyme activities. However, during
the transition to exercise, the cellular demand for ATP may exceed 100-fold that of resting
conditions in order to generate contractile force within the cross-bridge cycle, and calcium
recycling by the sarcolemma and sarcoplasmic reticulum, all of which consume large quantities of
ATP and produce ADP, inorganic phosphate (Pi), and energy via various ATPases (Equation 2-1)

(Gaitanos et al., 1993).
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ATP + H>0 — ADP + Pi + Energy (2-1)

Simultaneously, with the increase in energy demand in skeletal muscle during the transition
from rest to exercise, the demand for an adequate supply of oxygen (Oz2) increases dramatically.
Incredibly, whole-body VOamax is typically 10-15 times greater than resting oxygen consumption
(VO2). Considering the Fick equation (Equation I-1) and the importance of oxygen transport to the
active muscle, blood flow to the active muscle must also increase 100-fold, mirroring the increase
in muscle ATP demands (Hawley et al., 2014). Though there are many factors involved in
transporting oxygen to active muscle, the cardiovascular system’s ability to deliver blood to active
muscle while maintaining blood pressure is heavily influenced by the ability of blood vessels to
appropriately dilate the arteries that supply active tissues (Hawley et al., 2014). The importance of
vessel diameter on blood flow to tissue can very easily be determined by Poiseuille’s Law

(Equation 2-2), which describes the flow of fluids through vessels as follows:

tPr*
= 2-2
Q 8l (2-2)

Where Q is the rate of blood flow, P is blood pressure, 7 is the radius of the blood vessel,
n is the blood viscosity, and / is the vessel’s length. Thus, assuming a constant viscosity, vessel
length, and mean arterial pressure, blood vessels’ ability to dilate is paramount to maintaining
energetic and homeostatic balance during high stress and demand events, such as intense exercise,
as even small changes to vessel diameter can cause substantial increases in blood flow (Poole et
al., 2020). Therefore, these two systems must work with each other in a coordinated manner to

ensure optimal performance and — from an evolutionary perspective — survival (Figure 2-2).
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Figure 2-2. The coordination of active muscle and blood vessels during exercise. Blood vessels must increase in diameter
in order to increase blood flow to match muscle energy demands during exercise.

2.1.1. Cigarette Smoke Exposure Impairs Skeletal Muscle Function

Chronic cigarette smoke exposure, and more so in patients with COPD, is associated with
several muscular ailments (Figure 2-3) — most notably loss of strength, muscle atrophy, shifts in
muscle fiber type, and mitochondrial dysfunction (Nyberg et al., 2015). Several reports have
shown that active smokers have reduced quadriceps strength compared to age-matched
nonsmokers, indicating a loss of contractile ability and force production associated with smoke
exposure (Barreiro et al., 2010; Kok et al., 2012; Sadaka et al., 2021; Seymour et al., 2010). The
smoke-related loss of strength often coincides with lower muscle cross-sectional area (CSA)
(Marques et al., 2020) and type I fiber-specific (Cheung et al., 2020; Montes De Oca et al., 2008b)

atrophy; and also may be related to impaired fatigue resistance (Wiist et al., 2008), as cigarette
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Figure 2-3. Common shifts in muscle size, strength, and metabolism in patients with
COPD. Adapted from Nyberg et al. (2015).

smoke exposure directly alters sarcoplasmic calcium handling (Nogueira et al.,, 2018).
Furthermore, skeletal muscle mitochondria appear to be negatively impacted in humans
chronically exposed to cigarette smoke, as mitochondrial respiration is impaired in patients with
COPD (Gifford et al., 2018b; Naimi et al., 2011; Puente-Maestu et al., 2009). Lastly, many of
these impairments also improve upon smoking cessation (Ajime et al., 2020), indicating adverse
outcomes directly related to cigarette smoke.

However, these observations are not without caveats. While many studies support a direct
link between cigarette smoke exposure and muscular impairments, others have shown no or
minimal differences in overall muscle function between smokers and nonsmokers (Richardson et

al., 2004; Van Den Borst et al., 2011). There is, however, accumulating evidence that the loss of
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skeletal muscle function — especially the mitochondrial bioenergetic deficits — results from reduced
physical activity in smokers and individuals with COPD, rather than cigarette smoke exposure,
per se, as these differences become lessened when participants are closely matched for physical
activity (J. G. Gea et al., 2001; Layec, Haseler, et al., 2011; Shields et al., 2015; Wiist et al., 2008).
Furthermore, many of the impairments to muscle mitochondria are restored after physical training
(Bowen et al., 2017; Brenstad et al., 2012; McKeough et al., 2006). A recent report, which exposed
sedentary mice to 8 months of cigarette smoke (equivalent to ~20-30 years of cigarette smoke
exposure in humans) revealed that, while cigarette smoke exposure resulted in several alterations
to skeletal muscle such as decreased mitochondrial protein expression and enhanced oxidative
stress, mitochondrial function was similar to that of the control mice (Decker, Kwon, Zhao, Hoidal,
Huecksteadt, et al., 2021). Collectively, these studies raise the possibility that physical inactivity
may be the primary cause of cigarette smoke-related impairments in skeletal muscle function and
that cigarette smoke itself may play a lesser role than previously thought. Nonetheless, there is
considerable evidence to support a direct cigarette smoke-induced mitochondrial impairment of
various tissues — including alveolar epithelial cells (Ballweg et al., 2014) and peripheral blood
mononuclear cells (Alonso et al., 2004).

Indeed, recent experiments have shown that concentrations of cigarette smoke extract as
low as 0.1% may acutely induce mitochondrial dysfunction in isolated mitochondria (Khattri et
al., 2022). Furthermore, these studies also showed that individual cigarette smoke components,
such as nicotine and o-cresol, can directly inhibit complex I-driven respiration in isolated
mitochondria, offering direct evidence of a negative impact of cigarette smoke on the electron

transport chain. However, the low sample size and the homogenization of several muscle groups
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in this study limit the overall applications of these data, as it cannot be confirmed if the effects of
cigarette smoke are more likely to affect fast- or slow-twitch muscles more adversely. Therefore,
despite these numerous studies, evidence of a direct effect of cigarette smoke on intact skeletal

muscle mitochondria has yet to be fully elucidated.

2.1.2. Cigarette Smoke Exposure Impairs Vascular Function

Alternatively, chronic and acute exposure to cigarette smoke adversely impacts the
vascular system (Csiszar et al., 2009), and exposure to cigarette smoke remains a significant risk
factor for vascular conditions, such as atherosclerosis and peripheral artery disease (Powell, 1998;
United States Department of Health and Human Services, 2014). Mechanistically, many of the
negative consequences of cigarette smoke exposure are related to impaired nitric oxide (NO)
signaling, which plays a major role in regulating vascular tone via vasodilation (Powell, 1998).
Chronic cigarette smoke exposure has long been shown to blunt the NO-mediated flow-mediated
dilation (FMD) response (Celermajer et al., 1996; Poredos et al., 1999), which improves upon
cessation of smoke exposure (Celermajer et al., 1993; Johnson et al., 2010). Furthermore, acute
exposure to cigarette smoke in young, nonsmoking individuals directly blunted the NO-dependent,
but not NO-independent (via nitroglycerin injection), dilation in response to FMD (Giannini et al.,
2007), thereby indicating that cigarette smoke directly impairs NO-mediated vasorelaxation.
Indeed, much of this cigarette smoke-induced vascular impairment is secondary to decreased NO
bioavailability (Raij et al., 2001). This represents a critical mechanism underlying the link between

cigarette smoke exposure and adverse health outcomes, as poor endothelial function due to a loss
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of NO bioavailability is closely tied to cardiovascular diseases, such as hypertension (Csordas &
Bernhard, 2013; Endemann & Schiffrin, 2004).

While much of the research investigating cigarette smoke's impacts on vascular tissues has
been related to the impairments to NO synthesis and vasodilation, little research has been
conducted on cigarette smoke-induced mitochondrial impairments in vascular tissues. It is widely
believed that mitochondria within the vasculature contribute mainly to vascular tone regulation, as
adenosine triphosphate (ATP), the primary source of cellular energy, is generated mainly from
glycolysis rather than oxidative phosphorylation (Webb, 2003). However, recent investigations
have shown that mitochondria within the vasculature respond similarly to skeletal muscle when
provided stimuli such as exercise training (S. Y. Park et al., 2016) and caloric restriction (Ungvari
et al., 2010), are altered with advancing age (S. H. S. Y. Park et al., 2018), and respirate at similar
rates to skeletal and cardiac muscle when normalized for mitochondrial volume (S. Y. Park et al.,
2014); ultimately implying that vascular mitochondria may play a more significant physiological
role than previously thought. Thus, vascular mitochondria’s role in maintaining vascular
homeostasis and the extent to which cigarette smoke exposure impacts vascular mitochondria are
essential subjects in physiology that have yet to be thoroughly explored.

While the causes of cigarette smoke-induced peripheral dysfunction are multifaceted and
complex, current evidence points to excessive reactive oxygen species (ROS) production as a
significant factor in developing both vascular and muscular impairments. Under conditions of
exacerbated ROS production, such as during exposure to cigarette smoke, cellular ROS and the
resulting oxidative stress result in damage to DNA, proteins, and lipids (Liguori et al., 2018),

causing detrimental effects to critical cellular functions and are linked to skeletal muscle weakness
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and atrophy (Moylan & Reid, 2007), mitochondrial dysfunction (Cui et al., 2012), and vascular
dysfunction (Weseler & Bast, 2010). This state of cellular dysfunction can further exacerbate ROS
formation, thereby creating a vicious cycle of ROS formation and exaggerated cellular
dysfunction. Therefore, understanding the underlying mechanisms of how these ROS are formed
and identifying interventions to mitigate the cigarette smoke-induced cellular damage may be
crucial to addressing the peripheral dysfunction and health detriments observed in cigarette smoke-

exposed individuals.

2.2. ROS are a Result of Cigarette Smoke Exposure
Although endogenously-derived ROS are, in many respects, beneficial to the cellular

environment by mediating several critical pathways, including apoptosis (Redza-Dutordoir &
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Figure 2-4. The Role of cigarette smoke-induced ROS formation in cells. Smoke-derived ROS may cause mitochondrial
or enzyme dysfunction, which can induce further generation of ROS. These ROS can damage critical components of the
cell, such as lipids, proteins, and DNA, leaving the cell damaged and dysfunctional ultimately leading to disease and
death.
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Averill-Bates, 2016) and activation of the antioxidant defense pathways (Ma, 2013), maintenance
of a delicate balance of ROS production and clearance is crucial for cell survival. Overproduction
and accumulation of ROS are involved in the process of accelerated aging (Davalli et al., 2016)
and many chronic conditions (Liu et al., 2018). Indeed, it is the case that ROS production is also
highly involved in the development of complications due to chronic cigarette smoking (Kirkham
& Barnes, 2013). Moreover, inhaled cigarette smoke is a potent source of ROS (Figure -4), both
directly (Huang et al., 2005; Zhao & Hopke, 2012) and indirectly through effects on mitochondrial
dysfunction (van der Toorn et al., 2009) and enzymes such as NADPH oxidase (NOX) (Chang et
al., 2017), uncoupled NO synthase (NOS) (Abdelghany et al., 2018; Satoh et al., 2005), and
xanthine oxidase (XO) (Kim et al., 2013). However, inhaled ROS are unlikely to breach the plasma
membrane of alveolar epithelial cells (Brzezinska et al., 2005; Mao & Poznansky, 1992).
Therefore, it is more likely that endogenously derived ROS sources produced via pro-oxidant
substances found in select water-soluble (Pryor et al., 1998) and lipid-soluble (van der Toorn et
al., 2009) components of cigarette smoke or ROS produced as the result of a smoke-induced

immune response (Strzelak et al., 2018) are the likely cause of heightened cellular ROS production.

2.2.1. Mitochondria are Major Sources of ROS

Skeletal muscle and vascular mitochondria are dynamic organelles sensitive to
environmental factors, such as oxygen availability, toxicants, and ROS (J. N. Meyer et al., 2013).
The primary role of mitochondria is the aerobic generation of ATP via mitochondrial oxidative
phosphorylation, a highly intricate process involving the oxidation and reduction of several

proteins embedded within the inner mitochondrial membrane — collectively known as the electron
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Figure 2-5 A representative schematic of the Electron Transport Chain (ETC). I — Complex I; II — Complex II; Il —
Complex III; IV — Complex IV; CoQ — Coenzyme Q,; Cyt C — Cytochrome C.

transport chain (ETC; Figure 2-5). The first two reactions in this process are the oxidation of
NADH to NAD" via NADH:ubiquinone Oxidoreductase (Complex I), and the oxidation of FADH2
into FAD via Succinate Dehydrogenase (Complex II), respectively. The oxidation of NADH and
FADH?: reduces the molecule ubiquinone (Q), which is used as a shuttle to pass through the ETC.
In addition to the oxidation of NADH, Complex I also pumps protons into the mitochondrial
intermembrane space. The electrons generated from these two initial steps are then transferred via
Coenzyme Q (CoQ) to CoQ:cytochrome C — oxidoreductase (Complex III), which transfers these
electrons to Cytochrome C (Cyt-C), also pumping protons into the intermembrane space. The
terminal reaction of the ETC is the oxidation of Cyt-C via Cytochrome C Oxidase (Complex IV),
which consumes the electrons from Cyt-C and oxygen to generate water, pumping protons into the
intermembrane space in the process. The accumulation of protons pumped into the intermembrane

space via the ETC’s reactions generates a chemiosmotic energy gradient, or membrane potential
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(A¥m), that drives the energy-yielding reaction that drives the phosphorylation of adenosine
diphosphate (ADP) into ATP via ATP synthase (Mitchell, 1961).

Cigarette smoke-derived toxicants are well-known to directly impair the mitochondrial
ETC in isolated mitochondria (Figure 2-6). Nicotine and o-cresol have been shown to be inhibitors
of complex I and decrease overall mitochondrial respiration in mitochondria isolated from mouse
skeletal muscle (Khattri et al., 2022). Both CO (Alonso et al., 2003) and cyanide (Pettersen &
Cohen, 1993) inhibit Complex IV through competitive inhibition of the oxygen-binding domain
and non-competitive inhibition, respectively. At the same time, lung-secreted ceramides infiltrate
peripheral tissues and inhibit mitochondrial respiration via the release of Cyt-C from the inner

mitochondrial membrane (Di Paola et al., 2000; Ghafourifar et al., 1999). These alterations to the
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Figure 2-6. A representative schematic of cigarette smoke-induced mitochondrial superoxide (02--) generation.
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mitochondrial ETC impair the flow of electrons and the subsequent pumping of protons into the
intermembrane space, thus lowering the AWm and decreasing mitochondrial ATP production.

In addition to the decrease in A¥Wm resulting from the inhibition of Complex IV and release
of Cyt-C, electrons passed along the ETC may become “blocked” from passage to the next
oxidation-reduction step, resulting in the leak of electrons, primarily at the sites of Complex I and
Complex III. The spillage of electrons from Complex I, also known as Reverse Electron Transport
(RET), results from the combination of a high A¥m and an over-reduced CoQ pool (Jastroch et al.,
2010; Robb et al., 2018). If Complex III or IV are rendered dysfunctional, as can be the case with
exposure to CO or cyanide (major components of cigarette smoke), the drive for electrons to travel
along the ETC is blunted, rendering electrons unable to be passed from CoQ to Complex III and
IV (Scialo et al., 2017). In the presence of adequate FADH:2 donors (such as succinate), this results
in transferring electrons back to Complex I, where they can be released into the mitochondrial
matrix and produce superoxide (O27), a potent ROS family member. Likewise, inhibition of the
reduction of ubiquinone and ubiquinol (QH2) in Complex III and subsequent transfer of electrons
to Cyt-C results in the release of electrons from the Q-cycle into both sides of the inner
mitochondrial membrane (Jastroch et al., 2010), resulting in Oz~ formation in the mitochondrial
matrix and intermembrane space (Muller et al., 2004), where it can freely diffuse into the cytosol

and cause cellular damage.

2.2.2. ROS Scavenging
Under normal circumstances, O2" is scavenged by a family of superoxide dismutases

(SOD), which are composed of 3 isoforms: cytosolic Cu-ZnSOD (SOD1), mitochondrial MnSOD
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(SOD2), and extracellular Cu-ZnSOD (SOD3).(Fukai & Ushio-Fukai, 2011) Each of these SOD
isoforms catalyzes the reaction that consumes Oz~ to produce hydrogen peroxide (H202), as shown
in Equation 1-1. Because H20:z is still a form of ROS (although more stable and less damaging
than O27), it must be further scavenged by catalase (Equation 1-2) or the glutathione pathways;
otherwise, it may be converted to the highly reactive hydroxyl radical (HO') via the Fenton or

Haber-Weiss reaction (Equations 1-3 & 1-4, respectively).

20; +2H — H0; + O (1-1)
2H,0; — H20 + O, (1-2)
Fe?*+ H,0; — Fe** + HO + OH- (1-3)
0"+ H,0: — 02+ HO'+ OH" (1-4)

However, individuals chronically exposed to cigarette smoke have a lower antioxidant capacity
than nonsmokers, as reflected by decreased catalase and SOD activities, lower glutathione, and
increased blood biomarkers oxidative stress, such as malondialdehyde and oxidized low-density
lipoproteins (Barreiro et al., 2010; Bloomer, 2007; Neves et al., 2016). Thus, not only does
cigarette smoke induce the creation of endogenous ROS, but the ability of the cell to defend itself
against these ROS is also impaired. The resulting state of uncontrolled oxidative stress wreaks
havoc across cells in many tissues, leading to DNA, protein and lipid damage, cell dysfunction,
and premature aging (Liochev, 2013). These findings collectively point to a critical role for
oxidative stress in the development of vascular and muscular impairments in individuals exposed

to cigarette smoke.
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2.2.3. Other Endogenous Sources of ROS

While mitochondria are the most significant ROS producers, several other enzymes
produce endogenous ROS, especially in the vasculature. Indeed, reports have demonstrated that
the NOX family of enzymes present in vascular tissue, which are dormant under normal conditions
(Griendling et al., 2000), are significantly induced by cigarette smoke exposure (Jaimes et al.,
2004). The increase in NOX activity increases the rate of Oz~ production through a reaction that

consumes NADPH and Oz and produces Oz, NADP, and H" (equation 1-5).

NADPH + 20, — 2 O~ + NADP* + H* (1-5)

The Oz~ generation in cigarette smoke-exposed vascular endothelium was significantly lessened
in the presence of a NOX inhibitor, diphenyleneiodonium, signifying a critical role of NOX-
derived Oz~ production in the presence of cigarette smoke. Furthermore, treatment of mice with
the NOX inhibitor apocynin attenuated skeletal muscle atrophy in mice (Bernardo et al., 2018),
therefore, implying NOX is a common source of ROS-induced peripheral dysfunction across
various tissues. Another enzyme, XO, which is involved in the catabolism of purines to create uric
acid, is also involved in endothelium-derived ROS production. Like NOX, inhibition of XO may
reverse endothelial dysfunction in heavy smokers (Guthikonda et al., 2003), though in vitro
support for this is lacking (Jaimes et al., 2004). One other ROS source that is central to cigarette
smoke-induced vascular impairments is uncoupled endothelial NOS (eNOS). Typically, eNOS
(like other NOS isoforms) consumes I-arginine, NADPH, and oxygen to produce NO, I-citrulline,
NADP", and water. However, under conditions of oxidative stress or lack of tetrahydrobiopterin
(BH4) — an essential cofactor for eNOS — eNOS becomes uncoupled and cannot produce NO,

instead generating O2~ and NADP" (Roe & Ren, 2012). The Oz~ generated from this process can
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then react with nearby NO, oxidizing it to produce peroxynitrite (ONOO") (Peluffo et al., 2009),
diminishing NO bioavailability and further impairing vascular function (Figure 2-7). Furthermore,
these cellular ROS can oxidize BH4 to BHa, thereby decreasing the bioavailability of BH4 and
increasing the generation of ROS. Indeed, cigarette smoke induces eNOS uncoupling and ROS
generation by decreasing the availability of BH4 (Abdelghany et al., 2018). As a result,
supplementation with BH4 has been shown to improve vascular function in smokers (Heitzer et
al., 2000; Ueda et al., 2000) and patients with COPD (Rodriguez-Miguelez et al., 2018),
presumably by mitigating endothelial ROS production and increasing NO bioavailability (Heitzer
et al., 2000), thus pointing toward cigarette smoke-induced BHa depletion as a significant cause of

endogenous ROS production.

2.3. Cigarette Smoke Disrupts Mitochondrial Bioenergetics

While mitochondrial ROS formation is indeed an important aspect of cigarette smoke-
induced cellular dysfunction, the mitochondria are also impaired by other avenues as a direct result
of the constituents of cigarette smoke, such as direct inhibition of Complex I and II as well as
increased proton leak through ANT, all of which can alter A¥Wmt and result in decreased ATP

production.

2.3.1. Cigarette Smoke Constituents Inhibit the Mitochondrial Electron Transport Chain
Several studies have provided evidence for a direct inhibition of Complexes I and II of the
ETC via cigarette smoke constituents. In isolated liver mitochondria, complex I activity declines

by up to 25% with only 0.05% CSE, and may decline by ~80% in concentrations up to 10% CSE
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(van der Toorn et al., 2007). Although slightly likely less sensitive than complex I, complex II
activity is similarly diminished by 25% with 1% of CSE, and may be inhibited up to 70% with
30% CSE. The loss of function of these two complexes contributed to the significant loss of A¥mt
and concurrent decrease in ATP production. Therefore, it is likely that these two complexes are
critical sites involved in the bioenergetic deficits induced by CSE.

Indeed, more recent studies have highlighted the inhibitory effects of CSE constituents —
especially nicotine and o-cresol — on complex I activity. In a series of experiments, Khattri et al.
(2022) elegantly showed that incubation of isolated mitochondria in CSE for 10 minutes impairs
pyruvate-and-malate-driven state III respiration, but not succinate-driven respiration, indicating a
direct impairment of complex I due to CSE. Follow-up experiments determined that out of 29
chemicals with concentrations > 0.02mM found in CSE (as determined by proton NMR
spectroscopy), only three individual chemicals — nicotine, o-cresol, and decanoic acid — inhibited
complex I-driven respiration significantly. However, of those three, only nicotine and o-cresol
inhibited complex I- and II-driven respiration, indicating that nicotine and o-cresol are critical

components of the CSE-induced inhibition of mitochondrial respiration in isolated mitochondria.

2.3.2. Cigarette Smoke Increases Proton Leak Through ANT

In addition to the loss of complex I activity via components of CSE, recent reports have
shown that CSE also increases the permeability of the mitochondria via activation of ANT (Wu et
al., 2020). ANT is a crucial gatekeeper that facilitates the exchange of nucleotides (i.e., ADP and
ATP) (The ADP and ATP Transport in Mitochondria and Its Carrier, 2008). However, ANT also

serves as an important site of proton leak and mitochondrial uncoupling (Bertholet et al., 2019b),
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regulating mitochondrial apoptosis (Zhivotovsky et al., 2009). Therefore, increases in ANT
activity, and thereby lower A%mt could be another pathway by which CSE induces bioenergetic
deficits.

However, there are several limitations to these studies. First, isolation of mitochondria — as
performed in both studies — can bias the yield of the mitochondria, thereby exaggerating
mitochondrial dysfunction that may not represent the in vivo conditions (Picard et al., 2010).
Second, recent insights into the mitochondrial network indicate that mitochondrial networks,
especially those found in skeletal muscle, are highly adaptive to disruptions in the electron
transport chain due to the distributive nature of the mitochondrial reticulum (Glancy & Balaban,
2021). Recent evidence has shown that this highly integrated network of mitochondria may be able
to compensate for the localized disruption of the mitochondrial network by maintaining the proton
motive force across the entire mitochondrial reticulum via undisturbed components of the ETC
that are located elsewhere within the reticulum (Glancy et al., 2015, 2017). Therefore, isolation
procedures may disrupt the morphology of the mitochondrial reticulum and may be
misrepresentative of mitochondrial function within an intact muscle fiber. Lastly, the investigation
into the CSE-induced mitochondrial deficits is limited in skeletal muscle and requires more
research to uncover the role of other factors, such as skeletal muscle fiber type (i.e., glycolytic vs.
oxidative fibers), as mitochondrial dysfunction specific to the oxidative capacity of muscle may
be contributory to the fiber type-specific atrophy associated with cigarette smoke, as is the case in

inactivity- (Hyatt et al., 2019) and age-induced (Shally & McDonagh, 2020) muscle atrophy.
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2.4. Tissue-Specific Susceptibility to Cigarette Smoke
Although cigarette smoke-induced ROS production appears to impact ROS production and
AW¥mt ubiquitously in smoke-exposed rodents and humans, there is accumulating evidence that

there are different tissue-specific inhibitory kinetics of cigarette smoke-induced mitochondrial

dysfunction.

2.4.1. Tissue-Specific Variation of Cigarette Smoke-Induced ROS Production

Mice exposed to cigarette smoke for 6 months show much greater ROS production — as
indicated by levels of reactive carbonyl groups, 4-HNE, and MDA — in the gastrocnemius muscle
than the diaphragm muscles, indicating that the diaphragm muscles may be more susceptible to
cigarette smoke-induced ROS production than ambulatory skeletal muscles (Barreiro et al., 2012).

Similarly, Raza et al. (2013) showed that mice exposed to 4 consecutive days of nose-only cigarette
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Figure 2-7. Tissue-specific changes in ROS levels induced by 4 days of nose-only cigarette smoke exposure. Reprinted
from Raza et al., 2013.
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smoke exposure exhibit a two-fold increase in ROS production in the heart and kidney, but only a
50% increase in ROS levels in the lungs and no increase in ROS levels in the liver of these same
mice (Figure 2-7), further supporting a tissue-specific susceptibility to cigarette smoke-induced
cellular dysfunction. Interestingly, the mice in this study also showed varying alterations to the
content of mitochondrial Complex I and the activity of Complex IV. Considering the critical role
in Complexes I and IV in the production of mitochondrial-derived ROS (as discussed in previous
sections) and the generation of a proton gradient to drive ATP production, it is possible that these
tissue-specific alterations in ROS generation and ETC activities may reflect a mitochondrial-
specific susceptibility to cigarette smoke-induced mitochondrial dysfunction for each tissue.
However, the studies by Raza et al. did not report any measures of mitochondrial membrane

potential.

2.4.2. Tissue-Specific Variation of Cigarette Smoke-Induced Membrane Potential

Despite the shortcomings in the studies by Raza et al. (2013), several other studies have
shown tissue-specific susceptibility to cigarette smoke-induced bioenergetic deficits. In humans
with COPD, isolated lung mitochondria have greater losses of AWmt compared to mitochondria
isolated from the quadriceps muscles, despite similar increases in both mitochondrial and cellular
ROS (Haji et al., 2020). Furthermore, tissue samples from the lungs, but not the quadriceps,
showed a significant decrease in mitochondrial complexes I, II, III, and ATP synthase protein
expression, indicating that the lungs of smokers, at least in the long run, are more susceptible to
cigarette smoke-induced bioenergetic deficits than is ambulatory skeletal muscle. These findings

are supported by other experiments, such as the ones conducted by van der Toorn et al. (2007). In
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Figure 2-8. Cigarette smoke-induced changes to AW in human primary bronchial endothelial cells (4) and isolated
liver mitochondria (B), as well as changes to ATP in human primary bronchial endothelial cells (C) and isolated liver
mitochondria (D). Adapted from van der Toorn (2007).

these series of experiments, it was shown that mitochondria from human primary bronchial
epithelial cells (Figure 2-8A) are more susceptible to loss of A¥Ymtinduced by cigarette smoke than
are mitochondria isolated from the liver (Figure 2-8B). However, ATP production appeared to be
impacted to a lesser extent in the bronchial endothelial cells (Figure 2-8C) than in the liver (Figure
2-8D). Furthermore, the changes to AWmt in isolated liver mitochondria appeared to reflect
decreased rates in mitochondrial oxygen consumption. Still, the respiration rates of the bronchial
endothelial cells were not reported in this study.

