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Abstract

Alveolar Macrophage Oxidative Stress and Metabolic Dysfunction During Chronic
Alcohol Use

By Kathryn Crotty, B.S.

Nearly 11% of the adult population in the United States have an alcohol use disorder
(AUD), characterized by an inability to resist alcohol use despite adverse effects.
Chronic alcohol consumption is injurious across multiple tissues and the causes of
cellular injury due to chronic alcohol exposure are multifactorial. Alcohol misuse
severely impairs many aspects of immune regulation and immune cell function, which
predisposes people with AUDs to acute or chronic diseases. Alveolar macrophages are
the first line of defense against pathogens in the lower respiratory tract, but alcohol
misuse decreases alveolar macrophage function, leading to increased risk of
pneumonia and acute respiratory distress syndrome in people with AUDs. Mechanisms
of decreased alveolar macrophage function due to alcohol misuse include diminished
phagocytic capacity and cellular and mitochondrial oxidative stress. These studies use
alveolar macrophages isolated from humans with AUDs and various models of chronic
alcohol exposure in combination with agents meant to either decrease oxidative stress
or reverse metabolic bioenergetics dysfunction. The extent of metabolic impairment due
to chronic alcohol exposure was characterized and included alcohol-induced alterations
in glycolysis, hexosamine biosynthesis, and oxidation of pyruvate, glutamine, or long
chain fatty acids that are preferred for cellular energy generation. Impaired alveolar
macrophage phagocytosis was reversed through improved bioenergetic phenotype
using the peroxisome-proliferator activated receptor gamma ligand, pioglitazone. These
studies have demonstrated that targeting AM metabolic or bioenergetic dysfunction is a
viable strategy to improve AM phagocytosis during chronic alcohol misuse. This work in
alcohol misuse expands on the knowledge of alveolar macrophage oxidative stress
pathways and mitochondrial biology, since alcohol misuse impairs mitochondrial
metabolism pathways necessary for bioenergetics. These approaches can be applied to
other pathological conditions characterized by mitochondrial dysfunction, resulting in
dysregulation of lung immunity.
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Chapter 1: Introduction

People have been drinking alcohol to gain an altered state of consciousness for a
minimum of 10,000 years, and likely many millennia longer. By the late 19 century,
physicians knew that chronic alcohol use resulted in extreme liver injury and
neurological impairment’. Shortly after, chronic alcohol use was observed to increase
the risk of pulmonary diseases?. However, impaired pulmonary function due to long-
term drinking remained understudied for decades. Today, there is a large collection of
research supporting the idea that alcohol misuse increases morbidity and mortality,
including lessened quality of life due to lung injury3-''. In fact, alcohol-related deaths are
increasing and now rank as the fourth leading cause preventable deaths in the United
States, only trumped by obesity, smoking, and high blood pressure according to the
World Health Organization'"-2. Further, the number of people diagnosed with alcohol

use disorders (AUDs) doubled between 2018 and 2021314,

This dissertation builds on the rich body of knowledge gained previously from
other investigators about the detrimental effects of alcohol on immunity, with a specific
focus on how alcohol affects lung immunity. My mentor, Dr. Samantha Yeligar, has
spent nearly two decades unraveling mechanisms underlying alcohol-induced liver and
lung disorders. It has been a privilege to continue this legacy and aid in the discovery of
novel therapeutics to reverse organ damage due to alcohol use. Here | highlight my
contributions to the alcohol and immunity field and span multiple foundational, pre-
clinical/translational, and clinical studies with the goal of improving outcomes in people

with AUDs.
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To begin, this chapter will feature recent advancements in the alcohol and
immunology field covering active investigations on alcohol’s effect on different tissues
and current gaps in knowledge others should address in future studies. Chapter 2 and 3
will delve into potential supplements and therapeutics to improve pulmonary immunity in
people with AUDs, including potential mechanisms of diminished lung immune cell
function. Chapter 4 expands on Chapter 3 by characterizing how the extracellular

environment contributes toward alcohol-induced immune cell dysfunction.

The bulk of Chapters 2-4 highlight several oxidative stress and metabolism
pathways including zinc, glutathione, and superoxide dismutase maintenance of redox
homeostasis, cellular bioenergetics pathways (glycolysis, pyruvate oxidation,
glutaminolysis, long chain fatty acid oxidation, oxidative phosphorylation) necessary for
ATP generation, and the impact of the extracellular matrix synthesis on immune cell
phenotype. | highlight the idea that cells must be able to switch metabolic phenotype to
maintain normal functions. Importantly, cells have differing levels of dependency on
“fuels” (e.g., glucose, glutamine, or fatty acids) but have a level of flexibility whereby the
cell can switch usage of a fuel to regulate cellular metabolism. Redox imbalance
persistence, and impaired flexibility or dependency of a cell to use certain fuels impacts

cell functions, which may result in disease.

Overall, this dissertation addresses several gaps in knowledge, including the
identification of several aberrant redox and metabolic pathways caused by chronic
alcohol exposure that can be reversed pharmacologically. Finally, Chapter 5 gives

perspectives on how the mechanisms and methods of discovery explained in Chapters
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2-4 aid in studying additional disorders in other tissues. Discussion of a summary of the

results presented in this dissertation and next steps are in Chapter 6.
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Abstract

Alcohol misuse contributes to dysregulation of immune responses across various
tissues and multi-organ dysfunction, which are associated with higher risk of morbidity
and mortality in people with alcohol use disorders (AUDs). Organ-specific immune cells,
including microglia in the brain, alveolar macrophages in the lungs, and Kupffer cells in
the liver, play vital functions in host immune defense through tissue repair and
maintaining homeostasis. However, binge-drinking and chronic alcohol misuse impair
these immune cells’ abilities to regulate inflammatory signaling and metabolism, thus
contributing towards multi-organ dysfunction. To further complicate these delicate
systems, immune cell dysfunction during alcohol misuse is exacerbated by aging and
gut barrier leakage. This critical review delves into recent advances made in elucidating
the potential mechanisms by which alcohol misuse leads to derangements in host
immunity and highlights current gaps in knowledge that may be the focus of future

investigations.
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Introduction

Alcohol misuse is linked to end-organ injury in the brain, lungs, liver, and gut due,
in part, to dysregulated immune responses across these tissues. A status report on
alcohol and health conducted by the World Health Organization estimates that alcohol
misuse is associated with about 14 percent of total deaths among people ages 20 to
395, In the United States, over fifteen million people are diagnosed with alcohol use
disorders (AUDs), and over 95,000 people die per year due to alcohol-related
causes'®. Additionally, alcohol-related healthcare costs, including emergency room and

physician office visits, total more than $249 billion annually in the United States'’.

The toxic effects of alcohol can directly and negatively impact the immune
system, particularly organ-specific immune cells. Overall, the critical functions of
immune cells that maintain host defense are impaired as alcohol misuse is associated
with non-resolving inflammation and perturbations in cellular metabolism 8. More co-
morbidities, including advanced age, appear to have heightened sensitivity to alcohol
and worsened immune cell dysfunction. Despite this knowledge, there are still
significant gaps in knowledge related to the specific health impacts of alcohol misuse on
host immunity. Accordingly, this critical review delves into recent advances in
elucidating potential mechanisms by which alcohol misuse leads to derangements in

immunity at the cellular, organ-specific, and organismal level.

The mechanisms involved in alcohol-related organ damage are multifactorial,
thus effective therapeutic strategies are limited. In this review, we will outline exciting

and novel approaches used to identify mechanisms underlying organ-specific alcohol-
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associated abnormalities in immune cell signaling. We will additionally highlight areas

that are ripe for future investigation regarding current gaps in knowledge.

Alcohol-Associated Neuroinflammation

Alcohol is a direct neurotoxicant, and chronic alcohol misuse leads to
neurodegeneration and cognitive dysfunction’®. Persistent neuroimmune activation (i.e.,
neuroinflammation) facilitates alcohol-induced neurodegeneration through generation of
danger associated molecular patterns (DAMPs) and activation of microglia, the resident
macrophages of the brain?%-?2, Human alcohol and animal ethanol (EtOH) consumption
studies show neuroinflammatory responses to EtOH are mediated via Toll-like receptor
(TLR) signaling: post-mortem brain tissue from people with AUD exhibit increased TLR
expression compared to healthy controls?3, and TLR knock out mice are protected from
inductions in pro-inflammatory factor release and neuronal injury after chronic EtOH
exposure?+25, Although these studies indicate mitigating neuroinflammation will protect
against alcohol-induced neurotoxicity, the inter- and intracellular factors that facilitate

alcohol-induced neuroinflammation have not been fully elucidated.

Despite limited knowledge on alcohol-induced neuroinflammation, newer studies
are beginning to define the specific impact of alcohol on innate immunity in the
brain. Extracellular vesicles are emerging as key intercellular signaling mediators that
carry signaling proteins, mMRNAs, and microRNAs?%27, but the role of extracellular
vesicles in alcohol-induced neuroimmune activation has not been extensively
explored?®, Recent studies have revealed microglia-derived microvesicles (MVs),
extracellular vesicles (0.1-1um diameter) released from the cell surface of somatic

cells, to be pro-inflammatory mediators of neuroimmune signaling in response
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to EtOH20-29, Activation of microglia leads to augmented release of pro-inflammatory
cytokines interleukin-1 beta (IL-18) and tumor necrosis factor alpha (TNF-a) that amplify

neuroinflammation and accelerate alcohol-related neuronal death30:31,

Using primary organotypic brain slice cultures and sequential ultracentrifugation
for MV isolation, studies by Crews et al. demonstrate that MVs drive temporal pro-
inflammatory gene production in EtOH challenged animal brain slices®!, including TNF-
a and IL-1B, concomitant with decreased homeostatic microglia Tmem119, and changes
in other microglia-specific genes (i.e., P2RY12, CX3CR1). It was also found that
blocking MV secretion using an inhibitor of acid-sphingomyelinase, imipramine,
blunted pro-inflammatory activation by EtOH3'. Further, microglia depletion with a
colony-stimulating factor-1 receptor inhibitor prevented the EtOH-induced production of
pro-inflammatory MVs, without diminishing the total number of extracellular vesicles in
media. Together, these findings implicate MVs as mediators of neuroimmune signaling
in response to EtOH. While these seminal findings identify MVs as critical drivers of
neuroinflammation by EtOH, it will be important for future studies to explore the cellular
mechanisms underlying EtOH-MV effects as well as the therapeutic potential of

blocking EtOH-induced MVs in vivo to reduce AUD-associated neuropathology.
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Alcohol Misuse and Advanced Age

Age-related exacerbation of alcohol-induced neurological diseases is a concern
considering that binge-drinking is becoming increasingly common among older (>65
years of age) populations®2-34, Advanced age and alcohol use can cause
neuroinflammation via microglial activation and pro-inflammatory cytokine production,
leading to neurodegeneration?'22. However, the synergistic effects of advanced age and
binge alcohol exposure on neuroinflammation and neurodegeneration are not well
defined, and there is a current lack of validated animal models to explore age-
related susceptibilities to the effects of binge-EtOH exposure. Novel rodent models are
being developed to accurately reflect alterations in human microglia activation and

cytokine production between young and aged alcohol-exposed brain.

Still, the contribution of alcohol misuse to age-related neurodegenerative
diseases, such as Alzheimer’s disease and (AD) and AD-Related Dementias has not
been fully characterized. The aged brain may be more vulnerable to alcohol-related
neuroinflammation and damage due to neuronal “inflamm-aging,” as evidenced by
baseline increases in microglia polarization to a pro-inflammatory state and elevated
TNF-a and IL-1B production that are further elevated upon exposure to TLR agonists
like lipopolysaccharide (LPS) 3536, These data suggest the aged brain may respond to
binge EtOH exposure with greater neuroinflammation and resulting degeneration,
yet there is a gap in research defining the specific changes associated with alcohol

misuse, neuroinflammation, and advanced age.

To address these gaps in knowledge, an animal model was developed to

measure changes in EtOH-induced microglia activation and cytokine production
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between the young and aged brain. Using an intermittent binge EtOH exposure model,
aged mice have heightened neuroinflammatory response to EtOH compared to their
younger counterparts. Eighteen hours after final exposure, TNFa, IL-18, and IL-6 mRNA
levels in aged, EtOH exposed animals were elevated compared to young control and
EtOH exposed animals. These data also identify specific differences in EtOH
metabolism, like previously published data®”: aged animals exhibited significantly higher
blood EtOH concentrations (380 mg/dL) compared to young animals (280mg/dL) 30
minutes after final gavage. This induction pattern is like that of aged adults compared to
young adults after consuming equal amounts of EtOH. These studies suggest that
advanced age sensitizes the brain to binge EtOH-related neuroinflammation and that
the consequences of these responses on age-related neurodegeneration and cognitive
dysfunction should be explored in future studies. This novel model of intermittent binge-
EtOH exposure can be used to investigate age-related susceptibility to EtOH-induced

microglia activation and associated neuronal injury.
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Alcohol-Induced Lung Dysfunction

In contrast to the pro-inflammatory state of the brain during chronic alcohol
consumption, AUDs profoundly increase the risk of respiratory infections in part due to
diminished alveolar macrophage phagocytic capacity3® and impaired mucociliary
clearance*%4!, resulting in lung damage and acute respiratory distress
syndrome*#2. Further, like alcohol-associated gut barrier dysfunction, inflammasome
activation diminishes tight junction protein levels and barrier integrity of the lung
epithelium*3-4%, but the molecular mechanisms leading to these alcohol-induced immune
derangements need to be further clarified. We will discuss recent studies that highlight
the role of extracellular matrix, bacterial metabolites, and inflammasome activation in

regulating immune function in the lung following alcohol use.

In studies of chronic alcohol misuse in humans and mice, alcohol has been
shown to impair the ability of alveolar macrophages to phagocytose pathogens10.3946:47
via increased oxidative stress*®, mitochondrial redox imbalance*® and impaired
mitochondrial bioenergetics®°. Chronic alcohol drinking is associated with increased
susceptibility to infection as well as decreased wound healing and tissue repair

capacity®'-53,

Recent studies suggest that alveolar macrophages from alcohol drinking rhesus
macaques demonstrate chromatin reorganization and accessibility changes lead to
functional deficits in the macrophages and limit their ability to respond properly to
pathogens. A study conducted by Lewis, et al. aimed to uncover the physiological
mechanisms by which alcohol disrupts monocyte/macrophage function. One year of

chronic alcohol drinking in rhesus macaques results in systematic rewiring of circulating
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monocytes and splenic macrophages, affecting their ability to respond to bacterial
products such as LPS ex vivo®*. Additionally, transcriptional analysis of the response to
respiratory syncytial virus (RSV) indicated that while inflammatory, the alcohol exposed
macrophage response was lacking in critical antiviral response genes, including
interferons®455, Even without a secondary stimulation, alveolar macrophages
demonstrated heightened cellular oxidative stress levels®>* and intensified mitochondrial
potential. To assess potential mechanisms for these altered functional states with
alcohol, single cell level transcriptomics and epigenetics were performed on isolated
alveolar macrophages. A new subset of macrophage chromatin reorganization and
accessibility changes with alcohol were identified that bolsters the hypothesis that

macrophages have limited ability to respond properly to pathogens.

Hyaluronic acid (HA) is an extracellular matrix glycosaminoglycan of variable
molecular weight that can function as a pro- or anti-inflammatory signaling molecule.
For example, HA synthesis and fragmentation are increased in chronic respiratory
diseases and in the bronchoalveolar lavage fluid of acute respiratory distress syndrome
(ARDS) patients®®, potentially through amplified hyaluronidase activity and oxidant
generation during inflammation®”-%8, In vitro and in vivo models of EtOH exposure
include a murine alveolar macrophage cell line, MH-S cells, treated with 0.08% EtOH for
three days or a 12-week EtOH feeding model (20% w/v in drinking water) in C57BL/6J
mice®®. Preliminary data gathered by the Yeligar lab showed that alcohol or 1000 kD
high molecular weight HA treatment diminished mitochondrial bioenergetics measured
by an extracellular flux analyzer in vitro. Additionally, alcohol altered HA-binding protein

expression in vitro and induced reactive oxygen species in bronchoalveolar lavage fluid
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in vivo, which was attenuated with pioglitazone (PIO), a synthetic peroxisome
proliferator-activated receptor gamma (PPARY) thiazolidinedione ligand with antioxidant
effects®. These findings suggest that alcohol alters HA dynamics, and that targeting
oxidant stress may improve alveolar macrophage dysfunction. Future studies will
continue to explore alterations in HA dynamics resulting in alveolar macrophage

immune dysfunction.

Alveolar epithelial barrier disruption and subsequent pulmonary leakage are
major contributors to ARDS*34%. However, the relationship between inflammasome
activation and chronic alcohol-induced lung barrier dysfunction has not previously been
examined. NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome
activation diminishes tight junction protein levels and barrier integrity®'62. Also, earlier
findings have demonstrated that inflammasome activation is suppressed by activation of
PPARy%364 Recent data suggest that chronic alcohol exposure increases
inflammasome activation, resulting in barrier impairment in lung epithelial cells and that
activation of PPARy with a synthetic thiazolidinedione ligand reverses these

derangements.

An additional study expands on the use of thiazolidinedione ligands in alcohol
use lung dysfunction. A mouse alveolar epithelial cell line, MLE-12 cells, was used to
examine the role of PPARYy in alcohol-induced alveolar epithelial inflammasome
activation and lung barrier dysfunction. MLE-12 cells were treated with 0.08% EtOH for
three days followed by treatment with PIO (10 uM) during the final day of alcohol
exposure. Preliminary data showing that chronic EtOH increased NIrp3 mRNA levels

and stimulated the expression of the downstream effector proteins IL-13 and IL-18
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suggest that chronic alcohol exposure enhanced inflammasome activation in vitro.
Chronic EtOH exposure also decreased transepithelial electrical resistance and
expression of the tight junction proteins claudin-1, occludin, and zonula occludens-1.
Treatment of MLE-12 cells with P1O reversed alcohol-induced inflammasome activation
and barrier impairment in lung epithelial cells. These findings suggest that therapeutic
intervention with PIO may diminish pulmonary barrier disruption in people with a history

of AUDs.
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Alcohol-Mediated Liver Inflammation and Disease

Acute and chronic alcohol consumption modulates the innate immune system,
leading to increased systemic and liver inflammation, and alcohol-associated liver
disease (ALD). ALD is characterized by steatosis or fatty liver, steatohepatitis, and
fibrosis which can progress to cirrhosis and hepatocellular carcinoma. Chronic insults
including alcohol exposure disturb cellular homeostasis and induce heat shock proteins
in the endoplasmic reticulum® and cytoplasm®®. Recent studies highlight the pathogenic
role of cytosolic heat shock protein 90 and therapeutic potential of its endoplasmic
reticulum paralog, glycoprotein 96 (GP96), in liver macrophages during ALD®”. GP96 is
required for the folding, processing, and trafficking of several client proteins including
TLRs®8. Further, the role of GP96 has been identified in metabolic diseases and cancer

but not in ALD.

Preliminary data from Ratna, et al. suggests that GP96 may be of clinical
relevance during alcohol-induced hepatitis, prominently in liver macrophages.
Preliminary evidence suggests the prevention of chronic alcohol-mediated liver injury,
steatosis, and inflammation in a murine myeloid-specific GP96 knock out model (M-
GP96KO) 8. Utilizing this model, this same group found higher expression of anti-
inflammatory genes and markers of restorative macrophages in livers of M-GP96KO
mice compared to wild type (WT) mice. M-GP96KO mice additionally showed
alterations in hepatic lipid homeostasis and endoplasmic reticulum stress. Finally, a cell
permeable GP96 specific inhibitor, PU-WS13, and GP96-siRNA markedly decreased
pro-inflammatory cytokine production in primary murine macrophages, thus confirming a

vital role for GP96 in macrophage activation. These findings highlight a novel and



31

critical role for a liver macrophage endoplasmic reticulum resident chaperone, GP96, in

ALD and GP96 targeted inhibition represents a promising therapeutic approach in ALD.

Alcohol-associated hepatitis (AH) is a severe inflammatory disease that can
superimpose the spectrum of ALD and leads to significant mortality. In a model of AH,
gut-derived LPS acts as an initial signal, and C-type lectin receptor (CTR) upregulation
serves as a secondary immune surveillance to detect other gut-derived commensal
bacteria, virus, and fungi. CTRs are a family of pattern recognition receptors that sense
a diverse array of bacteria, fungi, viruses, and DAMPs®. However, the role of CTRs in
modulating myeloid-derived cells, including human peripheral monocytes and murine
macrophages during AH, was largely unknown. Research has recently revealed that
CTRs engage in cell-cell communications between immune effector cells, indicating that

modeling signaling dysfunction could supply further targetable pathways for treating AH.