In a series of studies, Naserzadeh et al. (2013 & 2015) examined the time- and dose-
dependent AWt collapse induced by cigarette smoke extract in mitochondria isolated from the

mouse eye, fetus, kidney, liver, and skin (Figure 2-9). Collectively, these results reveal a wide
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range of dose- and time-dependent bioenergetic deficits induced by cigarette smoke extract, which
can cause a A%mtcollapse upwards of 300% in some tissues, such as the fetus and kidney, but may
only cause 50% collapse in other tissues, such as the skin, after 45 minutes of 100% cigarette
smoke exposure.

While the collective contributions of these studies make a compelling case for a role of
tissue specificity in the development of cigarette smoke-induced bioenergetic deficits in muscle
and the vasculature, no studies have directly examined the susceptibility of cardiac and skeletal
muscle, or the aorta to cigarette smoke-induced bioenergetic changes. Furthermore, the inhibitory
kinetics of cigarette smoke on mitochondrial respiration have not been determined. Establishing
the susceptibility to cigarette smoke in cardiac muscle, oxidative skeletal muscle, glycolytic
skeletal muscle, and vascular tissues has several important implications in understanding how
cigarette smoke impacts the mitochondria of extrapulmonary tissues. First, because the
mitochondria in these tissues play critical roles in cellular energy metabolism and the regulation
of various critical biological functions (locomotion, oxygen delivery, etc.), it is essential to
determine the direct extent to which cigarette smoke can inhibit mitochondrial bioenergetics in

these tissues and cause peripheral dysfunctions. Second, this information can be used to establish
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Figure 2-9. Percentage of A¥m collapse induced by cigarette smoke extract in mitochondria isolated from the mouse eye,
fetus, kidney, liver, and skin. Adapted from Naserzadeh et al. (2013 & 2015)
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the toxicological properties of cigarette smoke on the mitochondria of these tissues, which will
help construct future research protocols to explore the impacts of cigarette smoke on these, and

other tissues.

2.5. Cigarette Smoke-Induced Shifts in Mitochondrial Substrate Utilization

2.5.1. Whole-body Observations of Shifts in Substrate Utilization

Several observations of whole-body shifts in substrate oxidation have been documented in
smokers and patients with COPD. Early studies using indirect calorimetry, such as those by Jensen
et al. (Jensen et al., 1995), documented an increase in whole-body fatty acid oxidation proportional
to the amount of urinary cotinine, a metabolite of nicotine. These findings imply that nicotine
consumption is directly linked to greater oxidation of fatty acids and may partially explain the
weight gain often observed during smoking cessation. These findings were later expanded upon in
studies by Bergman et al. (2009), which showed that an acute session of smoking causes an
increase in the incorporation and oxidation of '*C-labeled palmitate into skeletal muscle (Figure

2-10). The greater incorporation and oxidation of fatty acids was also linked to a decrease in insulin
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Figure 2-10. Whole-body palmitate rate of appearance (A4), oxidation (B), and incorporation (C) into IMTG in
nonsmokers (white) and smokers (black). Reprinted from Bergman et al. (2012).
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sensitivity due to IRS-1 Ser®?®

phosphorylation, thus inhibiting the skeletal muscle insulin
signaling cascade and inducing insulin resistance. The smoke-induced changes in insulin
sensitivity and fatty acid oxidation were found to be only partially transient, as smoking cessation
was not able to completely restore insulin sensitivity and fatty acid oxidation, indicating some
residual impacts of smoking on these parameters (Bergman et al., 2012).

However, other findings have shown greater serum triglycerides and fatty acids in smokers
(Hellerstein et al., 1994; Muscat et al., 1991a; Neese et al., 1994). Experiments by Muscat et al.
(1991) found a dose-response relationship between cigarette consumption and serum cholesterol.
Later studies by Hellerstein et al. (1994) expanded upon these findings while also documenting
increased fatty acid and glycerol fluxes in addition to increased lipolysis. However, despite the
increase in fatty acid availability, smoking was not associated with increased whole-body fatty
acid oxidation, indicating greater fatty acid storage rather than oxidation, which was not reversed
following one week of smoking cessation (Neese et al., 1994). Finally, more recent findings using
data from the Coronary Artery Risk Development in Young Adults (CARDIA) Study, a cross-
sectional, multi-center study of 3,000 subjects, showed that smoking was associated with an
increase in intramuscular adipose tissue (IMAT) and IMAT to lean tissue ratio, as measured by
computed tomography. Together, these findings show inhibition of fatty acid oxidation in skeletal
muscle. Therefore, there is a conundrum in the whole-body literature related to the smoke-related

changes to mitochondrial oxidation of fatty acids in skeletal muscle that must be resolved by

directly measuring mitochondrial fatty acid oxidation.
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2.5.2. In vitro Evidence of Altered Mitochondrial Substrate Preference

While the literature of smoke-induced changes in substrate oxidation is clearly at odds, no
studies have directly investigated changes in mitochondrial substrate utilization with cigarette
smoke exposure. In a study using C2C12 myotubes conditioned in media from smoke-exposed
lung cells and smoke-exposed mice, Thatcher et al. (2014) documented impaired mitochondrial
respiratory capacity using TCA cycle substrates (glutamate, malate, and succinate), impaired
glucose tolerance, and ceramide accumulation. Ceramides, part of the sphingolipid family, are a
species of lipids that accumulate due to an imbalance between fatty acid supply and oxidation
(Watt et al., 2012). Thus, as the supply and storage of fatty acids accumulate in cells, whether due
to decreased oxidation of fatty acids or other causes, so do ceramides. Furthermore, these authors
demonstrated that injection with myriocin, an inhibitor of ceramide formation, increased
mitochondrial respiration in both the control and cigarette smoke-exposed groups and concluded
that ceramide formation is a direct cause of cigarette smoke-induced mitochondrial dysfunction.
However, the authors did not measure mitochondrial fatty acid oxidation. Consequently, it is
unclear whether the accumulation of ceramides in these experiments caused mitochondrial
dysfunction or if the accumulation of ceramides occurred secondary to a shift in mitochondrial

substrate utilization caused by cigarette smoke exposure.

2.6. Purpose
Therefore, considering the critical role that the mitochondria play in cellular energy
metabolism and redox homeostasis and the negative consequences that cigarette smoke may inflict

upon the mitochondria, it is imperative that we better understand the causal mechanisms
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underlying cigarette smoke-induced mitochondrial dysfunction in order to identify possible
therapeutic targets. Specifically, it is critical to understand the functional alterations that cigarette
smoke can cause on mitochondria in skeletal and cardiac muscle and vascular tissues, as these are
the primary tissues involved in developing cardiometabolic diseases, which amount to the most
significant cause of smoking-related deaths. However, there are currently several gaps in the
literature that require reconciliation.

First, while it is apparent that tissue susceptibility to cigarette smoke-mitochondrial
dysfunction is variable across organs, the sensitivities of skeletal and cardiac muscles and vascular
tissues have not been characterized in the literature. Therefore, it is unknown if the mitochondria
in the arteries, cardiac muscle, or type I and type II skeletal muscle fibers have different
sensitivities to cigarette smoke, an essential piece of information in identifying which tissues are
most susceptible to cigarette smoke-induced damage and more likely to be the targets of therapies.

Second, cigarette smoke alters the metabolism of many energy-generating substrates,
especially fatty acids. While many whole-body studies have shown an increase in fatty acid
oxidation caused by cigarette smoking, other studies using a reductionist approach showed a
decrease in fatty acid uptake and utilization. However, the findings from these studies, while
clearly at odds with each other, did not directly address the capacity of the mitochondria to oxidize
fatty acids. Therefore, it is still unknown if the alterations to fatty acid metabolism occur at the
mitochondrial level or at some other point along the process of fatty acid metabolism.

Lastly, cigarette smoke exposure has been shown to damage isolated mitochondria at
several sites along the respiratory chain, most notably complex I and III, and decrease

mitochondrial membrane potential, thus resulting in impaired oxidative ATP production.
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However, the process of isolating mitochondria may damage the mitochondria compared to the
permeabilized fiber technique, which could alter the interpretation of these studies. Research has
yet to explore the contribution of phosphate transport, ADP sensitivity, and respiratory chain
activities to mitochondrial function in permeabilized fibers exposed to cigarette smoke. These
findings are critical to identifying the molecular targets of cigarette smoke within the

mitochondria.

2.6.1. Purpose Statement

Considering the existing gaps in the literature, the overarching goal of this project is to
advance the understanding of the underlying causes of cigarette smoke-induced mitochondrial
dysfunction — specifically targeting tissue-specific susceptibility to cigarette smoke toxicity,
alterations to mitochondrial substrate oxidation, and identifying key mitochondrial targets of

cigarette smoke-induced dysfunction using an in sifu mouse model.

2.7. Aims

2.7.2. Aim I — Acute Effects of Cigarette Smoke Condensate on Mitochondrial Respiration

In specific aim 1, we will determine the extent of tissue-specific susceptibility to cigarette
smoke for the aorta, cardiac muscle, and type I and type II skeletal muscles. Our working
hypothesis is that each tissue will display different susceptibility to cigarette smoke, with the
cardiac muscle and aorta being more susceptible to cigarette smoke based on epidemiological
evidence suggesting the greater relative risks for tobacco-related diseases in these tissues relative

to others (Gandini et al., 2008).
43



2.7.3. Aim 2 — Effects of Cigarette Smoke Exposure on Mitochondrial Substrate Utilization

In specific aim 2, we will determine the cigarette smoke-induced alterations to the
mitochondrial oxidation of palmitoylcarnitine, a long-chain fatty acid, and pyruvate, a product of
glycolysis in the skeletal muscle (glycolytic gastrocnemius fibers and oxidative soleus fibers). Our
working hypothesis is that cigarette smoke will decrease the sensitivity and maximal capacity to

oxidize palmitoylcarnitine oxidation relative to pyruvate.

2.7.3. Aim 3 — Mechanisms of Cigarette Smoke-Induced Mitochondrial Dysfunction

In specific aim 3, we will determine the extent of cigarette smoke-induced perturbations to
the exchange of phosphates, ADP sensitivity, and mitochondrial respiratory chain activity. Based
upon prior studies in epithelial cells (Wu et al., 2020), our working hypothesis is that cigarette
smoke will primarily affect phosphate exchange by decreasing ANT activity, which in turn will
decrease ADP sensitivity, and ultimately result in lower maximal mitochondrial respiration in

permeabilized fibers from both glycolytic gastrocnemius muscle and oxidative soleus muscle.
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CHAPTER 3

METHODS
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Cigarette Smoke Exposure Mitochondrial Substrate Utilization

A) Normal Witochondrial

Substrate Utilization ]

(

Gastrocnemius  Saleus

B) Mitochondrial Substrate u

Utilization Inhibited by CSE cse

{

by

Gastrocnemius  Soleus

adojg aneban

0. Concentration (k)

Time (min)

Aim 3

Identify Mechanisms Underlying Cigarette

Smoke-Induced Mitocohdrial Dysfunction
= I

T [er
Electron Transport Chain
Activity

. o,
ATP Synthase ATP/ADP Exchange

Sensitivity

Figure 3-1. Overview of the 3 aims proposed for this project.

3.1. Animal Care and Ethics Approval

3.1.1. Animal Selection and Care
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All animal use and husbandry will follow protocols that will be approved by the University
of Massachusetts Institutional Animal Care and Use Committee (IACUC). C57BL/6 mice will be
obtained from Charles River Laboratories. Mice will be housed in cages containing groups of no
more than 5 mice per cage, with ad libidum access to water and standard chow. All mice will be

exposed to 12-hour light:dark cycles and will not have access to running wheels.

3.1.2. Euthanasia

At 3-6 months of age (i.e., adult maturity), mice will be transported to an isoflurane
anesthesia unit approved by the University of Massachusetts IACUC. The mice will be euthanized
by an overdose of 5% isoflurane, followed by cervical dislocation as a secondary method of

euthanasia.

3.1.3. Tissue Harvesting
Following the euthanasia protocols, the left venticule, the gastrocnemius and soleus
hindlimb muscles and the aorta will be harvested, as shown in Figure 3-2. The isolated muscles

and aorta will be immediately transferred to a solution of ice-cold BIOPS for preservation.
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3.2. Chemical and Tissue Preparations

Heart & Aorta

Gastrocnemius &
Soleus (Not shown)

Figure 3-2. Cartoon image of tissues used in this study.

3.2.1. Tissue Preservation Solution (BIOPS)

The preservation of tissue samples in a suitable medium is a critical step in maintaining
mitochondrial quality post-extraction. Thus, the choice of a tissue preservation solution is a critical
component of ensuring adequate quality control of in sifu mitochondrial respiration. It is important
to note that several preservation solutions have been utilized by several research groups in the
literature (Boushel et al., 2007; Fontana-Ayoub et al., 2014; Gnaiger et al., 2000; Kuznetsov et al.,
2008b; Perry et al., 2011; Yamashita & Kanki, 2018), all with slight modifications (Table 3-1).
BIOPS is a preservation solution commonly used (Boushel et al., 2007; Gifford et al., 2016, 2018b;
Gnaiger et al., 2000; Layec, Bringard, et al., 2011) and the recommended solution according to the
manufacturer of our high-resolution respirometer, Oroboros Instruments (Innsbruck, AT)

(Fontana-Ayoub et al., 2014; Yamashita & Kanki, 2018). A similar buffer, Buffer X, is also a
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common preservation solution that contains slightly less phosphocreatine and ATP. On the other
hand, Medium A contains K2HPO4 (a buffering agent) and leupeptin (a protease inhibitor), and
lacks dithiothreitol, a mild antioxidant. Although similar mitochondrial respiration rates have been
reported regardless of the perseveration solution used indicating mitochondria are preserved in all
of the listed solutions, no studies have directly compared each of the preservation solutions on
their abilities to maintain mitochondrial respiration after prolonged periods of time. Therefore,
based on previous reports published by our group, BIOPS will be the preservation solution used
for all experiments (Decker, Kwon, Zhao, Hoidal, Huecksteadt, et al., 2021; Gifford et al., 2016;
Layec et al., 2018).

It is also important to acknowledge the role which time plays in the preservation of
mitochondrial preparations. Unlike other tissues and homogenized samples (Acin-Perez et al.,
2020), mitochondrial quality of permeabilized whole tissue (as will be used in this study) is well-
documented to decline within several hours (Gnaiger et al., 2000; Kuznetsov et al., 2003; S.
Larsen, Wright-Paradis, et al., 2012), and mitochondrial quality may only be conserved in a
preservation solution for up to 20 hours post-harvest (Skladal et al., 1994). Furthermore, while
several attempts have been made to establish cryopreservation protocols for the long-term storage
of permeabilized skeletal muscle samples (Kuznetsov et al., 2003; A. Meyer et al., 2014), current
cryopreservation methods do not prevent the progressive, time-dependent loss of mitochondrial
respiratory function. Therefore, to minimize the time-dependent loss of mitochondrial function, all
samples will be prepared immediately following harvest, and mitochondrial respiration

experiments will be performed on the day of harvest.
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Table 3-1. Comparison of three commonly used different tissue preservation solutions.

Purpose (Gnaiger et BIOPS Buffer X Medium A
al., 2000; Kuznetsov et (Fontana- (Perry et  (Kuznetsov
al., 2008b) Ayoub et al., al.,2011) etal., 2008b)
2014; Gnaiger
et al., 2000;
Yamashita &
Kanki, 2018)
Final pH 7.1 7.1 7.1
CaK:EGTA Creates free 2.77T mM 2.77 mM 2.77T mM
concentration of Ca>"
in physiological range;
chelates toxic metals
K:EGTA Creates free 7.23 mM 7.23 mM 7.23 mM
concentration of Ca>"
in physiological range;
chelates toxic metals
ATP Energy carrier 5.77T mM 5.7 mM 5.7 mM
MgCl, Maintains free Mg** 6.56 mM 6.56 mM 9.5 mM
Taurine Membrane stabilizer; 20 mM 20 mM 20 mM
antioxidant
Phosphocreati Energy carrier 15 mM 14.3 mM 15 mM
ne
Imidazole Antioxidant; chelates 20 mM 20 mM 20 mM
toxic metals
Dithiothreitol Antioxidant 0.5 mM 0.5 mM -
K*-MES Buffering agent 50 mM 50 mM 49 mM
Leupeptin Ca-activated protease — — 1 uM
inhibitor
K>;HPO4 Maintains levels of - - 3 mM

inorganic phosphate
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3.2.2. Mitochondrial Respiration Medium (MiR-05)

In addition to a tissue preservation solution, high-resolution respirometry experiments
require a respiration medium to maintain a stable concentration of dissolved oxygen and not
disrupt the mitochondrial environment. Several different mitochondrial respiration media have
been used in high-resolution respirometry experiments (Table 3-2). However, these solutions'
composition varies considerably more than the preservation solutions, which may influence the
sample quality during experimental conditions (Komlodi et al., 2018; Wollenman et al., 2017;
Yamashita & Kanki, 2018). K-lactobionate and sucrose-based solutions, namely MiR05, are
recommended by Oroboros Instruments (Fontana-Ayoub et al., 2014). However, other solutions
such as Buffer Z (Perry et al., 2011) (a K-MES and KCl-based solution), Medium B (Kuznetsov
et al., 2008b) (a K-lactobionate-based solution), and other ionic-based solutions (Bose et al., 2003;
Glancy et al., 2013; Vinnakota et al., 2011) are commonly used throughout the literature. Two
independent studies have thus far compared the different mitochondrial respiration media to
determine respiration solution's influence on mitochondrial oxygen consumption (Komlodi et al.,
2018; Wollenman et al., 2017); however, it is essential to note that these experiments were
conducted using isolated mitochondria, which may respond differently to the respiration media
than permeabilized fibers due to environmental factors (Kuznetsov et al., 2008b).

In a series of experiments, (Wollenman et al., 2017) examined the impacts of different
respiration solutions and substances on isolated guinea pig cardiac mitochondria. The data from
these experiments showed that sucrose-based solutions or solutions low in chloride consistently
yield greater mitochondrial respiration rates than traditional ionic-based solutions (Bose et al.,

2003; Glancy et al., 2013; Vinnakota et al., 2011), indicating a role for chloride in the inhibition
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of the adenine nucleotide translocator, the dicarboxylate carrier, and the alpha-ketoglutarate
exchanger. Other experiments by (Komlédi et al., 2018) compared MiR0S5, Buffer Z, a solution
containing a mix of MiR05 and Buffer Z, and MiRKO03 (a KCl-based solution similar to other
ionic-based solutions). In agreement with Wollenman et al., this study also concluded that ionic-
based solutions with greater chloride concentrations (MiRKO03) consistently yield lower
mitochondrial respiration rates compared to solutions containing lower chloride (MiR05 and
Buffer Z). MiR05 and Buffer Z displayed similar respiration rates and H202 production rates
(measured via fluorespirometry); however, fluorescence sensitivity and stability differed between
MiRO05 and Buffer Z, therefore indicating that there may be a need for careful consideration of
respiration media when performing H202 production experiments using fluorescence. Therefore,
considering the findings of these two studies, MiR05 will be used as the respiration media for all

experiments involving high-resolution respirometry.
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Table 3-2. Comparisons of commonly-used mitochondrial respiration media for in situ mitochondrial respiration experiments.

Purpose MiR-05 BufferZ Medium B Ionic-based Buffer
Final pH 7.1 7.4 7.1 7.0
EGTA Chelates toxic metals 0.5 mM 1 mM 0.5 mM 1 mM
MgCl, Maintains free Mg** 3 mM 5 mM 3 mM 10 mM
Lactobionic Acid Prevents mitochondrial swelling; chelates Ca** 60 mM — 60 mM —
Taurine Membrane stabilizer; antioxidant 20 mM - 20 mM -
K>HPO4 Maintains levels of inorganic phosphate 10 mM 10 mM 10 mM —
HEPES Buffering agent 20 mM — 20 mM —
Sucrose Antioxidant 110 mM — — —
Bovine Serum  Membrane stabilizer; antioxidant; chelates transition 1 g/L 5 mg/mL 1 g/L 0.2% (w/v)
Albumin metals
K*-MES Buffering agent - 105 mM — —
KCl Protects ionic environment — 30 mM - 100 mM
Glutamate Mitochondrial substrate — 0.005 mM — —
Malate Mitochondrial substrate — 0.002 mM - —
Mannitol Antioxidant — — 110 mM —
Dithiothreitol Antioxidant — — 0.3 mM —
MOPS Buffering agent — — — 50 mM
Glucose Mitochondrial substrate — — — 20 mM

NaCl Maintains ionic gradient — — — 15 mM




1. Tissue Extraction 2. Mechanical Separation 3. Permeabilization in Saponin

Figure 3-3. General workflow of the protocols used to permeabilize the tissues for this project. (4)
Tissues will be harvested, then mechanically teased to expose individual fibers, then placed in a
solution containing saponin solution. Representative images of gastrocnemius muscle before
mechanical dissection (B), gastrocnemius after mechanical dissection (C), and of the aorta (D)

3.2.3. Tissue Permeabilization
Heart, Gastrocnemius, and Soleus

The preparation and permeabilization of tissues for these studies are based on the methods
outlined by (Kuznetsov et al., 2008) and other standard practices in the literature (Figure 3-3A)
(Gifford et al., 2015, 2016; Yamashita & Kanki, 2018). Immediately upon tissue extraction, heart,
gastrocnemius, and soleus samples will be placed in BIOPS solution and remained on a rotator at
4° until further dissection and permeabilization. Within 120 minutes of the beginning of the
respiration measurements, the extracted tissue will have all connective tissue and visible fat
removed using sharp forceps (Figure 3-3B) while remaining in cold BIOPS. Following the removal

of connective tissue and fat, the muscle tissue will be further dissected to form several thin muscle
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Figure 3-4. Diagram illustrating the chemical process of saponin permeabilization. Reprinted from Kuznetsov et al.

fiber bundles weighing 2-5 mg each (Figure 3-3C). Once the tissue has been appropriately
mechanically permeabilized, the fiber bundles will be placed into 2 mL of cold BIOPS containing
50 pg/mL saponin solution for chemical permeabilization (Figure 3-4) of the sarcolemma and
gently mixed on a rocker for 30 minutes.

Following chemical permeabilization, the permeabilized muscle fiber bundles will be
placed in ~2-3 mL of MiR05 and mixed gently to wash out the saponin and ATP for 10 minutes.
The washout step will be repeated a second time to completely remove the saponin and other
metabolites. Once the washout steps are completed, the muscle fiber bundles will be removed from
the MiR05 and gently dabbed dry on a task wiper to remove excess liquid, then weighed and

separated into 1-2 mg portions before being placed into the Oxygraph O2K (Oroboros Instruments;
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Innsbruck AT) chambers containing 2 mL of MiR05. All experiments involving the Oxygraph
O2K will be conducted at 37°C and stirrers inside the chamber will maintain a rate of 750 rpm. To
prevent any limitations from the O: concentration and/or diffusive ability of O2 to enter the
mitochondria in the gastrocnemius and soleus, Oz concentrations within the chambers will be
maintained at 170-250 pM by carefully injecting Oz into the chambers and allowing the O:
consumption rate to stabilize prior to collecting measurements or further adding substrates or

inhibitors. For the heart, O2 concentrations will be maintained between 350-450 uM.

Aorta

The preparation of the aorta for these studies is based on previously published protocols
(S. H. S. Y. Park et al., 2018; S. Y. Park et al., 2014, 2016). Immediately upon tissue extraction,
aorta samples will be placed in BIOPS solution and remain on a rotator at 4° until further dissection
and permeabilization. Within 120 minutes of the beginning of the respiration measurements, the
extracted tissue will have all connective tissue and visible fat removed using sharp forceps (Figure
3-3D) while remaining in cold BIOPS. Following the removal of connective tissue and fat, the
aorta will be further dissected to form pieces weighing 2-5 mg each. Once the tissue has been
appropriately mechanically permeabilized, the pieces will be placed into 2 mL of cold BIOPS
containing 50 pg/mL saponin solution for chemical permeabilization of the sarcolemma and gently
mixed on a rocker for 40 minutes. Following chemical permeabilization, the permeabilized aorta
pieces will be placed in ~2-3 mL of MiR05 and mixed gently to wash out the saponin and ATP for
10 minutes. The washout step will be repeated a second time to remove the saponin completely
and other metabolites. Once the washout steps are completed, the aorta pieces will be removed

from the MiR05 and gently dabbed dry on a task wiper to remove excess liquid, then weighed and
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separated into 1-2 mg portions before being placed into the O2k-FluroRespirometer (Oroboros
Instruments, Innsbruck, AT; see section 3.3.1) chambers containing 2 mL of MiR05. All
experiments involving the O2k-FluroRespirometer will be conducted at 37°C. To avoid any
limitations from the O2 concentration and/or diffusive ability of O to enter the mitochondria, O2
concentrations within the chambers will be maintained at 170-250 uM by carefully injecting O2
into the chambers and allowing the Oz consumption rate to stabilize prior to collecting

measurements or further adding substrates or inhibitors (Perry et al., 2011).

3.3. Equipment
3.3.1. Mitochondrial Respiration: Oroboros O2k-FluroRespirometer

Hardware

The Oroboros O2k-FluroRespirometer (Innsbruck, AT) is a dual closed-chamber
multisensory device equipped with Clark-type polarographic oxygen sensors to measure oxygen
concentration within medium and additional fluorometric modules that allow for the measurement
of ROS production, mitochondrial membrane potential, or Ca>" or ATP production (Yamashita &
Kanki, 2018). Each chamber contains a polarographic oxygen sensor made of a gold cathode and
Ag/AgCl anode connected electrically by a KCl electrolyte solution and separated by a 0.25 um
O2-permeable fluorinated ethylene propylene membrane. The sensors detect oxygen within the
chamber by measuring the electrical current generated by the reduction of O2 to water, which is
linearly proportional to the partial pressure of oxygen (Poz2). This system averages one hundred
data points at each sampling interval (represented as a single data point) and has a limit of detection
of Oz concentration that extends to 0.005 pM Oa. Each chamber is also equipped with an air-tight
stopper to prevent the exchanges of gases between the chamber and ambient air, as well as a non-
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Teflon magnetic stirrer bar capable of 750 revolutions per minute to allow adequate diffusion of
gases and chemicals.

The conversion of Po2 to O2 concentration (Coz) is determined by the raw signal (V)
obtained at air saturation of the medium, the raw signal obtained at zero Oz (V; determined using
sodium dithionite), experimental temperature (T; measured in thermoregulated copper blocks),
barometric pressure (kPa; measured by an electronic pressure transducer), Po2 (kPa), Oz solubility
in water (Soz2; pM/kPa), and the Oz solubility factor of the respiration medium (0.92 for MiROS at
30 and 37°C) (Gnaiger E, 2020). Based on these factors, the Coz at standard barometric pressure

(100 kPa) and 37°C is 207.3 uM in ambient air and 191 pM in MiRO05 (Yamashita & Kanki, 2018).

Software (DatLab 7.4)

The Oroboros O2k-FluroRespirometer is accompanied by the software analysis program,
DatLab, of which the current version (DatLab 7.4) will be used to analyze the mitochondrial
respiration data for this project. One of the main features of DatLab 7.4 is the calculation of O2
consumption (Joz; measured in pmol/mL/s) expressed as the negative time derivative of the
measured Oz concentration, which is able to detect Oz flux down to 1 pmol/s/mL (0.001 uM/s)
(Yamashita & Kanki, 2018). The calculation of Jo2 can be described by equation 3-1.

dc,,

Jo, T vyl - SF (3-1)

2

Where Coz is O2 concentration measured at time ¢, d Co2/dt is the positive time derivative of Oz
concentration, vo2™! is the stoichiometric coefficient for the reaction of O2 consumption (in this
case, -1 because oxygen is being consumed), and SF is the scaling factor (in this case, 1000 to

convert the amount of Oz from nmol to pmol). The default settings in DatLab — which will be used
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in this study — set the data recording interval at every 2 seconds. Because the Coz is measured by
the polarographic sensors every 10 milliseconds, an average of 200 sensor signal points are
averaged to generate a single Joz value, as shown in Figure 3-5.

Following an experimental protocol (such as a substrate-uncoupler-inhibitor titration
protocol), marks are manually generated by the user in the DatLab program to assess Joz at each
stage of the protocol. These marks, which contain the individual Jo: data points, are typically
placed along timepoints that show the attainment of a stable steady-state that lasts 1-2 minutes
(Figure 3-5). After these marks are made for each titration step, the user may collect descriptive
parameters (mean, median, standard deviation, etc.) of the data within each mark. These
parameters (typically the mean, as is used in these experiments) are then reported as the respiration

rates for each experimental step.
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Figure 3-5. Screenshot taken from the DatLab Software output created by Oroboros Instruments. Absolute oxygen concentrations
are traced in the blue lines, while the oxygen negative slope is traced in the red lines. Marks (red boxes) are placed to calculate
the average oxygen consumption for a given respiration state.
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3.4. Acute Effects of Cigarette Smoke Condensate on Mitochondrial Respiration (Aim 1)

Gastrocnemius  Soleus
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Figure 3-6. Overview of Aim 1.
3.4.1. Mitochondrial Respiration Protocols and Measurements

The experimental overview for Aim 1 is outlined in Figure 3-6, while the experimental
protocol and data collection sheet are shown in Table 3-3 and Appendix A, respectively. Each
experiment will be run in duplicate and averaged as a single measurement to account for sample
variability and technical issues. After allowing 5-10 munites for the oxygen concentration to
stabilize and the oxygen flux to reach a steady-state (as assessed by a plateau in the Jo2), basal
respiration — i.e., oxygen consumption in the absence of mitochondrial substrates or ADP — will
be measured. After the measurement of basal respiration, saturating amounts of glutamate (G; 10
mM), malate (M; 2 mM), ADP (D; 5 mM), and succinate (S; 10 mM) will be added to the chambers
to achieve maximal ADP-stimulated respiration (state III Complex I & II linked respiration;
abbreviated as GMDS) (Gifford et al., 2015; Yamashita & Kanki, 2018). Under these conditions,

oxygen consumption is tightly coupled to maximal ATP generation, therefore indicating the
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maximum ADP-driven rate of ATP production via oxidative phosphorylation. Following the
collection of state III respiration rates at a steady state for 1-2 minutes, cytochrome C (C; final
concentration 10 uM) will be added to assess the outer mitochondrial membrane integrity. This
step is necessary to ensure that the permeabilization or mechanical dissection has not damaged the
mitochondrial membranes. All tissues with a cytochrome ¢ response >10% of the previous
condition will be removed from the analysis (Perry et al., 2013). Once integrity of the outer
mitochondrial membrane has been established, increasing concentrations of cigarette smoke
condensate (Murty Pharmaceuticals, Lexington, KY; stock solution 40 mg/mL; dissolved in
MiRO05 and stored at -80°C) will be added to the respiration chambers to achieve the following
final concentrations: 0.004 pg/mL, 0.04 pg/mL, 0.4 pg/mL, 4.0 pg/mL, 40 pg/mL, 400 pg/mL,
800 pg/mL, 1200 pg/mL, 1600 pg/mL, 2000 pg/mL, and 2400 pg/mL. These concentrations were
chosen based on previous studies (Csiszar et al., 2008; Orosz et al., 2007), which calculated that
the cigarette-containing constituents within these concentrations likely overlap the concentration
of constituents that are contained in the blood after smoking a single cigarette. These calculations
expanded upon previous studies that showed that plasma nicotine may exceed 25 ng/mL after
smoking a single cigarette and that individuals who smoke more than one cigarette per day have
plasma nicotine concentrations >50ng/mL (Mendelson et al., 2003). The cigarette smoke
condensate that will be used in this study contains 6% nicotine; thus, the range of nicotine that the
tissues will be exposed to range from 0.24 ng/mL to 144,000 ng/mL, well within the range of
nicotine reported in the blood after a cigarette, as well as the concentration of nicotine in the blood

of individuals who smoke more than one cigarette per day. Before increasing the concentration of
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cigarette smoke condensate, respiration rates will be allowed to reach a steady-state lasting 1-2

minutes.

3.4.2. Citrate Synthase Activity

The analysis of CS activity will be performed using standard methods as described by
Picard et al. (Picard et al., 2010). Tissues (gastrocnemius, soleus, heart, and aorta) will be harvested
and then immediately placed in 2 mL of either MiR-05 or 6% CSC dissolved in MiR-05 and
incubated for 20 minutes. Following incubation, each tissue will be snap frozen in liquid nitrogen
and stored at -80°C for later analysis. At a later date, tissues will be thawed and homogenized on
ice in a buffer containing 250 mM sucrose, 40 mM KCI, 2 mM EGTA, and 20 mM Tris-HCI
(Qiagen, Hilden, Germany). Samples will be transferred to a 96- well plate where
spectrophotometric analysis of CS activity will be assessed using a multi-mode reader (Synergy
HTX BioTek Instruments, Winooski, VT) by detecting the increase in absorbance at 412 nm at

30°C.
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Table 3-3. Experimental protocol for Aim 1.

Final Concentration

Step Stock Solution Amount in Chamber
Glutamate 10 uL 10 mM
Malate S5uL 2 mM
! ADP 5000 20 uL 5mM
Succinate 20 uL 10 mM
2 Cytochrome C 5uL 10 uM
3 4.0 pg/mL CSC 2.0 uL 0.004 pg/mL
4 4.0 pg/mL CSC 18.0 uL 0.04 pg/mL
5 400 pg/mL CSC 1.8 uL 0.4 ug/mL
6 400 pg/mL CSC 18.0 uL 4 pg/mL
7 40 mg/mL CSC 1.8 uL 40 pg/mL
8 40 mg/mL CSC 18.0 uL 400 pg/mL
9 40 mg/mL CSC 1.8 uL 40 pg/mL
10 40 mg/mL CSC 18.0 uL 400 pg/mL
11 40 mg/mL CSC 20 uL 800 pg/mL
12 40 mg/mL CSC 20 uL 1200 pg/mL
13 40 mg/mL CSC 20 uL 1600 pg/mL
14 40 mg/mL CSC 20 uL 2000 pg/mL
15 40 mg/mL CSC 20 uL 2400 pg/mL
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3.4.3. Data Analysis & Sample Size Estimates

The rate of O2 consumption will be expressed relative to muscle tissue size in picomoles
of Oz per second per milligram of wet weight (pmolo2/s/mgwt). The assessment of the normality
and the homoscedasticity of the data will be statistically determined using a Shapiro-Wilk test and
Levene’s test, respectively. If the data are found to comply with the assumptions of normality and
homoscedasticity, a one-way analysis of variance (ANOVA) will be used to determine the overall
impact of cigarette smoke on mitochondrial respiration for each of the tissues. If the ANOVA
results are found to be significant, as indicated by p < 0.05, the differences in mitochondrial
respiration between state III respiration (GMDS) and each of the cigarette smoke condensate
titration steps will be assessed using an a priori planned comparisons t-test with a Holm-Sidak
adjustment (Holm, 1979). If the data violate the assumptions of normality and homoscedasticity,
a nonparametric Kruskal-Wallis test will be used to determine the overall effect of cigarette smoke
condensate on mitochondrial respiration. If the Kruskal-Wallis test is significant, nonparametric
Mann-Whitney tests will be used to determine significance between state 111 respiration (GMDS)
and each cigarette smoke titration step. All statistical analyses will be performed using R version

4.2.

Citrate Synthase Activity

CS Activity will first be tested for normality and homoscedasticity will be performed using
the methods previously described. If the data are found to comply with the assumptions of
normality and homoscedasticity, dependent samples t-test will be performed to determine

statistical significance between the control and smoke-exposed samples. If the data are found to
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violate the assumptions of normality and homoscedasticity, nonparametric Wilcoxon Signed-Rank
tests will be performed.
Sample Size Estimates

The sample size estimates (Appendix B) have been determined using the pwr package for
R version 4.2 (Helios & Rosario, 2020). Pilot data for these experiments collected from our lab
estimate an effect size (Cohen’s f) of 1.08, 1.03, 0.98, and 1.81 for the gastrocnemius, soleus, aorta,
and heart, respectively. Based on the methods above, and assuming o = 0.05 and 3 = 0.95, these

experiments are estimated to require a minimum sample size of 3 samples per tissue.

3.5. Effects of Cigarette Smoke Exposure on Mitochondrial Substrate Utilization (Aim 2)
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Figure 3-7. Overview of Aim 2
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3.5.1. Preparation and Incubation of Tissues

The experimental overview for aim 2 is displayed in Figure 3-7. First, tissues will be
harvested according to the procedures outlined in section 3.1.3. Following the collection of tissues,
pieces of the gastrocnemius and soleus muscles will be gently dissected and permeabilized (as
outlined in section 3.2.3) and placed in separate containers with a 2 mL solution of MiR05 (control)
or 4% cigarette smoke concentrate. These concentrations of cigarette smoke were chosen based on
pilot studies showing that this concentration induces a ~25% decrease in state III mitochondrial
respiration in permeabilized fibers from the gastrocnemius muscle. The tissue-containing solutions
will be rocked gently in a 4°C cold room for 1-hour. Following the incubation period, the tissues
will be removed from the cigarette smoke solutions and immediately placed in respiration

chambers to assess mitochondrial respiration.

3.5.2. Mitochondrial Respiration and Measurements

The experimental protocols for aim 2 are outlined in Tables 3-4 and 3-5. The same data
sheets will be used for aim 2 as were used in aim 1 (Appendix A). Following the tissue
permeabilization steps, tissue samples will be weighed and placed in the respirometry chambers
in MiRO0S5, as previously described. After allowing ample time for the oxygen concentration to
stabilize and the oxygen flux to reach a steady-state, saturating concentrations of malate (M; 2
mM) and ADP (D; SmM) will be added to the chambers. In the presence of saturating amounts of
ADP, the mitochondria are in a phosphorylating state, and oxygen consumption is tightly coupled
with ATP production (Brand & Nicholls, 2011).

Following this step, one of two protocols will be performed. The first protocol (Table III-

4) consists of stepwise titrations of pyruvate into the respiration chambers ranging from final
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concentrations of 0.1 mM to 5 mM. Pyruvate, the end product of glycolysis, is transferred into the
mitochondria via the voltage-dependent anion channel (VDACTI) and the mitochondrial pyruvate
carrier, where it can then be further processed in the Tricarboxylic Acid (TCA) Cycle (McCommis
& Finck, 2015). Entry into the TCA cycle produces 3 moles of NADH and 1 mole of FADH2,
which can be oxidized by Complex I and Complex II of the ETC, thus stimulating glucose-derived
ATP production. Afterward, cytochrome ¢ (C; 10 uM) will be added to the chamber to assess the
outer mitochondrial membrane's integrity, followed by inhibition of ATP synthase via Oligomycin
(Omy; 5 nM) and inhibition of Complex III via Antimycin A (AmA; 2.5 uM). All samples with a

cytochrome c response >10% will be excluded from the analysis.
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Table 3-4. Experimental protocol for aim 2, part 1.

Step Substrate Amount Final Concentration Mechanism
Malate 5uL 2 mM CI Agonist
1 ADP 5000 20 uL 5 mM CV Agonist
2 Pyruvate 1 uL 0.1 mM CI Agonist
3 Pyruvate 1.5 uL 0.25 mM
4 Pyruvate 2.5 ulL 0.5 mM
5 Pyruvate SuL 1 mM
6 Pyruvate 40 pL 5 mM
7 Cytochrome C 5uL 10 uM hﬁ::grrii;e
Antimycin A 1 uL 2.5uM CII Inhibitor
’ Oligomycin 1 uL 5nM CV Inhibitor
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The second protocol (Table 3-5) consists of stepwise titrations of the carnitine-bound long-
chain fatty acid, palmitoylcarnitine, ranging from final concentrations of 0.0025 mM to 0.04 mM.
Palmitoylcarnitine is a carnitine-bound derivative of the palmitic acid, which is transferred into
the mitochondria via membrane-bound carnitine palmitoyltransferase and carnitine-acylcarnitine
translocase (Pande, 1975), where it can then undergo B-oxidation to produce Acetyl-CoA (which
can enter the TCA cycle) and reduces the electron transfer flavoprotein (ETF) complex, which can
then pump electrons through the ETC and stimulate fatty acid-derived mitochondrial ATP
production (Ojuka et al., 2016; Ruzicka & Beinert, 1977). Following the palmitoylcarnitine
titration, pyruvate will be titrated stepwise into the respiration chambers ranging from final
concentrations of 1 mM to 5 mM. The titration of pyruvate following saturating concentrations of
palmitoylcarnitine will be used to determine the inhibitory capacity of fatty acids on pyruvate
oxidation, and thus substrate competition within the mitochondria, as well as the influence of
cigarette smoke on mitochondrial substrate utilization (Abdul-Ghani et al., 2008a). Afterward,
cytochrome ¢ (C; 10 uM) will be added to the chamber to assess the outer mitochondrial
membrane's integrity, followed by inhibition of ATP synthase via Oligomycin (Omy; 5 nM) and
inhibition of Complex III via Antimycin A (AmA; 2.5 uM). All samples with a cytochrome ¢

response >10% will be excluded from the analysis.
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Table 3-5. Experimental protocol for aim 2, part 2.

Step Substrate Amount Final Concentration Mechanism
Malate 5uL 2 mM CI Agonist
: ADP 5000 20 uL 5mM CV Agonist
2 Palmitoylcarnitine 0.5 uL 0.0025 mM ETF Agonist
3 Palmitoylcarnitine 0.5 pL 0.005 mM
4 Palmitoylcarnitine 1.5 uL 0.0125 mM
5 Palmitoylcarnitine 2.5yl 0.025 mM
6 Palmitoylcarnitine 3ulL 0.04 mM
7 Pyruvate I pL 0.1 mM CI Agonist
8 Pyruvate 1.5 uL 0.25 mM
9 Pyruvate 2.5ul 0.5 mM
10 Pyruvate SuL I mM
11 Pyruvate 40 pL 5SmM
12 Cytochrome C 5uL 10 uM I\;Ir?ggrri;e
Antimycin A 1 uL 2.5uM CII Inhibitor
. Oligomycin 1 uL 5nM CV Inhibitor
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3.5.3. Data Analysis & Sample Size Estimates
Sample Size Estimates

The sample size estimates (Appendix B) have been determined using the pwr package for
R version 4.2 (Helios & Rosario, 2020). Pilot data for these experiments collected from our lab
estimate an effect size (Cohen’s f) of 0.41. Based on the methods above, and assuming a = 0.05
and 3 = 0.95, these experiments are estimated to require a minimum sample size of 13 samples per
group.
Mitochondrial Respiration

The rate of O2 consumption will be expressed relative to muscle sample size in picomoles
of Oz per second per milligram of wet weight (pmolo2/s/mgwt). The assessment of normality and
homoscedasticity of the data will be statistically determined using a Shapiro-Wilk test and
Levene’s test, respectively. If the data are found to comply with the assumptions of normality and
homoscedasticity, a two-way repeated-measures ANOVA (respiration state x cigarette smoke) for
each tissue will be used to determine the significance of the main effects of cigarette smoke
exposure on respiration, as well as the interaction effects. If the ANOVA results are found to be
significant, as indicated by p < 0.05, pairwise comparisons will be conducted with a Holm-Sidak
adjustment. If the data violate the assumptions of normality and homoscedasticity, a nonparametric
aligned rank transform (ART) ANOVA (Oliver-Rodriguez & Wang, 2015; Wobbrock et al., 2011)
will be used to determine the significance of the main effects of respiration state and cigarette
smoke exposure on respiration, as well as the interaction effects. If the ART ANOVA is significant,
pairwise comparisons using nonparametric Mann-Whitney tests will be performed. All statistical

analyses will be performed using R version 4.2.
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Michaelis-Menten Kinetics

The sensitivity of the mitochondria to pyruvate, octanoylcarnitine, and pyruvate in the
presence of octanoylcarnitine will be determined by estimating the Michaelis-Menten kinetics
using the equation 3-1:

Vmax [S]

V= Kt 18]

(3-1)
where V is the rate of the enzymatic reaction (in this case, indicated by the mitochondrial
respiration rate) under given conditions, [S] is the concentration of the substrate used for the
reaction (pyruvate or octanoylcarnitine), Vmar is the maximal rate of the enzymatic reaction at
saturating concentrations, K is the Michaelis-Menten constant, or the concentration of a substrate
when the velocity of the reaction (V) is 50% of the Vmax.

After calculating the Kmand Vmax for pyruvate, octanoylcarnitine, and pyruvate in
the presence of octanoylcarnitine in both the control and cigarette smoke groups, the assessment
of normality and homoscedasticity of the data will be statistically determined using methods as
previously described. If both of these tests show compliance, a two-way repeated-measures
ANOVA and Holm-Sidék adjustment will be used to determine statistical significance. If the
assumptions of an ANOVA are violated, an ART ANOVA will be used to establish statistical

significance. All calculations and statistical analyses will be performed using R version 4.2.
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3.6. Mechanisms of Cigarette Smoke-Induced Mitochondrial Dysfunction (Aim 3)

NADH . FAD
NAD' FADH  FAD [2H'+1/20?+ . — H;O] %2

Electron Transport Chain
Activity

I 0

ATP Synthase

Sensitivity ATP/ADP Exchange

Figure 3-8. Overview of Aim 3.

3.6.1. Preparation and Incubation of Tissues
The experimental overview for aim 3 is displayed in Figure 3-8. The same preparation

methods will be used as outlined in section 3.5.1.

3.6.2. Mitochondrial Respiration Measurements
The protocol that will be used to assess mitochondrial respiration for aim 3 is outlined in

Table 3-6. The same data sheets will be used for aim 3 as were used in aims 1 and 2 (Appendix
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A). Following the tissue permeabilization steps, tissue samples will be weighed and placed in the
respirometry chambers in MiR0S5, as previously described.

The mitochondrial respiration protocol used in aim 3 is designed to several mechanisms by
which cigarette smoke condensate impairs mitochondrial function, and will be performed as
follows: First, saturating concentrations of glutamate (G; 10 mM) and malate (M; 2 mM) will be
added to the chambers. The addition of glutamate and malate without the presence of ADP (also
known as state IV respiration) represents a non-phosphorylating state where the oxygen consumed
by the mitochondria is linked to the leak of protons from the mitochondrial intermembrane space
(Brand & Nicholls, 2011). After attaining a steady-state, ADP (D) will be added in 5 titration steps:
1) 0.025 mM (D2s), 2) 0.05 mM (Ds0), 3) 0.10 mM (D10), 4) 0.25 mM (D2s0), and 3) 5 mM (Ds000).
These concentrations were chosen as they are reflective of: 1) the concentrations of ADP observed
at the end of an acute high-intensity exercise bout (~50 uM) as measured by *'P Magnetic
Resonance Spectroscopy (Argov et al., 1996; Kemp et al., 2007; Vanderthommen et al., 2003;
Vanhatalo et al., 2014); 2) the reported Km of ADP for mitochondrial respiration (~250 pM) in
permeabilized skeletal muscle fibers (Bygrave & Lehninger, 1967; Kuznetsov et al., 1996; Perry
et al., 2011; Veksler et al., 1995); and 3) the concentration of ADP at Vmax for mitochondrial
respiration in permeabilized skeletal muscle fibers (5 mM). Following this step, saturating amounts
of succinate (S; 10 mM) will be added to the chambers to assess maximal complex I & II-driven
mitochondrial respiration. Cytochrome ¢ (C; 10 uM) will be added to the chamber to assess the
outer mitochondrial membrane's integrity. All samples with a cytochrome ¢ response >10% will
be excluded from the analysis. Following the addition of cytochrome c, carboxyatractyloside

(CAT) will be added in 5 steps with final concentrations of 0.05 uM, 0.1 uM, 0.2 uM, 1.0 uM,

73



and 5.0 uM. A potent ANT inhibitor, CAT will be titrated near concentrations reflective of the
inhibition constant (ICso), or the concentration at which CAT inhibits the activity of ANT by 50%,
and at the concentration which results in maximal inhibition (Imax). Pilot experiments from our lab
(n = 1; Figure 3-9) estimated I1Cso at approximately 0.42 pM, well within the range of other reports
(Vignais et al., 1976; Wisniewski et al., 1995). Following this, carbonyl cyanide m-chlorophenyl
hydrazone (FCCP) will be added to assess the excess capacity of the mitochondrial ETC. FCCP is
a potent ionophore and quickly allows protons to exit the mitochondrial intermembrane space,
effectively uncoupling electron transport and oxygen consumption from ATP synthesis and
dimishing AWm, and allowing the uninhibited flow of electrons through the ETC (Brand &
Nicholls, 2011). Rotenone (ROT; 0.5 uM), a complex I inhibitor, will then be added to the chamber
to assess complex II-linked respiration. Lastly, oligomycin (Omy; 2.5 uM), an inhibitor of ATP
synthase, and antimycin A (AmA; 2.5 uM), a complex III inhibitor, will be added to the chambers

to assess residual, or non-mitochondrial, oxygen consumption. Following the conclusion of these
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experiments, tissue samples will be snap frozen in liquid nitrogen and stored at -80°C for later

analysis of CS activity.

3.6.3. Citrate Synthase Activity

The analysis of CS activity will be performed using standard methods as described by
Picard et al. (Picard et al., 2010). Frozen muscle samples from the mitochondrial respiration
experiments (2-4 mg wet weight) will be thawed and homogenized on ice in a buffer containing
250 mM sucrose, 40 mM KCl, 2 mM EGTA, and 20 mM Tris-HCI (Qiagen, Hilden, Germany).
Samples will be transferred to a 96- well plate where spectrophotometric analysis of CS activity
will be assessed using a multi-mode reader (Synergy HTX BioTek Instruments, Winooski, VT) by

detecting the increase in absorbance at 412 nm at 30°C.
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Table 3-6. Experimental protocol for aim 3.

Step Substrate Amount Concl:‘:inntzll‘la tion Mechanism
Malate 5uL 2 mM CI Agonist
1 Glutamate 10 uL 5mM CI Agonist
2 ADP (50 mM) 1 uL 25 uM CV Agonist
3 ADP (50 mM) 1 uL 50 uM
4 ADP (50 mM) 2 uL 100 uM
5 ADP (200 mM) 1.5 uL 250 uM
6 ADP (500 mM) 20 puL 5 mM
7 Succinate 20 uL 10 mM CII Agonist
8 Cytochrome C 5uL 10 uM hﬁggrr;;le
9 Carb‘g’g?ggf;ﬁ;“ide 2 UL 0.05 uM ANT Inhibitor
10 Carb‘zg?’(fstf:ﬁ)l“ide 2 ul 0.1 uM ANT Inhibitor
1 Carb‘z’o‘fyoas“;fﬁ)mde ms 0.2 uM ANT Inhibitor
12 Carboxyai?\flt)ylos‘ide @ osuL 1.0 uM ANT Inhibitor
13 Carboxya;[rrlall\(/:[t)yloside (2 4L 5 UM AN(’I;ltI?EBitor
14 FCCP (stepwise) ! i :;Ser — Uncoupler
15 Rotenone I pL 0.5 uM CI Inhibitor
Antimycin A 1 uL 2.5uM CIII Inhibitor
e Oligomycin 1 uL 5nM CV Inhibitor
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3.6.6. Data Analysis
Sample Size Estimation

The sample size estimates (Appendix B) have been determined using the pwr package for
R version 4.2 (Helios & Rosario, 2020). Pilot data for these experiments collected from our lab
estimate an effect size (Cohen’s d) of 1.56. Based on the methods above, and assuming o = 0.05
and B = 0.95, these experiments are estimated to require a minimum sample size of 8.
Mitochondrial Respiration

The rate of O2 consumption will be expressed relative to muscle tissue size in picomoles
of Oz per second per milligram of wet weight (pmoloz/s/mgwt) and in picomoles of Oz per second
per CS activity (pmolo2/s/CSau). T he assessment of normality and homoscedasticity of the data
will be statistically determined using a Shapiro-Wilk test and Levene’s test, respectively. If the
data are found to comply with the assumptions of normality and homoscedasticity, a two-way
repeated-measures ANOVA (cigarette smoke concentration x respiration state) for each tissue will
be used to determine the significance of the main effects of cigarette smoke concentration on
respiration, as well as the interaction effects. If the ANOVA results are found to be significant, as
indicated by p < 0.05, a priori pairwise comparisons between the control and cigarette smoke
conditions for each respiration state will be conducted and adusted using the Holm-Sidak method.
If the data violate the assumptions of normality and homoscedasticity, a nonparametric aligned
rank transform (ART) ANOVA (Oliver-Rodriguez & Wang, 2015; Wobbrock et al., 2011) will be
used to determine the significance of the main effects of respiration state and cigarette smoke, as

well as the interaction effects. If the ART ANOVA is significant, pairwise comparisons using
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nonparametric Wilcoxon Signed-Rank tests will be performed. All statistical analyses will be

performed using R version 4.2.

Respiratory Control Ratio

The respiratory control ratio (RCR), or the ratio of state III (GMDS) to state IV (GM), is
widely used as an indicator of mitochondrial substrate capacity (Brand & Nicholls, 2011) and
overall mitochondrial dysfunction. After calculating the RCR for each tissue, tests for normality
and homoscedasticity will be performed using the methods previously described. If the data are
found to comply with the assumptions of normality and homoscedasticity, dependent samples t-
test will be performed to determine statistical significance between the control and smoke-exposed
samples. If the data are found to violate the assumptions of normality and homoscedasticity,

nonparametric Wilcoxon Signed-Rank tests will be performed.

ADP Sensitivity
The sensitivity of the ETC to ADP, or Km, will be determined by the Michaelis-Menten

Kinetics as outlined in section 3.5.3. If Michaelis-Menten Kinetics cannot be estimated, the

Michaelis-Menten Lineweaver-Burke
Relationship Transform
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Figure 3-10. Diagram illustrating the conversion of the Michaelis-Menten curve to a Lineweaver-Burke Plot.
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Lineweaver-Burke method (Lineweaver & Burk, 1934), which is an extension of the Michaelis-
Menten equation (Equation III-1), will be used. This method, illustrated in Figure 3-8, calculates
the Km and Vmax of a reaction by taking the reciprocal of the reaction velocity (V) and plotting it
against the substrate concentration ([S]), and can therefore be represented as shown in Equation 3-
2. For the purpose of this study, V will be the rate of oxygen consumption and [S] will be the final

ADP concentrations used in our protocol (0.05 mM, 0.25 mM, and 5 mM).