While myeloid cells have low basal CTR expression, it was newly discovered that
these genes are robustly induced by TLR signaling in myeloid-derived cells, including
human peripheral monocytes and murine macrophages’®’*. Using single-cell RNA-seq
(scRNA-seq) of peripheral blood mononuclear cells (PBMCs) from patients, CTRs were
found to be upregulated and sensitized monocytes to a wider array of pathogen-
associated molecular patterns (PAMPs) and DAMPs. Interestingly, CTR genes were
clustered together in the genome into a cassette on chromosome 12 called the NK gene
receptor complex. Using the scRNA-seq data, CTR genes including Mincle, Dectin-2,
and Dectin-3 were discovered to have highly coordinated expression in monocytes.
Likewise implicated in AH, Dectin-172, was upregulated at baseline in monocytes, while

CTRs involved in cell-cell communication between monocytes, natural killer (NK)-cells,
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and CD8 T-cells were similarly dysregulated. Overall, these findings highlight the need
for more studies investigating the role of CTRs and other pattern recognition receptors
and their specific role as potential drivers of host immune dysfunction and alcohol-
mediated liver damage, particularly as the field embraces an ever-growing appreciation
that perturbations in the microbiome and epithelial cell barriers change with chronic

alcohol misuse.
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Alcohol’s Effects on the Gut and Organ Crosstalk

Alcohol misuse additionally disturbs intestinal barriers”74 and the gut microbiota,
leading to exacerbated immune responses in humans and mouse models’>7¢, Thus,
acute and chronic alcohol consumption and microbial metabolites may modulate the
innate immune system, leading to increased systemic and liver inflammation’’. Chronic
alcohol drinking is additionally associated with a heightened incidence of ALD78-8°
characterized by steatosis or fatty liver, steatohepatitis, and fibrosis which can progress
to cirrhosis and hepatocellular carcinoma®'. However, study designs are complicated by
multi-organ communication, and the lack of adequate models to control for complex
variable changes. Herein, we highlight a few studies attempting to elucidate the effect of

moderate alcohol consumption and aging on the gut-lung and gut-liver axis.
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Alcohol and the gut-lung axis

The intestinal microbiota generates many different metabolites which are
associated with disease pathogenesis and immune homeostasis”7. Chronic alcohol
consumption can change intestinal microbial community structure and functional
homeostasis. Intestinal microbiota has been recently highlighted as a major driver of
alcohol-induced tissue injury to other organs, including the lungs and liver®?, Yet, little is
known about the role of alcohol-associated dysbiosis on host defense against bacterial
pneumonia. The specific effects of alcohol on the intestinal microbiome are still being
explored, but together with increased permeability of the intestinal barrier83, gut
dysbiosis, and bacterial overgrowth84-8 new insights into the mechanisms associated

with alcohol and the gut have recently been highlighted.

Bacterial species that produce indole derivatives of tryptophan catabolism, which
normally exert beneficial effects to the host®’, are lost during chronic alcohol exposure
and influence epithelial integrity®® in part, via the cytokine 1L-228%9_ Indole derivatives
can affect host immunity and defense outside of the gut’®. Indeed, patients with AUD
are more frequently infected with highly virulent respiratory pathogens (e.g., Klebsiella
pneumoniae) and experience elevated morbidity and mortality®°'.92, These clinical
observations have been replicated in rodent models whereby EtOH-fed mice have
elevated K. pneumoniae lung burden that can be alleviated with oral supplementation of
indole”. Importantly, the protective effects of indole are exerted via aryl hydrocarbon
receptors to improve leukocyte trafficking and killing of K. pneumoniae in the lung while
also re-establishing pulmonary and intestinal permeability”®. Interestingly, indole

treatment preferentially improved pulmonary recruitment of NK cells in EtOH-fed mice.
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However, if NK cells are required for host defense in indole-treated mice or if indole
works directly or indirectly on NK cells remains to be answered. These seminal studies
have highlighted that targeting the gut microbiome and their associated metabolites may
serve as potential therapeutic targets for alcohol-associated diseases. Further,
manipulation of tryptophan catabolism and, therefore, aryl hydrocarbon receptor
signaling should be further explored as novel therapeutic approaches for the prevention

of alcohol-associated pneumonia.
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Alcohol and the gut-liver axis

As previously mentioned, excessive alcohol use and associated gut damage can
also influence the pathogenesis ALD®284. A handful of clinical and animal studies
examining dysbiosis of the gut microbiome reveal a dramatic shift in the fecal
microbiome in patients with ALD%3% and animals chronically exposed to alcohol-
containing diets®%, characterized by pathobiont expansion, reduced diversity and loss
of beneficial microbes®. The changes in microbial diversity induced by alcohol can
directly cause early organ damage, as demonstrated in fecal transplant studies of donor
stool from ALD patients and alcohol-fed rodents into naive recipients®’. In addition to
bacteria, the gut microbiome also consists of archaea, viruses, protists, and fungi, which
represent understudied areas in ALD pathogenesis®°°. Fungi are opportunistic
pathogens capable of causing highly lethal blood-borne infections; for example, more
than half of individuals with Candida bloodstream infections who also have cirrhosis will

succumb to the infection99,

Recent advances have revealed a differential fungal microbiome (i.e.,
mycobiome) in subjects with progressive and non-progressive ALD, including elevations
in genera Candida, Debaryomyces, Pichia, Kluyveromyces, and Issatchenkia, which
positively correlate with liver damage markers including caspase-dependent cleavage
products of cytokeratin 18!, Two weeks of alcohol abstinence significantly ameliorated
liver disease markers caspase-cleaved and intact cytokeratin 18 concentrations and
controlled attenuation parameters in subjects with AUDs, which was accompanied by
significantly lower contributions of the genera Candida, Malassezia, Pichia,

Kluyveromyces, Issatchenkia, and the species Candida albicans and Candida
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zeylanoides. Moreover, anti-C. albicans immunoglobulin G (IgG) and M (IgM) are
acutely increased in AUD patients and taper off after two weeks of alcohol abstinence,
while the genus Malassezia is elevated in AUD patients with progressive liver
disease'’?!, suggesting mycobiome components may also be additional biomarkers for
alcohol misuse. Overall, alcohol abstinence ameliorates liver disease in subjects with
AUDs, which is associated with lower intestinal contributions

of Candida and Malassezia, and lower serum anti-Candida albicans 1gG titers. These
data add to the limited number of publications in the field”%1°2.103 but collectively
demonstrate that there is much to be discovered related to the mycobiome and if it is a

causal factor for ALD.
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Conclusion

Excessive alcohol facilitates multi-organ immune dysfunction, as shown in Figure
1.1. Overall, there remains much to be discovered regarding the specific health effects
of alcohol on people of all ages, but these early studies identify possible links to the
exacerbated toxicity and immune response to alcohol. In addition to
drinking patterns (e.g., heavy, binge-drinking, chronic), additional host factors, including
genetics, sex, co-morbidities, environmental exposures, and age all contribute to
alcohol-related organ damage and multi-organ damage'%. In fact, individuals over the
age of 65 consist of the fastest growing demographic of increasing alcohol consumers in
the United States, particularly among female individuals33.19%.1%_As such, there are
significant gaps of knowledge related to specific health impacts of alcohol misuse
in subpopulations of people with AUD. Further studies must be done to target
especially vulnerable populations, while continuing to investigate mechanisms

underlying biological dysfunction in those with AUD.
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Figure 1.1: Alcohol mediated multi-organ immune dysfunction. Excessive alcohol

induces neuroinflammation, neurodegeneration and cognitive dysfunction, which is

worsened by microglia activation during aging. Pulmonary immunity is compromised by

alcohol-induced alterations in bacterial metabolites, hyaluronic acid and inflammasome

activation. Gut and liver immunity is diminished, resulting in systematic and localized

inflammation and changes in microbial community structure, resulting in intestinal

barrier dysfunction. Figure created using BioRender.com.
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Chapter 2: Clinical Evaluation of Oral Zinc, S-adenosylmethionine (SAMe), or
Combination Supplementation to Improve Alveolar Macrophage Function in
People with Alcohol Use Disorders

Alcohol misuse causes multi-organ damage, however the focus of the Yeligar lab
is on how chronic alcohol impacts pulmonary immunity. As | highlighted in Chapter 1,
alcohol use increases the incidence of pulmonary diseases including pneumonia,
sepsis, and ARDS. Yet, there are no differences in clinical treatment for people with
AUDs with pulmonary disease presentation. Multiple clinical trials held at Emory
University and the Atlanta Veteran’s Affairs Healthcare System have aimed to test the
efficacy of drugs and supplements to improve pulmonary immunity in people with AUDs.
While | was not yet part of Emory for the onset of these studies, | was able to meet
several objectives of one study aimed to improve AM oxidative stress and phagocytosis
through oral zinc, S-adenosylmethionine (SAMe), or combination supplementation. We
hypothesized that oral zinc, SAMe, or combination in participants with AUDs would
improve alcohol-induced cellular and mitochondrial oxidative stress in isolated AMs,

which would correlate with improved mitochondrial health and phagocytosis.

AUDs disproportionately affect the United States Veteran population'” and
increase the risk of pulmonary diseases, like pneumonia and acute respiratory distress
syndrome (ARDS) 4745, AMs are the first line of defense against pathogens in the lower
respiratory tract, but AM phagocytic capacity, redox homeostasis, and zinc levels are
impaired following chronic alcohol use in vitro and in vivo. People with AUDs that
enrolled in the Atlanta Veterans Hospital Substance Abuse and Treatment Program met

the active drinking criteria for study enrollment (n=95) and underwent a bronchoalveolar
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lavage (BAL) procedure to isolate AMs. Randomly assigned participants took double
placebo, zinc placebo + active SAMe, SAMe placebo + active zinc, or active SAMe +
active zinc supplements for 14 days followed by a final BAL. Plated AMs were imaged
and quantified by fluorescence microscopy for in vitro Staphylococcus aureus
internalization, cellular and mitochondrial reactive oxygen species, and mitochondrial
health. Zinc supplementation improved AM cellular and mitochondrial oxidative stress,
but combination of treatments was unable to improve phagocytic index. AM oxidative
stress and phagocytic index were not significantly correlated. Subsequent chapters
examine alternative therapeutic strategies to improve AM phagocytosis in people with

AUDs and models of chronic alcohol exposure.

My contributions toward the primary and secondary objectives of this study are
described here. One co-author paper including the phagocytic index data | collected is
in preparation. | intend to publish a second first-author manuscript with the remaining
data from this chapter upon acceptance of the manuscript including the primary
objectives. My role in the preparation of these manuscripts was to image, analyze, and
summarize my findings for the pre-stained slides for quantification of alveolar
macrophage phagocytosis and oxidative stress before and after supplementation with
double placebo, zinc sulfate, S-adenosylmethionine, or combination therapy. Drs.
Ashish Mehta and Samantha Yeligar assisted in the statistical analysis and
interpretation of these findings, while other secondary objectives, to be published with
the primary objectives, were analyzed by Dr. Samantha Yeligar, Dr. Lou Ann Brown,

and their respective labs prior to my time at Emory University.
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Abstract

Background: In 2021, 28.6 million people over 18 years old had an alcohol use
disorder (AUD), accounting for over 11% of the United States population. Loss of
pulmonary immunity due to alcohol use occurs in part by human alveolar macrophage
(hAM) mitochondrial and phagocytic dysfunction, but there are no current approved
therapeutics for people with AUD to improve hAM or lung immune function during
chronic alcohol use. Previous work showed that ex vivo zinc or glutathione treatment of
hAMs decreased alcohol-induced oxidative stress and phagocytic dysfunction. We
hypothesized that oral supplementation of zinc or S-adenosylmethionine in participants
with AUDs will improve hAM cellular and mitochondrial oxidative stress, which would

subsequently improve hAM mitochondrial health and phagocytosis.

Methods: Otherwise healthy participants (n=113) with AUDs were recruited from the
Atlanta Veterans Affairs Substance Abuse and Treatment Program. Assignments to
supplementation group and analyses of endpoints were randomized and blinded. Each
participant underwent a bronchoalveolar lavage for isolation of hAMs before and after
daily two-week supplementation with oral double placebo, S-adenosylmethionine
(SAMe) placebo + 220 mg zinc sulfate 1x, zinc placebo + 400 mg SAMe 2x, or active
SAMe + zinc. All samples were stained 24 hours after hAM isolation for fluorescence
microscopy imaging of cellular oxidative species, mitochondrial-derived superoxide,
mitochondrial health dependent on mitochondrial mass and membrane potential.
Additionally, hAM phagocytic index was determined by internalized and cleared pHrodo-

labeled Staphylococcus aureus.
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Results: Only daily supplementation with zinc (n=17-22) decreased hAM cellular
oxidative species and mitochondrial superoxide in participants with AUD (p < 0.05,
Multiple Wilcoxon Matched Pairs Test) but did not change mitochondrial health, as a
measure of mitochondrial mass and membrane potential, or phagocytic index (p > 0.05).
Oxidative species, mitochondrial superoxide, mitochondrial health as a measure of
mitochondrial mass and membrane potential, or phagocytic index were not significantly

different in hAMs from double placebo, SAMe, or combination supplementation groups.

Conclusions: Zinc improved hAM oxidative stress in participants with AUDs, however
this did not result in a functional change in mitochondrial health dependent on
mitochondrial mass or membrane potential or phagocytic capacity in hAMs.
Understanding and targeting the mechanisms of alcohol-associated hAM dysfunction
are important to improve clinical outcomes in people with AUDs that are at greater risk

for lung infection and injury.

Keywords: Alcohol use disorder, lung, alveolar macrophage, oxidative stress, zinc, S-

adenosylmethionine
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Introduction

Approximately 11% of the adult population in the United States had an alcohol
use disorder (AUD) in 2021 despite the known unfavorable social, behavioral, and
physiological effects of alcohol misuse'©®. In fact, alcohol is the fourth leading cause of
preventable deaths in the U.S. despite the number of alcohol-related deaths increasing
annually''2 there are few pharmacological therapeutics available to improve clinical
outcomes in people with AUDs. An especially understudied area of research includes
alcohol’s effect on pulmonary immunity, even though alcohol misuse increases the risk
of community-acquired pneumonia and acute respiratory distress syndrome (ARDS) by
2-4-fold*#5. Further, individuals admitted to hospitals with community-acquired

pneumonia commonly have an AUD3?.

Alveolar macrophages (AMs), essential resident immune cells, assist with
preventing pneumonia progression by recognition, internalization, and clearance of
potentially infectious particles and pathogens'®. Following chronic alcohol exposure,
AMs have perturbed redox balance*® and cellular bioenergetics®-59.110.111 "which
contribute toward diminished AM phagocytic capacity*6:5%.112113_Yet, there are no
available therapeutics for people with AUD and pneumonia to limit morbidity and
mortality due to loss of AM phagocytic function. This manuscript describes the
investigation of two supplements aimed to decrease alcohol-induced oxidative stress in
human AMs (hAMs) and improve hAM function as a blinded and randomized clinical
trial: Examination of Zinc, S-adenosylmethionine (SAMe), and Combination Therapy

Versus Placebo in Alcoholics (ExZACTO; ClinicalTrials.gov identifier: NCT01899521).
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Alcohol-induced hAM dysfunction and loss of pulmonary immunity is due in part
to dysregulated oxidative stress, resulting in the loss of pathogen clearance. Thus,
people with AUDs have higher mortality rates’ "4, making the need to find, report, and
review therapeutics targeting oxidative stress, as in the ExZACTO clinical trial, of
foremost importance. In people with AUDs, intracellular hAM zinc and alveolar pools of
reduced glutathione (GSH) are lessened, and GSH homeostasis is perturbed toward a
more oxidized redox state (glutathione disulfide, GSSG)*349.112.115-118 ' Additionally, ex
vivo supplementation of hAMs with zinc, GSH, or combination of zinc and GSH
improved hAM intracellular zinc as well as phagocytic index, a measure of
internalization and lysosomal clearance of Staphylococcus aureus''%'2!. Therefore, the
researchers expected that supplementation with oral zinc or the GSH precursor (SAMe)
will decrease total cellular oxidative stress and mitochondrial (MT)-derived superoxide in
hAMs isolated from Veterans with AUDs recruited from the ExZACTO study. We
hypothesized that the decrease in hAM oxidative stress will correlate with MT health
and phagocytic capacity, and that zinc or SAMe or combination will be able to improve
hAM phagocytosis. If successful, these results would call for further investigations into
usage of antioxidant supplements for the treatment of AUD-induced co-morbidities in

the lung, like pneumonia and ARDS.
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Materials & Methods

Trial Design: The Atlanta Veterans Affairs Healthcare System Research and
Development Committee and Emory University Institutional Review Board reviewed and
approved all procedures and protocols. Participants (n=113) recruited from the Atlanta
Veterans Hospital Substance Abuse and Treatment Program enrolled in the
Examination of Zinc, SAMe, and Combination Therapy Versus Placebo in Alcoholics
(ExZACTO; ClinicalTrials.gov identifier: NCT01899521) clinical trial. Clinicians assessed
history of alcohol consumption based on the Alcohol Use Disorders |dentification Test
(AUDIT, Fig. 2.2), the Short Michigan Alcohol Screening Test (SMAST, Fig. 2.3), and
drinking history questionnaires (not shown). The ExZACTO study is a randomized,
placebo-controlled trial of daily dietary supplements zinc sulfate and SAMe intended to
determine if either supplement or combination of supplements can restore lung immune
defenses in Veterans with AUDs, thereby minimizing the risk of lung infection and injury.
This trial had an interventional, parallel assignment design with equal randomized
allocation of treatment groups (see Randomization below) and triple masking
(Statistician, Participant, Care Provider, Investigator). Only the statistician generating
the randomization list and pharmacist were unblinded to the treatment groups. Study
onset and completion was May 1, 2013 — July 31, 2017. All medical procedures were
performed at the Atlanta Veterans Affairs (VA) Medical and Rehab Center, Decatur, GA,
United States, 30033. Data collection occurred at the Atlanta VA Healthcare System
and Emory University in Decatur, GA, United States.

Inclusion / Exclusion Criteria: Participants were male and female Veterans between

18-60 years of age with active AUDs who last ingested alcohol < 8 days prior to
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bronchoscopy. The ExZACTO study did not include healthy volunteers. Exclusion
criteria included: any active and uncontrolled medical problem(s) not successfully
treated with medication; known zinc deficiency; primary substance misuse of not
alcohol; abnormal chest x-ray; HIV-positive status; any blood coagulation disorder or
current treatment with anti-coagulants (inc. warfarin, heparin, direct thrombin inhibitors,
and anti-platelet agents other than Aspirin); daily use of vitamins / nutritional
supplements; renal impairment with glomerular filtration rate < 60 mL / min / 1.73 m?;
active bipolar disorder; active Parkinson's disease; current pregnancy; contraindication
to treatment with zinc or SAMe; inability to give informed consent (i.e., limited cognitive

capacity); and non-English speaking.

Interventions: Participants underwent a procedure to instill isotonic saline in a sub-
segment of the right middle lobe or lingula using a flexible fiberoptic bronchoscopy
followed by suction to obtain bronchoalveolar lavage (BAL) fluid, which contains hAMs.
Standard conscious sedation techniques were employed. After initial evaluation for
inclusion and exclusion criteria and BAL procedure, randomization of participants

decided the 14-day supplementation protocol for placebo and intervention groups:

i. SAMe placebo 2x per day + zinc sulfate placebo 1x per day (double placebo).
i. SAMe placebo 2x per day + 220 mg zinc sulfate 1x per day.
iii.  Zinc sulfate placebo 1x per day + 400 mg SAMe 2x per day.
iv. 400 mg SAMe 2x per day + 220 mg zinc sulfate 1x per day.
The investigational drug services and dispensing pharmacist at the VA maintained study
medication inventory and were the only investigators unblinded to participant grouping.

Continued evaluation for inclusion and exclusion criteria and participant health occurred
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during this period. 2-3 weeks following the onset of supplementation, participants

received a second BAL procedure for hAM isolation.

Outcomes: Primary and secondary outcome measures included serum and intracellular
zinc levels, redox potential in the alveolar space, hAM granulocyte macrophage-colony
stimulating factor receptor expression (all published separately), and hAM response to
S. aureus (by determining phagocytic index). However, we show only phagocytic index
in this chapter, and this study reports additional outcomes: hAM oxidative stress and
mitochondrial health dependent on membrane potential and mass before and after two-

week supplementation of double placebo, zinc, SAMe, or combination intervention.

Human Alveolar Macrophage Culture: Following bronchoscopies, ~150-180 mL
samples were centrifuged at 1200 rpm for 5 min to pellet remaining cells, which contain
hAMs. BAL fluid was removed for separate storage and remaining cell pellets were
washed with 5 mL ddH20 for red blood cell lysis. Centrifugation was repeated and cell
density was determined upon resuspension in 5 mL 1x PBS. Cells were then
centrifuged and resuspended at 1 x 108 cells / mL in hAM medium: RPMI 1640 medium
containing 2% FBS, 1% penicillin / streptomycin, and 8 ug / mL gentamycin. hAMs were
then cultured in 16-well chamber slides for 24 h before staining with fluorescent probes.
The full hAM isolation protocol has been described previously*®'® and have confirmed
that this isolation technique generates a >90% macrophage population by Diff-Quik

staining (Dade Behring) '%2.

Fluorescence Microscopy: All fluorescent probes were made according to
manufacturer’s protocols and diluted in hAM medium before incubation with hAMs at

37°C in a dark incubator. Cultured cells were stained with 5 uM 2',7'-
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dichlorodihydrofluorescein diacetate (DCFH-DA, Invitrogen, Waltham, MA) for 30 min to
measure cellular reactive oxygen species. To measure mitochondrial-derived
superoxide, hAMs were incubated with 5 pM MitoSOX (Invitrogen) for 10 min.
Mitochondrial health dependent on membrane potential and mass was measured by
incubating hAMs with 500 nM MitoTracker Chloromethyl X rosamine (CMXRos,
Invitrogen, Waltham, MA) for 30 min. Phagocytic capacity in MH-S was measured using
a pH-sensitive fluorophore-labeled bacteria, pHrodo Staphylococcus aureus
BioParticles conjugate (Invitrogen, Waltham, MA). Following staining, cells were
washed twice with 1x PBS, fixed to chamber slides in 4% paraformaldehyde for 20 min,
washed twice more in 1x PBS, and stored in 1x PBS in the dark. Fluorescence was
detected using the BZ-X800 imaging software (Keyence Corporation, Osaka, Japan).
Quantification of relative fluorescence units (RFUs) per cell was performed using
Imaged (National Institutes of Health). RFUs were measured in at least 10 cells per
image with no less than 100 cells imaged total per technical duplicate. All images were
deconvoluted for measurement RFUs via ImagedJ software (National Institute of Health,
Bethesda, MD). Cells with internalized S. aureus were considered positive for
phagocytosis. Phagocytic capacity was quantified as phagocytic index: RFUs of pHrodo
per cell multiplied by the number of cells positive for internalized bacteria divided by

total number of cells.

Sample Size: Data from previous animal studies were used to determine sample size,
where the change in the primary endpoint (phagocytic index) following treatment
changed between 20-40% relative to baseline values. A correlation coefficient of 0.85

and a 30% change in endpoint value in treatment groups was assumed, predicting no
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change in placebo treated participants. Based on these assumptions, 19 AUD
participants were needed per group to detect a difference between groups at the two-
sided 5% significance level. Participant dropout was anticipated, therefore 25-30
participants per group were enrolled to ensure statistical power was maintained. No
interim analyses were planned or used, as participants were monitored for adverse

events throughout the supplementation phase of the trial.