L Hm T (3-2)
V Vmax [S] Vmax

After determining the reciprocals of V and [S], a linear regression model may be performed on

these values to calculate the slope and x- and y-intercepts. The slope represents the relationship

Km 1

, while the x-intercept is equal to —Ki and the y-intercept is equal to . From these

max m max

parameters, the Km and Vmax for each of the tissue samples may be calculated.

Following calculation of the Km and Vmax for each tissue, tests for normality and
homoscedasticity will be performed using the methods previously described. If the data are found
to comply with the assumptions of normality and homoscedasticity, dependent samples t-test will
be performed to determine statistical significance between the control and smoke-exposed
samples. If the data are found to violate the assumptions of normality and homoscedasticity,

nonparametric Wilcoxon Signed-Rank tests will be performed.

Citrate Synthase Activity
CS Activity will first be tested for normality and homoscedasticity will be performed using

the methods previously described. If the data are found to comply with the assumptions of
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normality and homoscedasticity, dependent samples t-test will be performed to determine
statistical significance between the control and smoke-exposed samples. If the data are found to
violate the assumptions of normality and homoscedasticity, nonparametric Wilcoxon Signed-Rank

tests will be performed.
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CHAPTER 4
ADDENDA TO THE PROPOSAL & PILOT STUDIES

Due to unforeseen factors and methodological changes, the following changes have been
made to the proposal:

Aim 1 Citrate Synthase Activity — In a separate cohort of mice, tissues (gastrocnemius,
soleus, heart, and aorta) were harvested as stated earlier and then immediately placed in 2 mL of
MiR-05 and incubated for 20 minutes. Each sample was snap frozen in liquid nitrogen after
incubation and stored at -80°C for later analysis. Tissues were thawed and homogenized on ice in
a buffer containing 1| mM EDTA and 50 mM triethanolamine, as described previously (Picard et
al., 2010). Samples were transferred to a 96-well plate containing 200 uM Acetyl CoA, 200 uM
DTNB, and 70 uM oxaloacetate, where spectrophotometric analysis of CS activity was assessed
using a multi-mode reader (Synergy HTX BioTek Instruments, Winooski, VT) by detecting the
increase in absorbance at 412 nm at 30°C (Picard et al., 2010).

Aims 2 & 3 Lineweaver-Burke Plots — The Lineweaver-Burke methods will no longer be
used to estimate the Km and Vmax of ADP or carboxyatractyloside. Instead, extra titration steps will
be added to each protocol and fitted to the Michaelis-Menten equation. Details of the procedures
are outlined in each respective manuscript in chapters V-V.

Aim 3 Citrate Synthase Activity — Due to the within-tissues design of the study, I have opted
to exclude the analysis of citrate synthase activity from the study. I do not believe that these results,

or lack thereof, will impact the overall results of the scope of the study.
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Discussion — In lieu of the formal results and discussion section, the sections of the
manuscript (Chapter 5-8) are comprised of the three primary manuscripts that will be submitted
for publication based on the experiments performed as a part of this dissertation work.

Pilot Studies to Determine CSC Concentrations and Duration for Aims 2 & 3 — Extensive
work was performed to identify an appropriate concentration and exposure duration of CSC to the
gastrocnemius and soleus. Studies examining human mitochondrial respiration after cigarette
smoke exposure (Bronstad et al., 2011; Gifford et al., 2018a; Layec, Haseler, et al., 2011) and
mouse models (Ajime et al., 2020; Thatcher et al., 2014) have consistently shown a ~25% decrease
in mitochondrial respiration induced by cigarette smoke exposure. Therefore, to increase the
translational aspects of these studies, we sought to create an in situ model of CSC-induced
mitochondrial dysfunction without causing irreversible cellular damage (Martinou et al., 2000), as
indicated by a >10% increase in mitochondrial respiration in the presence of cytochrome C. The
results of these pilot investigations in the gastrocnemius and soleus muscles are shown in figures
4-1 and 4-2, respectively. Our data show that incubating these skeletal muscles in a solution

containing 4% CSC for 1 hour was sufficient to induce a ~25% decrease in maximal mitochondrial
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Figure 4-1. Pilot data to determine the appropriate CSC concentration in gastrocnemius muscle.
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respiration in the gastrocnemius and a >10% decrease in the soleus. However, further increases in
CSC concentrations were more likely to result in irreversible cellular damage, as indicated by the
increase in the frequency of cytochrome C responses. Furthermore, the duration of exposure did
not appear to influence the loss of mitochondrial respiration (data not shown). Therefore, for aims
2 and 3, we will expose the gastrocnemius and soleus muscles to CSC concentrations of 4% for 1
hour, thus increasing the translational abilities of these studies to reflect the observations of

cigarette smoke-induced mitochondrial dysfunction reported in vivo.
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Figure 4-2. . Pilot data to determine the appropriate CSC concentration in soleus muscle.
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CHAPTER 5
AIM I RESULTS AND DISCUSSION
5.1 Tissue specificity of mitochondrial toxicity induced by cigarette smoke in striated muscles and

aorta

Stephen T Decker!, Alexs A Matias', Adolfo E Cuadra’>, M Enes Erol!, Corinna Serviente!*,

Karine Fenelon??, Gwenael Layec!*

Departments of Kinesiology, University of Massachusetts Amherst, USA!
Department of Biology, University of Massachusetts Amherst, USA?

Institute for Applied Life Science, University of Massachusetts Amherst, USA?

Running Title: Tissue Specificity of Mitochondrial Cigarette Smoke Toxicity in Muscle and
Aorta

Keywords: Skeletal Muscle, Aorta, Cardiac Muscle, High-Resolution Respirometry, Cigarette
Smoke

Corresponding Author: Gwenael Layec

Life Sciences Laboratories, 240 Thatcher Rd, Amherst, Ma 01003

Email: glayec@umass.edu

84


mailto:glayec@umass.edu

5.2. Abstract

Epidemiological and clinical evidence suggests that cigarette smoke exposure elicits a
tissue-specific and dose-dependent insult to mitochondrial function, possibly leading to
cardiometabolic disease. However, the susceptibility and sensitivity of skeletal, cardiac, and
vascular smooth muscle to cigarette smoke-induced mitochondrial dysfunction is unknown.
Accordingly, using a piecewise linear regression to estimate the breakpoint and slope following
the breakpoint, this study aimed to establish the tissue-specific susceptibility and sensitivity to
cigarette smoke-induced inhibition of mitochondrial respiration in the gastrocnemius, soleus,
heart, and aorta. In terms of absolute respiration, the aorta (BREAKPOINT: 480.2 +243.1 pg/mL)
was the least susceptible compared to the heart (BREAKPOINT: 107.5 + 37.3 pg/mL; p = 0.001)
and the gastrocnemius (BREAKPOINT: 147.5 + 113.0 pg/mL; p = 0.005), but not soleus
(BREAKPOINT: 213.8 + 124.2 pg/mL). Likewise, the heart (SLOPE: -145.1 £ 45.5 JO2/[CSC])
was the most sensitive, followed by the soleus (SLOPE: -54.6 + 13.3 JO2/[CSC]), and, lastly, the
gastrocnemius (SLOPE: -21.8 £ 7.9 JO2/[CSC]) and the aorta (SLOPE: -15.3 + 9.5 JO2/[CSC]; all
p < 0.05). However, when normalized for differences in mitochondrial content between tissues,
only the aorta (SLOPE: -0.8 £+ 0.4 JO2/CS/[CSC]) was significantly less sensitive than the heart
(SLOPE: -2.6 £ 1.4 JO2/CS/[CSC]; p = 0.021), soleus (SLOPE: -3.4 + 1.0 JO2/CS/[CSC]; p <
0.001), and gastrocnemius (SLOPE: -3.8 = 1.5 JO2/CS/[CSC]; p < 0.001), suggesting intrinsic
properties of the aorta that protect against cigarette smoke-induced mitochondrial toxicity. Our
findings underscore the tissue specificity involved in cigarette smoke-induced mitochondrial

toxicity, with the heart being most vulnerable to bioenergetic deficits induced by cigarette smoke,
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and mitochondria in the aorta being inherently most resistant to dysfunction. These differences

may explain the variation in risks of developing cardiometabolic diseases in these tissues.
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5.3. New & Noteworthy

While cigarette smoke exposure is a well-known risk factor for the development of
cardiometabolic disorders, the susceptibilities and sensitivities to cigarette smoke of the
mitochondria in tissues central to the pathophysiology of cardiometabolic diseases are unknown.
Herein, we demonstrate that the heart is the most vulnerable to bioenergetic insults induced by
cigarette smoke. On the other hand, the mitochondria in the aorta exhibited an intrinsically distinct
resistance to cigarette smoke-induced dysfunction. With this evidence, we demonstrate that the
mitochondrial damage induced by cigarette smoke is, in fact, tissue-specific, thus providing
mechanisms to explain the variations in the tissue-specific pathophysiology of cigarette smoke-

associated cardiometabolic diseases.
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5.4 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 (United States Department of Health and Human Services, 2014). Chronic
cigarette smoking has a causative role in the development of respiratory diseases. In addition,
mounting evidence indicates a dose-dependent increase in the risks for cardiovascular and
metabolic diseases, skeletal muscle atrophy and weakness, or frailty in smokers (Jo et al., 2019;
Lee & Choi, 2019; Maddatu et al., 2017b; Miinzel et al., 2020). Despite the tight epidemiological
link between cigarette smoking and numerous adverse health outcomes, the exact cellular
mechanisms mediating the toxicity of cigarette smoke on multiple organs are still not fully
elucidated.

Mitochondria are the primary source of cellular energy across numerous organ systems and
are now recognized to play a key role in maintaining redox balance, calcium homeostasis, and
apoptosis throughout the body. Interestingly, a growing number of studies seem to implicate the
mitochondria as a mediator of the multi-systemic defects induced by cigarette smoke. Mainstream
cigarette smoke is indeed composed of over 4,800 different chemicals, including reactive oxygen
species (ROS) and toxins (Rodgman & Green, 2016), which can impair mitochondrial function.
Specifically, acute exposure to reactive oxygen species can lower the activity of several enzymes
of the Krebs cycle and maximal respiration in isolated mitochondria (Nulton-Persson & Szweda,
2001). Also, direct exposure to cigarette smoke compounds, specifically nicotine and o-cresol, has
been demonstrated to inhibit maximal respiration using a similar in vitro preparation (Khattri et

al., 2022). However, the use of isolated mitochondria in these studies is an important caveat, as
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this approach exaggerates mitochondrial susceptibility to dysfunction in skeletal muscle (Picard et
al., 2010).

In lung epithelial cells, it is well described that acute exposure to cigarette smoke
condensate elicits substantial bioenergetic perturbations and redox stress. Specifically,
mitochondrial membrane potential and ATP production are lowered by cigarette smoke condensate
as a result of increased proton leak, which in turn stems from the activation of the mitochondrial
ADP/ATP transporter (van der Toorn et al., 2007, 2009; Wu et al., 2020). These energetic changes
are accompanied by greater mitochondrial-derived ROS generation (van der Toorn et al., 2007,
2009; Wu et al., 2020) and increased susceptibility to apoptosis (Aoshiba et al., 2001a). In contrast,
the mitochondrial toxicity of cigarette smoke on other organs or tissues has been scarcely
described. For instance, acute exposure to cigarette smoke or nicotine, a major constituent of
tobacco, resulted in lower proton driving force and increased mitochondrial-derived ROS
production in cultured cardiomyocytes (Jia et al., 2020) and carotid arteries (Csiszar et al., 2008;
Orosz et al., 2007).

While these studies have been instrumental in elucidating the mechanisms behind cigarette
smoke-induced mitochondrial dysfunction, the cigarette smoke concentrations used (upwards of
20% of the total solution) in those preparations were well above the physiological range of
cigarette smoke particulate in the blood of smokers (Benowitz et al., 1982; Mendelson et al., 2003),
making the findings from these studies challenging to translate to the human condition. Also,
although intrinsic mitochondrial function may vary between tissues (Patel et al., 2009) and the

susceptibility to the harmful effects of cigarette smoke differs across organs, as illustrated by the
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greater relative risks for disease of some tissues (Gandini et al., 2008; Miinzel et al., 2020), the
tissue-dependent toxicity of cigarette smoke on mitochondrial function remains unknown.

An essential step in toxicology is to characterize the dose-response (Aronson, 2007) to
determine the susceptibility and sensitivity of the organs to toxicant damage. Surprisingly, no
studies to date have examined the dose-response to cigarette smoke toxicity on the mitochondrial
function of skeletal, cardiac, or smooth muscles. Therefore, this study aimed to comprehensively
characterize the toxicity of acute exposure to cigarette smoke condensate (CSC) on mitochondrial
function in intact permeabilized muscle tissues. Herein, we used high-resolution respirometry
coupled with increasing concentrations of cigarette smoke condensate — both physiological and
supraphysiological — in permeabilized skeletal muscle (gastrocnemius and soleus) fibers,
ventricular cardiac muscle fibers, and smooth muscles from the aorta. Based on prior
epidemiological studies demonstrating an elevated cardiovascular disease burden in smokers
(Miinzel et al., 2020), we hypothesized that there would be a significant tissue-dependent
difference, with greater susceptibility and sensitivity to CSC-induced mitochondrial toxicity in

cardiac and smooth muscle tissues than in skeletal muscles.
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5.5 Methods

5.5.1 Animals and Experimental Design

Three-to-twelve-month-old male and female C57BL/6 mice were used for this study. All animals
were maintained on a 12-hour dark/light cycle without access to running wheels and were fed
standard chow ad libidum. Following euthanasia by 5% isoflurane, the gastrocnemius, soleus, left
ventricle, and aorta were extracted and placed in ice-cold BIOPS preservation solution. The
gastrocnemius and soleus were specifically chosen due to the similarities in mitochondrial
respiratory rates per unit of mass compared to those of human vastus lateralis muscle (Jacobs et
al., 2013), and to encompass tissues that contain varying amounts of type I and type II skeletal

muscle (Augusto et al., 2004).

5.5.2. Cigarette Smoke Condensate Preparation

Cigarette Smoke Condensate (Murty Pharmaceuticals Inc, Lexington, Kentucky, USA)
containing 40 milligrams of cigarette smoke particulate matter per milliliter (henceforth considered
100%) was diluted in MiRO5 (in mM: 110 Sucrose, 0.5 EGTA, 3 MgClz, 60 K-lactobionate, 20

taurine, 10KH2PO4, 20 HEPES, BSA 1g.L"!, pH 7.1) and stored at -80°C until use.

5.5.3 Preparation of Permeabilized Muscle Fibers & Mitochondrial Respiration Measurements
The tissue preparation and respiration measurement techniques were adapted from

established methods (Kuznetsov et al., 2008a; Pesta & Gnaiger, 2012) and have been previously

described (Layec et al., 2018). Briefly, BIOPS-immersed fibers (2.77mM CaK:EGTA, 7.23mM

91



K2EGTA, 50mM K" MES, 6.56 mM MgClz, 20mM Taurine, 5.77mM ATP, 15mM PCr, 0.5mM
DTT, 20mM Imidazole) were carefully separated with fine-tip forceps and subsequently bathed in
a BIOPS-based saponin solution (50 pg saponin.ml' BIOPS) for 30 minutes for the gastrocnemius,
soleus, and heart; and 40 minutes for the aorta. Following saponin treatment, muscle fibers were
rinsed twice in ice-cold mitochondrial respiration fluid (MIRO0S, in mM: 110 Sucrose, 0.5 EGTA,
3 MgClz, 60 K-lactobionate, 20 taurine, 10KH2PO4, 20 HEPES, BSA 1g.L"!, pH 7.1) for 10
minutes each. After the muscle sample was gently dabbed with a paper towel to remove excess
fluid, 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 O2K, Oroboros Instruments,
Innsbruck, Austria) with 2 ml of MIRO0S5 solution warmed to 37°C. Oxygen was added to the
chambers, and oxygen concentration was maintained between 175-250 uM for the gastrocnemius,
soleus, and aorta; and between 350-450 pM for the right ventricle. After allowing the
permeabilized muscle sample to equilibrate for 5 minutes, mitochondrial respiratory function was
assessed in duplicate. To determine maximal state III mitochondrial respiration, glutamate (10
mM), malate (2 mM), ADP (5 mM), succinate (10 mM) were added to the chamber (GMDS).
Cytochrome ¢ (10 pM) was then added to the chamber to assess mitochondrial membrane integrity
(Perry et al., 2013). Samples that demonstrated impaired mitochondrial membrane integrity (more
than a 10% increase in respiration in response to cytochrome C) were excluded from the analysis.
Following determining membrane integrity, cigarette smoke condensate was injected into each
chamber at concentrations starting from 0.004 pg/mL (0.00001%) to 2,400 ng/mL (6%). In each
condition, the respiration rate was recorded until a steady state of at least 30-seconds (at a sampling

rate of 2 seconds) was reached, the average of which was used for data analysis. The rate of Oz
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consumption was expressed relative to muscle sample mass (in picomoles O2 per second per

milligram of wet weight), or normalized to CS activity (in picomoles Oz per second per CS).

5.5.4. Citrate Synthase (CS) Activity

In a separate cohort of mice (n = 7), tissues (gastrocnemius, soleus, heart, and aorta) were harvested
as stated earlier and then immediately placed in 2 mL of MiR-05 and incubated for 20 minutes.
Each sample was snap frozen in liquid nitrogen after incubation and stored at -80°C for later
analysis. Tissues were thawed and homogenized on ice in a buffer containing 1 mM EDTA and
50 mM triethanolamine, as described previously (Picard et al., 2010). Samples were transferred to
a 96-well plate containing 200 uM Acetyl CoA, 200 uM DTNB, and 70 uM oxaloacetate, where
spectrophotometric analysis of CS activity was assessed using a multi-mode reader (Synergy HTX
BioTek Instruments, Winooski, VT) by detecting the increase in absorbance at 412 nm at 30°C

(Picard et al., 2010).

5.5.5. Data Analysis

The assessment of the normality and homoscedasticity was performed using a Shapiro-
Wilk and Levene test for all variables. The effects of cigarette smoke condensate on mitochondrial
respiration were determined using a nonparametric two-way (tissue X concentration) Aligned
Ranks Transform (ART) ANOVA (Wobbrock et al., 2011). Planned comparisons of the effect of
cigarette smoke concentrations on state III respiration (GMDS), as established a priori, were
determined using Dunn’s tests with a Holm-Sidak adjustment. A piecewise linear regression model
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was used to estimate breakpoints in the dose-dependent changes to mitochondrial respiration. The
differences between the breakpoints of each tissue were determined using a nonparametric
Kruskal-Wallis test, followed 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. Breakpoint analyses were performed using the “segmented’ (Muggeo, 2008) package.
Effect sizes (partial n*> and Cohen’s d for ANOV A and post hoc tests, respectively) were calculated
using the "'emmeans’ package. Results are presented as mean + SD in the text and mean + SEM in

the figures.
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5.6. Results

5.6.1. Effects of CSC on Absolute Rates of Mitochondrial Respiration

Absolute mitochondrial respiration rates are shown in Figure 5-1. There were significant
main effects of CSC (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 1> = 0.33). Post hoc analyses for each
tissue (Figure 5-2) revealed that the respiration rates of the gastrocnemius, soleus, heart, and aorta
were significantly (adjusted p <0.05) inhibited by cigarette smoke starting at 1200 (3%), 400 (1%),
1600 (4%), and 2000 (5%) pg/mL, respectively.

Results of the piecewise linear regression are shown in Figure 5-3. Results from the one-
way ANOVA revealed a significant main effect of tissue type on the breakpoint at which CSC
mitochondrial respiration (p = 0.001; partial n? = 0.37; Figure 5-3A). Post hoc analysis revealed
that the [CSC] at which the breakpoint occurs in the aorta (480.2 & 243.1 pg/mL) was significantly

different from the heart (107.5 + 37.3 pg/mL; p = 0.001; d = 2.6) and the gastrocnemius (147.5 +
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Figure 5-1. Absolute 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 mean = SEM..
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Figure 5-2. Absolute Respiration Rates for gastrocnemius (n =11; A), soleus (n = 11; B), the heart (n = 9; C), and aorta (n = 8; D).
Breakpoints are indicated by the dotted black line. Slopes of the piecewise linear regression are indicated by the red dashed lines.
Values are represented as mean + SEM.

113.0 pg/mL; p = 0.005, d = 2.3), but not soleus (213.8 = 124.2 pg/mL; p = 0.081; d = 0.7).
However, there were no significant differences between the soleus and the gastrocnemius (p =
0.187; d =0.5) or heart (p = 0.081; d = 0.7); nor were there differences between the gastrocnemius
and the heart (p = 0.209; d = 0.3).

Likewise, tissue type had a significant main effect on the slope following the break (p <
0.001; partial n> = 0.82; Figure 5-3B). Post hoc analyses revealed that the rate of CSC-induced
inhibition in the heart (-145.1 + 45.5 JO2/[CSC]) was significantly different from the soleus (-54.6
+ 13.3 JO2/[CSC]; p =0.047, d = 3.5), gastrocnemius (-21.8 + 7.9 JO2/[CSC]; p < 0.001, d = 4.8),
and aorta (-15.3 £9.5 JO2/[CSC]; p<0.001, d = 5.0). Likewise, the rate of CSC-induced inhibition
in the soleus was significantly different than the gastrocnemius (p = 0.018, d = 1.3) and the aorta
(p = 0.002, d = 1.5). However, there was not a significant difference between the rate of CSC-
induced inhibition in the gastrocnemius and the aorta (p =0.169, d = 0.7).
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Figure 5-3. Results of the piecewise linear regression in absolute rates of mitochondrial respiration. Estimates of the breakpoint
(4) and the slope following the breaking point (B) for the heart (n = 9; white), soleus (n = 11; dark grey), gastrocnemius (n = 11;
light grey), and aorta (n = 7; black). Values are represented as mean £ SEM.
5.6.2. Citrate Synthase Activities

CS activities for each tissue are shown in Figure 5-4. There was a significant main effect
of tissue type on the CS activity (p < 0.001; partial n? = 0.94). Post hoc analyses revealed that CS
activity in the heart (63.8 + 6.4 AU) was significantly different from 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). Likewise, the rate of CSC-induced inhibition in the soleus was significantly
different than the gastrocnemius (p = 0.025, d = 2.0) and the aorta (p < 0.001, d = 2.2). Lastly,

there was also a significant difference between the rate of CSC-induced inhibition in the

gastrocnemius and the aorta (p = 0.027, d = 4.2).

5.6.3. Effects of CSC on Mitochondrial Respiration Normalized to CS Activity
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Figure 5-4. Citrate synthase activity for the heart (white), soleus (dark grey), gastrocnemius (light grey) and aorta
(black). n = 7 for all tissues. Values are represented as mean + SEM.

Mitochondrial respiration rates normalized to CS activity of control tissues are shown in
Figure 5-5. There were significant main effects of CSC (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 (Figure 5-6 A-D) revealed that the normalized respiration
rates of the gastrocnemius, soleus, heart, and aorta were significantly (adjusted p < 0.05) inhibited
by cigarette smoke starting at 1200 (3%), 400 (1%), 1600 (4%), and 2000 (5%) pg/mL,
respectively.

Results of the piecewise linear regression are shown in Figure 5-6. Results from the one-
way ANOVA revealed a significant main effect of tissue type on the breakpoint at which CSC
mitochondrial respiration (p = 0.001; partial n? = 0.37; Figure 5-6A). Post hoc analysis revealed
that the [CSC] at which the breakpoint occurs in the aorta (480.2 + 243.1 pg/mL) was significantly
different from the heart (107.5 £ 37.3 pg/mL; p = 0.001; d = 2.6) gastrocnemius (147.5 + 113.0

pug/mL; p =0.005, d = 2.3), and soleus (213.8 = 124.2 ug/mL; p = 0.001; d = 0.7). However, there
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Figure 5-5. Respiration rates normalized to CS activity for the heart (n = 9; triangles), soleus (n = 11, squares), gastrocnemius
(n =11; circles), and aorta (n = 8; diamonds). Values are represented as mean + SEM.

were no significant differences between the soleus and the aorta (p =0.081; d = 1.9), gastrocnemius
(p = 0.187; d = 0.5), or heart (p = 0.081; d = 0.7); nor were there differences between the
gastrocnemius and the heart (p = 0.209; d = 0.3).

Likewise, tissue type had a significant main effect on the slope following the break (p <
0.001; partial n> = 0.53; Figure 5-6B). Post hoc analyses revealed that the rate of CSC-induced
inhibition in the aorta (-0.8 & 0.4 JO2/CS/[CSC]) was significantly different from the heart (-2.6 =
1.4 JO2/CS/[CSC]; p=0.021, d = 1.6), soleus (-3.4 + 1.0 JO2/CS/[CSC]; p < 0.001, d = 2.2), and
gastrocnemius (-3.8 = 1.5 JO2/CS/[CSC]; p <0.001, d = 2.6). However, there were no significant
differences between the heart and the gastrocnemius (p = 0.138, d = 1.0) or the soleus (p = 0.193,
d = 0.6); nor were there significant differences between the gastrocnemius and the soleus (p =

0.340,d=0.4).
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Figure 5-6. Respiration rates normalized for CS activity for gastrocnemius (n =11; A), soleus (n = 11; B), the heart (n = 9; C),
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5.7. Discussion

Cigarette smoke exposure is implicated in the pathophysiology of several cardiometabolic
diseases, of which mitochondrial dysfunction may play a significant role. However, the direct
effects of cigarette smoke on mitochondrial function have not been fully characterized. Therefore,
this study aimed to determine the acute dose-response relationship between cigarette smoke
condensate (CSC) and mitochondrial function on intact permeabilized skeletal muscle, heart, and
aorta. Indeed, cigarette smoke condensate directly impaired mitochondrial respiration in each of
these tissues. Furthermore, as indicated by tissue-dependent breakpoints in the CSC-induced
inhibition of mitochondrial respiration, our results reveal a distinct threshold at which CSC directly
impairs mitochondrial respiration in these tissues, suggesting a tissue-specific susceptibility to the
negative impacts of cigarette smoke. In line with our hypothesis, cardiac muscle mitochondria
exhibited the greatest loss of mitochondrial respiration per [CSC], indicating a greater
susceptibility of the heart to CSC-induced bioenergetic deficits than other tissues used in this study.
Alternatively, the aorta was the least sensitive and susceptible to CSC-induced mitochondrial
impairments. When normalized to CS activity in order to account for differences in mitochondrial
content between tissues (S. Larsen, Nielsen, et al., 2012), however, cardiac mitochondria were
equally susceptible to CSC as the gastrocnemius and similarly sensitive to CSC as the
gastrocnemius and soleus. However, the aorta remained the least susceptible and least sensitive to
CSC-induced mitochondrial dysfunction, indicating an intrinsic quality of mitochondria in
vascular smooth muscle which protects from CS-induced toxicity. Together, these findings are the
first to establish the susceptibility and sensitivity of the skeletal muscle, cardiac muscle, and

vascular tissue to cigarette smoke-induced mitochondrial impairments and indicate that, compared
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to striated muscles, vascular smooth muscle mitochondria have intrinsic characteristics which

provide greater protection from smoke-induced toxicity.