Randomization: Randomization was performed by an otherwise uninvolved statistician
who provided a randomization list based on a computerized pseudo-random number
generator with permuted-block randomization (block size 8 and allocation ratio of
2:2:2:2). Unequal smoker to non-smoker ratio was expected based on pilot information
with ~85-90% smokers expected; therefore, randomization was stratified to ensure
equal smoker and non-smoker representation between treatment groups. Additionally,
participants were only assigned to supplementation groups based on the randomization

list following the initial BAL procedure to ensure inclusion / exclusion criteria were met.

Statistical Methods: Non-parametric statistical testing for multiple pairwise groups
(Multiple Wilcoxon Matched Pairs Test) were used in the final analyses for the
experiments outlined in this study due to non-normal distribution of data (Shapiro-Wilk
Test for normality p < 0.05). Outliers in data were removed based on 1.5 * interquartile
range of lognormal data before statistical testing. Results are reported as RFUs / cell

before (B1) and after (B2) supplementation period.
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Results

Trial Set Up & Participant Demographics: Participant flow diagram adapted from the
Consolidated Standards of Reporting Trials (CONSORT) '2% is in Figure 2.1. Groups
were allocated into equal sizes (1) but were not equal after participant or Principal
Investigator requested withdrawal from the study. Based on initial power analysis the
study was slightly underpowered, with the double placebo group having 17 participants
rather than the suggested 19. As a requirement of enroliment, all participants needed to
have a history of alcohol misuse. Alcohol use disorder screening included obtaining
AUDIT and SMAST questionnaire scores to grade alcohol consumption. The AUDIT
and SMAST questionnaires for determining risk of AUDs and gauging drinking history
are in Figure 2.2 and Figure 2.3. Importantly, all participants included had a history of
AUD by the Principal Investigator and had an alcoholic drink within 8 days of
bronchoscopy (using alcohol at the time of the study). A summary of participant
characteristics, AUDIT and SMAST scores, and participant demographics are in Table
2.1. There were no significant differences seen between age, weight, height, BMI,
AUDIT, or SMAST score (p > 0.05 by ANOVA with Dunn’s post-hoc). The only
difference between group demographics that was significant was illegal drug use, where
less of the active SAMe group used illegal drugs. Notably, all groups had about 80-90%
of people identifying as Male or Black/African American and under 10% identifying as

Hispanic or Latino.

Oxidative stress in human alveolar macrophages: Previous studies have shown that
people with AUDs have increased BAL and hAM oxidative stress occurring due to

impaired redox homeostasis®®'"7. hAMs isolated from people with AUDs have two-fold
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higher generation of cellular reactive oxygen species and extracellular release of
H202%960, Additionally, hAM oxidative stress may be due to loss of intracellular zinc and
loss of reduced glutathione'?', but zinc and glutathione precursor, SAMe, supplements
have not been investigated clinically for alcohol-induced hAM dysfunction until now.
Participants with AUD had hAMs isolated for fluorescence microscopy before (B1) and
after (B2) oral supplementation with either double placebo, SAMe, zinc, or SAMe + zinc
combination, as described above in the Interventions methods section. Figure 2.4
shows that people with AUDs who received two weeks of either oral zinc or oral zinc +
SAMe supplements have decreased cellular reactive oxygen species as measured by
DCF fluorescence (p < 0.05 by multiple pairwise t-tests). Further, zinc decreased hAM
mitochondrial superoxide levels as measured by MitoSOX fluorescence (Figure 2.5, p <
0.05 by multiple pairwise t-tests). Representative images have been included showing
DCF and MitoSOX fluorescence at 40x. There was no difference found between any
groups before supplementation, or in the double placebo and SAMe only groups for

either DCF or MitoSOX levels after supplementation.

Mitochondrial health dependent on mitochondrial mass and membrane potential
and phagocytosis in human alveolar macrophages: hAMs isolated from people with
AUDs have decreased phagocytic abilities®, predicted to be in part caused by
diminished MT function®50.124 . MT health that is dependent on MT mass and membrane
potential, as measured by MitoTracker CMX-Ros, was not significantly different in any
of the supplementation groups (Figure 2.6). Phagocytic index, calculated by
internalization and clearance of fluorescently labeled S. aureus, did not change after

oral supplementation in any groups (Figure 2.7). While zinc was able to improve cellular
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and MT oxidative stress (Figures 2.4 and 2.5), these biochemical changes did not
result in improved MT health dependent on MT mass and membrane potential or
phagocytic function in this study. Upon further evaluation, cellular reactive oxygen
species and MT superoxide in pre-treatment B1 samples were significantly correlated (p
< 0.05, Figure 2.8A, 2.8B), and MT superoxide levels correlated to mitochondrial health
dependent on mitochondrial mass and membrane potential (Figure 2.8C). However,
cellular reactive oxygen species, MT superoxide, and mitochondrial health dependent
on MT mass and membrane potential were not correlated with phagocytic index (Figure

2.8D-2.8F).
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Discussion

The major objective of ExZACTO was to evaluate if zinc, SAMe or a combination
of both supplements could improve biologically relevant outcomes in Veterans with
AUDs through restoration of hAM function. Zinc and SAMe are inexpensive and readily
available supplements that, if effective, could decrease mortality and economic burden
in this participant population. While the primary objectives noted no changes in hAM
mitochondrial health or phagocytic index following 14 days of daily supplementation of
zinc, SAMe, or zinc + SAMe, the hypothesis that zinc would decrease extracellular,
cellular, and mitochondrial-derived oxidative species in AUD hAM was true. Zinc is a
trace element and essential micronutrient that has been recognized as an antioxidant
element for nearly 25 years'?5, yet zinc does not directly interact with oxidative species.
We propose two mechanisms of alcohol-induced oxidative stress dependent loss of zinc

for future investigation:

1) Loss of intracellular zinc decreases zinc-driven antioxidant enzyme
activity. While preliminary studies did not find that chronic alcohol use decreased
serum zinc levels in a similar participant population, chronic alcohol did decrease AM
intracellular zinc'?'. Zinc acts as a cofactor for the antioxidant enzymes superoxide
dismutase and catalase, which convert superoxide and hydrogen peroxide into less
reactive species, but loss of zinc may result in loss of SOD or catalase activity. AM zinc
transporter and storage proteins, zinc transporter 4, metallothionein 1, metallothionein
2, were lessened following chronic ethanol in vivo'?°, thus potentially decreasing
available cellular zinc for antioxidant activity. Unfortunately, a limitation of this study is

the lack of antioxidant enzyme activity data due to priority of the physiological
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endpoints, MT health and phagocytic index. Ongoing studies using the same participant
samples will aim to publish alveolar space redox potential as measured by GSH:GSSG
ratio, as well as serum and hAM zinc levels, but studies could evaluate mRNA or protein

levels of hAM antioxidant enzymes if sample quantity permits.

GSH is both intracellular and extracellular in the lung, and its depletion towards
more of the oxidized form of GSH, GSSG, occurs in end-stage pulmonary diseases,
such as interstitial lung disease'?21%6, pulmonary fibrosis®3127-129 and ARDS*°. We
expected the GSH precursor, SAMe, to decrease oxidative stress and improve hAM
function in people with AUDs. SAMe, however, is not only a precursor for GSH. SAMe
can also donate a methyl group to macromolecules including DNA, proteins, and
phospholipids, thereby enforcing chromatin remodeling, protein activity, or membrane
structure. GSH cannot be ruled out as a potential therapeutic to decrease alcohol-
induced AM oxidative stress since SAMe may not directly result in increased GSH

levels or activity.

Even if SAMe uptake did result in increased GSH levels, zinc and GSH have a
complicated relationship. Zinc has a binding affinity for biomolecules containing O, S, or
N, and prevents oxidative damage in part by preventing oxidation of sulthydryl
groups'?5. However, this includes the conversion of GSH to glutathione disulfide
(GSSG), which is a well-known cycle to decrease hydrogen peroxide via reduction to
water'30.131 |n fact, zinc may be a competitive antioxidant with GSH by inhibiting GSH
reductase activity thus decreasing GSH antioxidant capacity. This interplay was not
considered when designing the clinical trial since ex vivo treatment with GSH and zinc

were able to improve hAM phagocytic function but could potentially explain why the
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combination of a GSH precursor and zinc did not significantly decrease mitochondrial
superoxide. Yet, GSH was not given orally in this study due to its low bioavailability and
high oxidation in the gut. Therefore, alternative therapeutic strategies may improve
oxidative stress, mitochondrial health, and phagocytosis in AMs isolated from people

with AUDs.

2) Loss of intracellular zinc alters the AM transcriptome involved in redox
balance. Current clinical trials using pioglitazone are in progress to determine if loss of
transcriptional control of key antioxidant and metabolic regulators drive hAM alcohol-
associated oxidative stress and phagocytic dysfunction. Chronic alcohol suppresses
nuclear factor erythroid 2-related factor 2 (Nrf2), a transcription factor dependent on zinc
that controls antioxidant responses through an antioxidant response element, and
peroxisome proliferator-activated receptor gamma (PPARYy), a transcription factor
involved in metabolic regulation crucial for mitochondrial function. PPARy regulates
Nrf2, and the PPARYy ligand, pioglitazone, improves AM oxidative stress and phagocytic
index in vivo in mice given chronic ethanol and ex vivo in hAMs isolated from people

with AUDs8%.119.132,

Interestingly, our studies have shown that chronic alcohol depresses AM
mitochondrial respiration, including the ability of AMs to use mitochondrial fuels
(glucose, glutamine, or long chain fatty acids) to make ATP, meaning that disrupted
mitochondrial metabolism may be central to the alcohol-induced AM phenotype. Some
of these results could be explained by altered NAD:NADH ratio, as alcohol metabolism
increases NADH and increased NADH is linked to higher mitochondrial superoxide

levels. However, mitochondrial dysfunction goes beyond NADH-associated oxidative
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stress, and we suspect that without improving PPARYy transcription of metabolic proteins
including regulation of glycolysis and fatty acid metabolism, mitochondrial respiration

rates will not improve.

There may be multiple mechanisms of impaired AM phenotype, but we posit that
a therapeutic strategy must involve targeting alcohol-associated oxidative stress and
metabolic dysfunction together in order to improve AM phenotype. As alternative to
SAMe, a formulation of liposomal GSH that is more bioavailable could potentially be
effective at decreasing AM oxidative stress and improving phagocytic index, but this
formulation has never been tested in humans33. Pioglitazone may be a more promising
therapeutic because supplementation has improved multiple disrupted endpoints
(oxidative stress, mitochondrial respiration, and phagocytosis) 5969110 whereas
supplementation with zinc only improved oxidative stress in hAMs. Overall, there may
not be one true mechanism of alcohol-induced alterations in AM phenotype, but many of
the observations seen revolve around pathways related to the loss of zinc and PPARYy.
Combining zinc and/or pioglitazone may decrease the risk of pulmonary disease and

improve clinical outcomes in people with AUDs with AM dysfunction.
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Tables & Figures

Table 2.1
Double Active Active | Zinc+
Mean of group (SD) | Placebo | SAMe Zinc SAMe | Significance
Age (yrs.) 43 (10) 47 (9) 45 (9) 48 (10) ns
Weight (Ibs.) 188 (43) | 190 (27) | 193 (34) | 186 (34) ns
Height (in.) 69 (3) 69 (3) 70 (4) 69 (4) ns
BMI 28 (5) 28 (5) 28 (6) 27 (4) ns
AUDIT 22 (6) 20 (8) 19 (7) 21 (8) ns
SMAST 6 (4) 7(3) 6 (4) 7 (3) ns
Double Active Active Zinc +

Demographic | % of group Placebo SAMe Zinc SAMe

Sex Male 88 81 86 79 ns
Female 12 19 14 21
Biack or African

Race American 82 81 81 89 ns
More than one race 12 10 14 b
White 6 10 5 5

Ethnicity Hispanic or Latino 6 5 0 5 ns
Not Hispanic or Latino 94 95 100 95

Smoking

Status Do not smoke 41 43 43 26 ns
Smoke some days 18 10 10 11
Smoke every day 47 48 48 63

Drug Use Use illegal drugs 65 19 43 53 *p=0.0387
Do not use illegal
drugs 35 81 57 47

Table 2.1: Demographics from participants with alcohol use disorders (AUDs).
Demographics from participant samples (n=80) used from the Examination of Zinc, S-
adenosylmethionine (SAMe), and Combination Therapy Versus Placebo in People with
Alcohol Use Disorders (ExZACTO, ClinicalTrials.gov identifier: NCT01899521) clinical
trial. Results are expressed as mean (SD) or as percentage. Significance (*p < 0.05)

was calculated using one-way AVOVA with Dunn’s post hoc or by Chi-squared testing.
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Figure 2.1

Assessed for eligibility & scheduled
for first bronchoscopy (n=113).

Withdraw pre-randomization
due to participant decision
(n=12) or Pl decision (n=6).

Received bronchoscopy &
randomized for treatment (n=95).

Withdraw post-randomization
due to participant decision
(n=8) or PI decision (n=1).

Allocation into treatment groups
(n=86).

Double placebo (n=18).

Zinc placebo + Active SAMe
(n=24).

SAMe placebo + Active zinc
(n=24).

Active SAMe + Active zinc
(n=20).

Excluded due to low sample
quality (n=1).

Excluded due to low sample
quality (n=2).

Excluded due to low sample
quality (n=2).

Excluded due to low sample
quality (n=1).

Analyzed (n=17)

Analyzed (n=21)
Excluded from results due to
outlier testing (n=1).

Analyzed (n=21)
Excluded from results due to
outlier testing (n=1).

Analyzed (n=19)

Figure 2.1: Consolidated Standards of Reporting Trials (CONSORT) flow diagram
for subjects recruited into the Examination of Zinc, S-adenosylmethionine (SAMe)
and Combination Therapy Versus Placebo in People with Alcohol Use Disorders.

ClinicalTrials.gov identifier: NCT01899521.



Figure 2.2

The Alcohol Use Disorders Identification Test: Interview Version

Read questions as written, Record answers carefully. Begin the AUDIT by saying “Now | am going to ask
you some questions about your use of alcoholic beverages during this past year.” Explain what is meant
by “alcoholic beverages” by using local examples of beer, wine, vodka, etc. Code answers in terms of
“standard drinks”. Place the correct answer number in the box at the right.

. How often do you have a drink containing alco-
hol?

(0) Never [Skip to Qs 9-10]
(1) Monthly or less

(2) 2 to 4 times a month
(3) 2 to 3 times a week
(4) 4 or more times a week

6. How often during the last year have you needed

a first drink in the moming to get yourself going
after a heavy drinking session?

(0) Never

(1) Less than monthly

(4) Daily or almost daily

. How many drinks containing alcohol do you have
on a typical day when you are drinking?
(0) 1or2

(1) 3ord4

(2) Sor6

(3) 7.8.0r9

(4) 10 or more

7. How often during the last year have you had a
feeling of quilt or remorse after drinking?
(0) Never
(1) Less than monthly
(2) Monthly

(3) Weekly
(4) Daily or almost daily

. How often do you have six or more drinks on one
occasion?
{0} Never

(4) Daily or almost daily

Skip to Questions 9 and 10 if Total Score
for Questions 2and 3 = 0

8. How often during the last year have you been

unable to remember what happened the night
before because you had been drinking?

(0) Never

(1) Less than monthly

(2) Monthly
(3) Weekly

(4) Daily or almost daily

. How often during the last year have you found
that you were not able to stop drinking once you
had started?

(0) Never

(1) Less than monthly
(2) Monthly

(3) Weekly

(4) Daily or almost daily

9. Have you or someone else been injured as a

result of your drinking?

0) No

(2) Yes, but not in the last year
(4)  Yes, during the last year

5. How often during the last year have you failed to
do what was normally expected from you
because of drinking?

(0) Never

(1) Less than monthly

() Weeky

(4) Daily or almost daily

10. Has a relative or friend or a doctor or another

health worker been concerned about your drink-

ing or suggested you cut down?
(0) No

(2) Yes, but not in the last year
(4) Yes, during the last year

If total is greater than recommended cut-off, consult User's Manual.

Record total of specific items here
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Figure 2.2: The Alcohol Use Disorders Identification Test (AUDIT) questionnaire.
AUDIT scores determined alcohol consumption and risk for alcohol use disorders
(AUDs) in participants screened for the Examination of Zinc, S-adenosylmethionine
(SAMe), and Combination Therapy Versus Placebo in People with Alcohol Use
Disorders (ExZACTO, ClinicalTrials.gov identifier: NCT01899521) clinical trial. Form

copied from the Study Protocol and Statistical Analysis pdf found at ClinicalTrials.gov.



Figure 2.3

SHORT MICHIGAN ALCOHOL SCREENING TEST
(SMAST)

NAME: Datc:

The following questions concem nformation about your involvement with alcohol during the
past 12 months. Carefully read each countyment and decide if your answer is “YES" or “NO".
Then, check the appropriate box beside the question.

Please answer every question. If you have difficulty with a countvment, then choose the respons
that i1s mostly right.

Ihese questions vefer to the past 12 months only. YES NO

1. Do vou feel that you are a nonmal drinker? (by normal we mean do
vou drink less than or as much as most other people.)................ooooeeen...

)

Does your wife, husband, a parent, or other near relative ever worry
or complain about Your drinKInZ?..........cooiviiveiiiieiieeeinie s

3. Do vou ever feel guilty about your drinking?.............cooovverveimiroicnccrireiannenne

4. Do fnends or relatives think you are a normal drinker?..........ccooeeenvvviiriincnens

5. Are you able to stop dnnking when you want t0?...............oooimriinieicnicnininnens

6. Have you ever attended a meeting of Alcoholics Anonymous (AA)?...............

7. Has your drinking ever created problems between you and your
wife, husband, a parent or other near relative?..............c.cocovriicimnsiainininins

8. Have you ever gotten into trouble at work because of your dnnking?..............

9. Have you ever neglected vour obligations, your family. or your
work for two or more days n a row because you were drnking?....................

10. Have you ever gone to anyone for help about your dnnking?..............cccoceee.

12. Have you ever been arrested for drunken dnving, driving while
mtoxicated, or dniving under the influence of alcoholic beverages?................

13. Have you ever been arrested, even for a few hours, because of
OIS PRI DBDIVIORRY. .o sisisnsansnniinioniessmmiemisss i B pamak e ess

N SMIAST SO, i s desnsbantonin pdAa VAt en
* See scoring instructions for correct scoring procedures.
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Figure 2.3: Short Michigan Alcohol Screening Test (SMAST) questionnaire.
SMAST scores determined alcohol consumption and risk for alcohol use disorders
(AUDs) in participants screened for the Examination of Zinc, S-adenosylmethionine
(SAMe), and Combination Therapy Versus Placebo in People with Alcohol Use
Disorders (ExZACTO, ClinicalTrials.gov identifier: NCT01899521) clinical trial. Form

copied from the Study Protocol and Statistical Analysis pdf found at ClinicalTrials.gov.
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Figure 2.4
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Figure 2.4: Oral zinc decreases reactive oxygen species in alveolar macrophages
(hAMs) isolated from people with alcohol use disorders (AUDs). Human alveolar
macrophages (hAMs) after 24 h of culture were stained with DCFH-DA and imaged for
relative fluorescence. hAMs from lavage of participants who received 14 days of oral
double placebo (n=17), zinc placebo + active S-adenosylmethionine (SAMe, n=21),
SAMe placebo + active zinc (n=21), or active SAMe + active zinc (n=19) were used.
Top: Representative images of hAMs before and after 14 days of placebo or oral
supplementation taken at 40x. Bottom: Quantification of RFUs before (B1) and after
(B2) oral supplementation. Points shown are paired measures of RFUs. * p < 0.05 vs.

B1 (paired t-test).
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Figure 2.5: Oral zinc decreases mitochondrial superoxide in alveolar
macrophages (hAMs) isolated from people with alcohol use disorders (AUDs).
Human alveolar macrophages (hAMs) after 24 h of culture were stained with MitoSOX
and imaged for relative fluorescence. hAMs from lavage of participants who received 14
days of oral double placebo (n=17), zinc placebo + active S-adenosylmethionine
(SAMe, n=21), SAMe placebo + active zinc (n=21), or active SAMe + active zinc (n=19)
were used. Top: Representative images of hAMs before and after 14 days of placebo or
oral supplementation taken at 40x. Bottom: Quantification of RFUs before (B1) and after
(B2) oral supplementation. Points shown are paired measures of RFUs. * p < 0.05 vs.

B1 (paired t-test).
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Figure 2.6
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Figure 2.6: Mitochondrial health dependent on membrane potential and mass
does not change in response to supplementation with zinc, SAMe, or combination
in alveolar macrophages (hAMs) isolated from people with alcohol use disorders
(AUDs). Human alveolar macrophages (hAMs) after 24 h of culture were stained for
MitoTracker CMXRos and imaged for relative fluorescence. hAMs from lavage of
participants who received 14 days of oral double placebo (n=17), zinc placebo + active
S-adenosylmethionine (SAMe, n=21), SAMe placebo + active zinc (n=21), or active
SAMe + active zinc (n=19) were used. Top: Representative images of hAMs before and
after 14 days of placebo or oral supplementation taken at 40x. Bottom: Quantification of
RFUs before (B1) and after (B2) oral supplementation. Points shown are paired

measures of RFUs. * p < 0.05 vs. B1 (paired t-test).
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Figure 2.7: Phagocytic index does not change in response to supplementation
with zinc, S-adenosylmethionine (SAMe), or combination in alveolar macrophages
(hAMs) isolated from people with alcohol use disorders (AUDs). Human alveolar
macrophages (hAMs) after 24 h of culture were stained for pHrodo Staphylococcus
aureus and imaged for relative fluorescence. hAMs from lavage of participants who
received 14 days of oral double placebo (n=17), zinc placebo + active S-
adenosylmethionine (SAMe, n=21), SAMe placebo + active zinc (n=21), or active SAMe
+ active zinc (n=19) were used. Top: Representative images of hAMs before and after
14 days of placebo or oral supplementation taken at 40x. Bottom: Quantification of
phagocytic index (RFUs * number of cells positive for S. aureus uptake / total cells)
before (B1) and after (B2) oral supplementation. Points shown are paired measures of

phagocytic index. * p < 0.05 vs. B1 (paired t-test).
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Figure 2.8: Oxidative stress is not correlated with phagocytic index in alveolar
macrophages (hAMs) isolated from people with alcohol use disorders (AUDs)
who did not undergo treatment. A-C) Markers of oxidative stress and mitochondrial
health dependent on mitochondrial mass and membrane potential are correlated in
hAMs from people with alcohol use disorders who did not undergo treatment (n=78, p <
0.05). D-F) hAM phagocytic index is not correlated with cellular reactive oxygen

species, mitochondrial superoxide levels, or mitochondrial health dependent on
mitochondrial mass and membrane potential in people with alcohol use disorders (n=78)

who did not undergo treatment.



76

2.2 Conclusions

This chapter contributed toward the field by showing that oral zinc sulfate
decreases cellular and mitochondrial oxidative species in AMs isolated from people with
AUDs. Yet, at this time point and concentration of zinc, this decrease in oxidative stress
did not result in improved AM phagocytic capacity. Rather, cellular ROS or
mitochondrial superoxide were not correlated with phagocytic index. These conclusions
challenge the previously thought idea that alcohol-induced AM phagocytic dysfunction is
due to increased oxidative stress. Moving forward, these results need future
confirmation and a causal relationship between loss of phagocytosis will need to be
linked to specific molecular mechanisms. The following chapters include further
characterization of the alcohol-induced AM phenotype to better predict these underlying

molecular mechanisms and target them for treatment.
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Chapter 3: Application of Pioglitazone to Improve Alcohol-Induced Alveolar
Macrophage Metabolic and Phagocytic Dysfunction

Alcohol diminishes AM phagocytosis in part by promoting MT dysfunction. The
previous chapter described one approach to restoring AM function by improving
oxidative stress. While oxidative stress and loss of AM phagocytic capacity are features
of an altered AM phenotype during chronic alcohol exposure, AMs also demonstrate a
metabolic shift whereby cells exhibit diminished MT-derived ATP-linked respiration®®.
This chapter includes two published manuscripts that further characterize the shift in AM
energy metabolism during chronic ethanol exposure. One co-author manuscript (copied
here from PMID: 35634337) details AM metabolic dysfunction potentiated by hypoxia-
inducible factor-1 alpha (HIF-1a) stabilization and promotion of glycolysis rather than
oxidative phosphorylation. Pioglitazone (PIO), the PPARYy ligand with antioxidant

effects, reverses EtOH-dependent shift toward glycolysis in vitro and in vivo.

| contributed toward this manuscript by assisting with mouse experiments,
collecting, and processing in vivo and in vitro samples, performing experiments using
these samples, and analyzing the data collected from experiments. In this first co-author
manuscript, | supplied data for Figures 3.1.1A-F, 3.1.6C, 3.1.10A-F, and Supplemental
Fig. 3.1.3A-D. For Figures 3.1.1 and 3.1.10 | performed seahorse assays to measure
cell energy phenotype and glycolytic rate in mouse AMs from one cohort of animals (n=
3-5 per group). | helped with SOP development, animal husbandry, chronic EtOH
feeding, sacrifice, and AM isolation in the months prior to these experiments. The
results of Figure 3.1.1 indicate that chronic EtOH feeding in mice shifts AMs toward a

glycolytic phenotype. Additionally, for Figure 3.1.6 | imaged and analyzed phagocytic
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capacity in murine AMs (MH-S cell line) treated with and without cobalt chloride (CoCl2),
a stabilizer of hypoxia-inducible factor-1 alpha (HIF-1a) levels. Further, for supplemental
Figure 3.1.3 | cultured, transfected, and performed and analyzed seahorse assays in
MH-S cells treated with and without chronic EtOH (0.08%, 72 h). In combination with
Figure 3.1.5, we determined that stabilization of HIF-1a using CoCl2 mimics the
phenotypic shift seen in AMs exposed to chronic EtOH (increased glycolysis and
decreased phagocytosis), and that this EtOH-induced shift is in part dependent on HIF-

1a.
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Abstract

Excessive alcohol use increases the risk of developing respiratory infections
partially due to impaired alveolar macrophage (AM) phagocytic capacity. Previously, we
showed that chronic ethanol (EtOH) exposure led to mitochondrial derangements and
diminished oxidative phosphorylation in AM. Since oxidative phosphorylation is needed
to meet the energy demands of phagocytosis, EtOH mediated decreases in oxidative
phosphorylation likely contribute to impaired AM phagocytosis. Treatment with the
peroxisome proliferator-activated receptor gamma (PPARYy) ligand, pioglitazone (PIO),
improved EtOH-mediated decreases in oxidative phosphorylation likely contribute to
impaired AM phagocytosis. Treatment with the peroxisome proliferator-activated
receptor gamma (PPARYy) ligand, pioglitazone (P1O), improved EtOH-mediated
decreases in oxidative phosphorylation. In other models, hypoxia-inducible factor-1
alpha (HIF-1a) mediates the switch from oxidative phosphorylation to glycolysis;
however, the role of HIF-1a in chronic EtOH mediated derangements in AM has not
been explored. We hypothesize that AMs undergo a metabolic shift from oxidative
phosphorylation to a glycolytic phenotype in response to chronic EtOH exposure.
Further, we speculate that HIF-1a is a critical mediator of this metabolic switch. To test
these hypotheses, primary mouse AM (mAM) were isolated from a mouse model of
chronic EtOH consumption, and a mouse AM cell line (MH-S) was exposed to EtOH in
vitro. Expression of HIF-1a, glucose transporters (Glut1 and 4), and components of the
glycolytic pathway (Pfkfb3 and PKM2), were measured by qRT-PCR and western blot.
Lactate levels (lactate assay), cell energy phenotype (extracellular flux analyzer),

glycolysis stress tests (extracellular flux analyzer), and phagocytic function (fluorescent
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microscopy) were conducted. EtOH exposure increased expression of HIF-1a, Glut1,
Glut4, Pfkfb3, and PKM2 and shifted AM to a glycolytic phenotype. Pharmacological
stabilization of HIF-1a via cobalt chloride treatment in vitro mimicked EtOH-induced AM
derangements (increased glycolysis and diminished phagocytic capacity). Further, P1O
treatment diminished HIF-1a levels and reversed glycolytic shift following EtOH
exposure. These studies support a critical role for HIF-1a in mediating the glycolytic shift

in energy metabolism of AM during excessive alcohol use.

Keywords: alveolar macrophage; energy metabolism; ethanol; glycolysis; hypoxia-

inducible factor-1 alpha.
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Introduction

Over 15 million people in the United States have been diagnosed with alcohol
use disorders'*. Excessive alcohol use increases morbidity and mortality” and
increases risk of developing respiratory infections®, which is largely linked to immune
dysfunction in alveolar macrophages (AMs) 46:112.113.121  AMs initiate the immune
response to pathogens in the lower airway'%°, but excessive alcohol use impairs AM
phagocytic capacity and bacterial clearance''?'35. Phagocytosis requires high energy
demands, and mitochondrial-dependent oxidative phosphorylation is the most efficient
method of generating cellular ATP. Our laboratory has established that chronic alcohol
exposure results in AM mitochondrial dysfunction (e.g., mitochondrial fragmentation,
morphological alteration, and derangements in mitochondrial bioenergetics) . Further,
treatment with the peroxisome proliferator-activated receptor gamma (PPARYy) ligand,
pioglitazone (P10), improved AM phagocytic dysfunction*6-89 and oxidative

phosphorylation®® during ethanol (EtOH) exposure.

One mechanism employed by cells to meet their energy demands in the absence
of oxidative phosphorylation is glycolysis'3¢. Glycolysis is a metabolic pathway that
converts glucose into pyruvate utilizing enzymatic proteins, such as 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase 3 (Pfkfb3) and pyruvate kinase M2 (PKM2), to
generate energy'36.137_ Blocking key glycolytic proteins such as Pfkb3 and PKM2 has
been shown to mitigate acute lung injury'3813°_ The effect of EtOH on these glycolytic

proteins in AM has not been explored.

Stabilization of hypoxia-inducible factor (HIF)-1a and subsequent formation of

HIF-1 (comprised of the inducible HIF-1a and constitutive HIF-1b) increases the
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transcription of numerous genes including those in the glycolytic pathway, such as
glucose transporters (GLUT) 1 and 4 and pyruvate dehydrogenase kinase 1 (PDK-1) 140-
142 Mounting evidence suggests that HIF-1a may act as a “metabolic switch”, shifting
cells from relying on oxidative phosphorylation towards glycolysis instead'4'-143. The
availability of glucose needed for glycolysis is in part regulated by glucose transporters
which transport glucose into the cell®8. HIF-1a (with GLUT and PDK-1) have been
shown in other models to contribute to lung injury44-146_ Further, numerous studies have
shown a direct relationship between HIF-1a and EtOH-mediated pathologies in the
brain'4’, adipose tissue'8, and liver'*. The findings from these studies showed that

EtOH-induced HIF-1a can occur during oxidative stress or elevated inflammation.

The relationship between HIF-1a and these metabolic derangements in the
context of chronic EtOH-induced AM phagocytic dysfunction, however, has not been
examined and is the focus of the current study. Our data demonstrate that HIF-1a is a
critical mediator of EtOH-mediated energy derangements in AM, suggesting a key role
of HIF-1a in EtOH-mediated lung pathobiology. Further, PIO attenuated EtOH-induced
HIF-1a, which could provide a novel therapeutic strategy in the treatment of alcohol use

disorders in the lung and decrease susceptibility to respiratory infections.



84

Materials & Methods

Mouse Model of Chronic Ethanol Ingestion

Animal studies were carried out in accordance with the National Institutes of
Health guidelines as outlined in the Guide for the Care and Use of Laboratory Animals.
Additionally, all protocols were reviewed and approved by the Atlanta VA Health Care
System Institutional Animal Care and Use Committee. 8- to 10-week-old male C57BL/6J
mice purchased from Jackson Laboratory (Bar Harbor, Maine, United States) were fed
standard laboratory chow ad libitum. Mice were randomly divided into two groups
(control and EtOH). EtOH fed mice received increases of EtOH (5% w/v every 3-4 days)
in their drinking water for 2 weeks until the EtOH concentration reached 20% w/v and
this concentration was maintained for 10 weeks, resulting in a 0.12% blood alcohol
level*6:48.113 During the last week of ethanol ingestion, mice were administered P1O (10
mg / kg / day in 100-uL methylcellulose vehicle) or vehicle alone via oral gavage“®.
Following euthanasia, tracheas were cannulated, and a tracheotomy was performed to
collect bronchoalveolar lavage fluid. Bronchoalveolar lavage fluid was centrifuged at
8000 RPM for 5 minutes to isolate mouse alveolar macrophages (mAM). Isolated mAM
were resuspended in RPMI-1640 culture medium (2% fetal bovine serum and 1%
penicillin/streptomycin) for 24 hours for further experimentation6.113, Lung tissue was

harvested and homogenized for RNA isolation.
In Vitro Ethanol Exposure of MH-S Cells

The mouse alveolar macrophage cell line (MH-S) was purchased from American
Type Culture Collection (Manassas, VA, United States). MH-S cells were cultured in

RPMI-1640 medium (10% fetal bovine serum, 1% penicillin/streptomycin, 11.9 mM
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sodium bicarbonate, gentamicin (40mg/ml) and 0.05 mM 2mercaptoethanol) in the
presence or absence of 0.08% EtOH for 72 hours (media changed daily) at 37°C in a
humidified incubator in 5% CO2''2. In a subset of experiments, MH-S were treated with
P10 (10 mM; last 24 hours of EtOH exposure) (Cayman Chemicals, Ann Arbor,

Michigan, United States).
Cell Energy Phenotype Test

Cell energy phenotype tests were performed to evaluate the metabolic
phenotypes of mAM and MH-S using either an XFe96 (Catalog number: 103325-100) or
an XFp extracellular flux analyzer (Catalog number: 103275-100) (Agilent Seahorse
Bioscience Inc.; Billerica, MA, United States). Oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were measured in mAM and MH-S over time in
XF Base Medium supplemented with 1 mM of sodium pyruvate, 10 mM glucose, and 2
mM of L-glutamine followed by a single injection of 2 mM oligomycin (ATP synthase
inhibitor) + 0.5 mM carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP; a
mitochondrial uncoupling agent). XFp plates were precoated with collagen (~4 hours)
and washed with PBS and media prior to addition of mAM cells to promote mAM
adherence to the plates. Raw OCR and ECAR were determined using the XF Wave 2.1
software. OCR and ECAR values were calculated, normalized to cell protein
concentration in the same sample, and were expressed as mean of biological replicates

+ standard error of the mean (SEM).

Glycolysis Stress Test
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Glycolysis stress tests were performed using either an XFe96 or an XFp
extracellular flux analyzer (Agilent Seahorse Bioscience Inc.) to evaluate the
parameters of glycolytic flux. ECAR was measured in mAM and MH-S over time in XF
Base Medium supplemented with 2 mM L-glutamine followed by sequential injections of
10 mM glucose (saturating concentration of glucose to promote glycolysis), 2 mM
oligomycin (ATP synthase inhibitor), and 50 mM 2-deoxy-glucose (2-DG; a glucose
analog that inhibits glycolysis). To maximize mAM adherence to XFp microculture
plates, wells were precoated with collagen (~4 hours) and were subsequently washed
with PBS and media before addition of cells. Glycolysis, glycolytic capacity, glycolytic
reserve, and non-glycolytic acidification were determined using the XF Wave 2.1
software. Raw ECAR was determined using the XF Wave 2.1 software. Glycolysis,
glycolytic capacity, glycolytic reserve, and non-glycolytic acidification ECAR values were
calculated, normalized to cell protein concentration in the same sample, and were

expressed as mean of biological replicates + SEM.
RNA Isolation and Quantitative RT-PCR (qRT-PCR)

TRIzol reagent (Catalog number:15596026, Invitrogen, Waltham, MA, United
States) was used to isolate total RNA. Primer sequences outlined in Table 3.1.1 were
used to measure and quantify target mRNA levels by qRT-PCR with iTaq Universal
SYBR Green One-Step kit (Catalog number: 1725151, Bio-Rad, Hercules, CA, United
States) using the Applied Biosystems ABI Prism 7500 version 2.0.4 sequence detection
system#6.113, Target mRNA values were normalized to 9S or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). mRNA levels were expressed as fold-change of

mean + SEM, relative to control samples.
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TABLE 3.1.1 | Primer sequences to measure mRNA levels using qRT-PCR.

Gene Forward Sequence (5’ to 3’) Reverse Sequence (5’ to 3’)
Mouse GAPDH GGATTTGGTCGTATTGGG GGAAGATGGTGATGGGATT
Mouse  Glut1 CTCCTGCCCTGTTGTGTATAG AAGGCCACAAAGCCAAAGAT
Mouse Glut4 AAAAGTGCCTGAAACCAGAG TCACCTCCTGCTCTAAAAGG
Mouse HIF-1a CTCAAAGTCGGACAG CCCTGCAGTAGGTTT
Mouse Pfkfb3 TCTAGAGGAGGTGAGATCAG CCTGCCACTCTTATCTTCTG
Mouse Pkm2 GAGGCCTCCTTCAAGTGCT CCAGACTTGGTGAGGACGAT
Mouse 9S ATCCGCCAGCGCCATA TCGATGTGCTTCTGGGAATCC

GAPDH; glyceraldehyde 3-phosphate dehydrogenase, Glut1; glucose transporter 1,

Glut4; glucose transporter 4, HIF-1a; hypoxia-inducible factor-1 alpha, Pfkfb3; 6-

phosphofructo-2kinase/fructose-2,6-bisphosphatase 3, PKM2; pyruvate kinase M2.



88
Cytoimmunostaining and Phagocytosis by Fluorescent Microscopy

HIF-1a protein was measured in mAM isolated from control and EtOH-fed mice.
mAMs were fixed with 4% paraformaldehyde and incubated with a HIF-1a rabbit
monoclonal antibody (1:500, Cell Signaling Technology, Danvers, MA, United States)
for 1 hour, washed, and incubated with fluorescent-labeled antirabbit secondary
antibody (1:1000) for 1 hour. Protein values were normalized to 4',6-diamidino-2-

phenylindole (DAPI) nuclear stain.

In vitro phagocytic capacity in MH-S was determined using pHrodo
Staphylococcus aureus BioParticles conjugate (Catalog number: A10010, Invitrogen).
MH-S (1.2 x 10° cells) were incubated with 1 x 108 particles of pH-sensitive fluorescent
labeled S. aureus for 2 hours. Following the incubation, cells were fixed with 4%
paraformaldehyde. Cells with internalized S. aureus were considered positive for
phagocytosis. Phagocytic capacity was quantified as phagocytic index: cells positive for
internalized bacteria multiplied by the relative fluorescent units (RFU) of S. aureus per
cell. Phagocytic index is expressed as foldchange of mean + SEM, relative to control

samples?6:60,

Fluorescence for HIF-1a cytoimmunostaining and phagocytosis of S. aureus was
measured using FluoView (Olympus, Melville, New York, United States) and are
expressed as fold-change of mean relative fluorescent units RFU per cell £ SEM,
relative to control samples. RFU were evaluated in at least 10 cells per field, with 10
fields per experimental condition. Gain and gamma microscope settings were constant
for each field and experimental condition. ImagedJ was used to deconvolute and analyze

images®%14°,
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Western Blot

Proteins were isolated from MH-S using SESSA lysis buffer and quantified using
the Pierce bicinchoninic acid (BCA) Protein Assay Kit (Catalog number for Pierce BCA
Protein Assay Reagent A: 23228 and Catalog number for Pierce BCA Protein Assay
Reagent B: 23224, Thermofisher, Waltham, Massachusetts, United States). Equal
amounts of protein from cell lysates were loaded on NUPAGE Novex 10% Bis-Tris
Protein Gels (Catalog number: NP0O301BOX, Fisher Scientific, Hampton, NH, United
States) subsequent to being transferred onto nitrocellulose membranes. The
membranes were blocked in 5% non-fat milk and TBST for 1 hour and then incubated
with primary antibodies for HIF-1a rabbit monoclonal antibody (Catalog number:
14179S, 1:500, Cell Signaling Technology) or GAPDH rabbit polyclonal antibody
(Catalog number: G9545-100UL, 1:20,000, GAPDH, Sigma-Aldrich, St. Louis, MO,
United States) overnight at 4°C. Following this incubation, the membranes were washed
and incubated with 1:10,000 anti-rabbit IRDye800CW Secondary Antibodies (Catalog
number: 926-32211, Li-COR Biosciences, Lincoln, NE, United States) for 1 hour at
room temperature. Odyssey Infrared Imaging System (LI-COR Biosciences) was used
to image the membranes. Image J software (NIH, Bethesda, MD, United States) was
used to measure densitometry. HIF-1a protein values were normalized to GAPDH and

expressed as foldchange of mean + SEM, relative to control samples.

Lactate Assay

Lactate levels in MH-S were determined using a lactate assay kit (Catalog

number: MAKO064, Sigma Aldrich) according to the manufacturer’s instructions. Lactate
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values were normalized to protein concentration in the same sample and were

expressed as fold-change of mean + SEM, relative to control samples.
Cobalt Chloride Treatment of MH-S

MH-S were treated with the HIF-1a stabilizer cobalt (1) chloride hexahydrate
(Catalog number: C8661-25¢g, 25 mM, CoCl2, Sigma-Aldrich) in PBS vehicle or PBS
alone for 4 hours. CoClz increases HIF-1a expression (28) and stabilizes HIF-1a by
inhibiting the binding of von Hippel Lindau E3 ubiquitin ligase, preventing HIF-1a

ubiquitination and subsequent degradation 0.
Transient Transfection of MH-S

HIF-1a was silenced in MH-S using transient transfection of a HIF-1a siRNA
(Catalog number: sc-35562, Santa Cruz, Dallas, TX, United States), and HIF-1a was
induced in MH-S using transient transfection of HIF-1a lysate (Catalog number:
sc120778, Santa Cruz). MH-S were resuspended in 100 mL of Amaxa Mouse
Macrophage Nucleofector Kit solution (Catalog number: VPA-1009, Lonza, Alpharetta,
GA, United States) containing 100 nM of control scrambled (Catalog number: sc37007,
control-scr, Santa Cruz), siRNA for HIF-1a (siHIF-1a), or HIF-1a lysate (HIF-1a)
followed by nucleofection according to the manufacturer’s protocol using program Y-
001. Following transfection, MH-S were washed with media and cultured with or without

0.08% EtOH for 3 days (media changed daily).
Statistical Analysis

Data are presented as mean + SEM. A Student’s t-test was used in studies with

two groups. In studies, with more than two groups, statistical significance was
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calculated using one-way analysis of variance (ANOVA) followed by Tukey-Kramer post
hoc (GraphPad Prism version 9, San Diego, CA). In the event that the data was not
normally distributed, a non-parametric statistical analysis using Kruskal-Wallis test was

used. P < 0.05 was considered significant.
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Results
Ethanol Shifts AM to a Glycolytic Metabolic Phenotype

Previously, we have shown that EtOH exposure alters mitochondrial morphology
and negatively impacts mitochondrial bioenergetics®®. To assess whether EtOH
exposure increased glycolysis, we evaluated the cell energy phenotype of mAM isolated
from control and EtOH-fed mice. mAM from EtOH-fed mice shifted to a glycolytic
phenotype in response to the oligomycin + FCCP stressors (Figure 3.1.1A). To provide
further evidence that EtOH resulted in glycolytic shift, we performed a glycolysis stress
test on mAM from control and EtOH fed mice. Compared with mAM from control mice,
mAM from EtOH fed mice exhibited increased glycolytic profiling (Figure 3.1.1B),
glycolysis (Figure 3.1.1C), glycolytic capacity (Figure 3.1.1D), glycolytic reserve
(Figure 3.1.1E), and non-glycolytic acidification (Figure 3.1.1F). Similar to our in vivo
studies, glycolytic bioenergetics were elevated in EtOH-treated MH-S (Figure 3.1.2)
compared to control. Assessment of the cell energy phenotype of EtOH treated MH-S
exhibited a glycolytic shift compared to control (Figure 3.1.2A). Additionally, EtOH
treated MH-S displayed increased glycolytic profiling compared to control (Figure
3.1.2B). Finally, glycolysis (Figure 3.1.2C), and glycolytic capacity (Figure 3.1.2D) were
also elevated in EtOH-treated MH-S compared to controls. We did not observe any
differences in glycolytic reserve (Figure 3.1.2E) or non-glycolytic acidification (Figure
3.1.2F) between the groups. Collectively, these data illustrate that AMs exhibit a

glycolytic energy phenotype in response to EtOH.