5.7.1. Cigarette Smoke Condensate Directly Impairs Mitochondrial Respiration

Cigarette smoke condensate had an inhibitory effect on mitochondrial respiration in all
tissues examined in the present study, as shown in Figures V-1 and V-2. As indicated by attenuated
mitochondrial respiration, bioenergetic deficits were observed at concentrations as low as 40
pg/mL (0.1%) CSC and, at greater concentrations, resulted in up to a ~10% decrease in
mitochondrial respiration in several tissues used in the present study. Moreover, at the final
concentration of 2400 pg/mL (6%) CSC, mitochondrial respiration was inhibited by up to ~60%
compared to maximal state III respiration in the gastrocnemius, soleus, and heart, and by ~40% in
the aorta. These findings collectively demonstrate that cigarette smoke directly induces
mitochondrial bioenergetic deficits in a dose-dependent manner, thus resulting in decreased
oxidative ATP production that may drive cellular dysfunction in these tissues, ultimately leading
to the development of cardiometabolic disease and increased risk of premature death.

The tissue-specific inhibitory effects of CSC on mitochondrial function observed in the
present study were similar to those previously used to induce mitochondrial dysfunction in
mitochondria isolated from a range of tissues, including lung epithelial tissue, carotid arteries,
cardiac muscle, and skeletal muscle. (Csiszar et al., 2009; Khattri et al., 2022; Naserzadeh et al.,
2015; Naserzadeh & Pourahmad, 2013; Orosz et al., 2007; Thatcher et al., 2014; van der Toorn et
al., 2007, 2009). However, the present study extends the findings of these other studies by adding

the novelty of using intact permeabilized tissues rather than isolated mitochondria. The use of

103



permeabilized tissues, compared with isolated mitochondria, has the added benefit of maintaining
the structural integrity of the surrounding cellular environment, which, considering that
mitochondria form a vast reticulum across cells (Glancy et al., 2015), preserves the mitochondrial
structure and prevents potential bias (Picard et al., 2010) and better reflects the in vivo condition
(Jacobs et al., 2013; Kuznetsov et al., 2008a; Layec et al., 2016).

Considering these methodological differences between the use of isolated mitochondria
and permeabilized fibers, it is essential to note that these differences result in significant changes
to the susceptibility of the mitochondria to CSC. For example, Khattri et al. (2022) found that
incubating mitochondria isolated from a mixture of mouse skeletal muscles in 0.02%, 0.1%, and
1.0% CSC solution for 10 minutes impaired state III mitochondrial respiration by 5%, 22%, and
61%, respectively. Alternatively, the present study provides evidence that permeabilized skeletal
muscle fibers are more resistant to CSC than mitochondria isolated from skeletal muscle, as much
higher (~2-10 times) CSC concentrations were needed study to elicit similar decrements in
mitochondrial respiration as Khattri et al. The increased resistance to CSC in permeabilized fibers,
as opposed to isolated mitochondria, are likely due to diffusion limitations caused by structural
components of the mitochondria and the surrounding cellular components of skeletal muscle, as is
the case with ADP diffusion (V. Saks et al., 1991; V. A. Saks et al., 2010). Therefore, while CSC
is indeed able to induce mitochondrial dysfunction, there appear to be distinct differences in the
concentration of CSC required to cause acute dysfunction between isolated mitochondria and
intact tissue samples, likely due to the loss of the reticular structure as a result of the isolation

procedures (Picard et al., 2011).
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5.7.2. Aorta is Intrinsically Less Susceptible and Sensitive to CSC Than Gastrocnemius, Soleus,
or Heart

An important aspect of the present study is that we were able to characterize the
susceptibility and sensitivity to CSC of the aorta, heart, and two physically unique skeletal
muscles, which has not yet been done. Using a piecewise linear regression, we identified a
breakpoint at which cigarette smoke significantly begins to alter mitochondrial respiration (Figures
3A & 6A). Based on this analysis, we estimate that the mitochondria in the aorta exhibit deficits
in mitochondrial respiration beginning at ~500 pg/mL CSC — between two and five times the
amount required to change the slope of the CSC-induced loss of respiration of the gastrocnemius
and soleus, and heart, respectively. These changes were also observed following normalizing for
the differences in mitochondrial content. Moreover, the sensitivity (Figures V-4B & V-6B) of the
aorta to CSC-induced mitochondrial dysfunction was the lowest of the tissues used in the present
study by 2-5 fold, especially when normalized for CS activity. Therefore, we provide evidence
that the mitochondria in the aorta are intrinsically less susceptible to the negative impacts of
cigarette smoke exposure than mitochondria in skeletal and cardiac muscle.

These findings are rather surprising, 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 mitochondrial content, as measured by citrate synthase
activity (S. Y. Park et al., 2014). Additionally, much like skeletal muscle, mitochondria in the
skeletal muscle feed arteries respond positively to exercise training (S. Y. Park et al., 2016) and
become impaired with advancing age (S. H. Park et al., 2018), indicating functional similarities

between mitochondria in the vasculature and skeletal muscle. However, the CS activities of the
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skeletal muscle feed arteries in these studies were much lower than the CS activity in the present
study. While we cannot fully explain the wide discrepancies between our results and the other
studies, there may be inherent differences in the mitochondrial content across the vascular tree.
Furthermore, considering the wide diversity of the structural and functional components of
vascular tissues (Lacolley et al., 2017), mitochondria may have very distinct morphological
properties across the vascular 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 pressure, while 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 (Lacolley
et al., 2017). As such, to maintain arterial compliance in response to large variations in pressure,
central arteries are composed of tissues that maintain arterial stiffness (i.e., elastin, collagen),
which become less abundant in peripheral arteries (Lacolley et al., 2017). These changes in artery
composition may play important roles in also shaping the morphology of the mitochondrial
reticulum (Glancy et al., 2017) 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.

5.7.3. Sensitivity to CSC in Striated Muscle is Dependent on Mitochondrial Content

In contrast to the resistance to CSC observed in the aorta, the other tissues used in the
present study, specifically the heart and the soleus, were extremely sensitive to CSC-induced
deficits in mitochondrial bioenergetics. As such, the heart exhibited a loss of mitochondrial

respiration per [CSC] at a rate 3 times greater than the soleus and 6 times greater than the
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gastrocnemius. Similarly, the soleus decreased at a rate 2 times greater than the gastrocnemius.
However, these significant findings were abolished when the CSC-induced decreases in respiration
were normalized to CS activity. Therefore, these findings suggest that the differences in sensitivity
between striated muscles can be attributed solely to the vast differences in mitochondrial content
of these tissues rather than some other inherent property of the tissue.

Cigarette smoke exposure is associated with dramatic increases in numerous chronic
cardiovascular and muscular ailments, including peripheral artery disease, heart failure, type II
diabetes, and sarcopenia (Jo et al., 2019; Lee & Choi, 2019; Maddatu et al., 2017c; Miinzel et al.,
2020; Steffl et al., 2015). The mitochondrial density-dependent responses to CSC observed in
striated muscles in the present study 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
cellular dysfunction than type II fibers in chronic smokers (Degens et al., 2015; Gosker et al., 2007,
2009). Indeed, several reports from our lab (Decker, Kwon, Zhao, Hoidal, Heuckstadt, et al., 2021)
and others (Gosker et al., 2007, 2009; Kapchinsky et al., 2018; Montes De Oca et al., 2008a) have
reported more pronounced cigarette smoke-induced atrophy of type I skeletal muscle fibers
compared to type II fibers, thereby inducing a shift towards anaerobic metabolism and increased
susceptibility to fatigue (Amann et al., 2010; Nogueira et al., 2018). Likewise, these explain why
ventricular remodeling is a common manifestation in several models of smoke exposure in animals
(Kaplan et al., 2017) and humans (Barutcu et al., 2008; Minicucci et al., 2012; Nadruz et al., 2016).
Given the greater mitochondrial density of the left ventricle and the soleus (~6- and ~2-fold greater
than the gastrocnemius, respectively), these tissues, as our data suggest, would likely be more

prone to CSC-induced deficits in mitochondrial bioenergetics due to their greater reliance on
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oxidative ATP production. The bioenergetic deficits in the soleus muscles and, even more so,
cardiac muscles, which have a greater portion of slow-twitch muscle fibers (Augusto et al., 2004;
Gorza et al., 1986), could then activate cellular mechanisms which result in severe muscle atrophy
(Hyatt et al., 2019) specific to these tissues and often reported in chronic smokers (Montes De Oca
et al., 2008a). Thus, our findings support the hypothesis that striated muscle fibers with a greater
mitochondrial density are more sensitive to CSC-induced deficits in mitochondrial bioenergetics
due to a mismatch between absolute, but not relative, oxidative energy supply and demand. These
decrements result in a mismatch between ATP supply and demand that, ultimately, leads to

contractile dysfunction and loss of cellular function, leading to poor health outcomes.
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5.8. Conclusions

In conclusion, this study revealed the sensitivity and susceptibility characteristics of
cigarette smoke-induced mitochondrial dysfunction in gastrocnemius, soleus, heart, and aorta
(Figure 5-7). Collectively, the results from these studies suggest that inherent characteristics of
mitochondria in the aorta increase the resistance to CSC-induced bioenergetic deficits. On the
other hand, the CSC-induced insults to mitochondrial respiration in striated muscles are largely
dependent on the mitochondrial density of these tissues. However, considering the range of
bioenergetic demand in these tissues, especially cardiac muscle, even minor deficits in oxidative
ATP production could lead to severe bioenergetic deficits and cellular dysfunction. Thus, the
findings in the present study characterized the direct changes to mitochondrial respiration in a
range of muscle types that are severely altered by cigarette smoke exposure, thus contributing

cigarette smoke exposure to the development of several chronic cardiometabolic diseases.
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Figure 5-8. Summary of findings from Aim 1.
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6.2. Abstract

Epidemiological and clinical evidence suggests that cigarette smoke exposure alters
glucose and fatty acid metabolism, leading to greater susceptibility to metabolic disorders.
However, the effects of cigarette smoke exposure on mitochondrial substrate oxidation in the
skeletal muscle are still poorly understood. Accordingly, this study aimed to examine the acute
effects of cigarette smoke on mitochondrial respiratory capacity, sensitivity, and concurrent
utilization of palmitoylcarnitine (PC), a long-chain fatty acid, and pyruvate, a product of
glycolysis, in permeabilized gastrocnemius and soleus muscle fibers. Cigarette smoke decreased
both mitochondrial respiratory capacity (CONTROL: 50.4 + 11.8 pmoloz/sec/mgwt and SMOKE:
22.3 + 4.4 pmoloz/sec/mgwt, p<0.01) and sensitivity for pyruvate (CONTROL: 0.10 + 0.04 mM
and SMOKE: 0.11 + 0.04 mM, p < 0.01) in the gastrocnemius muscle. In the soleus, only the
sensitivity for pyruvate-stimulated mitochondrial respiration trended towards a decrease
(CONTROL: 0.11 £ 0.04 mM and SMOKE: 0.23 + 0.15 mM, p = 0.08). In contrast, cigarette
smoke did not significantly alter palmitoylcarnitine-stimulated mitochondrial respiration in either
muscle. In the control condition, pyruvate-supported respiration was inhibited by the concurrent
addition of palmitoylcarnitine in the fast-twitch gastrocnemius muscle (-27.1 = 19.7%, p<0.05),
but not in the slow-twitch soleus (-9.2 + 17.0%). With cigarette smoke, the addition of
palmitoylcarnitine augmented the maximal respiration rate stimulated by the concurrent addition
of pyruvate in the gastrocnemius (+18.5 = 39.3%, p<0.05). However, cigarette smoke still
significantly impaired mitochondrial respiratory capacity with combined substrates than control
(p<0.05). Our findings underscore that cigarette smoke directly impairs mitochondrial respiration

of carbohydrate-derived substrates and is a primary mechanism underlying cigarette smoke-
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induced muscle dysfunction, which leads to a vicious cycle involving excess glucose conversion

into fatty acids and lipotoxicity.
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6.3. New & Noteworthy

While cigarette smoke exposure is a well-known risk factor for the development of
metabolic disorders, it is unclear how mitochondrial substrate metabolism is directly affected by
cigarette smoke. Herein, while acute cigarette smoke exposure did not significantly alter fatty acid
metabolism, cigarette smoke significantly impaired mitochondrial pyruvate oxidation.
Furthermore, acute cigarette smoke exposure augmented mitochondrial respiration in the presence
of competing substrates. With this evidence, we demonstrate that pyruvate oxidation is directly
impaired by cigarette smoke, thus providing mechanistic insights into the link between cigarette

smoking and the development of metabolic diseases.
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6.4. Introduction

Cigarette smoke exposure is accountable for up to 480,000 premature deaths per year in
the United States (United States Department of Health and Human Services, 2014), and is
considered an independent risk factor for metabolic diseases such as type 2 diabetes (Pan et al.,
2015), metabolic syndrome (Sun et al., 2012), and non-alcoholic fatty liver disease (Rezayat et al.,
2018). Phenotypically, tobacco smoke exposure results in higher central adiposity (Canoy et al.,
2005; Chiolero et al., 2008), ectopic fat accumulation (Sinha-Hikim et al., 2014; Terry et al., 2020),
and lower muscle mass (Ajime et al., 2020; Terry et al., 2020). Despite abundant evidence of its
negative impact on health, the mechanisms underlying the metabolic toxicity of cigarette smoke
are, however, still poorly understood.

Dyslipidemia is common in cigarette smokers who exhibit higher levels of circulating
cholesterol (Muscat et al., 1991b), intramuscular saturated or non-saturated triglycerides (Bergman
et al., 2009; Terry et al., 2020), and saturated diacylglycerol (Bergman et al., 2009) compared to
non-smokers. In this regard, acute exposure to cigarette smoke has been documented to increase
circulating free fatty acids (FFA) (Hellerstein et al., 1994)and whole-body palmitate rate of
appearance and oxidation measured by '3C isotope tracers during fasting conditions in young
adults (Bergman et al., 2009). Similar alterations to lipid metabolism were observed in chronic
smokers, which were attenuated upon smoking cessation (Bergman et al., 2012). Together, these
findings suggest that cigarette smoke stimulates adipose tissue lipolysis coupled to incomplete
fatty acid oxidation in peripheral tissues, thus resulting in ectopic fat accumulation in the skeletal
muscle. However, whether incomplete oxidation of fatty acids is attributable to direct smoke-

induced inhibition of mitochondrial capacity to utilize fatty acids is still unknown.
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Cigarette smoke is also strongly linked to glucose metabolism abnormalities and the
development of skeletal muscle insulin resistance (Artese et al., 2017; Bergman et al., 2009), which
is partly mediated by insulin receptor inhibition on the muscle cell membrane (Bergman et al.,
2012). Interestingly, exposure to cigarette smoke also impairs muscle mitochondrial respiratory
capacity using substrates replicating the Krebs cycle (glutamate, malate, and succinate) (Thatcher
et al., 2014) as we have shown in aim 1, thus also implicating mitochondrial dysfunction in the
pathogenesis of insulin resistance with cigarette smoke. Of note, inhibition of ceramide formation,
a fatty acid of the sphingolipid family, by myriocin resulted in higher in situ respiratory capacity
in skeletal muscle permeabilized fibers (Thatcher et al., 2014), which alluded to a potential role
for ceramide accumulation and lipotoxicity in the inhibition of mitochondrial respiration by
cigarette smoke. However, mitochondrial fatty acid oxidation was not assessed, and ceramide
inhibition improved mitochondrial respiration regardless of smoking status in this study, which
suggests that the effects of ceramides were not specific to cigarette smoke exposure. Thus, it is
still unclear whether cigarette smoke directly caused ceramide accumulation resulting in
mitochondrial dysfunction, or if ceramide accumulation was secondary to a shift in mitochondrial
substrate sensitivity and/or impaired respiration with glycolytic products, thus causing glucose
conversion into fatty acids and triglycerides.

Accordingly, this study aimed to determine cigarette smoke's acute effects on substrate
sensitivity, respiratory capacity, and fuel interaction in skeletal muscles with different metabolic
profiles. Specifically, we assessed mitochondrial respiration in situ using palmitoylcarnitine (PC),
a long-chain fatty acid, and pyruvate, a product of glycolysis, in predominantly fast (white

gastrocnemius) and slow-twitch (soleus) skeletal muscle fibers exposed to cigarette smoke
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concentrate (CSC). We hypothesized that CSC would impair mitochondrial respiration (sensitivity
and maximal capacity) supported by pyruvate, whereas fatty acid-linked respiration will remain
unaltered. As a result, mitochondrial substrate preference with CSC would shift toward greater

lipid oxidation.
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6.5. Methods

6.5.1. 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-hour dark/light cycle and fed standard chow ad libidum. Protocols were
approved by the Institutional Animal Care and Use Committee of UMASS Amherst. Following
euthanasia by 5% isoflurane, the gastrocnemius and soleus were immediately harvested and placed
in ice-cold BIOPS preservation solution (Kuznetsov et al., 2008a; Pesta & Gnaiger, 2012). The
gastrocnemius and soleus were specifically chosen to encompass tissues with different metabolic

properties (Augusto et al., 2004).

6.5.2. Preparation of Permeabilized Muscle Fibers

The tissue preparation and respiration measurement techniques were adapted from
established methods (Kuznetsov et al., 2008a; Pesta & Gnaiger, 2012) and have been previously
described by our group (Decker, Kwon, Zhao, Hoidal, Heuckstadt, et al., 2021). Briefly, BIOPS-
immersed fibers (2.77mM CaK2EGTA, 7.23mM K2EGTA, 50mM K+ MES, 6.56 mM MgCl2,
20mM Taurine, 5.77mM ATP, 15mM PCr, 0.5mM DTT, 20mM Imidazole) were carefully
separated with fine-tip forceps and subsequently bathed in a BIOPS-based saponin solution (50 pg
saponin.ml' BIOPS) for 30 minutes at 4°C. Following saponin treatment, muscle fibers were
rinsed twice in ice-cold mitochondrial respiration fluid (MIRO0S, in mM: 110 Sucrose, 0.5 EGTA,
3 MgCl2, 60 K-lactobionate, 20 taurine, I0KH2PO4, 20 HEPES, BSA 1g.L-1, pH 7.1) for 10
minutes each.

Following chemical permeabilization, tissues were incubated for 1-hour in a 2 mL solution
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of MiR05 (control) or MiR05 with 4% (1600 pg/mL) cigarette smoke concentrate (CSC; Murty
Pharmaceuticals, Lexington, KY) at 4°C. This concentration of cigarette smoke was chosen based
on pilot studies indicating that this concentration replicates the mitochondrial perturbations
previously documented in mice and humans chronically exposed to cigarette smoke (Ajime et al.,
2020; Gifford et al., 2018a; Thatcher et al., 2014).

After the muscle sample was gently dabbed with a paper towel to remove excess fluid, 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 O2K, Oroboros Instruments,
Innsbruck, Austria) with 2 ml of MIRO0S5 solution warmed to 37°C. Oxygen was added to the
chambers, and oxygen concentration was maintained between 190-250 uM. After allowing the
permeabilized muscle sample to equilibrate for 5 minutes, 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-seconds was reached, the average of which was used for data
analysis. To assess mitochondrial respiration supported by glycolysis or fatty acids, the rate of O2

consumption (picomoles per second per milligram of wet weight) was assessed with 2 protocols:

6.5.3. Protocol 1: Pyruvate-Stimulated Respiration

Saturating concentrations of malate (M; 2mM) and ADP (D; 5 mM) were added to the
chamber, followed by a stepwise titration of pyruvate (P) at a final concentration of 0.10, 0.25,
0.50, 1, and 5 mM. Cytochrome ¢ (10 uM) was then added to the chamber to assess mitochondrial
membrane integrity (Kuznetsov et al., 2008a; Pesta & Gnaiger, 2012). Finally, antimycin A (2.5

uM) and oligomycin (5 nM) were added to assess residual, non-mitochondrial oxygen
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consumption (AmA & Omy).

6.5.4. Protocol 2: Palmitoylcarnitine-Stimulated Respiration and Pyruvate-Palmitoylcarnitine
Respiration Interaction

To assess palmitoylcarnitine-stimulated respiration, saturating concentrations of malate
(M; 2mM) and ADP (D; 5 mM) were added to the chamber, followed by a stepwise titration of
palmitoylcarnitine (Palm), resulting in final concentrations of 0.0025, 0.005, 0.0125, 0.025, and
0.04 mM. Pyruvate was then titrated in the chambers to assess the kinetics of pyruvate in the
presence of palmitoylcarnitine using Protocol 1. Membrane integrity was tested with cytochrome
C, followed by the addition of antimycin A and oligomycin to assess residual, non-mitochondrial

oxygen consumption.

6.5.5. Data Analysis
Apparent Km and Vmax were determined using a 3-parameter model of the Michaelis-

Menten equation:

Vinax + C
0,=C+ —F——
]2 1+K_m

[S]

where JO: is the respiration rate at the concentration of a given substrate [S], and ¢ is JO2 when
[S]=0.

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
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analysis. Normality and homoscedasticity were determined using the Shapiro-Wilk and Levene's
tests, respectively. The effects of cigarette smoke and tissue on the Km and Vmax for each substrate
were determined using a two-way (Smoke x Tissue) non-parametric Aligned Ranks Transform
(ART) ANOVA (Oliver-Rodriguez & Wang, 2015). 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. Effect sizes were determined by calculating the partial
eta-squared (n?) and Cohen's d (d) for both the ART ANOVA and the post hoc comparisons,
respectively. For clarity, the results are presented as mean + SD in text and tables and mean + SEM

in the figures.
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6.6. Results

6.6.1. Effects of CSC on Mitochondrial Respiration supported by Pyruvate Oxidation

Dose-response curves for pyruvate-supported respiration in each tissue are shown in

Figures VI-1A and VI-1B. Smoke and tissue type had significant main (Smoke: p < 0.001, partial

n? = 0.56; Tissue: p = 0.008, partial n? = 0.22) and interaction effects (p = 0.008, partial n? = 0.22)

on the apparent sensitivity (Km) of the mitochondria to pyruvate (Fig 1C). Post hoc tests indicated

that Km of the control gastrocnemius (0.10 = 0.04 mM) was significantly lower than the CSC-

exposed gastrocnemius (0.45 £ 0.19 mM, adj. p <0.001, d =2.51) and CSC-exposed soleus (0.23

+ 0.15 mM, adj. p = 0.045, d = 1.23). Likewise, the control soleus (0.11 = 0.04 mM) had a
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Figure 6-1. Dose-response curve for Pyruvate-stimulated mitochondrial respiration in the Gastrocnemius (A; n = 8 per
group) and Soleus (B; n = 8-9 per group), and the mean estimates for the apparent Ki (C) and Viax (D) of mitochondrial
respiration to pyruvate for both control (white) and CSC-exposed (grey) fibers. Values are expressed as mean = SEM,

where appropriate.
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significantly lower Km than the CSC-exposed gastrocnemius (adj. p = 0.001, d = 2.42) while the
difference between the control soleus and the CSC-exposed soleus did not reach significance (ad;.
p =0.080, d = 1.13). There was not a significant difference in the sensitivity to pyruvate between
the control gastrocnemius and the control soleus (adj. p = 0.337, d = 0.25), or the CSC-exposed
gastrocnemius and the CSC-exposed soleus (adj. p=0.106, d = 1.24).

Similar to the Km, smoke and tissue type had significant main (Smoke: p < 0.001, partial
n? = 0.35; Tissue: p < 0.001, partial n> = 0.52) and interaction effects (p = 0.012, partial n> = 0.19)
on the maximal respiration capacity (Vmax) of the mitochondria to pyruvate (Fig 1D). Post hoc tests
indicated that the Vmax of the CSC-exposed gastrocnemius (22.3 + 4.4 pmoloz/sec/mgwt) was
significantly lower than the control gastrocnemius (50.4 + 11.8 pmoloz/sec/mgwt; adj. p = 0.029, d
= 3.17), control soleus (66.6 + 15.2 pmoloz/sec/mgwt; adj. p < 0.001, d =3.96), and CSC-exposed
soleus (59.8 + 15.8 pmoloz/sec/mgwt; adj. p=0.001, d =3.25). However, there was not a significant
difference between the control gastrocnemius and the control soleus (adj. p = 0.099, d = 1.18), the
control soleus and the smoke-exposed soleus (adj. p = 0.224, d = 0.44), or the control

gastrocnemius and the smoke-exposed soleus (adj. p = 0.258, d = 0.67).

6.6.2. Effect of CSC on Mitochondrial Respiration supported by Palmitoylcarnitine Oxidation
Dose-response curves for PC-supported respiration in each tissue are shown in Figures VI-

2A and VI-2B. While tissue type had a significant main effect on mitochondrial PC sensitivity (p

= 0.002, partial n*> = 0.32), we observed no effect of CSC (p = 0.220, partial n> = 0.06) or an

interaction effect (p = 0.220, partial n?> = 0.06; Fig VI-2C). Post hoc analysis of the tissue main
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Figure 6-2. Dose-response curve for palmitoylcarnitine-stimulated mitochondrial respiration in the Gastrocnemius (A, n = 7-8 per
group) and Soleus (B; n = 8-9 per group), and the mean estimates for the apparent Km (C) and Vmax (D) of mitochondrial respiration to
palmitoylcarnitine (PC) for both control (white) and cigarette smoke condensate-exposed (grey) fibers. Values are expressed as mean £
SEM, where appropriate.

effects indicated that the Km of the gastrocnemius (Control: 0.0030 + 0.0017; Smoke: 0.0030 +
0.0027) was significantly lower than the Km of the soleus (Control: 0.0093 + 0.0033; Smoke:
0.0155 + 0.0164) for both the control (adj. p =0.014, d = 2.38) and the CSC (adj. p = 0.009, d =
1.07) conditions.

Furthermore, there was not a main effect of CSC (p = 0.240, partial n> = 0.05) or an
interaction effect (p = 0.952, partial n> < 0.01); however, there was a significant effect of tissue
type (p < 0.001, partial n> = 0.46) on the maximal rate (Vmax) of PC-stimulated mitochondrial

respiration (Figure 6-2D). Post hoc analysis indicated that the Vmax of the control gastrocnemius
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(14.7 £ 4.7 pmoloz/sec/mgwt) was significantly lower than the Vmax of the control soleus (22.8 +
8.0 pmoloz/sec/mgwt; adj. p=0.010, d = 1.23). Likewise, the CSC-exposed gastrocnemius (11.5 +
2.6 pmoloz/sec/mgwt) was significantly lower than the CSC-exposed soleus (21.2 + 6.2

pmoloz/sec/mgwt; adj. p = 0.001, d =2.02).

6.6.3. Effect of CSC on Mitochondrial Respiration with concurrent addition of Pyruvate and
Palmitoylcarnitine

Dose-response curves for pyruvate-supported respiration in the presence of 0.04 mM PC
in each tissue are shown in Figures VI-3A and VI-3B. Contrary to pyruvate alone, there was no
interaction effect (p = 0.344, partial n?> = 0.03) on the Km of pyruvate in 0.04 mM PC, however,
there was a significant effect of CSC (p = 0.038, partial n?> = 0.14; Fig VI-3C) and tissue (p =
0.048, partial 1> = 0.13). Post hoc analysis indicated that there was not a significant difference
between the gastrocnemius groups (Gastrocnemius Control: 0.11 £ 0.03, Gastrocnemius Smoke:
0.12+0.03; adj. p=0.263, d = 0.40), but there was a trend towards significance between the soleus
control fibers (0.12 £ 0.04 mM) and the soleus CSC-exposed fibers (0.20 = 0.12 mM; adj. p =
0.066, d = 0.85). No significant post hoc differences were detected between the control fibers (p =
0.241, d = 0.48) and the CSC-exposed fibers (p =0.081, d = 0.93).