Ethanol Increases Glycolytic Proteins in Mouse Lungs and MH-S
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As we observed increases in glycolytic flux following EtOH exposure in AM, we
assessed expression of the glucose transporters, Glut1 and Glut4, and key enzymes of
the glycolytic pathway, Pfkfb3 and PKM2. mRNA levels of Glut1, Glut4, Pfkfb3, and
PKM2 increased in response to EtOH (Figure 3.1.3A). Additionally, EtOH induced
MRNA expression of Glut1 in mouse lung homogenates (Supplementary Figure
3.1.81). Since lactate levels correlate with generation of ECAR during glycolysis'®', we
investigated the effect of EtOH on AM lactate levels. EtOH elevated lactate in response
to EtOH in MH-S (Figure 3.1.3B). These results further suggest that EtOH induces
glycolysis in mouse lungs and AM.

Ethanol Induces HIF-1a in mAM and MH-S

We sought to investigate the mechanism by which EtOH increased parameters of
glycolytic flux in AM. HIF-1a, a component of the transcription factor HIF-1, can act as a
“‘metabolic switch”. HIF-1 increases the transcription of some genes in the glycolytic
pathway and has been shown in other models to be increased by EtOH exposure 4"
149,152 Here, we examined how EtOH affected hypoxia-inducible factor (HIF)-1a in AM.
mRNA and protein levels of HIF-1a were measured in control and EtOH mAM. EtOH
feeding elevated mAM HIF-1a mRNA (Figure 3.1.4A) and protein (Figure 3.1.4B)
expression. Similarly, we observed increases in HIF-1a mRNA (Figure 3.1.4C) and
protein (Figure 3.1.4D) in MH-S exposed to EtOH compared to control. Collectively,

these data show that EtOH induces HIF-1a in AM.

HIF-1a Mediates Ethanol-Induced Derangements in AM Glycolytic Shift in MH-S
To establish whether HIF-1a is implicated in EtOH-mediated glycolytic shift in

AM, control MH-S were treated with cobalt chloride, a HIF-1a stabilizer. Treatment of
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MH-S with cobalt chloride mimicked the increase in HIF-1a mRNA (Supplementary
Figure 3.1.2A) and protein (Supplementary Figure 3.1.2B) seen in AM exposed to
EtOH (Figure 3.1.4). Cobalt chloride exposed MH-S exhibited increases in components
of glycolytic profiling (Figure 3.1.5A), glycolysis (Figure 3.1.5B), and glycolytic capacity
(Figure 3.1.5C) similar to our EtOH studies of AM (Figures 3.1.1 & 3.1.2). Similar to
our in vitro studies (Figure 3.1.2), we did not observe changes in glycolytic reserve
(Figure 3.1.5D) and non-glycolytic capacity (Figure 3.1.5E) with cobalt chloride
treatment. Concomitantly, treatment of MH-S with HIF-1a lysate increased glycolytic
profiling (Supplementary Figure 3.1.3A), glycolysis (Supplementary Figure 3.1.3B),
glycolytic capacity (Supplementary Figure 3.1.3C), and glycolytic reserve
(Supplementary Figure 3.1.3D). Glut4, Pfkfb3, and PKM2 (Figure 3.1.6A) mRNA
levels and lactate levels (Figure 3.1.6B) increased in response to cobalt chloride,
similar EtOH-treated MH-S (Figure 3.1.3). As cobalt chloride is a mimetic for HIF-1a,
these data suggest that EtOH-induced HIF-1a mediates the glycolytic shift observed in
AM. Further, similar to our EtOH studies6-%0, treatment with cobalt chloride led to AM

phagocytic dysfunction (Figure 3.1.6C).

HIF-1a Modulates EtOH-Induced Glycolysis and Phagocytic Function in MH-S

To further implicate HIF-1a in modulating EtOH-induced glycolysis, we knocked
down HIF-1a in the presence and absence of EtOH. We determined that knockdown of
HIF-1a prevented EtOH-mediated glycolytic shift (Figure 3.1.7A). Further, these
improvements coincided with improved phagocytic index in MH-S lacking HIF-1a in the

presence of EtOH (Figure 3.1.7B). Collectively, these data show that HIF-1a plays a
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key role in EtOH-mediated increases in AM glycolysis and impaired phagocytic

capacity.

Pioglitazone Treatment Reverses Ethanol-Induced HIF-1a

The PPARYy ligand, PIO, has been previously reported to improve EtOH-mediated
mitochondrial derangements®®, and phagocytic dysfunction46:80. As such, we sought to
delineate whether PIO may affect EtOH-induced AM HIF-1a. PIO treatment diminished
HIF-1a mRNA (Figure 3.1.8A) and protein (Figure 3.1.8B) levels. Collectively, these

data identify PIO as a therapeutic strategy to mitigate EtOH-induced HIF-1a in AM.

Pioglitazone Treatment Reverses EtOH-Induced Glycolysis

As treatment with P1O improved mitochondrial derangements due to EtOH
exposure (Figure 3.1.10), here we sought to determine if P1O affected glycolysis in MH-
S in the presence of EtOH. As demonstrated previously, EtOH induced a glycolytic shift
in response to oligomycin + FCCP stressors. However, PIO treatment prevented the
EtOH-induced glycolytic shift in MH-S (Figure 3.1.9A). Treatment with PIO also
reversed EtOH-induced increases in the MH-S glycolytic bioenergetics parameters,
glycolytic profiling (Figure 3.1.9B), glycolysis (Figure 3.1.9C), glycolytic capacity
(Figure 3.1.9D), glycolytic reserve (Figure 3.1.9E), and non-glycolytic acidification
(Figure 3.1.9F). Similarly, P10 treatment prevented the glycolytic shift in mAM isolated
from EtOH-fed mice (Figure 3.1.10A). Treatment with PIO also reversed EtOH-induced
increases in the mAM glycolytic bioenergetics parameters, glycolytic profiling (Figure
3.1.10B), glycolysis (Figure 3.1.10C), glycolytic capacity (Figure 3.1.10D), glycolytic

reserve (Figure 3.1.10E), and non-glycolytic acidification (Figure 3.1.10F). Collectively,



these data show that PI1O treatment reverses AM glycolytic energy phenotype in

response to EtOH.
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Discussion

One of the hallmark immune functions of AM is to phagocytose invading
pathogens in the lower respiratory tract'®. In order to meet the high energy demands of
phagocytosis, oxidative phosphorylation is the most efficient process utilized for cellular
ATP generation. Previously, we have demonstrated that EtOH exposure severely
diminishes the ability of AM to phagocytose and clear pathogens*6:112.113.121 Further, we
have shown that EtOH altered mitochondria morphology and diminished oxidative
phosphorylation in MH-S. Additionally, we demonstrated that the PPARYy ligand, PIO,
partially reversed EtOH-induced AM mitochondrial derangements®® and improved EtOH-
induced AM phagocytic dysfunction®. However, the mechanisms by which EtOH alters
AM metabolism have not been fully elucidated. This study aimed to evaluate whether
HIF-1a has a role in EtOH-mediated energy derangements in AM. Our findings provide
evidence that EtOH shifts AM to a glycolytic metabolic phenotype, which is mediated by
EtOH-induced HIF-1a. Also, PIO treatment diminishes EtOH-induced HIF-1a, providing
HIF-1a as a molecular mechanism by which PIO improves AM phagocytic function. This
study establishes HIF-1a as a critical modulator of chronic EtOH-mediated metabolic

derangements in AM.

This study provides a mechanistic understanding of our previous study®® by
showing that EtOH-mediated decreases in oxidative phosphorylation are due to a
glycolytic shift. One method of meeting the metabolic requirements of the cell in the
absence of oxidative phosphorylation is glycolysis. Glucose transporters transport
glucose into the cell, providing some of the glucose needed for glycolysis'*6. Glycolysis

is a multistep process which utilizes proteins such as Pfkfb3 and PKM2'36.137_ Qur
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findings herein show that EtOH increases glycolysis (Figures 3.1.1 & 3.1.2). The
variance in EtOH-induced alterations in ECAR in mAM (Figure 3.1.1B) versus MH-S
(Figure 3.1.2B) may be due to the difference in duration of EtOH exposure (mMAM
isolated from mice fed EtOH for 12 weeks versus MH-S exposed to 0.08% EtOH in vitro
for 72 hours) and systemic, physiological effects of EtOH. However, the glycolysis
bioenergetics profiles for glycolysis and glycolytic capacity were comparable between
these mAMs in vivo (Figures 3.1.1C, D) and MH-S in vitro (Figures 3.1.2C, D) models.
Further, we observed elevated mRNA levels of glucose transporters (GLUT1 and GLUT
4) following EtOH exposure (Figure 3.1.3). Further, EtOH induced Pfkfb3, PKM2, and
lactate in AM (Figure 3.1.3). Together, these data demonstrate that EtOH shifts AM to a

glycolytic phenotype.

Other studies have described a direct relationship between HIF-1a and EtOH-
mediated pathologies'47-149.152, These studies have demonstrated that EtOH-induced
HIF-1a occurs under conditions of elevated inflammation or oxidative stress. Other
models have investigated the role of HIF-1a in chronic lung injury'44145_ HIF-1a was
activated in vitro in human pulmonary artery smooth muscle cells, demonstrating the
role of HIF-1a in pulmonary hypertension pathogenesis'“. HIF-1a has been branded a
“metabolic switch”, shifting cells from utilizing oxidative phosphorylation to glycolysis'4'-
143, However, the relationship between HIF-1a and metabolic derangements in the
context of chronic EtOH-induced AM phagocytic dysfunction have not been established
until now and are supported by the data presented herein. This study illustrates that
chronic EtOH exposure increases HIF-1a expression (Figure 3.1.4). Further, as shown

in Figures 3.1.5 and 3.1.6, treatment with the HIF-1a mimetic, cobalt chloride, causes
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AM derangements similar to EtOH. Knockdown of HIF-1a in the presence of EtOH
prevented EtOH induced glycolytic shift and glycolytic profiling (Figures 3.1.7A, B).
Taken together, these data suggest that HIF-1a is a critical modulator of EtOH-induced
glycolytic phenotype in AM. Interestingly, Kang et al'3. showed that EtOH did not alter
glycolysis in bone marrow derived macrophages. The group did, however, conclude that
EtOH increased glycolytic capacity, glycolytic reserve, and non-glycolytic acidification.
HIF-1a expression and activity was also increased due to EtOH exposure'®3. The slight
variance in results between our studies could be due to the differences in experimental
models using bone marrow-derived macrophages to model the AM phenotype. AM may
be tissue-resident or recruited cells with key differential functions in host defense'%4.
However, the current study provides evidence of the critical role for HIF-1a in mediating
the glycolytic shift in AM due to EtOH exposure using an AM cell line and AM isolated
from in vivo EtOH-fed mice. As HIF-1a is a component of the transcription factor HIF-1;
elevated levels could have effects not related to glycolysis. One limitation of the current
study is that it does not explore non glycolytic effects of HIF-1a. As described above,
previous reports have shown that HIF-1a is elevated as a response to inflammation or
oxidative stress'7-149.152 and our lab has shown that oxidative stress contributes to AM
phagocytic impairments*6:5%.60, Modulation of HIF-1a could alleviate EtOH-mediated

oxidative stress, thus improving phagocytic dysfunction.

Since HIF-1 is a transcription factor with numerous targets, other targets may be
of future interest. For example, the HIF-1 target PDK-1 can repress mitochondrial
function and oxygen consumption. PDK-1-mediated phosphorylation inhibits pyruvate

dehydrogenase, preventing the use of pyruvate in oxidative phosphorylation and
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resulting in decreased mitochondrial oxygen consumption'3®. Additionally, other
mechanisms, such as fatty acid oxidation, may be involved in meeting the energy
demands of the cell due to EtOH exposure. However, studies in the liver suggest that
chronic alcohol exposure promotes hepatic injury but does not increase the rate of fatty

acid B-oxidation through inhibition of mitochondrial B-oxidation 156158,

Previously, our lab has shown that alcohol-mediated decreases in PPARYy cause
AM dysfunction*®. PPARYy is activated by synthetic ligands, such as PIO. This results in
heterodimerization of PPARYy with a retinoid receptor and subsequent binding to the
PPAR response element in the promoter region of its target genes. The response to this
binding is dependent on whether the heterodimerization results in recruitment of
coactivators (increases gene expression) or corepressors (decreases gene expression)
159 Qur lab has shown that treatment with PPARY ligands diminished oxidative stress
following chronic EtOH exposure*6:5960_Interestingly, decreased expression of PPARy
impaired AM phagocytic capacity following chronic EtOH exposure6. However, the
mechanism by which PPARy mediates these effects is not known. Other models which
generate reactive oxygen species (ROS) have determined that there is an inverse
relationship between PPARy and HIF-1a and that PPARYy ligand treatment decreased
hypoxia-induced HIF-1a expression'4416%_ Here, we show that treatment P1O attenuated
EtOH-induced HIF-1a (Figure 3.1.8). It is unclear however, if PPARy mediates its action
on HIF-1a in a direct (binding to HIF-1a promoter) or indirect (reduction of ROS)
manner. As shown in Figures 3.1.5 and 3.1.6, the HIF-1a mimetic, cobalt chloride
produced results similar to EtOH-induced metabolic derangements. Collectively, these

data demonstrated that EtOH-mediated phagocytic dysfunction is in part linked to
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increased HIF-1a levels, which is mitigated with P1O treatment. Further, PIO treatment

reversed EtOH-induced glycolytic bioenergetics (Figures 3.1.9, 3.1.10).

The current study fills a gap in knowledge by providing a mechanistic
understanding to earlier studies which demonstrate that chronic EtOH exposure results
in phagocytic dysfunction*6.112.113.121 gnd decreases oxidative phosphorylation® in AM.
Together, our previous studies suggest that AM has diminished phagocytic capacity due
to an inability to meet the energy requirements for phagocytosis. Using both in vitro and
in vivo approaches, we identified HIF-1a as a critical mediator of EtOH-mediated
metabolic derangements in AM. These studies establish HIF-1a as a potential
therapeutic target for PIO (approved for clinical use in the treatment of type 2 diabetes),
which could mitigate the risk of developing respiratory infections in people with a history

of alcohol use disorders.
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Figure 3.1.1: Ethanol (EtOH) induces glycolysis in mouse alveolar macrophages
(mAM). Mouse alveolar macrophages (mAM) were isolated from mice fed either control
(Con) or ethanol (EtOH; 20% v/w in drinking water, 12 weeks). (A) Oxygen consumption
rates (OCR) and extracellular acidification rates (ECAR) were measured in response to
an injection mixture of oligomycin (oligo; mitochondrial complex V inhibitor) and
carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP; ATP synthase inhibitor and
proton uncoupler) using an extracellular flux analyzer. Cell energy phenotype was
measured, normalized to protein levels, and are expressed as mean + SEM (n = 4-5).
Closed symbols are cells at baseline and open symbols are after Oligo / FCCP injection,
aka after “stressor.” ECAR were measured in response to sequential injections of
glucose (saturating concentration of glucose to promote glycolysis), oligomycin (ATP
synthase inhibitor), and 2-deoxy-glucose (2-DG; a glucose analog that inhibits
glycolysis) using an extracellular flux analyzer. OCR measures are pmol over time and
ECAR measures are mpH over time, normalized to total protein in the same sample
well, and are expressed as mean + SEM. Parameters of glycolytic function (B),
glycolysis (C), glycolytic capacity (D), glycolytic reserve (E), and non-glycolytic
acidification (F) are expressed as mean + SEM, relative to control (n = 12-14). *p < 0.05

verses control.
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Figure 3.1.2: Ethanol (EtOH) induces glycolysis in MH-S cells. MH-S were exposed
to either control (Con) or ethanol (EtOH; 0.08%) for 72 hours. (A) Oxygen consumption
rates (OCR) and extracellular acidification rates (ECAR) were measured in response to
an injection mixture of oligomycin (oligo; mitochondrial complex V inhibitor),
carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP; ATP synthase inhibitor and
proton uncoupler) using an extracellular flux analyzer. Cell energy phenotype was
measured, normalized to protein levels, and are expressed as mean + SEM (n = 3).
Closed symbols are cells at baseline and open symbols are after Oligo / FCCP injection,
aka after “stressor.” ECAR were measured in response to sequential injections of
glucose (saturating concentration of glucose to promote glycolysis), oligomycin (ATP
synthase inhibitor), and 2-deoxy-glucose (2-DG; a glucose analog that inhibits
glycolysis) using an extracellular flux analyzer. OCR measures are pmol over time and
ECAR measures are mpH over time, normalized to total protein in the same sample
well, and are expressed as mean + SEM. Parameters of glycolytic function (B),
glycolysis (C), glycolytic capacity (D), glycolytic reserve (E), and non-glycolytic
acidification (F) are expressed as mean £ SEM, relative to control (n = 6). *p < 0.05

verses control.
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Figure 3.1.3
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Figure 3.1.3: Ethanol (EtOH) increases expression of glycolytic proteins and
lactate levels in MH-S. MH-S were exposed to either control (Con) or ethanol (EtOH;
0.08%) for 72 hours. (A) mRNA levels of glucose transporter (Glut)1, Glut4, 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (Pfkfb3), and pyruvate kinase 2
(PKM2) were measured by gRT-PCR, in duplicate, normalized to GAPDH, and are
expressed as mean + SEM, relative to control. (B) Protein isolated from MH-S cells was
used to evaluate lactate levels via lactate assay kit and are expressed as mean + SEM,

relative to control (n = 4-6). *p < 0.05 versus control.
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Figure 3.1.4
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Figure 3.1.4: Ethanol (EtOH) induces hypoxia-inducible factor-1 alpha (HIF-1a) in
mouse alveolar macrophages (mAM) and MH-S. (A, B) Mouse alveolar macrophages
(mAM) were isolated from mice fed either control (Con) or ethanol (EtOH; 20% v/w in
drinking water, 12 weeks). (A) HIF-1a mRNA levels were measured by gRT-PCR, in
duplicate, normalized to 9S, and expressed as mean + SEM, relative to control. (B) HIF-
1a protein levels were measured by fluorescence microscopy (10 fields/condition),
normalized to DAPI, and are expressed as mean RFU + SEM, relative to control.
Representative microscopy images have been provided. (C, D) MH-S were exposed to
either control (Con) or ethanol (EtOH; 0.08%) for 72 hours. (C) HIF-1a measured by
gRT-PCR, in duplicate, normalized to GAPDH, and expressed as mean + SEM, relative
to control (n = 6). (D) HIF-1a protein levels were evaluated via western blot, normalized
to GAPDH protein, and densitometry is expressed as mean + SEM, relative to control (n

= 4). Representative western blot images have been provided. *p < 0.05 versus control.
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Figure 3.1.5
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Figure 3.1.5: Stabilization of hypoxia-inducible factor-1 alpha (HIF-1a) in vitro via
cobalt chloride (CoClz) mimics ethanol (EtOH)-mediated derangements in MH-S.
MH-S were exposed to either vehicle (Veh) or cobalt chloride (CoCl2, 25 yM) for 4
hours. Extracellular acidification rates (ECAR) were measured in response to sequential
injections of glucose (saturating concentration of glucose to promote glycolysis),
oligomycin (ATP synthase inhibitor), and 2-deoxy-glucose (2-DG; a glucose analog that
inhibits glycolysis) using an extracellular flux analyzer. ECAR from glycolytic profiling,
normalized to protein levels, and are expressed as mean + SEM (A), glycolysis (B),
glycolytic capacity (C), glycolytic reserve (D), and non-glycolytic acidification (E) are

expressed as mean = SEM, relative to vehicle (n = 6). *p < 0.05 versus vehicle.
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Figure 3.1.6
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Figure 3.1.6: Cobalt chloride (CoClz) induces expression of glycolytic proteins
and lactate levels and causes phagocytic dysfunction in MH-S. MH-S were
exposed to either vehicle (Veh) or cobalt chloride (CoClz2, 25 uyM) for 4 hours. (A) mMRNA
levels of glucose transporter (Glut)4, 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase 3 (Pfkfb3), and pyruvate kinase 2 (PKM2) were measured by qRT-
PCR, in duplicate, normalized to GAPDH, and are expressed as mean + SEM, relative
to control (n = 4-6). (B) Protein isolated from MH-S was used to evaluate lactate levels
via lactate assay kit and are expressed as mean + SEM, relative to vehicle (n = 6). *p <
0.05 versus vehicle. (C) Phagocytic index was calculated from the percentage of cells
positive for bacterial uptake multiplied by the RFU of S. aureus per cell. Values are
expressed as mean + SEM relative to vehicle (n = 5). Representative fluorescent and

brightfield images have been provided. *p < 0.05 versus vehicle.
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Figure 3.1.7
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Figure 3.1.7: Hypoxia-inducible factor-1 alpha (HIF-1a) modulates ethanol (EtOH)-
induced glycolysis and phagocytic function in MH-S. MH-S transiently transfected
with control scramble (SCR) or siRNA against HIF-1a (siHIF1a) were exposed to either
Con or EtOH (0.08%) for 72 hours. (A) Oxygen consumption rates (OCR) and
extracellular acidification rates (ECAR) were measured in response to an injection
mixture of oligomycin (oligo; mitochondrial complex V inhibitor) and carbonilcyanide p-
trilouromethoxyphenylhydrazone (FCCP; ATP synthase inhibitor and proton uncoupler)
using an extracellular flux analyzer. Cell energy phenotype was measured, normalized
to protein levels, and are expressed as mean + SEM (n = 5). Closed symbols are cells
at baseline and open symbols are after Oligo / FCCP injection, aka after “stressor.”
ECAR were measured in response to sequential injections of glucose (saturating
concentration of glucose to promote glycolysis), oligomycin (ATP synthase inhibitor),
and 2-deoxy-glucose (2-DG; a glucose analog that inhibits glycolysis) using an
extracellular flux analyzer. OCR measures are pmol over time and ECAR measures are
mpH over time, normalized to total protein in the same sample well, and are expressed
as mean + SEM. (B) Phagocytic index was calculated from the percentage of cells
positive for bacterial uptake multiplied by the RFU of S. aureus per cell. Values are
expressed as mean + SEM relative to vehicle (n = 6). *p < 0.05 versus control; # p <

0.05 versus ethanol.
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Figure 3.1.8
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Figure 3.1.8: Pioglitazone (PIO) treatment reverses ethanol (EtOH)-induced
hypoxia-inducible factor-1 alpha (HIF-1a) levels. MH-S exposed to either control
(Con) or ethanol (EtOH; 0.08%) for 72 hours + pioglitazone (PIO; 10 uM, last 24 hours
of EtOH exposure). (A) HIF-1a mRNA levels were measured by gqRT-PCR, in triplicate,
normalized to GAPDH, and expressed as mean + SEM, relative to control (n = 3). *p <
0.05 versus control; # p < 0.05 versus EtOH. (B) HIF-1a protein levels were evaluated
via western blot, normalized to GAPDH protein, and densitometry is expressed as
mean = SEM, relative to control (n = 3). Representative western blot images have been

provided. *p < 0.05 versus control; # p < 0.05 versus ethanol.



Figure 3.1.9
A
600=y <+ sesssisisssasesesasetss st mssas et asa s 2
E t
- Aerobic Ne0ee | -@- Con
® : -4 - Con+PIO
° : =&~ EtOH
& : -  EtOH+PIO
g 400 - - ) R
8= .
E
©°
£
L
o 200- ..................................................
(&)
(@)
4
T .
= ) . . o
Quiescent e . Glycolysis:
0 1 1 1
0 200 400 600
MH-S ECAR (mpH/min/ug protein)
B
250 -
= -®- Con
@ Glucose Oligo 2-DG -4 - Con+PIO
S 200+ : : . —— EtOH
= i ) —— EtOH+PIO
3 '
£ 150+ '
E ]
= 1
- ' !
E 1004 ' : :
2 ] '
O 1 [ ' i
i} i 3 '
(7] = g : ' #
T [ g I
= I I I
0 A L . 1 1 A 1 1
0 20 40 60 80 100

Time (min)

119



MH-S ECAR (mpH/pg protein)

MH-S ECAR (mpH/pg protein)

1500+

1000+

500+

Glycolysis

1500

1000+

500+

Con

Con+PIO EtOH EtOH+PIO

Glycolytic Reserve

Con

Con+PI0O EtOH EtOH+PIO

MH-S ECAR (mpH/pg protein)

MH-S ECAR (mpH/pg protein)

3000+

2000+

10004

120

Glycolytic Capacity

0
Con Con+PIO EtOH EtOH+PIO
Non-Glycolytic Acidification
800+
i #
600 E
400+ .
.
2004 :
|
0 o
Con Con+PI0 EtOH EtOH+PIO



121

Figure 3.1.9: Pioglitazone (PIO) treatment reverses ethanol (EtOH)-induced
glycolysis in MH-S. MH-S were exposed to either control (Con) or ethanol (EtOH;
0.08%; 72 hours) * pioglitazone (PIO, last day of ethanol). (A) Oxygen consumption
rates (OCR) and extracellular acidification rates (ECAR) were measured in response to
an injection mixture of oligomycin (oligo; mitochondrial complex V inhibitor),
carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP; ATP synthase inhibitor and
proton uncoupler) using an extracellular flux analyzer. Cell energy phenotype was
measured, normalized to protein levels, and are expressed as mean + SEM (n = 15).
Closed symbols are cells at baseline and open symbols are after Oligo / FCCP injection,
aka after “stressor.” ECAR were measured in response to sequential injections of
glucose (saturating concentration of glucose to promote glycolysis), oligomycin (ATP
synthase inhibitor), and 2-deoxy-glucose (2-DG; a glucose analog that inhibits
glycolysis) using an extracellular flux analyzer. OCR measures are pmol over time and
ECAR measures are mpH over time, normalized to total protein in the same sample
well, and are expressed as mean + SEM. Parameters of glycolytic function (B),
glycolysis (C), glycolytic capacity (D), glycolytic reserve (E), and non-glycolytic
acidification (F) are expressed as mean + SEM, relative to control (n = 15). *p < 0.05

verses control; # p < 0.05 versus ethanol; *p < 0.05 versus control stressed.
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Figure 3.1.10: Pioglitazone (PIO) treatment reverses ethanol (EtOH)-induced
glycolysis in mouse alveolar macrophages (mAM). Mouse alveolar macrophages
(mAM) were isolated from mice fed either control (Con) or ethanol (EtOH; 20% v/w in
drinking water) * oral pioglitazone (PIO, last 7 days of ethanol). (A) Oxygen
consumption rates (OCR) and extracellular acidification rates (ECAR) were measured in
response to an injection mixture of oligomycin (oligo; mitochondrial complex V inhibitor)
and carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP; ATP synthase inhibitor
and proton uncoupler) using an extracellular flux analyzer. Cell energy phenotype was
measured, normalized to protein levels, and are expressed as mean £+ SEM (n = 10-12).
Closed symbols are cells at baseline and open symbols are after Oligo / FCCP injection,
aka after “stressor.” ECAR were measured in response to sequential injections of
glucose (saturating concentration of glucose to promote glycolysis), oligomycin (ATP
synthase inhibitor), and 2-deoxy-glucose (2-DG; a glucose analog that inhibits
glycolysis) using an extracellular flux analyzer. OCR measures are pmol over time and
ECAR measures are mpH over time, normalized to total protein in the same sample
well, and are expressed as mean + SEM. Parameters of glycolytic function (B),
glycolysis (C), glycolytic capacity (D), glycolytic reserve (E), and non-glycolytic
acidification (F) are expressed as mean + SEM, relative to control (n = 11-14). *p < 0.05

versus control; # p < 0.05 versus ethanol; *p < 0.05 versus control stressed.
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Supplementary Material
The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.865492/full#supplementary-

material.

Supplemental Figure 3.1.1: Ethanol (EtOH) induces glucose transporter 1 (GLUT1)

in mouse lung tissue.
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Supplemental Figure 1. Ethanol induces GLUTI1 in
mouse lung tissue. Mouse hung tissue (mLung) was
harvested from mice fed either control (Con) or ethanol
(EtOH; 20% v/w in drinking water, 12 weeks). GLUT1
mRNA levels were measured in mouse hung
homogenates by qRT-PCR, in duplicate, normalized to
0S, and expressed as mean= SEM, relative to control
(n=6). *p < 0.05 versus control.
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Supplemental Figure 3.1.2: Cobalt chloride (CoCl.) hypoxia-inducible factor-1 alpha (HIF-
1a) in MH-S.
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Supplemental Figure 2. Cobalt chloride stabilizes HIF-1a in MH-S. MH-S
were exposed to either vehicle (Veh) or cobalt chloride (CoCl,, 25 uM) for 4
hours (n = 3-6). (A) HIF-1a and were measured by qRT-PCR, in duplicate,
normalized to GAPDH, and expressed as mean + SEM, relative to vehicle. (B)
HIF-1a protein levels were evaluated via western blot, normalized to GAPDH
protein, and densitometry is expressed as mean &+ SEM, relative to vehicle. *p <
(0.05 versus vehicle.



Supplemental Figure 3.1.3: Hypoxia-inducible factor-1 alpha (HIF-1a) regulates

ethanol (EtOH)-induced glycolysis in MH-S.
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Supplemental Figure 3: HIF-1a regulates EtOH-induced glycolysis
in MH-S. MH-S transiently transfected with control scramble (Con-
scr) or HIF-1a lysate (HIF1a) were exposed to either Con or EtOH
(0.08%) for three days. Extracellular acidification rates (ECAR) were
measured in response to sequential injections of glucose (saturating
concentration of glucose to promote glycolysis), oligomycin (ATP
synthase inhibitor), and 2-deoxy-glucose (2-DG; a glucose analog that
inhibits glycolysis) using an extracellular flux analyzer. ECAR
measures are mpH over time, normalized to total protein in the same
sample well, and are expressed as mean = SEM. Parameters of
glycolytic function (A), glycolysis (B), glycolytic capacity (C), and
glycolytic reserve (D) are expressed as mean + SEM, relative to
control (n=5). * p <0.05 versus control.
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3.2 Pioglitazone Reverses Alcohol-Induced Alterations in Alveolar Macrophage
Mitochondrial Phenotype

The completion of my part in the ExZACTO clinical trial (Chapter 2) and my
contributions to the manuscript by Morris et al. set the foundation for the preparation of
a submitted first-author manuscript entitled “Pioglitazone reverses alcohol-induced
alterations in alveolar macrophage mitochondrial phenotype.” The training | received to
develop protocols to measure mitochondrial glucose, long chain fatty acid, and
glutamine oxidation in AMs is highlighted here, in addition to microbiology techniques
including fluorescence microscopy, quantitative PCR, and western blotting. Ultimately,
my co-authors and | were able to describe further a mechanism of chronic alcohol-
induced AM metabolic dysfunction that can be alleviated by acute application of the
FDA approved therapeutic, pioglitazone (P10).

We aimed to investigate the effect the PPARYy ligand, PIO, on AM MT substrate
oxidation in human and animal models of chronic alcohol exposure to determine their
therapeutic potential for targeting these pathways. We found that ex vivo P1O improved
MT superoxide in human AMs from people with AUDs and improved male and female
mouse AM phagocytic index and MT superoxide levels. Additionally, PIO reversed
EtOH-induced AM heightened dependency on glutamine and fatty acid oxidation while
decreasing dependency on glycolytic-derived ATP and glucose oxidation. Further
understanding of PIO's mechanism will help to repurpose current metabolic-targeted
therapeutics to decrease morbidity and mortality due to loss of AM immune function in
people with AUDs. Ultimately, we hope to improve clinical outcomes in people with

AUDs, who are 2-4x more susceptible to respiratory infections and pulmonary damage.
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Abstract

Background: People with alcohol use disorder (AUD) have increased risk for
developing pneumonia and pulmonary diseases. Alveolar macrophages (AMs) are
lower respiratory tract resident immune cells necessary for clearance of pathogens.
However, alcohol causes AM oxidative stress, mitochondrial damage and dysfunction,
and diminished phagocytic capacity, leading to lung injury and immune suppression.
Methods: AMs were isolated by bronchoalveolar lavage from people with AUD and
male and female C57BL/6J mice given chronic ethanol (20% w/v, 12 wks.) in drinking
water. The peroxisome-proliferator activated receptor y ligand, pioglitazone, was used
to treat human AMs ex vivo (10 uM, 24 h) and mice in vivo by oral gavage (10
mg/kg/day). Levels of AM mitochondrial superoxide and hypoxia-inducible factor-1
alpha (HIF-1a) mRNA, a marker of oxidative stress, were measured by fluorescence
microscopy and RT-qPCR, respectively. Mouse AM phagocytic capacity was
determined by internalized Staphylococcus aureus, and mitochondrial capacity,
dependency, and flexibility for glucose, long chain fatty acid, and glutamine oxidation
were measured using an extracellular flux analyzer. In vitro studies using a murine AM
cell line, MH-S (x0.08% ethanol, 72 h) investigated mitochondrial fuel oxidation and
ATP-linked respiration.

Results: Pioglitazone treatment improved mitochondrial superoxide in AMs from people
with AUD and ethanol-fed mice and decreased HIF-1a mRNA in ethanol-fed mouse
lungs. Pioglitazone also reversed mouse AM glutamine oxidation and glucose or long-

chain fatty acid flexibility to meet basal oxidation needs. In vitro, ethanol decreased AM
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mitochondrial and total ATP production rate, and pioglitazone improved changes in
glucose and glutamine oxidation.

Conclusions: Pioglitazone reversed chronic alcohol-induced oxidative stress in human
AM and mitochondrial substrate oxidation flexibility and superoxide levels in mouse AM.
Decreased ethanol-induced AM HIF-1a mRNA with pioglitazone suggests that this
pathway may be a focus for metabolic-targeted therapeutics to improve morbidity and

mortality in people with AUD.

Keywords: immunometabolism; alcohol use disorder; oxidative stress; mitochondria;

pulmonary
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Introduction

Alcohol use disorder (AUD) impacts over 11% of the United States adult
population'. Alcohol-related emergency department visits and deaths have increased
between 25-50% within the last 15 years, primarily attributable to chronic conditions,
including community-acquired pneumonia 162, In fact, the severity of alcohol-
associated lung damage often goes unnoticed until secondary lung diseases persist
longer than in non-AUD participants '%3. AUD elevates the risk of community-acquired
pneumonia and acute respiratory distress syndrome, and negatively impacts innate
immunity in the lung 4242183, Yet, people with AUD do not receive alternative treatments
to improve pulmonary immunity upon hospital admission. Addressing the need for
supplemental therapeutics in those with AUD requires understanding the impact of
alcohol on innate immune defenses in the lung.

Alveolar macrophages (AMs) are responsible for uptake and clearance of
pathogens or damaged cells and engage in the resolution of inflammation during wound
repair. AMs have diminished function following chronic alcohol use in humans and
models of chronic ethanol (EtOH) consumption in mice. Previous studies show that AMs
exhibit impaired pathogen recognition receptor action, diminished phagocytic capacity,
suppressed proinflammatory cytokine expression, and increased extracellular and
intracellular oxidative stress following chronic alcohol exposure 113165166 Fyrther,
phagocytosis and clearance of pathogens are high-energy processes, but alcohol
decreases AM mitochondrial (MT)-dependent ATP-linked respiration 5. MT dysfunction

is gaining interest as a marker for disease risk %7, but the depth of MT impairment
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during chronic alcohol use and irregularities in related metabolic pathways is
undetermined.

Alcohol shifts AM MT metabolism toward glycolysis rather than oxidative
phosphorylation, and this shift is dependent on hypoxia-inducible factor-1 alpha (HIF-
1a) 9. This metabolic shift is well characterized in cancer cells, but there are few
therapeutics to reverse an aberrant glycolytic phenotype, and it is unknown how alcohol
impacts pyruvate oxidation in AMs despite the evident shift toward glycolysis.
Additionally, alcohol use negatively impacts AM cysteine homeostasis thereby
increasing cellular and MT-oxidative stress and increasing pulmonary disease risk
4549116 but how chronic alcohol use impacts MT glutamine oxidation for cellular
respiration is unknown. Lastly, like HIF-1a, peroxisome-proliferator activated receptor
gamma (PPARYy), a regulator of lipid metabolism, is implicated in the metabolic shift of
AMs during chronic alcoholic conditions 46:60.110 Alcohol decreases PPARY levels in AM
and knock down of PPARYy diminished AM phagocytic function while increasing
oxidative stress “6. Further, the PPARYy ligand, pioglitazone (PIO) improves AM redox
homeostasis, cellular oxidative stress, MT dysfunction, and phagocytosis 5960110,
Recently, alcohol has been shown to increase HIF-1a in AMs, and HIF-1a may regulate
PPARYy expression indirectly '8, In all, loss of PPARY activity dysregulates AM redox
balance and MT metabolism 46:49.59.110 jystifying further investigation into mechanisms
underlying AM MT dysfunction.

The aim of this study is to further characterize MT-impairment in cell culture and
mouse models of chronic alcohol use by quantifying AM MT-oxidative stress and AM

use of glucose, glutamine, or long chain fatty acid oxidation for MT-dependent
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respiration. We hypothesize that the proposed antioxidant and metabolic regulator, P10,
has the therapeutic potential to reverse AM phagocytic and metabolic dysfunction seen

in chronic alcohol exposure.
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Materials & Methods

Human samples: All procedures and data collection occurred at the Joseph
Maxwell Cleland Atlanta Veterans Affairs Medical Center, Decatur, GA, United States,
30033 and reviewed and approved by the Atlanta Veterans Affairs Healthcare System
Research and Development Committee and Emory University Institutional Review
Boards. Otherwise healthy participants with AUD recruited from the Atlanta Veterans
Hospital Substance Abuse and Treatment Program were already enrolled in research
studies already including bronchoalveolar lavage (BAL) fluid collection via a standard
bronchoscopy procedure "9, No lung diseases were diagnosed from bronchoscopy
procedure. Participants gave informed consent to all procedures performed and VA
Pulmonary Disease Repository sample storage. Samples from the biorepository were

examined for the effect of PIO ex vivo on human AMs (hAMs) isolated.

Inclusion / exclusion criteria: Inclusion and exclusion criteria including drinking
history questions are listed in Table 3.2.1. All participants had an active AUD at the time
of bronchoscopy procedure. Alcohol use was graded based on Alcohol Use Disorders
|dentification Test (AUDIT) (Aasland et al., 1990) the Short Michigan Alcohol Screening
Test (SMAST) (Selzer et al., 1975) and drinking history. A score of 7 on AUDIT (De
Silva et al., 2008) and 3 on SMAST (Escobar et al., 1994) was considered an increased

risk of AUD or borderline alcohol dependence.

hAM culture: Participants (n=80) underwent a procedure under standard conscious
sedation to instill isotonic saline into a sub-segment of the right middle lobe or lingula
using a flexible fiberoptic bronchoscopy followed by 6 ~30 mL suction aliquots to obtain

BAL fluid containing hAMs. Following BAL procedure, ~150-180 mL samples were
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centrifuged at 100 x g for 5 min to pellet remaining cells containing hAMs. Cell pellets
were washed with 5 mL diH20 for red blood cell lysis, centrifugation was repeated, and
cell density was determined upon resuspension in 5 mL 1x PBS. Cells were centrifuged
and resuspended at 1 x 108 cells / mL in hAM medium: RPMI 1640 medium containing
2% Fetal bovine serum (FBS), 1% penicillin/streptomycin, and 8 yg/mL gentamycin.
hAMs were cultured for 24 h with and without ex vivo P1O (10 uM in DMSO vehicle,
Cayman Chemicals, Ann Arbor, MI) before experiments were performed. This hAM
isolation technique generates a >90% macrophage population by Diff-Quik (Dade

Behring, Deerfield, IL) staining 122,

Mouse model of chronic EtOH ingestion & AM isolation: All animal studies were
performed in compliance with the Atlanta VA Health Care System Institutional Care and
Use Committee and National Institute of Health Guide for the Care and Use of
Laboratory Animals guideline. Adult male and female C57BL/6J mice (8—10-week-old)
were purchased from Jackson Laboratory (Bar Harbor, Maine), fed standard chow ad
libitum, on a 12 h day/night light cycle, given enrichment with huts and shredding paper,
and were acclimated to facilities for 3 weeks in a quarantined environment. Mice were
acclimated to EtOH in drinking water bags (6.34 mg / mL or 5% w/v increase every 3-4
days until at 25.35 mg / mL or 20%) for 2 weeks. Mice remained at 20% weight/volume
for 10 weeks while control animals received normal water. This mouse model of EtOH
consumption is shown to maintain clinically relevant blood alcohol concentration of
0.12% % 0.03 48170, During the final 7 days of water or EtOH consumption, mice were
given PIO (10 mg / kg / day, Cayman Chemicals, Ann Arbor, MI) in 100 uL

methylcellulose vehicle or methylcellulose vehicle alone by oral gavage 4613, Mice were



137

euthanized for tracheotomy and BAL procedure to instill and subsequently suction 1x
PBS (1 mL, 4 times). BAL fluid was centrifuged at 200 x g for 5 min, washed with diH20
to lyse red blood cells, and centrifuged again at 100 x g to isolate mouse AMs (mMAMSs),
previously reported to generate an over 90% AM population by Diff-Quik measurement
122 Cells were counted and plated in mAM complete media (RPMI-1640 with 5% FBS
and 1% penicillin/streptomycin). Cells remained at 37°C in a humified, 5% CO:
controlled incubator for 24 h until stabilization for further investigation. Previous studies
have shown sustained effects of chronic alcohol use following BAL procedure from AUD

participants 80:347; therefore, cells were not incubated with additional EtOH.