Tissue type (p < 0.001, partial n?> = 0.68) and cigarette smoke (p = 0.035, partial n*> = 0.14)
had significant main effects on the Vmax of pyruvate in 0.04 mM of PC (Figure 6-4D); however,
there was not a significant interaction effect (p = 0.276, partial n> = 0.04). Post hoc analysis
indicated that the control gastrocnemius (35.2 £ 8.1 pmolo2/sec/mgwt) was significantly different

than the control soleus (60.1 £ 17.1 pmolo2/sec/mgwt; adj. p = 0.005, d = 1.86). Likewise, the CSC-
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Figure 6-3. Dose-response curve for Pyruvate-stimulated mitochondrial respiration in the presence of 0.04 mM PC for
the Gastrocnemius (A; n = 7-8 per group) and Soleus (B; n = 7-9 per group), and the mean estimates for the apparent
K (C) and Vmax (D) of mitochondrial respiration to pyruvate for both control (white) and cigarette smoke condensate-
exposed (grey) fibers. Values are expressed as mean £ SEM, where appropriate.

exposed gastrocnemius (22.6 £ 2.4 pmoloz/sec/mgwy was significantly different than the CSC-
exposed soleus (55.0 = 12.3 pmoloz/sec/mgwt; adj. p < 0.001, d = 3.65). However, we did not
identify any significant post hoc effects between the control gastrocnemius and CSC-exposed
gastrocnemius (p = 0.104, d = 2.12) or between the soleus control and the CSC-exposed soleus (p

=0.385,d=0.34)

6.6.4. Specific Effect of CSC on Palmitoylcarnitine induced inhibition of Pyruvate supported
respiration
To determine the effect of smoke on the PC-induced inhibition of pyruvate oxidation, we

normalized the Km and Vmax of Pyruvate with concurrent addition of PC to the Km and Vmax of
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pyruvate in the absence of PC (Figure 6-4). CSC had a significant main effect (p < 0.001, partial
n? = 0.43) on the change in K (Fig. VI-4A), but there was no main effect of tissue type (p = 0.250,
partial n? = 0.05) or an interaction effect (p = 0.156, partial n?> = 0.07). Post hoc analysis indicated
that the change in Km to the CSC-exposed gastrocnemius (-63 + 22%) was significantly lower than
the control gastrocnemius (24 + 67%; p <0.001, d=1.75). However, the change in Km to the CSC-
exposed soleus (-24 + 36%) only trended toward being significantly different from the control
soleus (8 + 34%; p = 0.053, d = 0.35).

Similarly, CSC had a significant main effect (p = 0.027, partial n> = 0.15) on the change in
Vmax (Fig VI-4B), but there was no main effect of tissue type (p = 0.843, partial n> < 0.01) or an
interaction effect (p = 0.095, partial n? = 0.09). Post hoc analysis indicated that the differences
between the control (-27 +20%) and CSC-exposed gastrocnemius (19 = 39%; p =0.001, d =1.47)
were significant, but not the differences between the control (-9 + 17%) and CSC-exposed soleus

(-5 +30%; p=0.131, d = 0.35).
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Figure 6-4. Change in the K (A; n = 8 per group) and Vmax (B; n = 8-9 per group) of mitochondrial pyruvate oxidation in the presence of
saturating (0.04 mM) concentration of palmitoylcarnitine relative to mitochondrial pyruvate oxidation without palmitoylcarnitine in control
(white) and cigarette smoke condensate-exposed (grey) white gastrocnemius and soleus fiber bundles.

126



6.7. Discussion

Cigarette smoking is closely linked to the development of metabolic disorders. However,
the mechanisms underlying the metabolic toxicity of cigarette smoke remain unclear. Therefore,
this study aimed to determine cigarette smoke's acute effects on substrate sensitivity, respiratory
capacity, and fuel interaction in skeletal muscles with different metabolic characteristics.
Consistent with our hypothesis, cigarette smoke condensate directly impaired mitochondrial
respiration supported by pyruvate, a product of glycolysis, in the fast-twitch gastrocnemius and,
albeit to a lesser extent, the slow-twitch soleus muscles. Specifically, CSC exposure decreased
both muscle respiration sensitivity and maximal capacity linked to pyruvate oxidation. In contrast,
the sensitivity and maximal respiration supported by the fatty acid palmitoylcarnitine were
unaffected by cigarette smoke in the gastrocnemius or soleus tissues. In the control condition,
respiration supported by pyruvate was inhibited by the concurrent addition of palmitoylcarnitine
in the fast-twitch gastrocnemius muscle but not in the soleus muscle. With cigarette smoke, the
addition of palmitoylcarnitine augmented the maximal respiration rate stimulated by the
concurrent addition of pyruvate in the gastrocnemius. However, mitochondrial respiratory capacity
with combined substrates remained significantly lower in cigarette smoke than in controls for both
muscles, indicating impaired mitochondrial metabolic flexibility. Together, the results from the
present study lend support to the concept that cigarette smoke directly impairs the mitochondrial
capacity to use the products of glucose breakdown rather than fatty acids in skeletal muscles with

different metabolic properties.
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6.7.1. CSC Impairs Skeletal Muscle Mitochondrial Respiration Supported by Pyruvate

Consistent with our hypothesis, CSC drastically impaired pyruvate-supported skeletal
muscle respiration. Specifically, there was more than a 4-fold decrease in the sensitivity (~440%
increase in Km, Figure 6-1C), and the maximal rate of mitochondrial respiration linked to pyruvate
oxidation was decreased by ~58% (lower Vmax, Figure 6-1D) in the fast-twitch gastrocnemius
muscle. This inhibitory effect of CSC was attenuated in the slow-twitch soleus muscle, for which
the sensitivity of mitochondrial respiration to pyruvate was decreased only by 2.5-fold (Figure 6-
1C), and muscle respiratory capacity was not significantly affected by CSC incubation (Figure 6-
1D).

The present study's findings align with the results of studies performed by Thatcher et al.
(2014), which reported a ~60% decrease in maximal glutamate-and-malate-stimulated respiration
in cultured myotubes exposed to smoke-conditioned media for 4 hours. This study also reported a
~50% decrease in maximal ADP-stimulated respiration with complex I substrates, glutamate-and-
malate, in the gastrocnemius muscle of mice exposed to mainstream cigarette smoke for 6 weeks.
Our results, therefore, confirm and extend these findings to submaximal rates, thus revealing a
smoke-induced decrease in sensitivity for pyruvate oxidation in the fast-twitch gastrocnemius
muscle, with this effect being attenuated in slow-twitch soleus muscle due to a relatively lower
proportion of type II glycolytic muscle fibers compared to the gastrocnemius (Augusto et al.,
2004).

In conjunction with the present results in situ, the findings from Thatcher et al. (2014)
support the concept of a direct inhibitory effect of cigarette smoke on mitochondrial oxidation of

glucose-derived substrates. Further supporting this interpretation, constituents of cigarette smoke,
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specifically nicotine and o-cresol, have been identified as inhibitors of mitochondrial Complex I,
the primary site of NADH oxidation, in isolated mitochondria (Khattri et al., 2022). As the ultimate
energy-producing fate of glucose oxidation is to support the reduction of NAD" to NADH to
support complex I-driven respiration, the direct inhibition of complex I function by cigarette
smoke is likely to be an important mechanism contributing to impaired glucose oxidation, and the

greater risk of hyperglycemia and insulin resistance often observed in smokers (Pan et al., 2015).

6.7.2. Skeletal Muscle Mitochondrial Respiration Supported by Fatty Acids is Unaffected by CSC

Unlike pyruvate oxidation, fatty acid-stimulated mitochondrial respiration was not
significantly affected by CSC in either muscle group (Figure 6-2A-D). For example, in the
gastrocnemius muscle, CSC had almost no (~1%) effect on the Km of mitochondrial respiration
for fatty acid substrates. Likewise, CSC did not significantly alter the Vmax in the soleus (-7%).
Overall, these results with different conditions of substrate availability in permeabilized fibers rule
out a direct effect of cigarette smoke on the mitochondrial oxidation of fatty acids in the skeletal
muscle.

Our findings in an in situ muscle preparation somewhat contrast with whole-body studies in
humans, reporting a ~30% increase in the oxidation of '*C-palmitate in the quadriceps muscles of
humans during an active smoking session (Bergman et al., 2009). Also, Jensen et al. (1995)
documented a significant correlation (r = 0.57) between urine cotinine excretion and fat oxidation
measured by indirect calorimetry. A possible explanation for this discrepancy between in situ and
in vivo studies might be the calorigenic effects of cigarette smoke and one of its main constituents,

nicotine, which can confound the interpretation of the whole-body results. For instance, smoking
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and nicotine have been demonstrated to increase 24-h (Hofstetter et al., 1986) and resting energy
expenditure (Perkins et al., 1989, 1990). A strength of our study design was that our skeletal muscle
preparation in situ allowed us to parse out the direct effects of cigarette smoke on mitochondrial
respiratory function with fatty acid substrates from the confounding changes in metabolic demand.
Therefore, our findings seem to discount a smoke-induced defect in mitochondrial capacity to
oxidize lipids as a factor responsible for dyslipidemia and ectopic fat accumulation in chronic
smokers, as observed by several epidemiological studies (Canoy et al., 2005; Chiolero et al., 2008;

Sinha-Hikim et al., 2014; Terry et al., 2020).

6.7.3. CSC Alters Skeletal Muscle Mitochondrial Respiration with Competing Substrates

A unique feature of the experimental design in the present study was the assessment of
mitochondrial respiration rates with competing substrates (fatty acids and pyruvate) using
experimental conditions that replicate the transition from fasting to the fed state, and thus the
transition from fatty acid utilization to carbohydrate utilization, to examine mitochondrial
metabolic flexibility (Figure 6-3A-D). In line with work conducted in mitochondria isolated from
fast-twitch muscles (Abdul-Ghani et al., 2008b), we observed an inhibitory effect of
palmitoylcarnitine on pyruvate-stimulated mitochondrial respiration (increased Km and lower
Vmax) in both the control gastrocnemius and soleus muscles in situ (Figure 6-4). Specifically, the
results of these experiments in permeabilized fibers indicated that palmitoylcarnitine decreased the
sensitivity of the mitochondria to pyruvate by ~20-40% and decreased the maximal respiration
capacity (Vmax) of pyruvate by ~10-25% in the fast-twitch gastrocnemius and slow-twitch soleus

muscles (Figure 4A-B). Consistent with these results in the skeletal muscle in situ,
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palmitoylcarnitine inhibited maximal respiration capacity linked to pyruvate oxidation by 34% in
mitochondria isolated from fast-twitch mouse muscles (Abdul-Ghani et al., 2008b).

We then sought to examine whether CSC exposure would alter the inhibition induced by
palmitoylcarnitine on pyruvate-stimulated respiration. Interestingly, with CSC, palmitoylcarnitine
had an additive effect and improved mitochondrial respiration sensitivity for pyruvate by 20-60%
in the gastrocnemius and soleus muscles. Similarly, the pyruvate-stimulated Vmax in the
gastrocnemius was increased by ~20% (Figure 6-3C-D). However, it is important to note that
mitochondrial respiratory capacity with combined substrates remained significantly lower in
cigarette smoke than in controls, indicating impaired mitochondrial metabolic flexibility. These
findings may reconcile the conflicting results between experiments in humans using whole-body
indirect calorimetry and isotope tracers (Bergman et al., 2009; Jensen et al., 1995), which indicated
a CSC-induced increase in substrate oxidation, and studies in vitro (Khattri et al., 2022; Thatcher
et al., 2014), which demonstrated CSC-induced impairment in substrate oxidation by the
mitochondria. In light of the present results obtained in permeabilized muscle fibers in situ, it is
apparent that the oxidation by the mitochondria of the glycolytic product (e.g., pyruvate) or
downstream tricarboxylic acid cycle (TCA) intermediates (e.g., glutamate and malate) is impaired
by cigarette smoke exposure. This inhibition was substantial when depending solely on those
substrates (Figure 6-1), whereas the effect was attenuated but still statistically significant, using a
combination of glucose- and fatty acid-derived substrates at submaximal amounts (Figure 6-3), as
is the case in a physiological system. Future studies using simultaneous measurements of the fluxes
through the TCA cycle and pB-oxidation, combined with direct measurements of the

electrochemical potential in conditions of competing substrates, are therefore needed to elucidate
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the thermodynamic mechanisms underlying these findings.

6.7.4. Clinical Perspectives

Herein, we investigated the impacts of cigarette smoke on substrate oxidation at the
mitochondrial level — the final site of substrate oxidation for the generation of ATP. Our study in
a skeletal muscle preparation in situ revealed that, while maximal mitochondrial respiration with
fatty acid substrates was unaffected by cigarette smoke exposure, mitochondrial respiration
supported by carbohydrate-derived substrates, alone or in combination with fatty acids, was
significantly impaired in the skeletal muscle. Clinically, these findings of impaired mitochondrial
metabolic flexibility could explain both the decline in insulin sensitivity and the increase in
triglyceride storage associated with chronic smoking (Canoy et al., 2005; Chiolero et al., 2008;
Pan et al., 2015; Sinha-Hikim et al., 2014; Terry et al., 2020). Conceptually, the inhibition of
pyruvate oxidation in the mitochondria can decrease cellular glucose oxidation. As excess
carbohydrates are converted into fatty acids in the liver, those can then be incorporated into
triglycerides and cholesterol to be transported in the blood or converted into sphingolipids and/or
ceramide (Li et al., 2021; Telenga et al., 2014). These excess lipid species would then be taken up
and stored in ectopic fat depots, such as skeletal muscle and liver (Figure 6-5), with adverse effects
(lipotoxicity) on these organs (Watt et al., 2012). Therefore, impaired pyruvate oxidation induced
by cigarette smoke leads to a vicious cycle whereby the incorporated lipid species further impair

mitochondrial respiration and cause further cellular damage, as observed in individuals chronically
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exposed to cigarette smoke.

Impaired Mitochondrial
Pyruvate Oxidation

Lipid Storage in Muscle

= ——
Excess Blood Glucose

—

\ J
Figure 6-5. Schematic outlining the hypothesized mechanisms by which cigarette smoke induces skeletal muscle
mitochondrial dysfunction and the downstream effects. Cigarette smoke inhibits the oxidation of pyruvate, a
carbohydrate-derived substrate. This contributes to excess blood glucose, which is converted to fatty acids and other

lipid species via the liver. These excess lipids are transported back into the bloodstream, where they are taken up and
stored in muscle.
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6.8. Conclusion

In conclusion, this study revealed that cigarette smoke condensate acutely impaired
mitochondrial respiration supported by pyruvate, a product of glycolysis, in the fast-twitch
gastrocnemius and, to a lesser extent, the slow-twitch soleus muscle. In contrast, the sensitivity
and maximal respiration supported by the fatty acid palmitoylcarnitine were unaffected by
cigarette smoke in either the gastrocnemius or soleus tissues. In a condition replicating the
transition from fasting to the fed state, respiration supported by pyruvate was inhibited by the
concurrent addition of palmitoylcarnitine in the fast-twitch gastrocnemius muscle. Interestingly,
palmitoylcarnitine increased pyruvate utilization at submaximal respiration rates in conditions
with cigarette smoke in the gastrocnemius. However, this additive effect of fatty acids was
insufficient to restore mitochondrial respiration to the level of the control condition, thus still
indicating an impaired mitochondrial metabolic flexibility. Our findings underscore that impaired
metabolism of carbohydrate-derived substrates are the primary mechanism underlying cigarette
smoke-associated muscle mitochondrial dysfunction, which leads to a vicious cycle involving
excess glucose conversion into fatty acids and lipotoxicity, which further skeletal muscle and
mitochondrial abnormalities commonly observed in humans chronically exposed to cigarette

smoke.
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7.2. Abstract

Cigarette smoke has been shown to induce mitochondrial dysfunction, thus leading to the
development of chronic disease. However, the mechanisms underlying cigarette smoke-induced
mitochondrial dysfunction in the skeletal muscle are still poorly understood. Accordingly, this
study aimed to elucidate the molecular targets of cigarette smoke in the mitochondria of
permeabilized gastrocnemius and soleus muscle fibers. Cigarette smoke decreased complex-I-
driven mitochondrial respiration in the gastrocnemius (CONTROL: 45.4 + 11.2 pmolo2/sec/mgwt
and SMOKE: 27.5 £ 12.0 pmolo2/sec/mg wt; p = 0.04) and soleus (CONTROL: 63.0 + 23.8
pmoloz/sec/mgwt and SMOKE: 44.6 + 11.1 pmoloz/sec/mgwt; p = 0.038), resulting in a greater
overall contribution of complex II on maximally stimulated respiration. The maximal activity of
the electron transport chain was also significantly inhibited by cigarette smoke. Furthermore,
ADP/ATP transport also appeared to be impaired in cigarette smoke-exposed gastrocnemius, as
the contribution of ANT to total mitochondrial respiration was decreased (CONTROL: 2.23 +
0.69; SMOKE: 1.21 + 0.08; p = 0.001). However, these effects were attenuated in the soleus
(CONTROL: 1.66 +0.42; SMOKE: 1.30 + 0.16; p=0.076). Interestingly, cigarette smoke did not
significantly alter any markers of mitochondrial quality or thermodynamic coupling. Our findings
underscore that cigarette smoke directly impairs the mitochondrial electron transport chain,
especially at the site of complex I, as well as ANT, which facilitates the exchange of ADP/ATP
across the inner mitochondrial membrane. These concurrent effects result in the maintenance of
mitochondrial efficiency; however, total mitochondrial ATP production is indeed impaired in
smoke-exposed fibers. The findings in these studies elucidate the primary targets of smoke-

induced mitochondrial dysfunction and provide targets of interest for therapeutic approaches.
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7.3. New & Noteworthy

While cigarette smoke exposure is well-known to induce mitochondrial dysfunction, the
molecular targets of cigarette smoke within the mitochondrial are unknown. Herein, we show that
complex I of the electron transport chain is a primary target of cigarette smoke-induced
mitochondrial dysfunction. Furthermore, cigarette smoke also targets ANT, thus inhibiting the
exchange of ADP/ATP across the inner mitochondrial membrane. With this evidence, we
demonstrate that concurrent inhibition of the electron transport chain and ADP/ATP exchange by
cigarette smoke is the primary mechanism by which cigarette smoke induces mitochondrial

dysfunction and bioenergetic deficits in skeletal muscle.
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7.4. Introduction

Cigarette smoke exposure is a significant risk factor for frailty, sarcopenia, and the
development of numerous chronic diseases, thus causing over 480,000 premature deaths in the
United States (United States Department of Health and Human Services, 2014). Additionally,
increased muscle fatiguability (Wiist et al., 2008) and lower exercise tolerance (Papathanasiou et
al., 2007b) are typical in chronic 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 and diffusion (Morse et al., 2008; Tang et al., 2010), deficits in
myofiber contractile function (Nogueira et al., 2018; Robison et al., 2017), and mitochondrial
dysfunction (Ajime et al., 2020; Pérez-Rial et al., 2020; Thatcher et al., 2014; Tippetts et al., 2014).

Regarding mitochondrial alterations, chronic cigarette smoking elicits substantial changes
in mitochondrial characteristics such as impaired skeletal muscle oxidative phosphorylation
capacity (Thatcher et al., 2014; van der Toorn et al., 2007, 2009; aim 1), altered substrate utilization
(aim 2), decreased oxidative enzymes (Barreiro et al., 2012; Decker, Kwon, Zhao, Hoidal,
Heuckstadt, et al., 2021; Gosker et al., 2009), and enhanced mitochondrial-derived ROS
production (Barreiro et al., 2012; Decker, Kwon, Zhao, Hoidal, Heuckstadt, et al., 2021; Haji et
al., 2020). Interestingly, the mechanisms by which energy transduction in the mitochondria is
directly impaired by cigarette smoke have recently received some attention in the skeletal muscle.
Specifically, acute exposure to cigarette smoke condensate (0.02-1%) inhibited ADP-stimulated
respiration supported by complex I and II in isolated mitochondria from the hindlimb muscles of
mice (Khattri et al., 2022). In addition, complex-II supported respiration was slightly less sensitive

than complex I to the inhibitory effects of cigarette smoke condensate (Khattri et al., 2022).
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Another interesting finding was the documentation of a decreased mitochondrial proton leak-
driven respiration with cigarette smoke condensate exposure, which alluded to direct impairments
of the electron transport system.

Other reports in epithelial cells exposed to cigarette smoke condensate pointed toward an
increase in mitochondrial membrane permeability via activation of the adenine nucleotide
translocase (ANT) (Wu et al., 2020), a crucial transporter responsible for the exchange of
nucleotides (i.e., ADP and ATP) across the mitochondrial inner mitochondrial membrane
(Klingenberg, 2008). ANT also serves as an important site of proton leak and mitochondrial
uncoupling (Bertholet et al., 2019a), effectively regulating AWm: and, when activated, decreasing
the protonmotive force driving ATP production. Based on the above evidence obtained in vitro in
isolated mitochondria or cultured cells, cigarette smoke may impair mitochondrial ATP production
through three potential mechanisms: decreased supply of reducing equivalent in the electron
transport, increased proton leak, and/or decreased ATP turnover (ATP synthesis and
transportation). However, whether these mechanisms are involved and their relative contribution
to the bioenergetic deficits induced by cigarette smoke in the skeletal muscle remains to be
elucidated. It is also unknown whether these mechanisms are fiber-type specific. In this regard, it
is noteworthy that chronic smokers and patients with chronic obstructive pulmonary disease, a
disorder mainly caused by cigarette smoking, are characterized by metabolic abnormalities and
specific atrophy of type I fibers (Maltais et al., 2000; Nyberg et al., 2015; Whittom et al., 1998).

Therefore, the purpose of the present study was to determine the effect of cigarette smoke
on the function of the electron transport system, ADP transport into the mitochondria, and changes

in ATP synthase kinetics in permeabilized muscle fiber of skeletal muscles with differing
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metabolic characteristics. To achieve these aims, we assessed in situ mitochondrial respiration via
titrations of ADP and carboxyatractyloside, a potent ANT inhibitor, in predominantly fast (white
gastrocnemius) and slow-twitch (soleus) skeletal muscle fibers acutely exposed to cigarette smoke
concentrate (CSC). We hypothesized that CSC would inhibit mitochondrial respiration (sensitivity
and maximal capacity) supported by ADP, which would be attributed to impairments in ANT

activity, decreased electron flow through the respiratory complexes, and greater proton leak.
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7.5. Methods

7.5.1. Animals and Experimental Design

Eleven three- to eleven-month-old male (n = 7) and female C57BL/6 mice were
used for this study. All animals were maintained on a 12-hour dark/light cycle without access to
running wheels and were fed standard chow ad libidum. Following euthanasia by 5% isoflurane,
the gastrocnemius and soleus were immediately extracted and placed in an ice-cold BIOPS
preservation solution (Pesta & Gnaiger, 2012). The gastrocnemius and soleus were specifically
chosen due to the similarities in mitochondrial respiratory rates per unit of mass compared to those
of human vastus lateralis muscle (Jacobs et al., 2013), and to encompass tissues that contain

varying amounts of type I and type II skeletal muscle fibers (Augusto et al., 2004).

7.5.2. Preparation of Permeabilized Muscle Fibers

The tissue preparation and respiration measurement techniques were adapted from
established methods (Kuznetsov et al., 2008a; Pesta & Gnaiger, 2012) and have been previously
described (Layec et al., 2018). Briefly, BIOPS-immersed fibers (2.77mM CaK2EGTA, 7.23mM
K2EGTA, 50mM K+ MES, 6.56 mM MgCI2, 20mM Taurine, 5.77mM ATP, 15mM PCr, 0.5mM
DTT, 20mM Imidazole) were carefully separated with fine-tip forceps and subsequently bathed in
a BIOPS-based saponin solution (50 pg saponin.ml-1 BIOPS) for 30 minutes. Following saponin
treatment, muscle fibers were rinsed twice in ice-cold mitochondrial respiration fluid (MIR0S, in
mM: 110 Sucrose, 0.5 EGTA, 3 MgCl2, 60 K-lactobionate, 20 taurine, 10 KH2PO4, 20 HEPES,
BSA 1g.L-1, pH 7.1) for 10 minutes each.

Following chemical permeabilization, tissues were placed in separate containers with a 2
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mL solution of MiR05 (control) or 4% cigarette smoke concentrate (CSC; Murty Pharmaceuticals,
Lexington, KY). These concentrations of cigarette smoke were chosen based on pilot studies
showing that this concentration induces a ~25% decrease in state III mitochondrial respiration in
permeabilized fibers from the gastrocnemius muscle, which reflects the perturbations in
mitochondrial respiration reported in mice and humans chronically exposed to cigarette smoke
(Ajime et al., 2020; Gifford et al., 2018a; Thatcher et al., 2014). The tissue-containing solutions
were rocked gently in a 4°C cold room for 1 hour.

After the muscle sample was gently dabbed with a paper towel to remove excess fluid, 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 O2K, Oroboros Instruments,
Innsbruck, Austria) with 2 ml of MIRO0S5 solution warmed to 37°C. Oxygen was added to the
chambers, and oxygen concentration was maintained between 190-250 uM. After allowing the
permeabilized muscle sample to equilibrate for 5 minutes, 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-seconds (at a sampling rate of 2 seconds) was reached, the average
of which was used for data analysis. The rate of O2 consumption was expressed relative to muscle

sample mass (in picomoles per second per milligram of wet weight).

7.5.4. Measurement of Mitochondrial Respiration
The mitochondrial respiration protocol used in the present study was designed to test
several mechanisms by which cigarette smoke condensate impairs mitochondrial function and was

performed as follows: First, saturating concentrations of glutamate (G; 10 mM) and malate (M; 2
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mM) were added to the chambers. The addition of glutamate and malate without the presence of
ADP (also known as state IV respiration) represents a non-phosphorylating state where the oxygen
consumed by the mitochondria is linked to the leak of protons from the mitochondrial
intermembrane space (Brand & Nicholls, 2011). 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 (ADPs000).
These concentrations were chosen as they are reflective of: 1) the concentrations of ADP observed
at the end of an acute high-intensity exercise bout (~50 pM) as measured by *'P Magnetic
Resonance Spectroscopy (Argov et al., 1996; Kemp et al., 2007; Vanderthommen et al., 2003;
Vanhatalo et al., 2014); 2) the reported Km of ADP for mitochondrial respiration (~250 uM) in
permeabilized skeletal muscle fibers (Bygrave & Lehninger, 1967; Kuznetsov et al., 1996; Perry
et al., 2011; Veksler et al., 1995); and 3) the concentration of ADP at Vmax for mitochondrial
respiration in permeabilized skeletal muscle fibers (5 mM). 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 uM) was added to the chamber to assess the outer
mitochondrial membrane's integrity (Perry et al., 2013).