RT-qPCR: Mouse lungs from all groups were taken and stored in RNA Later
(Invitrogen, Waltham, MA) for preservation. Lungs were transferred to liquid nitrogen
and pulverized by mortar and pestle for RNA isolation by TRIzol reagent (ThermoFisher
Scientific, Rockford IL) and chloroform (200 pL per 1 mL TRIzol). After vortex and 20
min centrifugation at 100 x g the aqueous layer was transferred to a new tube for
precipitation (isopropanol and ethanol washes). RNA was quantified by nanodrop,
diluted to 100 ng / pL, and RT-qPCR was performed using iTaq Universal SYBR Green
One-Step kit (Bio-Rad, Hercules, CA) on the Applied Biosystems 7500 Fast sequence
detection system (ThermoFisher Scientific, Rockford IL). Mouse mRNA for PPARy
(Forward 5 GAGTTCATGCTTGTCAAGGATGC 3’, Reverse &
CGATATCACTGGAGATCTCGCC 3’), HIF-1a (Forward 5 CTCAAAGTCGGACAG 3/,
Reverse 5" CCCTGCAGTAGGTTT 3’), and GAPDH housekeeping gene (Forward &’

GGATTTGGTCGTATTGGG 3, Reverse 5 GGAAGATGGTGATGGGATT 3’) were
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measured and quantified using specific mouse primers (Eurofins Genomics,

Luxembourg City, Luxembourg) as previously published 5171,

Fluorescence microscopy: All fluorescent probes were made according to
manufacture protocols and diluted in hAM or mAM medium before incubation with live
cells at 37°C in a dark incubator. hAMs or mAMs were incubated for 30 min in media
with 0.5 uM MitoTracker Red Chloromethyl-X-rosamine (CMXRos, Cell Signaling,
Danvers, MA), a lipophilic cationic fluorescent dye dependent on MT membrane
potential and mass, or for 10 min in media with 5 uM MitoSOX (Invitrogen, Waltham,
MA), a fluorescent dye dependent on MT superoxide levels. Phagocytic capacity in MH-
S was quantified using a pH-sensitive fluorescence-labeled bacteria, pHrodo
Staphylococcus aureus BioParticles conjugate (Invitrogen, Waltham, MA). mAMs (2 x
105 cells per well) were incubated with 1 x 108 particles pHrodo for 2 hours. Following
staining, cells were washed once with 1x PBS, fixed to 16-well chamber slides in 4%
paraformaldehyde for 20 min, washed twice more in 1x PBS, and stored in 1x PBS in a
dark area. Alternatively, hAMs and mAMs were blocked with BSA (1%, 60 min),
permeabilized (0.1% Triton X-100 in PBS for 15 min) for co-staining for PPARy or
SOD2. hAM PPARYy protein expression was performed and quantified as previously
published “8 in 4 randomly selected human samples treated with ex vivo PIO.
Recombinant anti-superoxide dismutase 2 (SOD2)/MnSOD antibody (ab137037,
Abcam, Waltham, MA) was used at a 1/ 200 dilution in 1% BSA in PBS, and Goat anti-
Rabbit IgG, Alexa Fluor 488 secondary antibody (A-11008, Invitrogen, Waltham, MA)

was used at 4 pg / mL for 60 min with 2 1x PBS washes in between each step.
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pHrodo and MitoSOX were visualized by fluorescence imaging at 40x using TRITC
parameters on BZ-X800 imaging software (Keyence Corporation, Osaka, Japan) while
PPARYy and SOD?2 visualization was performed by BioTek Cytation C10 widefield
microscopy at 20X. Relative fluorescence units (RFUs) were measured in at least 10
cells per image with no less than 50 cells imaged total per technical duplicate. All
images were deconvoluted for measurement RFUs via ImagedJ software (National
Institute of Health, Bethesda, MD) or Cytation C10 software. mAM imaging and RFU
quantification was performed by a blinded researcher before analysis. Cells with
internalized S. aureus were considered positive for phagocytosis. Phagocytic capacity
was quantified as phagocytic index: RFUs of pHrodo per cell multiplied by the number

of cells positive for internalized bacteria / total cells.

In vitro model of chronic EtOH exposure: MH-S cells (American Type Culture
Collection, Manassas, VA), were used for all in vitro experimentation. MH-S cells were
cultured in complete MH-S media (RPMI-1640 with 10% fetal bovine serum, 1%
penicillin/streptomycin, 11.9 mM sodium bicarbonate, 40 mg / mL gentamicin and 50 uM
2-mercaptoethanol) with or without 0.8 mg / mL (0.08%) of EtOH changed every 24 h
for 72 h at 37°C with 5% CO2 in a humidified incubator. EtOH treated cells were
incubated separately with 0.08% EtOH in the incubator water for humidification. On the
final day of EtOH exposure 10 yM PIO or DMSO vehicle was given 24 h prior to
extracellular flux assays. HIF-1a was silenced in MH-S cells using 50 uM siRNA for HIF-
1a (sc-35562, Santa Cruz, Dallas, TX). MH-S cells at 50% confluency for extracellular
flux experiments were serum starved with cell media minus FBS for 2 hours followed by

incubation with siRNAs for HIF-1a or scrambled control plus 0.08 pL Lipofectamine
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3000 (ThermoFisher Scientific, Rockford, IL) per well according to manufacturer

protocol.

Extracellular flux assays: Assessment of MT oxygen consumption was performed
using an Agilent Seahorse XFp extracellular flux analyzer for mAM samples, an Agilent
Seahorse XFe96 extracellular flux analyzer for cell fuel flexibility and ATP-rate assays in
MH-S cells, and an Agilent Seahorse XF96 Pro (Agilent technologies, Santa Clara, CA)
for substrate oxidation assays in MH-S cells. mAMs and MH-S cells were cultured in
complete MH-S cell media to ensure 60-80% confluency during experiments. MH-S
cells were cultured with or without 0.8 mg / mL (0.08%) EtOH changed every 24 h for 72
h at 37°C with 5% CO2 in a humidified incubator. Prior to the experiment, media was
replaced with Agilent RPMI base medium supplemented with 10 mM glucose, 1 mM
sodium pyruvate, and 2 mM GlutaMAX. Following real-time oxygen consumption rate
(OCR) measurements, media was removed, cells were washed once with 1x PBS, and
cells were lysed with 20 pL cell lysis buffer with protease and phosphatase inhibitors.
BCA (ThermoFisher Scientific, Rockford IL) assay was performed to normalize OCR to
cellular protein. Calculations were based on Agilent Seahorse user manuals and white
pages for the ATP-rate assay, Fuel Flex Test, and Substrate Oxidation Stress Tests
(Agilent Technologies, Santa Clara, CA). Data are expressed as mean ATP production
rate (pmol / min), mean OCR (pmol / min), mean % oxidation of fuel, or mean OCR
(pmol) depending on which test calculation was performed. Due to limitations in sample
acquisition, mMAM samples were pooled (male and females pooled separately) and data

was combined for males and females in statistical analyses.
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Statistical methods: All animals were randomly assigned into water or EtOH + PIO
treatment groups before EtOH-feeding. 10 mice per experimental group were used and
housed in cages of 5. Male and female mice (80 total) were used based on a priori
sample size determinations and were cared for by the same veterinarian staff or
investigators weekly for the duration of water or EtOH-feeding. Power analysis was
performed to determine this sample size using an alpha value of 0.05, power of 0.80,
error of 15%, and assuming a mean difference of 20% between group endpoints. All
data was evaluated for normal distribution by a Sharpiro-Wilk normality test. Human
fluorescence microscopy of untreated and ex vivo PIO treated hAMs were log
transformed due to non-normal distribution (p < 0.05) and confirmed to be normally
distributed after transformation to use parametric testing (Paired t test). Outliers in data
were removed based on a predetermined 1.5 * interquartile range of data before
statistical testing. For human samples, a logistic regression to see the effect of smoking
status and illicit drug use on mitochondrial superoxide and mitochondrial health
dependent on mass and membrane potential was done to determine their effects as
potential confounders. We did not see any significant effect of these potential
confounding variables on either of these endpoints (p<0.05). All other in vivo and in vitro
data was analyzed by one-, or two-way ANOVA and Tukey post-hoc testing if normally
distributed or Kruskal-Wallis followed by Dunn post-hoc testing if nonparametric.
Results are expressed as paired measures overlaid atop bars displaying mean value for
human samples or mean * standard deviation (SD) relative to male Con + Veh for in

vivo and in vitro studies. Otherwise, all normally distributed data is expressed as mean
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+ SD where significance was determined by Students f-test. All statistical analyses were

performed using GraphPad Prism 10 (San Diego, CA).
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Results
PIO improves phagocytic capacity and decreases MT superoxide in isolated

hAMs and mAMs after chronic alcohol exposure.

Participants with AUD were identified and screened from the Atlanta VA Substance
Abuse Treatment Program. Demographics for this participant population are shown in
Table 3.2.2. Male and female (n=95) participants consented to BAL procedure to isolate
AMs (Fig. 3.2.1A, 3.2.1B). Some participants had chronic lung disorders (Table 3.2.2),
but these were managed medically, and no new lung diseases were diagnosed from the
bronchoscopy procedure. Fluorescence microscopy of hAMs did not show changes in
MT health dependent on MT mass and membrane potential after treatment with ex vivo
P1O (Fig. 3.2.1C), however PIO was able to decrease MT superoxide levels in AUD
hAMs (Fig. 3.2.1D) without changing total cellular PPARy or SOD2 levels

(Supplemental Fig. 3.2.1A).

Oral PI1O in male and female mice improved phagocytic capacity (Fig. 3.2.2A,
representative fluorescence microscopy images in Supplemental Fig. 3.2.2A-D) and
attenuated MT superoxide levels (Fig. 3.2.2B) in mAMs isolated from mice fed EtOH.
SOD2 is the primary superoxide dismutase in the mitochondria, but no notable sex
differences were observed in SOD2 (Fig. 3.2.2C). mAM PPARYy and HIF-1a protein
levels have been reported previously in this chronic EtOH mouse model 46110 but since
there were noted sex differences in mAM phagocytic capacity, mRNA levels for these
targets were quantified by RT-gPCR in mouse lungs. EtOH decreased PPARYy in male
but not female mice, but female mice had significantly less PPARYy levels in Con + Veh

mice. There was no impact of PIO on male or female PPARY levels relative to all other
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groups (Fig. 3.2.2D). EtOH increased HIF-1a mRNA levels in both male and female
mouse lungs, whereas PIO treatment in EtOH exposed groups significantly decreased

HIF-1a level (Fig. 3.2.2E).

PIO improves metabolism of glucose, long chain fatty acids, and glutamine to

meet baseline cellular oxidation rates in mAMs following chronic EtOH exposure.

mAMs isolated from mice given chronic EtOH or standard water were evaluated by
an extracellular flux bioanalyzer for pyruvate, long chain fatty acid, and glutamine
oxidation. Since MT respiration for ATP generation is dependent on oxygen,
measurement of cellular oxygen consumption rate (OCR) before and after
pharmacological inhibition of specific fuel metabolism pathways, that would otherwise
result in oxidative phosphorylation, will allow for calculation of MT respiration dependent
on that fuel pathway. This strategy allows for measurements of specific fuel
dependency, capacity, and flexibility to generate baseline MT-respirations, expressed
as percentage of baseline OCR. Calculations for quantification of these measurements
are shown in Fig. 3.2.3A (adapted from Agilent Seahorse XFp Mito Fuel Flex Test Kit

User Manual Kit 103270-100, April 2019).

OCR was taken for 3 baseline measurements before sequential injections of
inhibitors for pyruvate oxidation (2 uM UK5099), long chain fatty acid oxidation,
Etomoxir (Eto, 4 uM), and/or glutamine oxidation, Bis-2-(5-phenylacetamido-1,3,4-
thiadiazol-2-yl)ethyl sulfide (BPTES, 3 uM). ; and EtOH exposure decreased mAM
capacity (Cap) to use glucose/pyruvate to meet energetic demand while increasing
dependency (Dep) on long chain fatty acid (Cap and Dep in Fig. 3.2.3C) and glutamine

oxidation (Cap and Dep in Fig. 3.2.3D). PIO treatment improved alterations in metabolic
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demand and increased the ability of mAMs to use other fuels to make up for the loss of

one due to EtOH exposure (Flex in Fig. 3.2.3B-D).

HIF-1a knock down in vitro further decreases glucose capacity and flexibility and

decreases glutamine dependency following chronic EtOH exposure.

Previously our group showed that EtOH shifts AMs toward a glycolytic phenotype
that was dependent on increased HIF-1a expression and activity %%, Immune cells
must shift MT metabolism towards higher ATP production when necessary for sustained
immune function, however we have previously shown that EtOH decreased AM MT
respiration. MH-S cells were used to further investigate the changes seen in AM
metabolic phenotype after chronic EtOH exposure. Following a similar line of thinking as
in Fig. 3.2.3, inhibitors for glucose, long chain fatty acid, or glutamine oxidation were
used to measure metabolic responses of AMs in stressed conditions. Either BPTES
(GLN Inh Con), Eto (FA Inh Con), or UK5099 (GLC Inh Con) followed by ATP-synthase
inhibitor oligomycin (2 uM Oligo), MT uncoupler Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP, 0.5 uM), and MT complex | and Il inhibitors
rotenone and antimycin A, respectively, (0.5 yM R/A) were injected onto cells for the
substrate oxidation assays. Oxidation of fuels was compared to MT respiration profile

without inhibition of the target pathway (Media Con).

MH-S cells were primarily dependent on oxidation of glucose/pyruvate to make up
maximal MT-dependent respiration compared to long chain fatty acid oxidation or
glutamine oxidation (Fig. 3.2.4A). Oligo and R/A were used after baseline OCR
measurements for the ATP-rate assay, as described by Agilent Seahorse. EtOH

decreased MT-derived and total ATP without a change in glycolytic ATP (Fig. 3.2.4B).
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Knock down of HIF-1a, confirmed by GFP-reporter and RT-qPCR (Supplemental Fig.
3.2.3A, 3.2.3B) decreased AM capacity and flexibility to use glucose for MT-dependent
respiration and increased dependency on glutamine, suggesting less MT-dependent
glucose oxidation and a possible shift toward glutaminolysis (Fig. 3.2.4C, E). No change
in long chain fatty acid capacity, dependency, or flexibility was seen after siHIF-1a in

vitro (Fig. 3.2.4D).

PIO improves basal pyruvate oxidation in vitro following chronic EtOH exposure.

Inhibition of pyruvate oxidation decreased maximal MT-dependent respiration in vitro
relative to cells not given UK5099 inhibitor (Con Media) (Fig. 3.2.5A). EtOH decreased
basal MT-dependent pyruvate metabolism (Fig. 3.2.5B) and ATP-linked respiration due
to pyruvate metabolism (Fig. 3.2.5C). EtOH + PIO group MT-dependent basal and ATP-
linked respiration due to pyruvate was not significantly different than Con + Veh (Fig.
3.2.5B, 3.2.5C). No observed differences were seen in EtOH or PIO groups for the loss
of maximal MT-dependent respiration due to pyruvate metabolism inhibition or spare

capacity (Fig. 3.2.5D, 3.2.5E).

Chronic EtOH decreases ATP-linked and maximal MT-dependent respiration

derived from long chain fatty acid oxidation in vitro.

EtOH decreased maximal MT-dependent respiration after inhibition of long chain
fatty acid oxidation in MH-S cells compared to control and PIO treated cells (Fig.
3.2.6A, 6D). EtOH additionally decreased MT-dependent ATP-linked respiration derived
from long chain fatty acid oxidation, which was not improved by PIO in vitro (Fig.

3.2.6C). No change due to EtOH or PIO was seen in the loss of basal respiration or
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spare respiratory capacity due to inhibition of long chain fatty acid oxidation (Fig.

3.2.6B, 3.2.6E).

PIO and chronic EtOH increase the ability to compensate for loss of glutamine

oxidation in vitro.

Minor change in OCR was measured after inhibition of glutamine oxidation due to
EtOH (Fig. 3.2.7A-E). Compared to pyruvate and long chain fatty acid MT metabolism,
glutamine does not account for a large amount of basal MT-dependent respiration (Fig.
3.2.7B) or ATP-linked respiration (Fig. 3.2.7C). However, AMs are more dependent on
glutamine when stressed with FCCP (Fig. 3.2.4A), resulting in a much greater decrease
in maximal MT-dependent OCR in Con + Veh cells after BPTES inhibitor (Fig. 3.2.7D).
Interestingly, EtOH and PIO treated cell maximal MT-dependent respiration was not as
greatly impacted by inhibition of glutamine metabolism compared to the loss seen in

control cells (Fig. 3.2.7D), but no change was observed in spare capacity (Fig. 3.2.7E).
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Discussion

Collectively, the results of this study suggest that impaired MT oxidative stress
and fuel metabolism including altered glucose, long chain fatty acid, and glutamine
oxidation are underlying aspects of the pathologic phenotype seen in AMs following
chronic alcohol exposure. Increased cellular superoxide levels have been reported in
vitro and in vivo in other models of alcohol misuse '7273; however, changes in MT
superoxide levels in hAMs have not been previously reported. Here, PIO treatment
decreased MT superoxide levels in hAMs isolated from participants with AUD and
mAMs from male and female C57BL/6J mice given chronic EtOH feeding. We report
that total cellular SOD2 and PPARY levels did not change in AUD hAMs after PIO
treatment (Supplemental Fig. 3.2.1), potentially indicating that PIO decreases MT
superoxide levels, improves AM phagocytic capacity, and reverses metabolic
dysregulation potentially by improving PPARYy activity and MT fuel metabolism.
However, we did not report nuclear or mitochondrial localized PPARy or SOD2, which
could influence protein ability to transcribe genes related to metabolic regulation or
neutralization of mitochondrial oxidative stress. Future studies will focus on quantifying
localization and activity of PPARy and superoxide dismutase activity in hAMs from
healthy control people without AUD, people with AUD, and people with AUD treated
with P1O.

Community-acquired pneumonia is the most common respiratory disease, and
people with AUD have a 2-fold increase in risk for developing community-acquired
pneumonia 162 _ |t was confirmed here and in a past study ¢ that AMs exposed to

chronic alcohol or EtOH have diminished phagocytic capacity for pathogens that can be
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improved by PIO treatment. Interestingly, we found that female mice had significantly
increased phagocytic capacity in all groups compared to male mice, despite similar
trends in EtOH and EtOH + PIO groups. In a cross-sectional study of alcohol-related
deaths in over 600,000 people spanning over 20 years, male mortality was found to be
2.88 times more likely. Though, incidence of female mortality due to alcohol is
increasing, in part due to increased alcohol consumption and incidence of AUD among
females 4. Further, males had a greater fatality rate compared to females under 60
years old who contracted community-acquired pneumonia. Other studies have
postulated that pneumonia-associated mortality is linked to differences in circulating sex
hormones and inflammatory cytokine secretion by AMs 74176 Due to limitations in
sample acquisition during this study and since other reported data showed no sex
differences, extracellular flux data was combined for males and females and may have
contributed to no observable changes in metabolic function. Sex-differences in AM
metabolism and phagocytic abilities are a focus of future studies.

Many mechanisms of decreased AM phagocytosis have been proposed
previously 59.110.111,112,172,173,177  Alcohol negatively impacts MT function and impairs AM
phagocytosis, but how MT function is impaired is inconsistent between different model
species and alcohol consumption strategies. In general, EtOH is thought to decrease
MT content, but our past studies show that EtOH increases MT number while
decreasing MT size, indicating more MT fission %°. In AUD participants, MT health
dependent on mass coupled with membrane potential did not change after PIO
treatment. It is possible that this negative observation is due to cessation from alcohol

due to enrollment in a substance use and treatment program, or variability in participant
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population, but previous studies have shown that metabolic dysfunction is sustained
following AM isolation from people with AUD 6. Therefore, three MT bioenergetic
pathways were examined in this study to propose a new mechanism of EtOH-induced
AM dysfunction: 1) pyruvate oxidation; 2) glutamine oxidation; 3) long chain fatty acid
oxidation. These pathways were chosen due to their critical roles in highly efficient ATP
production, which is essential for cellular processes like AM internalization and
clearance of pathogens. EtOH was found to decrease pyruvate and long chain fatty acid
oxidation-dependent ATP, while increasing maximal glutamine oxidation in AMs. These
changes directly related to increased dependency and diminished flexibility of AMs for
pyruvate and long chain fatty acid oxidation. Further, PIO was able to restore pyruvate-
dependent ATP-linked respiration and reverse EtOH-induced changes in pyruvate, long
chain fatty acid, and glutamine flexibility by either increasing lost capacity or decreasing

dependency on fuel oxidation (Fig. 3.2.8).

EtOH in mice decreases MT-dependent respiration 5959, shifting AM metabolic
phenotype toward glycolysis (less efficient ATP production) in a HIF-1a dependent
manner, and metabolic phenotype reversal is possible with oral PIO in vivo '1°. Here, we
report that chronic alcohol consumption decreases MT-derived ATP through loss of
multiple fuel oxidation pathways in AM. Our results support these previous conclusions,
since our findings show improvements in EtOH-induced alterations in pyruvate, long
chain fatty acid, and glutamine oxidation (Fig. 3.2.3) in AMs treated with PIO in vitro and

in vivo.

Further, EtOH and loss of HIF-1a decreased capacity of AMs to use glucose for

MT-dependent respiration, revealing a potential mechanism for the shift away from
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glycolysis seen with PIO treatment, since PIO decreases HIF-1a levels in AMs 110,
Knock down of HIF-1a, previously shown to be crucial in the AM chronic alcohol
exposure phenotype ', did not completely reverse changes in AM MT substrate
oxidation, which could indicate that reversal in MT metabolism by PIO is not solely
dependent on HIF-1a. However, knock down of HIF-1a was incomplete, with siRNA
transfection only amounting to a 30% decrease in expression (Supplemental Fig. S3).
Post-transcriptional regulation also plays a major role in HIF-1a activity, which could
explain why the slight knock down in expression did not significantly change oxidation of
mitochondrial substrates in EtOH-exposed cells. The combination of the loss of PPARy
activity and stabilization of HIF-1a together, but not necessarily in sequence, may be in
part responsible for AM phagocytic and metabolic dysfunction following chronic alcohol
exposure. Further investigation into the role of HIF-1a is needed for clarification and

thus, we could not conclude that these effects were dependent on HIF-1a alone.

PPARY is highly involved in lipid sensing and metabolism 178180 so it was
anticipated that PIO would reverse EtOH-dependent decreases in MT-dependent long
chain fatty acid oxidation. Alcohol use increases fatty acid accumulation and lipogenesis
in the liver, resulting in tissue damage and persistent inflammation 67981181183 Fatty
acid and acylcarnitine levels are increased in BAL fluid from participants with AUD
compared to healthy controls, potentially indicating AM metabolic imbalance 124
However, the increase in BAL fluid fatty acid concentration alternatively may result from
increased surfactant lipids generated from alveolar epithelial cells 84, and little is
understood about AM metabolism of fatty acids following EtOH exposure. Since cell

media prior to bioenergetics measurements did not include additional fatty acids in the
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current study, further studies are also needed to determine the detailed pathways

involved in fatty acid dependency.