Following the addition of cytochrome C, carboxyatractyloside (CAT; Cayman Chemical
no. 21120) was added in 5 steps with final concentrations of 0.05 uM, 0.1 uM, 0.2 uM, 1.0 uM,
and 5.0 uM. A potent ANT inhibitor, CAT was titrated near concentrations reflective of the
inhibition constant (ICso), or the concentration at which CAT inhibits the activity of ANT by 50%,
and at the concentration which results in maximal inhibition (Imax). Pilot experiments from our lab
estimated ICso at approximately 0.42 uM, well within the range of other reports (Vignais et al.,

1976; Wisniewski et al., 1995). Following this, carbonyl cyanide m-chlorophenyl hydrazone
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(FCCP) was added to assess the excess capacity of the mitochondrial ETC. FCCP is a potent
ionophore that quickly allows protons to exit the mitochondrial intermembrane space, effectively
uncoupling electron transport and oxygen consumption from ATP synthesis, diminishing A%¥mt
and allowing the uninhibited flow of electrons through the ETC (Brand & Nicholls, 2011).
Rotenone (Rot; 0.5 uM), a complex I inhibitor, will then be added to the chamber to assess complex
II-linked respiration. Lastly, oligomycin (Omy; 2.5 uM), an inhibitor of ATP synthase, and
antimycin A (AmA; 2.5 uM), a complex III inhibitor, was added to the chambers to assess residual,
or non-mitochondrial, oxygen consumption. Following the conclusion of these experiments, tissue

samples were snap frozen in liquid nitrogen and stored at -80°C for later analysis of CS activity.

7.5.5. Data Analysis
The rate of Oz consumption (JO2) 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 = 2-3). All extreme outliers (more extreme than Q1 - 3 * IQR or Q3
+ 3 * IQR) were also excluded from the analysis. The respiratory control ratio (RCR) was
calculated as the ratio of maximal state III-driven respiration (GMDS) to leak respiration (GM).
The relative contribution of Complex II to maximal uncoupled respiration was determined by
calculating the ratio of Rot:FCCPpeak.

Thermodynamic coupling (g) is another method of quantifying mitochondrial respiratory
capacity (Larsen 2011) and estimates all enzymatic processes and free energy changes that occur

during oxidative phosphorylation. Furthermore, thermodynamic coupling changes are theorized to
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reflect changes in the P/O ratio. Thermodynamic coupling was calculated by:
CATs
q= [1-
FCCP Peak

CSC-induced changes to the ETS (A FCCPreak) in the gastrocnemius and soleus was
determined by calculating the difference in uncoupled respiration (FCCPpeak) between the smoke
and control tissues expressed as a percentage of the control fibers. CSC-induced inhibition to ANT

for each tissue was calculated as follows:

(GMDSSmoke - CATS.O Smoke) - (GMDSControl - CATS.O Control)

CSC-Induced ANT Inhibition (%) =
GMDSControl

Apparent Km and Vmax were determined using a 3-parameter model of the Michaelis-

Menten equation:

Viax — C
JO, =C+ ==
1+ 2

[5]

where JO2 is the respiration rate at the concentration of a given substrate [S], Vimax is the maximal
rate of respiration, Km is the concentration of [S] at 50% of Vmax, and C is JO2 when [S] = 0.

Likewise, the inhibitory kinetics of CAT was fitted to the same equation but modified as follows:

C— Imax

IC
14+ =20
[S]

JOy = Iy +

where Imax is the minimum rate of respiration induced CAT and ICso is the respiration rate at 50%
Imax.
Normality and homoscedasticity were determined using the Shapiro-Wilk test and Levene's

test, respectively. The effects of cigarette smoke and tissue on all parameters were determined
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using a two-way (Smoke x Tissue) Aligned Ranks Transform (ART) ANOVA (Oliver-Rodriguez
& Wang, 2015). 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.
A nonparametric Wilcoxon’s test was used for the comparison between the difference in FCCPpeak
between the gastrocnemius and soleus. Effect sizes were determined by calculating the partial eta-
squared (n2) and Cohen's d for both the ANOVA and the post hoc comparisons, respectively. For

clarity, the results are presented as mean + SD in text and tables and mean + SEM in the figures.
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7.6. Results

7.6.1. Effects of CSC on Components of the Mitochondrial Respiratory System

Mitochondrial respiration rates are shown in Figure VII-1A and Table 7-S1. Leak (GM)
respiration did not exhibit an effect of CSC (p = 0.314, partial n> = 0.03) nor an interaction effect
(p = 0.308, partial 1> = 0.03), however there was a significant effect of tissue type (p < 0.001,
partial n? = 0.61). Post hoc analysis revealed that respiration in the soleus tissues exhibited greater
leak respiration than the gastrocnemius in control (Gastrocnemius control: 16.8 + 4.6
pmoloz/sec/mgwt; Soleus control: 27.6 + 4.4 pmoloz/sec/mgwt; adjusted p = 0.001, d = 2.38) and
CSC-exposed (Gastrocnemius CSC: 12.6 + 3.9 pmoloz/sec/mgwt; Soleus CSC: 264 + 7.2
pmoloz/sec/mgwt; adjusted p < 0.001, d = 2.38) conditions. 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 state
III respiration (GMDso00), but there was no interaction effect (p = 0.604, partial > = 0.01). As
determined by post hoc tests, smoke had a significant effect on the gastrocnemius (Gastrocnemius
control: 45.4 £ 11.2 pmoloz/sec/mgwt; Gastrocnemius CSC: 27.5 & 12.0 pmoloz/sec/mgwt; adjusted
p=0.014, d = 1.54) and soleus (Soleus control: 63.0 + 23.8 pmoloz/sec/mgwt; Soleus CSC: 44.6 £
11.1 pmoloz/sec/mgwt; adjusted p = 0.038, d = 0.99). Likewise there was a significant difference
between the control gastrocnemius and control soleus (adjusted p = 0.048, d = 0.95) and the CSC-
exposed gastrocnemius and the CSC-exposed soleus (adjusted p = 0.019, d = 1.48).

Maximal State III respiration (GMDS) also exhibited significant main effects of smoke (p
< 0.001, partial n?> = 0.27), tissue (p < 0.001, partial n> = 0.47), but not an interaction effect (p =
0.542, partial n? = 0.01). Post hoc analysis revealed trends toward significance between the control

and CSC-exposed gastrocnemius muscles (Gastrocnemius control: 57.1 £+ 10.6 pmoloz/sec/mgwt;
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Gastrocnemius CSC: 37.3 + 17.5 pmoloz/sec/mgwt; adjusted p = 0.069, d = 1.37), but there were
significant differences between the control and CSC-exposed soleus muscles (Soleus control: 96.2
+ 30.9 pmoloz/sec/mgwt; Soleus CSC: 68.2 + 16.0 pmoloz/sec/mgwt; adjusted p = 0.041, d = 1.14).
On the other hand, soleus muscles exhibited significantly greater respiration rates than the
gastrocnemius muscles for both the control (adjusted p =0.004, d =1.69) and CSC-exposed groups
(adjusted p = 0.006, d = 1.85).

However, there was no effect of cigarette smoke on the respiration rates on state II
respiration when inhibited with CAT (CATs.0) (p = 820, partial n? < 0.001 nor an interaction effect
(p = 0.716, partial n*> < 0.01), but there was a significant main effect of tissue (p < 0.001, partial
n? = 0.58). Post hoc tests determined significant differences between tissues in the control
(Gastrocnemius control: 26.8 + 5.8 pmoloz/sec/mgwt; Soleus control: 62.6 + 28.1 pmoloz/sec/mgwt;
adjusted p < 0.001, d = 1.76) and CSC-exposed (Gastrocnemius CSC: 30.1 + 15.0
pmoloz/sec/mgwt; Soleus CSC: 54.3 + 14.8 pmoloz/sec/mgwt; adjusted p < 0.001, d = 1.62) groups.

Similar to maximal state III respiration, uncoupled respiration (FCCPpeak) was significantly
affected by cigarette smoke (p = 0.003, partial n> = 0.20) and tissue type (p < 0.001, partial n> =
0.36), however, there was not a significant interaction effect (p = 0.892, partial n> < 0.01). Post
hoc analyses failed to determine significant CSC-induced effects in the gastrocnemius
(Gastrocnemius control: 52.1 + 12.0 pmoloz/sec/mgwt; Gastrocnemius CSC: 38.3 + 23.3
pmoloz/sec/mgwt; adjusted p = 0.082, d = 0.74) or soleus (Soleus control: 89.3 + 32.1
pmoloz/sec/mgwt; Soleus CSC: 65.7 = 10.9 pmoloz/sec/mgwt; adjusted p = 0.139, d = 0.87) tissues.

However, there were significant effects between the control tissues (p = 0.006, d = 1.54) and the
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CSC-exposed tissues (p = 0.004, d = 1.24).

Complex II-specific respiration (Rot) was affected by CSC (p = 0.022, partial n? = 0.14)
and tissue type (p < 0.001, partial n> = 0.37), but there was not an interaction effect (p = 0.468,
partial n? = 0.01). Post hoc analysis demonstrated non-significant differences between the control
group and the CSC-exposed group for the gastrocnemius (Gastrocnemius control: 34.9 + 11.4
pmoloz/sec/mgwt; Gastrocnemius CSC: 31.9 + 20.3 pmoloz/sec/mgwt; adjusted p=0.303, d=0.18)
and soleus (Soleus control: 61.9 + 18.0 pmoloz/sec/mgwt; Soleus CSC: 45.5 + 9.3 pmoloz/sec/mgwt;
adjusted p = 0.136, d = 1.14). However, there were tissue-specific differences in the control (p =
0.002, d = 1.79) and CSC-exposed groups (p = 0.015, d = 0.86). Lastly, residual oxygen
consumption (AmA & Omy) was affected by tissue type (p < 0.001, partial n*> = 0.65), but not
CSC (p = 0.072, partial n> = 0.10), and there was no interaction effect (p = 0.535, partial n*> =
0.01). Post hoc analysis revealed significant differences between the gastrocnemius and soleus
tissues for the control (Gastrocnemius control: 11.9 £ 3.6 pmoloz/sec/mgwt; Soleus control: 19.9 +
4.0 pmoloz/sec/mgwt; adjusted p < 0.001, d =2.09) and CSC-exposed (Gastrocnemius CSC: 8.1 +
2.0 pmoloz/sec/mgwt; Soleus CSC: 17.8 £ 3.3 pmoloz/sec/mgwt; adjusted p = 0.003, d = 3.53)

groups.

7.6.2. Effects of CSC on Complex I/Il and ANT Contributions and Mitochondrial Quality

There was a significant main effect of smoke (p = 0.015, partial n2 = 0.16) and an
interaction effect (p = 0.048, partial n> = 0.11), but no main effect of tissue (p = 0.466, partial 2
= 0.02) on the relative contribution of complex II respiration (Figure VII-1B). Post hoc analysis

revealed a significant difference between the control gastrocnemius and the CSC-exposed
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A FCCPpea

gastrocnemius (Gastrocnemius control: 67.2 + 9.5%; Gastrocnemius CSC: 82.1 + 2.1%; adjusted
p = 0.006, d = 2.16). No significant differences were observed between the control soleus and
smoke soleus (Soleus control: 74.1 + 12.6%; Soleus CSC: 76.1 + 10.4%; adjusted p = 0.323, d =
0.17), control gastrocnemius (adjusted p = 0.240, d = 0.62), or the CSC-exposed gastrocnemius
(adjusted p = 0.154, d = 0.88); nor were there differences between the CSC-exposed soleus and
the control (adjusted p=0.161, d = 0.89) or the CSC-exposed gastrocnemius (adjusted p = 0.190,
d = 0.80).

There were significant main effects of smoke (p < 0.001 partial n? = 0.52), tissue (p =
0.001, partial 1> = 0.25), and an interaction effect (p = 0.001, partial n> = 0.25) on the ratio of
GMDS to CATs.o (Figure VII-1C). Post hoc analysis revealed significant differences between the
control and CSC-exposed gastrocnemius (control: 2.23 + 0.65; CSC: 1.22 + 0.08; adjusted p <
0.001, d = 2.05), but only trended in the soleus (control: 1.63 = 0.41; CSC: 1.28 + 0.17; adjusted

p=0.059, d=1.10). There were no differences between the tissues in the control groups (adjusted
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Figure 7-2. The relative differences in uncoupled (FCCPPeak) respiration (4) and the CSC-induced inhibition of ANT
(B) between the control and CSC-exposed fibers for the gastrocnemius (white) and soleus (grey) muscle fibers.
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p=0.135,d = 1.11) or the CSC-exposed groups (adjusted p = 0.330, d = 0.13).

There were no significant effects of CSC (p = 0.287, partial n? = 0.03) or tissue (p = 0.946,
partial n*> < 0.01), nor an interaction effect (p = 0.557, partial n> < 0.01) on the ratio of GMDS to
FCCPpeak (Figure VII-1D). Significant main effects of CSC (p < 0.001, partial n*> = 0.58), tissue (p
= 0.015, partial n?> = 0.15), and an interaction effect (p = 0.025, partial n*> = 0.12) were observed
on the thermodynamic coupling (Figure VII-1E). Post hoc analysis revealed significant differences
between the control and CSC-exposed 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
gastrocnemius and control soleus (adjusted p = 0.042, d = 1.74) and the control gastrocnemius and
the CSC-exposed soleus (adjusted p < 0.001, d = 3.27). No significant differences were observed
between the CSC-exposed gastroc and the control soleus (adjusted p=0.063, d = 0.98) or the CSC-
exposed gastrocnemius and the CSC-exposed soleus (adjusted p = 0.380, d = 0.09).

Respiratory Control Ratio (not shown) was also significantly affected by CSC (p =
0.025, partial n2 = 0.12), but not tissue (p = 0.570, partial n2 < 0.01), nor was there an interaction
effect (p =0.571, partial 2 <0.01). Post hoc analysis revealed a trend toward significance between
the control and CSC-exposed soleus (control: 3.25 + 0.85, CSC: 2.70 £ 0.70; adjusted p = 0.057,
d=0.71), but no difference between the control and CSC-exposed gastrocnemius (control: 3.71 +

1.54, CSC: 2.71 + 0.86; adjusted p = 0.105, d = 0.81).

7.6.3. Effects of CSC on ETS Activity

The difference in uncoupled respiration (FCCPpeak) between the control and smoke groups
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for both the gastrocnemius and soleus are shown in Figure 7-2A. There were no significant
differences (p = 0.426; d = 0.23) between the gastrocnemius (-29.4% =+ 30.0%) and the soleus (-
23.3% + 21.6%). CSC-induced ANT inhibition is shown in Figure VII-2B. There was a significant
difference (p = 0.009; d = 0.93) in the ability for CSC to inhibit ANT between the gastrocnemius

(-42.6% £ 12.0%) and the soleus (-21.8% + 17.0%).

7.6.4. Effects of CSC on ADP Kinetics

Dose kinetics for ADP are shown in Figure VII-2A. There were significant main effects of
CSC (p < 0.001, partial n? = 0.35) and tissue (p < 0.001, partial n? = 0.38), as well as significant
interaction effects (p < 0.001, partial n? = 0.37) in the apparent Km of ADP (Figure VII-2B). Post
hoc analysis revealed that the soleus control (316.8 + 213.5 uM ADP) was significantly greater
than the control gastrocnemius (26.4 = 18.5 uM ADP; adjusted p = 0.001, d = 1.92), CSC-exposed
gastrocnemius (37.7 = 42.4 uM ADP; adjusted p = 0.001, d = 1.81), and the CSC-exposed soleus
(43.6 £ 9.7 uM ADP; adjusted p = 0.042, d = 1.81). No significant differences were observed
between the gastrocnemius control and gastrocnemius smoke (adjusted p = 0.431, d = 0.35), the
gastrocnemius control and the soleus smoke (p = 0.277, d = 1.03), or the CSC-exposed

gastrocnemius and CSC-exposed soleus (adjusted p = 0.242, d = 0.19).
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Similarly, CSC (p < 0.001, partial 5> = 0.35) and tissue type (p < 0.001, partial n> = 0.46)
had significant main effects on the apparent Vmax of ADP (Figure VII-3C); however, there was not
a significant interaction effect (p = 0.813, partial n?> < 0.01). Post hoc analysis revealed significant
differences between the control gastrocnemius and CSC-exposed gastrocnemius (Gastrocnemius

control: 44.5 + 10.8 pmoloz/sec/mgwt; Gastrocnemius CSC: 27.3 + 12.4 pmoloz/sec/mgwt; adjusted
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Figure 7-3. Dose-response kinetic curves for ADP-stimulated respiration (A) in the gastrocnemius (white; n = 9-10) and soleus (light
grey; n = 10) and their respective CSC-exposed counterparts (dark grey and black; n = 8-10); and mean estimates for the apparent
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p=0.014, d = 1.48) as well as the control soleus and CSC-exposed soleus (Soleus control: 64.0 +
22.2 pmoloz/sec/mgwt; Soleus CSC: 42.7 + 10.1 pmolo2/sec/mgwt; adjusted p = 0.013, d = 1.23).
Likewise, there were significant differences between the tissues in the CSC-exposed groups (p =
0.032, d =1.37), but only a trend towards significant differences between the control groups (p =

0.028,d=1.11).

7.6.3. Effects of CSC on ANT-dependent Mitochondrial Respiration

Dose kinetics for CAT are shown in Figure VII-3A. CSC (p = 0.004, partial n?> = 0.21) and
tissue (p < 0.001, partial n? = 0.43) type had significant effects on the initial rate (C) of respiration
before the addition of CAT (Figure VII-3B); however, there was no a significant interaction effect
(p=0.717, partial n? < 0.01). Post hoc analysis failed to find any significant effects of CSC on the
gastrocnemius (Gastrocnemius control: 57.1 £ 10.6 pmoloz/sec/mgwt; Gastrocnemius CSC: 39.0 +
19.9 pmoloz/sec/mgwt; adjusted p = 0.113, d = 1.14) or the soleus tissues (Soleus control: 93.9 +
34.6 pmoloz/sec/mgwt; Soleus CSC: 68.8 = 18.0 pmoloz/sec/mgwt; adjusted p = 0.073, d = 1.03).
There were, however, significant effects of tissue type for both the control (adjusted p = 0.005, d
= 1.56) and CSC-exposed tissues (adjusted p = 0.008, d = 1.66).

There were no significant main effects of CSC (p = 0.644, partial n?> < 0.01) and tissue (p
=(.516, partial n> = 0.01), nor a significant interaction effect (p = 0.581, partial n*> < 0.01) in the
apparent ICso of CAT (Figure VII-3C). Similarly, we failed to detect a significant main effect of
CSC (p = 0.059, partial n?> = 0.10) or an interaction effect (p = 0.506 partial n> = 0.01); however,
there was a significant effect of tissue type (p < 0.001, partial n*> = 0.41) on the apparent Imax of

CAT (Figure VII-3D). Post hoc analysis revealed significant differences between the
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gastrocnemius and soleus tissues in the control groups (Gastrocnemius control: 18.3 + 10.0
pmoloz/sec/mgwt; Soleus control: 40.3 + 9.1 pmoloz/sec/mgwt; adjusted p = 0.002, d = 2.30) and
the CSC-exposed (Gastrocnemius CSC: 27.4 + 12.3 pmoloz/sec/mgwt; Soleus CSC: 42.8 + 17.8
pmoloz/sec/mgw; adjusted p=0.013, d =1.01) groups.

On the other hand, there were significant main effects of CSC (p < 0.001, partial n’> = 0.61),
tissue type (p = 0.048, partial n> = 0.11), and an interaction effect (p = 0.004, partial n> = 0.22) on
the relative inhibitory effects of CAT (Figure VII-3E). Post hoc analysis revealed a significant
difference between the control and CSC-exposed gastrocnemius (Gastrocnemius control: -70.5 +
17.6%; Gastrocnemius CSC: -27.7 + 10.4%; adjusted p < 0.001, d = 2.96), but only trended in the
soleus (Soleus control: 47.2 + 15.7%; Soleus CSC: 30.5 £+ 6.9%; adjusted p = 0.077, d = 1.37).
Furthermore, the control gastrocnemius exhibited significantly greater inhibition than the CSC-
exposed soleus (adjusted p = 0.001, d = 3.00), but not the control soleus (p = 0.076, d = 3.00),
while the CSC-exposed gastrocnemius exhibited significantly greater inhibition than the control
soleus (p = 0.024, d = 1.46). Post hoc tests failed to identify a significant difference between the

CSC-exposed gastrocnemius and the CSC-exposed soleus (p = 0.305, d = 0.31).
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7.7. Discussion

The present study aimed to comprehensively examine the effect of cigarette smoke 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 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 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 relative contribution to muscle respiratory capacity was
increased in the CSC-exposed gastrocnemius muscle relative to controls. CSC also elicited a
tissue-dependent effect on respiratory control as mitochondrial respiration sensitivity for ADP was
significantly increased in the soleus but not the gastrocnemius.

Moreover, the effect of carboxyatractyloside-induced inhibition of nucleotide transfer was
markedly attenuated in smoke-exposed fibers compared to control tissues, suggesting that cigarette
smoke impairs the ANT-mediated exchange of ATP/ADP across the inner mitochondrial
membrane. This mechanism contributed to the cigarette smoke-induced loss of mitochondrial
oxidative capacity and was accentuated in the fast-twitch gastrocnemius muscle. However,
cigarette smoke did not significantly affect mitochondrial proton leak in slow- and fast-twitch
skeletal muscle fibers. Finally, mitochondrial thermodynamic efficiency was decreased by

cigarette smoke in both muscles with, however, a greater relative decline in the gastrocnemius than
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the soleus muscle. Collectively, these findings support the theory that cigarette smoke directly
impairs mitochondrial respiration, especially in fast-twitch muscles. This acute effect was
mediated by inhibiting the mitochondrial ETC capacity, predominantly at the site of complex I,

and the impairment of nucleotide exchange by ANT in both muscles.

7.7.1. Complex I is a Primary Site of CSC-Induced Mitochondrial Impairments in Gastrocnemius
but not soleus

Consistent with our hypothesis, CSC drastically inhibited complex-I-supported (GMDso00),
complex-I-and-II-supported (GMDS), and uncoupled (FCCPpeak) mitochondrial respiration in fast-
and slow-twitch skeletal muscle fibers (Figure VII-1A). Specifically, CSC decreased complex-I-
supported respiration by ~40% in the gastrocnemius and by ~30% in the soleus. In comparison,
complex-I-and-II-driven respiration was decreased by ~35% and ~30% in the gastrocnemius and
soleus muscles, respectively. Furthermore, CSC elicited similar inhibitory effects in both the
gastrocnemius and soleus to maximal ETC activity assessed by optimal titrations of FCCP (Figure
VII-2A). Interestingly, it appears that the gastrocnemius is quite susceptible to CSC-induced
impairments in complex-I-specific respiration (Figure VII-1B), as rotenone, an inhibitor of
complex I, greatly inhibited mitochondrial respiration in the control gastrocnemius but had a much
lesser effect in the CSC-exposed gastrocnemius. These effects were not as pronounced in the
soleus fibers, thus suggesting that the gastrocnemius relies more on complex-I-driven respiration
than the soleus muscles and that CSC-induced impairments in complex I activity are more
detrimental in fast-twitch glycolytic muscle fibers than slow-twitch oxidative fibers. However,

despite the greater reliance of the gastrocnemius on complex I-driven respiration, the soleus
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exhibited similar global impairments to the mitochondrial ETC, suggesting that other ETC
components — such as cytochrome C, complex III, or complex IV — are likely inhibited by cigarette
smoke in the soleus.

Overall, the present findings agree with the results of Khattri et al. (2022), which reported
a 50-90% inhibition of complex-I-driven respiration (stimulated by glutamate and malate) in CSC-
exposed isolated mitochondria from skeletal muscles of different regions of the body. Likewise,
using permeabilized gastrocnemius muscle fibers, Thatcher et al. (2014) 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 interesting to note the smaller effect size using an in situ preparation.
Specifically, in the present study, the ~40% decrease in complex I supported respiration in the
white gastrocnemius muscles following 1 hour 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 (Thatcher et al., 2014). In comparison,
mitochondria 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 minutes
(Khattri et al., 2022). These findings confirm that mitochondrial isolation procedures exacerbate
the susceptibility 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 (Picard et al., 2011).

Another important result from the present study was the finding that inhibition of complex

I respiration with rotenone significantly attenuated the CSC-induced deficit in mitochondrial
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respiration, although this effect was fiber-type specific (Figure 1C). Indeed, the relative
contribution of complex II-supported respiration was higher in the fast-twitch gastrocnemius
muscle after CSC incubation than in control but remained unchanged in the slow-twitch soleus
muscle (Figure 1C). The present findings provide additional insights into the metabolic alterations
previously 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 fibers
in the lower limb (Gea et al., 2015; Gosker et al., 2007; Nyberg et al., 2015) and a greater reliance
on complex II-driven respiration than healthy controls (Gifford et al., 2015, 2018). The results of
the present study would therefore suggest that this shift in the mitochondrial 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 predominant fiber type as
the disease progresses.

Moreover, the results in the present study, in conjunction with the findings in Thatcher et
al., underscore the translational properties of the use of permeabilized skeletal muscle bundles in
models investigating mitochondrial function in situ as compared to models using isolated
mitochondria. Specifically, the ~40% decrease in mitochondrial respiration in the white
gastrocnemius muscles of mice following 1-hour of 4% CSC exposure in the present study are
strikingly similar to the ~40% decrease in mitochondrial respiration in the red gastrocnemius
muscles of mice exposed to airstream cigarette smoke for 6 weeks reported by Thatcher et al. In
comparison, mitochondria isolated from a mixture of skeletal muscles experienced up to a 93%

decrease in mitochondrial respiration after exposure to 1% CSC for ~10 minutes. This suggests
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that structural alterations to mitochondria caused by the isolation procedures (Picard et al., 2011)
drastically exacerbate cigarette smoke-induced impairments in mitochondrial function.
Collectively, while there are several comparative advantages of using isolated mitochondria for
the investigation of mitochondrial physiology (i.e., high-throughput, cost-effectiveness, etc.), these
findings highlight the importance of validating studies utilizing mitochondrial preparations (e.g.,
tissue homogenate, isolated mitochondria, etc.) with techniques that may be more reflective of the

in vivo condition (e.g., intact permeabilized tissues, *'P-MRS)(Layec et al., 2016).

7.7.2. Effects of Cigarette Smoke on the Control of Oxidative Phosphorylation in Skeletal Muscle

Unlike the gastrocnemius muscle, the apparent Km for ADP in the soleus markedly
decreased from ~320 uM in the control condition to ~40 uM with CSC (Figure VII-3A). In the
control condition, the apparent Km values for ADP for the gastrocnemius and soleus muscles are
within the range of values previously reported using permeabilized muscle fibers. For instance,
slow-twitch oxidative muscles are characterized by an apparent Km for ADP in the range of 200-
500 uM whereas fast-twitch glycolytic muscles exhibit values in the range of 10-40 uM (Burelle
& Hochachka, 2002; Ponsot et al., 2005). This lower sensitivity for ADP in slow-twitch oxidative
muscles stems from the selective permeability of the mitochondrial outer membrane to ADP,
which restricts its diffusion into the matrix. Interestingly, the mitochondrial sensitivity for ADP of
slow-twitch oxidative muscles can be substantially increased (Km < 100 uM) with the addition of
creatine in the respiration buffer (Burelle & Hochachka, 2002; Ponsot et al., 2005). 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
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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) (Qin et al., 1999; V. Saks
etal., 1991; V. Saks et al., 1994; Wallimann et al., 1992).

In light of the Cr/PCr shuttle theory detailed above, the CSC-induced increase in
mitochondrial respiration sensitivity for ADP in the permeabilized fibers from the soleus suggests
that cigarette smoke disrupted the functional interactions between VDAC, mtCK, and ANT. This
disruption resulted in greater permeability of the mitochondrial outer membrane to ADP in the
slow-twitch oxidative muscle, which perhaps mediated VDAC/mtCK/ANT interdependence. 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
(Guzun et al., 2012), can be disrupted by cigarette smoke exposure in lung epithelial cells (Das et
al., 2009). The present findings provide evidence for a tissue-dependent effect of cigarette smoke
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
alteration in the control of oxidative phosphorylation is caused by changes in VDAC conductance,

mtCK, or ANT directly.

7.7.3. Cigarette Smoke-Induced Blockade of Nucleotide Exchange Across the Mitochondrial
Membrane
A novel aspect of the present study was the use of carboxyatractyloside to investigate the

contribution of ANT-facilitated exchange of ADP/ATP to mitochondrial respiration.
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Carboxyatractyloside is a non-competitive inhibitor of the enzyme adenine nucleotide translocase
(Luciani et al., 1971), 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 (Klingenberg, 2008; Kunji et al., 2016), as well as an important site for
proton leak (Bertholet et al., 2019a). Similarly to its analog, atractyloside, CAT binds to the ANT
from the cytosolic side of the mitochondrial inner membrane, locking ANT in a cytoplasmic-facing
open conformation and preventing the exchange of ADP/ATP (Pebay-Peyroula et al., 2003).
However, unlike atractlyoside, CAT is not influenced by the concentrations of ADP or ATP, thus
increasing its effectiveness in blocking the transfer of adenine nucleotides between the inner
mitochondrial membrane (Luciani et al., 1971). Therefore, by using CAT to inhibit ANT in the
present study, we were able to measure the functional contribution of ANT to the control of
mitochondrial respiration under our experimental conditions.

Using this specific inhibitor (Barbour et al., 1984; Burelle & Hochachka, 2002; Qin et al.,
1999; V. Saks et al., 1991; V. A. Saks et al., 1994; Wallimann et al., 1992), the differences in
maximal ADP-stimulated respiration between CSC and control conditions were abolished under
saturating concentrations of CAT in the gastrocnemius and the soleus (CATs.o, Figure VII-1).
Likewise, there were there significant CSC-induced differences in the apparent sensitivity (ICso)
or maximal inhibitory capacity (Imax) of CAT (Figure VII-4C & VII-4D). As a result, the relative
inhibition induced by CAT was significantly lower in CSC-exposed fibers (~30%) than in control
fibers (~70-50%, Figure VII-4E) for both muscles, although the magnitude of this effect was
tissue-dependent. Specifically, the inhibitory effect of cigarette smoke on ANT-dependent

respiration was markedly higher in the gastrocnemius (~43%) than the soleus (~22%, Figure VII-
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2B). Additionally, the ratio of maximal respiration (GMDS) to ANT-inhibited respiration (CATs.0)
was significantly impaired by cigarette smoke in both the gastrocnemius and soleus (Figure VII-
1C). In contrast, cigarette smoke exposure had no significant effect on the ratio of maximal ADP-
dependent respiration (GMDS) to maximal ADP-independent respiration (FCCPpeak), as shown in
Figure VII-1D, which rules out impairments of the phosphorylation capacity of the Fi-Fo ATP
Synthase as a contributor to the decline in maximal ADP-stimulated respiration induced by
cigarette smoke. Therefore, these collective findings suggest that, in addition to impairments to
the electron transport chain, cigarette smoke also greatly impairs the exchange of ADP/ATP via
inhibiting the functionality of ANT. Furthermore, maximal uncoupled respiration (FCCPpeak), in
which mitochondrial respiration is not coupled with ATP production and is independent of ADP
availability, was less affected by CSC exposure than was maximal coupled respiration (GMDS).
Accordingly, maximal coupled respiration was significantly impaired in the CSC-exposed fibers
by 40% and 35% in the gastrocnemius and soleus, respectively (Figure VII-1A), while uncoupled
respiration was nonsignificantly impaired in the CSC-exposed fibers by ~25% in both the
gastrocnemius and soleus, respectively (Figure VII-2A). Altogether, our results suggest that ANT
blockade is another mechanism by which cigarette smoke produces a bioenergetic insult to skeletal
muscle mitochondria. . A study in human lung epithelial A459 cells has also previously implicated
ANT in the deleterious effects of cigarette smoke on mitochondrial function (Wu et al., 2020).
However, the difference in protocols (10% versus 4% CSC, intact cells versus permeabilized
fibers, 6 versus 1 hour incubation, carboxyatractyloside prolonged incubation versus acute
titration) precluded any direct comparison between the study by Wu et al. and the present work.

Interestingly, the gastrocnemius was nearly twice as susceptible to CSC-induced ANT

165



inhibition than the soleus muscles (Figure VII-2B). Considering the differences in expression of
Mt-CK between the white gastrocnemius and soleus muscles, it is likely that these observations
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 exchange of nucleotides accounts for up to ~80% of energy transfer from the matrix to
the cytosol (Aliev et al., 2011; Guzun et al., 2012; Perry et al., 2012; Wallimann et al., 2011).
Thus, the sMt-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.

7.7.4. Mitochondrial Quality is Impaired with CSC Exposure

Mitochondrial thermodynamic coupling (g-value) was significantly impaired by cigarette
smoke exposure in both muscles (Figure VII-1E). Interestingly, the smoke-induced loss of energy
coupling was accentuated in the fast-twitch gastrocnemius compared to the slow-twitch soleus
muscle. This thermodynamic coupling reflects all enzymatic processes and free energy changes
during oxidative phosphorylation (Stucki, 1980) and is linked to the mitochondrial P/O ratio
(Cairns et al., 1998), thus providing a direct measure of mitochondrial efficiency (Larsen et al.,
2011). The present results in skeletal muscle fibers acutely exposed to cigarette smoke are

consistent with those of Kyle et al. (Kyle et al., 2013), which reported smoke-induced decreases
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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 characterized by impaired metabolic
efficiency during dynamic contraction (Layec et al., 2011; Richardson et al., 2004).
Conceptually, lower thermodynamic coupling values indicate that mitochondrial
respiration was not as tightly coupled to oxidative ATP production following cigarette smoke
exposure, which might be mediated by a greater dissipation of the proton gradient via proton leak.
However, the lack of significant differences between smoke and control conditions in leak
respiration (GM, Figure VII-1A) 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 (Nicholls & Ferguson, 2013) may account for the effects of cigarette smoke on
thermodynamic coupling. In support of this interpretation, cigarette smoke markedly inhibited
electron flow in the electron transport chain in both muscles as assessed by the titration of FCCP
(Figure 2A). Also, a lower mitochondrial membrane potential has been consistently documented
in various tissue preparation (Haji et al., 2020; van der Toorn et al., 2007, 2009; Wu et al., 2020),
consistent with lower respiratory coupling. From a translational perspective (Jacobs et al., 2013;
Kyle et al., 2013; Picard et al., 2011), 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 (Wiist et al., 2008) and impaired exercise tolerance (Papathanasiou

et al., 2007).

167



Cytoplasm

Voltage-
Dependent
Anion

Outer
membrane

Channel

Intermembrane
space

Inner
membrane

Adenide
Nucleotide
Translocase

00000000000
Mitochondrial
malrix

NADH NAD*  FADH, FAD
+2H* +2H*

Figure 7-5. Summary of the findings in aim 3. Cigarette smoke induces concurrent blockade of Complex I and ANT,
impairing mitochondrial oxidative phosphorylation and ATP generation.

7.7.5. Clinical Perspectives

Herein, we investigated the mechanisms of cigarette smoke-induced impairments to
skeletal muscle mitochondrial respiration. The experiments in the present study revealed that, in
addition to inhibition of complex I of the ETC, cigarette smoke also impairs the exchange of
ADP/ATP between the mitochondrial matrix and cytosol, ultimately resulting in reduced
bioenergetic efficiency in the mitochondria of skeletal muscles. Clinically, 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 (Wiist et al., 2008) and
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impaired exercise tolerance (Papathanasiou et al., 2007b). Conceptually, deficiencies in
sarcoplasmic ATP concentrations — whether due to impaired production of ATP or transport of
ATP into the sarcoplasm — could induce fatigue in skeletal muscle directly by impairing ATP
availability for myosin ATPase or indirectly by attenuating SERCA-ATPase-dependent calcium
recycling into the sarcoplasmic reticulum. These effects of CSC, in conjunction with the direct
inhibition of muscular force production and impairment of calcium handling in skeletal muscle
(Nogueira et al., 2018), may mechanistically explain the loss of muscle function related to cigarette
smoking. However, interventions to address these detriments and restore muscle function have yet

to be identified.
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7.8. Conclusion

In conclusion, the present study comprehensively examined the effects of cigarette smoke
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 exposure significantly inhibited maximal ADP-stimulated
respiration in the skeletal muscle. Interestingly, the site of CSC-induced inhibition of
mitochondrial respiration appeared to be tissue-dependent. Specifically, the fast-twitch
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
mitochondrial respiration sensitivity for ADP was significantly increased in the soleus but not the
gastrocnemius.

Furthermore, we provide evidence to suggest that cigarette smoke also directly impairs
mitochondrial thermodynamic efficiency and the exchange of ADP/ATP by inhibiting ANT in the
inner mitochondrial membrane. Unlike previous studies using in vitro preparation which can affect
mitochondrial morphology and function, mitochondrial proton leak in slow- and fast-twitch
skeletal muscle fibers was not significantly affected by cigarette smoke when assessed in situ in
permeabilized fibers. Our findings shed light on the mechanisms of energy transfer that mediate
the cigarette smoke-induced impairment of mitochondrial production of ATP in the skeletal
muscle, leading to bioenergetic deficiencies and ultimately contributing to poor exercise tolerance

commonly observed in humans chronically exposed to cigarette smoke.
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Table 7-1. Mean Mitochondrial Respiration Rates (pmoloz/sec/mg). Data represented as mean + SD. Different letters indicate significant
(p < 0.05) post hoc differences between groups, like letters indicate lack of significance (p > 0.05) between groups.

Gastrocnemius Soleus ANOVA p-values (Partial n?)
Control Smoke Control Smoke Smoke Effect Tissue Effect Interaction Effect

GM 168 +4.6° 12.6+3.9" 27.6+444> 264+72° p=0313(0.03) p<0.001(0.61) p=0.308(0.3)
GMDs000 454112 275+£12.0° 63.0+23.8° 44.6+11.19 p<0.001(0.32) p<0.001(0.28) p=0.604(0.01)
GMDS 57.1+£10.6* 37.3+17.5° 96.2+30.9° 68.2+16.0° p<0.001(0.27) p<0.001(0.47) p=0.542(0.01)
CATs, 26.8£5.8° 30.1+15.0° 62.6+28.1° 543 +14.8° p=0.820(<0.01) p<0.001(0.58) p=0.716(<0.01)
FCCPreak 52.1+12.0* 38.3+23.3% 89.3+32.1° 65.7+20.9° p=0.003(0.20) p<0.001(0.36) p=0.892(<0.01)
Rot 349+ 11.4° 31.9+£20.3* 61.9+18.0° 455+93° p=0.022(0.14) p<0.001(0.37) p=0.468(0.01)
AmA & Omy 11.9+3.6° 81+20* 199+4.0° 17.8+3.3°> p=0.072(0.10) p<0.001(0.65) p=0.535(0.01)




CHAPTER 8
CONCLUSION

The overarching goal of this project was to advance the understanding of the underlying
causes of cigarette smoke-induced mitochondrial dysfunction — specifically targeting tissue-
specific susceptibility to cigarette smoke toxicity, alterations to mitochondrial substrate oxidation,
and identifying key mitochondrial targets of cigarette smoke-induced dysfunction using an in situ
mouse model. To meet this overarching goal, we developed 3 separate experimental aims which
would elucidate the mechanisms of cigarette smoke-induced mitochondrial dysfunction:

Aim I — Acute Effects of Cigarette Smoke Condensate on Mitochondrial Respiration

In specific aim 1, we determined the extent of tissue-specific susceptibility to

cigarette smoke for the aorta, cardiac muscle, and type I and type II skeletal muscles. Our

working hypothesis was that each tissue would display different susceptibility to cigarette

smoke, with the cardiac muscle and aorta being more susceptible to cigarette smoke based

on epidemiological evidence suggesting the greater relative risks for tobacco-related

diseases in these tissues relative to others (Gandini et al., 2008).

Aim 2 — Effects of Cigarette Smoke Exposure on Mitochondrial Substrate Utilization

In specific aim 2, we determined the cigarette smoke-induced alterations to

mitochondrial oxidation of palmitoylcarnitine, a long-chain fatty acid, and pyruvate, a

product of glycolysis in the skeletal muscle (glycolytic gastrocnemius fibers and oxidative

soleus fibers). Our working hypothesis was that cigarette smoke would decrease the

sensitivity and maximal capacity to oxidize palmitoylcarnitine oxidation.
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Aim 3 — Mechanisms of Cigarette Smoke-Induced Mitochondrial Dysfunction

In specific aim 3, we determined the extent of cigarette smoke-induced
perturbations to the exchange of phosphates, ADP sensitivity, and mitochondrial
respiratory chain activity. Based upon prior studies in epithelial cells (Wu et al., 2020), our
working hypothesis was that cigarette smoke would primarily affect phosphate exchange
by decreasing ANT activity, which in turn will decrease ADP sensitivity, and ultimately
result in lower maximal mitochondrial respiration in permeabilized fibers from both

glycolytic gastrocnemius muscle and oxidative soleus muscle.

8.1. Overview of Main Findings

We confirmed several of our initial hypotheses and elucidated many of the mechanisms
underlying the detrimental effects of cigarette smoke on mitochondrial function (Figure 8-1). Of
note, we provide valuable insight into several mechanisms of cigarette smoke-induced

dysfunction.

8.1.1. Summary of Aim 1
Mitochondrial sensitivity and susceptibility to cigarette smoke-induced mitochondrial
dysfunction are indeed tissue-dependent. We show that the extent of mitochondrial bioenergetic

impairments in striated muscles is dependent on mitochondrial content. On the other hand,
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Aim 1:

Cigarette Smoke Induces Tissue-Specific Impairments to Mitochondrial Respiratory Capacity
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Figure 8-1. Conceptual framework and summary of the main findings in the present work.

mitochondria in the aorta exhibit intrinsic resistance to cigarette smoke-induced mitochondrial
dysfunction, suggesting that the mitochondria in vascular smooth muscle contain physically
distinct characteristics that may protect against cigarette smoke toxicity. These results suggest that
the tissue-specific sensitivity and susceptibility to cigarette smoke alter the bioenergetic profiles
(i.e., ATP flux and availability) of these tissues differently, providing further mechanistic insight
into the link between cigarette smoke exposure and the development of tissue-specific atrophy and

increased risk of cellular dysfunction.

8.1.2. Summary of Aim 2
Cigarette smoke directly impairs mitochondrial pyruvate oxidation, but not

palmitoylcarnitine oxidation. Furthermore, while mitochondrial respiration is still decreased in
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cigarette smoke-exposed tissues compared to control tissues, we show that the combination of
competing substrates (i.e., the combination of pyruvate and palmitoylcarnitine) improved
pyruvate-stimulated respiration kinetics in smoke-exposed fibers. These findings have several
implications for understanding cigarette smoke-related metabolic dysfunction and provide a
potential mechanism that links cigarette smoke exposure to the development of hyperglycemia,

insulin resistance, and type II diabetes.

8.1.3. Summary of Aim 3

In permeabilized fibers, cigarette smoke directly impairs complex I of the mitochondrial
ETC and inhibits the ADP/ATP transporter, ANT. The overall result of the combination of these
effects lowers mitochondrial oxidative capacity without altering several indicators of
mitochondrial efficiency, thus suggesting that the mitochondrial P/O ratio is preserved in the
presence of cigarette smoke. These findings provide further insight into the specific cellular
components that are affected by cigarette smoke and identify future targets of interest for therapies

to address cigarette smoke-induced mitochondrial dysfunction.

8.2. Experimental Considerations

There are several experimental considerations in the present work. First, these studies
utilized in situ reductionist approaches, which included isolating tissues from their whole-body
environment and exposing them to supraphysiological concentrations of cigarette smoke to elicit
mitochondrial dysfunction. This approach eliminates any systemic effects of cigarette smoke

exposure and the inter-organ crosstalk and dependence, which are likely to occur in vivo (Aoshiba
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et al., 2001b; Nemmar et al., 2013; Sanders et al., 2019). Therefore, the effects of any signaling
molecules excreted by the primary organs exposed to cigarette smoke — such as pulmonary
macrophages (Aoshiba et al., 2001b; Sanders et al., 2019; Thatcher et al., 2014; van der Toorn et
al., 2007) — are removed from the present studies. Furthermore, the concentrations of cigarette
smoke condensate used in the present study (0.004 pg/mL to 2400 pg/mL in aim 1, and 1600
pg/mL in aims 2 and 3) are well above the reported range (~0.67 pg/mL) of cigarette smoke
particulate in the blood of active smokers (Benowitz et al., 1982, 2009; Mendelson et al., 2003).
Assuming a 6% nicotine content in the CSC used in our studies (Csiszar et al., 2008; Jaccard et
al., 2019), our concentrations of cigarette smoke were up to ~3,600 times greater than those
reported in human blood in aim 1, and ~2,400 times greater than those reported in human blood in
aims 2 and 3. However, despite these large concentration differences, the effects on mitochondrial
respiration observed in the present studies reflect the effects of airstream cigarette smoke exposure
to skeletal muscle mitochondrial function in other mouse models (Ajime et al., 2020; Gosker et
al., 2009; Thatcher et al., 2014; Tippetts et al., 2014). Therefore, we feel that the exposure to CSC
in these studies reflects the changes that would occur in models utilizing airstream cigarette smoke.

Furthermore, specific to aim 1, it is important to note that there were different sample
dissection preparations for the aorta compared to the gastrocnemius, soleus, and heart. Considering
that there is a delicate balance between the optimal permeabilization to elicit the highest possible
respiration rate of a given tissue without inducing irreversible damage as indicated by a
cytochrome C response (>10% increase in cytochrome C-stimulated respiration), we extensively
tested our permeabilization protocols for each tissue to optimize mitochondrial respiration wile

minimizing damage (data not shown). Unlike striated muscle tissues (Figure 8-1A), we could not
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Figure 8-2. Schematic showing the differences in sample preparation between striated muscles (A, left to right:
gastrocnemius, soleus, and heart) and the aorta (B), as used in aim 1. Striated muscle samples were mechanically dissected
more than the aorta due to high rates of dissection-induced mitochondrial damage to the aorta.

extensively dissect the aorta without inducing high frequencies of irreversible damage. However,
despite the aorta remaining relatively intact compared to the striated muscles used in these studies
(Figure 8-1B), we reported respiration rates comparable to the rates used in other studies (S. H. S.
Y. Park et al., 2018; S. Y. Park et al., 2014, 2016), which utilized similar preparations and
respiration protocols. Furthermore, we are confident that the aorta samples used in these studies
were adequately permeabilized, as we still observed some cytochrome ¢ responses when running
our experiments, albeit much less frequently than when we extensively dissected the aorta.

We did not measure citrate synthase activity (or another marker of mitochondrial content)
for aims 2 and 3. Thus, we could not account for variations in respiration due to mitochondrial
content, which prevented us from concluding any intrinsic alterations to mitochondrial respiration
induced by CSC. Additional experiments from aim 1 show that CSC exposure (6% CSC for 20

minutes) results in a significant increase in citrate synthase activity (main effect of CSC p =10.007;
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partial 12 = 0.16), as shown in Figure 8-1. These effects were especially pronounced in the
gastrocnemius muscles, where the citrate synthase activity in the control fibers (9.42 + 3.37 AU)
was significantly lower than in the CSC-exposed fibers (12.88 + 3.17 AU; p = 0.024, d = 1.07).
Therefore, any differences in the citrate synthase activities between the control and smoke fibers
may not indicate actual changes to mitochondrial content, but rather show an intrinsic increase in
the enzymatic activities of citrate synthase. On the other hand, the use of within-sample
measurements in aims 2 and 3 by using the same tissue samples (from the same mouse and same
hindlimb) for control and CSC-exposed experiments provides confidence that the CSC-induced
alterations to mitochondrial respiration are due solely to CSC rather than variations in tissue
mitochondrial content. Because we used the same tissues in all the respiration experiments, we
would not expect the large changes we reported in mitochondrial respiration to be due to
differences in mitochondrial content. Therefore, the within-tissues comparison likely reflects
inherent CSC-induced changes to mitochondrial respiration. However, due to the inability to
measure citrate synthase activities in the gastrocnemius and soleus of aims 2 and 3, we cannot
compare any inherent differences in the mitochondrial adaptations to CSC exposure between

tissues.
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Additionally, the present studies did not examine potential sex differences nor the
influences of lifestyle factors, such as physical activity and/or diet. While studies have shown sex
differences in the development of emphysema (DeMeo et al., 2018; Serheim et al., 2010) and
skeletal muscle weakness (Sharanya et al., 2019), we are unaware of any studies that have directly
investigated any sex differences in cigarette smoke-induced mitochondrial dysfunction. On the
other hand, several studies have performed secondary analyses on potential sex differences in
cigarette smoke-induced mitochondrial dysfunction and found no effect (Decker et al., 2021;
Khattri et al., 2022); however, it is noteworthy that these studies were not powered to detect sex
differences and likely lack the sample size required to detect any significant effects. Likewise, in
the present studies, we failed to detect any significant sex differences in CSC-induced
mitochondrial dysfunction, likely due to inadequate sample size and exclusion of sex as a variable
in our power analysis. Furthermore, diet and exercise are indubitably critical factors that regulate

mitochondrial morphology and function (Civitarese et al., 2007; Drew et al., 2003; Lanza & Nair,
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Figure 8-3. Citrate synthase activities of control (white) and CSC-exposed tissues (grey). Tlssues were exposed to 6%
CSC for 20 minutes.
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2009; Putti et al., 2015; Russell et al., 2014). Indeed, several studies have highlighted the role of
physical inactivity in the development of cigarette smoke-induced peripheral dysfunction (Barreiro
et al., 2009; Decker, Kwon, Zhao, Hoidal, Heuckstadt, et al., 2021; J. Gea et al., 2015; J. G. Gea
et al., 2001; Gifford et al., 2015, 2018a; McKeough et al., 2006; Shields et al., 2015). Therefore,
we attempted to control for these factors by restricting physical activity (by housing animals in
cages without running wheels) and controlling diet (by feeding all animals with standard chow) to
critically examine the effects of cigarette smoke on mitochondrial function independently of
lifestyle factors. However, it is noteworthy that the interaction between lifestyle factors and
cigarette smoke exposure is an important point of consideration when exploring the effects of
cigarette smoke exposure on mitochondrial function. More studies are needed to explore these
interactions, as well as sex differences, on cigarette smoke-induced mitochondrial dysfunction.
One last experimental consideration for this project is the sample sizes chosen for each of
the individual aims. Indeed, the sample size for each of these studies was limited to ~10 mice per
group. Although a larger sample size would increase the statistical power of these studies, it is
noteworthy that the sample sizes used in these studies are within the range of other studies utilizing
similar approaches (Decker, Kwon, Zhao, Hoidal, Heuckstadt, et al., 2021; Khattri et al., 2022;
Orosz et al., 2007; Thatcher et al., 2014; van der Toorn et al., 2007, 2009). Furthermore, while
many of the post hoc analyses reported p values that trended toward significance, many of the
main effects of CSC on these outcomes were significantly different, as indicated by the ANOVAs.
Therefore, while sample size would have proven to increase the power of the post hoc analyses,
we are confident that the findings in these studies are not due to a type II error and that the increase

in sample size would not change the interpretation of these results.
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8.3. Future Directions

While the studies performed in this dissertation are insightful, many questions remain in
addressing the public health crisis related to cigarette smoke exposure. Namely, no therapies have
been identified which restore mitochondrial function in persons exposed to cigarette smoke, nor
have treatments been identified that may reverse the cigarette smoke-induced mitochondrial
dysfunction shown in this work. Furthermore, while the present work outlines several mechanisms
of cigarette smoke-induced mitochondrial dysfunction, the role of ROS, specifically the
contribution of mitochondria-derived ROS to smoke-induced cellular dysfunction, remains
unclear. Therefore, more studies are needed to identify the contribution of mitochondria-derived
ROS in cellular dysfunction and any potential therapies to address cigarette smoke-induced

dysfunction, thus improving the quality of life of persons exposed to cigarette smoke.
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APPENDIX A

DATA COLLECTION SHEETS

Mouse Prep Guide/Checklist + Lab Sheet

For Mouse Experiments

Initial Prep

o  Thaw 1 tube with >15 mL BIOPS
o  Thaw 1 tube with >40 mL MiR05
Saponin Prep
o  Prepare stock Saponin (5Smg saponin/lmL water)
o  Prepare 2 mL BIOPS in the necessary number of 5-mL tubes (one tube for
each condition)

o  Pipette 20 pL stock saponin in 2 mL BIOPS for each condition
o  Place all tubes on ice

MiR05 Prep

o  Prepare 2 mL (each) MiRO5 in 2 5-mL tubes (2 for each condition)
o  Place all tubes on ice

Once all of this is completed, the blue container with ice for the sacrifice. Be sure to
take note of the sex and date of birth from Ernie (needs to be written down or a photo
needs to be taken). Take the specimen back up to the 5" floor for dissection

immediately.

Dissection Steps

Gastroc & Soleus

O O 0O 0O 0O 0 O

Aorta

O O O O O

Make sure the mouse is firmly anchored to the styrofoam container lid by

placing the needles through all 4 feet

Make an incision with large scissors at the ankle

Pull back the skin (and fur) to reveal the gastroc

Cut the Achilles tendon at the distal portion of the lower leg

Pull the gastroc back from the leg, revealing the soleus

Sever the proximal end of the gastroc and soleus

Place in BIOPS

Separate the gastroc and the soleus by separating the soleus from the
gastroc and cutting any remaining attachments

Cut longitudinally down the rib cage and open the chest cavity
Carefully remove lungs and other organs, but do not disturb the heart
Locate the aorta (should be near the spine)

Gently separate the aorta from the spine

Cut 3-5 cm of the aorta and remove. Place in BIOPS.
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Date of Sacrifice (Today’s date):

Date of Birth (from Ernie):

Check one: [0 Male or [J Female Tissue: [ Gastroc [ Soleus [ Aorta
Stirrer test normal (F9 on keyboard)? [J Yes or O No
Air Calibration Performed and saved in Excel? (1 Yes or O No
Condition (i.e. Cigarette Smoke
“_ % Cigarette Saponin Start Wash 1 Start Wash 2 Start Start Time (60 Time placed in
Smoke”) Time (30 min) Time (10 min) Time (10 min) min) 02K Weight Comments
A:
Initials: Initials: Initials: Initials: Initials: B:
A:
Initials: Initials: Initials: Initials: Initials: B:
A..
Initials: Initials: Initials: Initials: Initials: B:
A:
Initials: Initials: Initials: Initials: Initials: B:
A..
Initials: Initials: Initials: Initials: Initials: B:
A:
Initials: Initials: Initials: Initials: Initials: B:

Comment




APPENDIX B

SAMPLE SIZE ESTIMATES

Gastrocnemius | Cohen’s f=1.08 n=3
Soleus Cohen’s f=1.03 n=3
Alm 1 Heart Cohen’s f= 1.81 | n=3
Aorta Cohen’s f'=0.98 n=3

Gastrocnemius | Cohen’s f=0.41 n=13

Aim 2 Soleus Cohen’s f=0.41 n=13
. Gastrocnemius | Cohen’sd=1.56 | n=28
Aim 3 Soleus Cohen’sd=1.56 |n=8
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