PPARY is suggested here to be more important for glucose metabolism in AMs, but
limitations included limited AM pools from mice and inability to perform MT
bioenergetics assays on preserved human samples. Additionally, this study lacked
sufficient evidence to show that PIO improved EtOH-associated MT fuel oxidation
phenotype through attenuation of HIF-1a, given the limitations of low knock down
efficacy and post-translational regulation of HIF-1a. Derangements in pyruvate
oxidation, as seen with chronic EtOH in vitro, may have a greater impact on MT oxygen
consumption and ATP-linked respiration. Finally, EtOH increased glutamine oxidation,
likely to make up for loss of glucose and fatty acid oxidation in AMs. This is further
supported by the increase in dependency for basal glutamine-derived respiration found
in vivo. Altogether, this study expanded on previous reports showing dysregulated AM
immunometabolism following chronic alcohol exposure and posits that a clinically

available therapeutic, PIO, can in part reverse these disrupted metabolic phenotypes.

Overall, this study highlighted previously unknown characteristics of AM MT
metabolism and how chronic EtOH exposure negatively shifts AM metabolic phenotypes
linked to oxidative stress and low phagocytic capacity. There are concerns regarding
the potential toxicity in long term use of the PPARYy ligand rosiglitazone for diabetes
management, but PIO has not shown the same level of toxicity as previously used
ligands '85-188_Short-term PIO use may be effective in decreasing the risk of respiratory
diseases in people with AUD, but additional data is needed from human studies that

include non-AUD healthy controls in the future. Preclinical experiments are necessary to
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ensure PlO as a therapeutic strategy is sound in clinically relevant disease models, like
pneumonia, but the findings in this study provide foundational evidence that treatment
with PIO may reverse AM dysfunction in people with AUD and could improve pulmonary

immunity in these individuals.

Conclusions: A summary of AM chronic alcohol-induced phenotype is shown in a
graphical summary, Figure 3.2.8. Chronic alcohol use increases oxidative stress and
decreases AM phagocytic capacity in people with AUD, which is restored by PIO ¢, and
chronic EtOH exposure models in vitro and in vivo recapitulate these findings. These
results show that chronic EtOH impaired metabolism of three substrates used by
mitochondria. Previously, it was shown that EtOH shifted AM to a glycolytic phenotype
via a HIF-1a "9, and we show that EtOH decreased AM capacity and flexibility to
oxidize pyruvate. Dependency to make up basal respiration shifted toward long chain
fatty acid and glutamine oxidation; however maximal respiration only increased from
glutamine-dependent MT respiration. Altogether, EtOH decreased basal MT flexibility to
oxidize pyruvate, long chain fatty acids, and glutamine, resulting in an overall decrease
in MT and cellular ATP. Activation of PPARYy with its ligand, PIO, was able to reverse
several alterations in MT metabolism of these fuels, most notably by reversing EtOH-
induced attenuation of pyruvate oxidation to restore of pyruvate oxidation-derived ATP.
Loss of AM PPARYy in people with AUD has previously been reported, and ligands for
PPARYy restore AM phagocytic capacity while decreasing lung and cellular oxidative

stress 4850, Together, these results indicate that PIO provides a pharmacological
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approach targeting metabolic dysfunction to improve AM phagocytic dysfunction in

people with AUD.
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Tables & Figures
Table 3.2.1: Inclusion and exclusion criteria and drinking history questionnaire

for selection of participants with AUD.

Inclusion Criteria Exclusion Criteria

e Male or female Veterans. ¢ Any active and uncontrolled

e Between 18-60 years of age. medical problem(s) not

e Active alcohol use disorder (AUD). successfully treated with

e Lastingested alcohol < 8 days medication.
prior to bronchoscopy. ¢ Known zinc deficiency.

e Consented to all procedures. e Primary non-AUD related

e History of drinking based on substance misuse.
questions (if applicable): e Abnormal chest x-ray.

1. At what age did you first have 1 or e HIV-positive status.
more drinks of alcohol? e Any blood coagulation disorder or

2. How old were you when you first currently treatment with anti-
became intoxicated? coagulants (inc. warfarin, heparin,

3. At what age did drinking begin to direct thrombin inhibitors, and anti-
have an effect on your life, which platelet agents other than Aspirin).
you did not approve of? At what ¢ Daily use of vitamins/nutritional
age did drinking first become a supplements.
problem for you? e Renal impairment with glomerular

4. Have you ever willingly quit filtration rate < 60 mL / min/ 1.73
drinking for a period longer than a m2.
few days? e Active bipolar disorder.

5. How many past quit attempts have e Active Parkinson's disease.
you had? e Current pregnancy.

6. Have you ever been through e Inability to give informed consent
alcohol use treatment? If yes, (i.e., limited cognitive capacity).
provide details (inpatient, « Non-English speaking.
outpatient, years of treatment)?
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Table 3.2.2: Demographics of alcohol use disorder (AUD) participants, whose

alveolar macrophages (hAMs) were collected and treated with or without

pioglitazone (PI1O) ex vivo.

:’na=r;|(c):)lpants Demographic Median | Mean | Min, Max
Age (yrs.) 48 49 28, 60
\Weight (Ibs.) 184 187 117, 296
Height (in.) 69 69 60, 76
Body Mass Index (BMI) 27 28 16, 42
IAlcohol Use Disorder Identification Test (AUDIT) 22 21 6, 40
Short Michigan Alcohol Screening Test (SMAST) 7 7 1,13
Count %
Sex Male 68 85
Female 12 15
Race Black or African American 64 80
\White 8 10
Other 8 10
Ethnicity [Hispanic or Latino 3 4
Not Hispanic or Latino 77 96
Smoking
status Some or every day 49 61
Never 31 39
lllegal drug Yes 30 38
use
No 49 61
Not reported 1 1
Other ~ ves 72 90
conditions
¢ Neurological (Depression, PTSD, anxiety, restless leg
50 63
syndrome)
e Cardiovascular (Hypertension, Hypercholesterolemia, a1 53
hyperlipidemia, hypertrophy, subdural hemorrhage)
e Gastroenteric (GERD, colon cancer, elevated folic acid, 24 30
B12 deficiency, elevated LFTs, hepatitis c)
e Orthopedic (Osteoarthritis, extremity / back / neck pain,
; . : 23 29
gout, traumatic arthropathy, spinal stenosis)
e Pulmonary / sleep (pleural effusion, pulmonary 16 24
embolism, asthma, COPD, sleep apnea)
e Endocrine (Hypothyroidism, pancreatitis, diabetes) 3 4
e Reproductive (erectile dysfunction, prostatitis, prostate 3 4
cancer)
e Other (herpes, seasonal allergies, eczema, cataracts,
chronic headaches, vitamin D deficiency, anemia, 1 14
insomnia)
No other conditions 8 10
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Table 3.2.2: Demographics of alcohol use disorder (AUD) participants, whose
alveolar macrophages (hAMs) were collected and treated with or without
pioglitazone (P10) ex vivo (n=80). Only participants used in the final analyses were

included in these demographics.
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Fig. 3.2.1: Pioglitazone (P1O) decreases mitochondrial superoxide in isolated
human alveolar macrophages. A-B) Human participants with alcohol use disorder
(AUD, n=95) were screened and selection resulted in n=80 total participants for
analysis. B) BAL procedure for human and mouse lung fluid to isolate AMs (hAMs).
hAMs are isolated in sterile saline and mAMs are isolated in 1x PBS followed by BAL
fluid removal, red blood cell lysis with diH20, and plating for overnight culture in hAM
media prior staining, fixation, and fluorescence microscopy at 40x. hAMs from
participants with alcohol use disorder before (AUD) and after treatment with PIO (AUD +
PIO, 10 uM for 24 h. ex vivo prior to staining) had no change in C) mitochondrial health
dependent on mass and membrane potential via MitoTracker CMX-Ros and D) had
decreased mitochondrial superoxide levels via MitoSOX. Bars represented express

mean = SD (n=80, *p < 0.05, paired t test).
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Fig. 3.2.2: Pioglitazone (P1O) improves phagocytic capacity and decreases
mitochondrial superoxide in isolated mouse alveolar macrophages (mAMs). A)
mAMs isolated from EtOH-fed (20% w/v, 12 wks in drinking water) mice had improved
phagocytic index following oral P10 treatment (10 mg / kg / day by oral gavage)
measured via internalization of pHrodo-labeled Staphylococcus aureus in both male
(n=9-10) and females (n=8-10). Males had significantly less phagocytic capacity relative
to females for all groups. B) mAMs had decreased mitochondrial superoxide measured
by MitoSOX in male (n=7-9) and females (n=4-5). C) Superoxide dismutase 2 protein in
male and female mAMs did not change (n=3). D) EtOH feeding decreased male mouse
lung peroxisome proliferator-activated receptor gamma (PPARy) mRNA levels while
increasing hypoxia-inducible factor-1 alpha (HIF-1a) mRNA levels in both sexes. PIO
attenuated HIF-1a levels in EtOH-fed mouse lungs (n=6). Bars represented express
mean = SD (*p < 0.05 v. Con + Veh, #p < 0.05 v. EtOH + Veh; p < 0.05 v. Male, Two-

way ANOVA with Tukey’s post-hoc).
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Fig. 3.2.3: Pioglitazone (PIO) improves metabolism of glucose, long chain fatty
acids, and glutamine to meet baseline cellular oxidation rates in mouse alveolar
macrophages (mAMs) following chronic ethanol (EtOH) feeding. Glucose (GLC),
long chain fatty acid (FA), and glutamine (GLN) capacity (Cap), dependency (Dep), and
flexibility (Flex) to be oxidized to meet baseline oxygen consumption rate (OCR) in
isolated mAMs. A) Representative OCR profile measured by an extracellular flux
bioanalyzer to calculate Cap, Dep, and Flex in cells given injections of inhibitors for
glutamine (3 uM BPTES), long chain fatty acid (4 yM Etomoxir), and/or pyruvate (2 yM
UK5099) oxidation in mitochondrion. B-D) Male and female mAMs isolated from EtOH-
fed (20% w/v, 12 wks in drinking water) mice had improved glucose capacity and
flexibility and attenuated long chain fatty acid and glutamine dependency and flexibility
following oral PIO treatment (10 mg / kg / day by oral gavage). Bars represented
express mean + SD (n=3-4 of pooled mAMs (male and female separately pooled) from
4-5 mice per replicate, *p < 0.05 v. Con + Veh, #p < 0.05 v. EtOH + Veh; One-way

ANOVA with Tukey’s post-hoc).
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Fig. 3.2.4: Hypoxia-inducible factor-1 alpha (HIF-1a) knock down in vitro further
decreases glucose capacity and flexibility and decreases glutamine dependency
following chronic ethanol (EtOH) exposure. MH-S cells were given distinct Agilent
Seahorse assay injections of inhibitors for glutamine (3 yM BPTES), long chain fatty
acid (4 uM Etomoxir), and/or pyruvate (2 uM UK5099) oxidation in mitochondrion to
measure oxygen consumption rates related to each pathway separately using an
extracellular flux bioanalyzer. A) MH-S cells are primarily dependent on glucose, then
long chain fatty acid, then glutamine oxidation under stressed conditions. B) MH-S cells
exposed to EtOH (0.08%, 72 h) have decreased mitochondrial (Mito), and total ATP
production but not glycolytic-derived (Glyco) ATP in vitro (n=4, *p < 0.05, t-test). C)
Glucose (GLC), D) long chain fatty acid (FA), and E) glutamine (GLN) capacity (Cap),
dependency (Dep), and flexibility (Flex) to be oxidized to meet baseline oxygen
consumption rate (OCR) in vitro. Bars represented express mean + SD (n=5-6, *p <

0.05 v. siSCR + EtOH; One-way ANOVA with Tukey’s post-hoc).
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Fig. 3.2.5

-e- Media Con

A
—— Con+Veh % ;
400 —=~ Con+Pio {7 ® * i
i EtOH + Veh -
3004 T1 i EtOH + Pio :. _

Maximal
— . -
respiration

MIH-S GLC OCR (pmol / min)
Normalized to ng protein

1
0 40 80 120 160

Time (min)

B 4000 B Con+ Veh C  1s00- - (:r;n*—\f'feh
i = Con + Pio = i B3 Con+Pio
g LOJ T =3 FtOH + Veh g % Ea EtOH + Veh
2 £ 30004 7 o B £g - T B3 FiOH + Pio
od B0 / o &0
EY = Q = *)
© £ 20004 / ¥ T o= V
33 T | 33 i
o= S 500+ T :

92 10004 / w =z /
B L3
=z / P /
o 7 N 7
mm Con+ Veh
D =3 Con+ Pio E
1000 - =3 EtOH + Veh mm Con+ Veh
o = EtOH + Pio 2000 = Con+Pio
R a == B EOH + Veh
gEs 0 77 '3 ‘
< Q. £ 2 15004 = FEtOH + Pio
oY en —
o = -10004 / =
O 2 < = 7
QB / : C 2 1000 7 T
58 2000 7/ / Q3 /
2= / &N /
» 2 L 7 o & ;
T £ -3000- ; E 500 /
, | — =
=z Z J_ L = /
7

-4000 n-



168

Fig. 3.2.5: Pioglitazone (P1O) improves glucose (GLC) oxidation in MH-S cells
following chronic ethanol (EtOH) exposure. MH-S cells were exposed to EtOH
(0.08%, 72 h) £ PIO (10 pM last 24 h of EtOH) followed by oxygen consumption rate
(OCR) measurements over time by an extracellular flux bioanalyzer before and after
injections with limited media or pyruvate oxidation inhibitor (2 yM UK5099),
mitochondrial complex V inhibitor (0.5 uM oligomycin, Oligo), mitochondrial uncoupler
(0.5 yM FCCP), and mitochondrial complex | and Il inhibitors (0.5 uyM rotenone /
antimycin A, R/A). A) OCR profiles used to calculate B) pyruvate oxidation resulting in
OCR, C) change in ATP-linked respiration, D) loss of maximal respiration, and E)
change in spare capacity due to inhibition of pyruvate oxidation. Bars represented
express mean + SD (n=4, *p < 0.05 v. Con + Veh; One-way ANOVA with Tukey’s post-

hoc).
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Fig. 3.2.6: Chronic ethanol (EtOH) decreases ATP-linked and maximal respiration
derived from long chain fatty acid oxidation in MH-S cells. MH-S cells were
exposed to EtOH (0.08%, 72 h) * pioglitazone (P1O, 10 uM last 24 h of EtOH) followed
by oxygen consumption rate (OCR) measurements over time by an extracellular flux
bioanalyzer before and after injections with limited media or long chain fatty acid
oxidation inhibitor (4 uM Etomoxir, Eto), mitochondrial complex V inhibitor (0.5 yM
oligomycin, Oligo), mitochondrial uncoupler (0.5 yM FCCP), and mitochondrial complex
| and Il inhibitors (0.5 uM rotenone / antimycin A, R/A). A) OCR profiles used to
calculate B) long chain fatty acid oxidation resulting in OCR, C) change in ATP-linked
respiration, D) loss of maximal respiration, and E) change in spare capacity due to
inhibition of long chain fatty acid oxidation. Bars represented express mean = SD (n=4,

*p < 0.05 v. Con + Veh, One-way ANOVA with Tukey’s post-hoc).
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Fig. 3.2.7
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Fig. 3.2.7: Pioglitazone (P1O) and chronic ethanol (EtOH) increase ability to
compensate for loss of glutamine oxidation in MH-S cells. MH-S cells were
exposed to EtOH (0.08%, 72 h) = PIO (10 uM last 24 h of EtOH) followed by oxygen
consumption rate (OCR) measurements over time by an extracellular flux bioanalyzer
before and after injections with limited media or glutamine oxidation inhibitor (3 uM
BPTES), mitochondrial complex V inhibitor (0.5 uM oligomycin, Oligo), mitochondrial
uncoupler (0.5 yM FCCP), and mitochondrial complex | and Il inhibitors (0.5 uM
rotenone / antimycin A, R/A). A) OCR profiles are used to calculate B) glutamine
oxidation resulting in OCR, C) change in ATP-linked respiration, D) loss of maximal
respiration, and E) change in spare capacity due to inhibition of glutamine oxidation.
Bars represented express mean + SD (n=4, *p < 0.05 v. Con + Veh, One-way ANOVA

with Tukey’s post-hoc).
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Fig. 3.2.8
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Supplemental Figures

Supplemental Fig. 3.2.1

A
2 p=0.05177
g — = AUD
EQ o =3 AUD + Pio
EQ P
8e |
= 217 .
Z =
~ ©
=fS
<«
B o)
0

1 I
PPARy SOD2

Supplemental Fig. 3.2.1: Ex vivo pioglitazone (PlO) in alveolar macrophages
(hAM) isolated from people with alcohol use disorder (AUD) does not change
proliferator-activated receptor gamma (PPARY) or superoxide dismutase 2 (SOD2)
protein levels. A) hAMs (n=4) were isolated in sterile saline BAL fluid removal, red
blood cell lysis with diH20, and culture in hAM media + PIO (AUD % PIO, 10 uM, 24 h).
Bars represented express mean + SD of RFUs / cell number of hAMs after staining for

PPARYy or SOD2, quantified from fluorescence microscopy at 20x (Students t-test).
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Supplemental Fig. 3.2.2
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Supplemental Fig. 3.2.2: Pioglitazone (PIO) improves phagocytic capacity and
decreases mitochondrial superoxide in EtOH-fed mouse alveolar macrophages
(mAMs). Representative images at 40x of mAMs isolated from EtOH-fed (20% w/v, 12
wks in drinking water) mice. A) Oral P10 treatment (10 mg / kg / day by oral gavage)
improved phagocytic index measured via internalization of pHrodo-labeled
Staphylococcus aureus in both male (n=9-10) and female (n=8-10) mAMs. Males had
less phagocytic capacity relative to females for all groups. B) Oral PIO treatment
decreased mitochondrial superoxide measured by MitoSOX in male (n=7-9) and female

(n=4-5) mAMs.
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Supplemental Fig. 3.2.3
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S$3: Knock down of hypoxia-inducible factor-1 alpha (HIF-1a) in MH-S cells. A)
Viability and transfection of GFP reporter vector in MH-S using lipofectamine (n=2).
Knock down was confirmed with B) RT-qPCR for relative mMRNA normalized to GAPDH
housekeeping gene (n=4) as previously reported. Bars represented express mean + SD

(*p < 0.05 compared to siSCR, one-way t-test).
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3.3 Conclusions

Overall, this chapter characterized AM bioenergetics under control and chronic
EtOH exposure conditions. We found that EtOH induced a shift toward a glycolytic
phenotype and away from mitochondrial generation of ATP using glucose and long
chain fatty acids. Many of the alterations in metabolic phenotype could be reversed by
decreased HIF-1a or by activation of PPARYy by pioglitazone. Further, loss of HIF-1a
and pioglitazone improved AM phagocytic index and oxidative stress in pre-clinical
models of AUD. These results are indicative of a potential shared molecular mechanism
affecting these transcription factors that potentiate a shifted AM phenotype. Since we
did not see a complete reversal of the alcohol-induced AM phenotype, we hypothesize
that the cause of AM dysfunction could be 1) multifaceted, and 2) upstream of altered

HIF-1a and PPARYy activity.

A previous study by our group showed that alcohol induces oxidative stress and
phagocytic dysfunction by miR-92a modification of NADPH oxidase 4, thus increasing
oxidative species production®®. This suggests the importance in studying the epigenetic
influence of alcohol exposure on AMs that should be further explored in the future. For
example, alcohol drinking in non-human primates induced chromatin remodeling in
AMs, but mechanisms of chromatin remodeling and the extent of gene transcription
changes compared to alcohol-naive AMs is still unclear. Additional to methylation and
deacetylation of DNA histones which influence chromatin remodeling, post-translational
modifications of proteins involved in redox homeostasis and mitochondrial metabolism
are unexplored by our group. Two potential metabolic regulators that cause and can be

affected by post-translational modifications include 5' adenosine monophosphate-
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activated protein kinase and sirtuin 1. Both proteins are implicated in metabolic
disorders'®, and their activity could explain the multifaceted nature of alcohol-induced

disordered AM phenotype because of their many targets.
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Chapter 4: Other Alterations in Pulmonary Cell Function due to Changes in
Metabolism

Considering the substantial alveolar macrophage (AM) metabolic derangements
observed during chronic alcohol use, we suspected that metabolism pathways beyond
energy production could contribute toward immune cell deficiency. Since it is not yet
known if reversing AM oxidative stress and metabolic phenotype improves AM function
or decreases the risk of disease in people with alcohol use disorders (AUDs), we aimed
to identify other targetable pathways that could influence AM function. Hyaluronic acid
(HA) is an extracellular matrix polysaccharide that most cell types synthesize, but
alveolar epithelial cells and resident macrophages also expel HA in the alveolar space.
The hexosamine biosynthetic pathway, which branches from glycolysis (Figure 4.1)
makes up the building blocks of HA. After HA synthesis by HA synthases (HAS) into
high molecular weight HA (HMW HA), HA can signal to several different binding
proteins referred to here as either HA binding proteins or hyaladherins. However,
fragmentation of HMW HA into low molecular weight HA (LMW HA), or loss of
fragmentation, can result in alternative signaling patterns to influence cellular functions
(Figure 4.2). Although evidence suggests that epithelial, smooth muscle cell, and
macrophage functions are each negatively influenced by oxidative stress and
disordered extracellular matrix deposition, the influence of HA on these cell types during
disease states is still unknown.

In chronic respiratory diseases, levels of LMW HA and leukocytes remain
elevated, inflammation persists, and resident cells do not clear respiratory infections

quickly, suggesting a possible pathological mechanism for prolonged bacterial
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pneumonia. There is a lack of knowledge regarding how HAS, hyaluronidases (Hyals),
or oxidative fragmentation factor into bacterial pneumonia clearance and if these
pathways are valid therapeutic targets to ease persistent infections. Further, a co-author
publication reveals a novel mechanism for altered HA dynamics in pulmonary vascular
cells that should be investigated in other cells with similar phenotypes, like in AMs
exposed to chronic alcohol.

This chapter includes a summary of my contributions to the alcohol and
immunology field published in two conference reviews (Ch. 4.1), preliminary data used
for those reviews, a review on how HA binding proteins may be involved in bacterial
pneumonia pathogenesis, and a mechanism of HMW HA hyper synthesis during
pulmonary hypertension that could be investigated in future studies in the context of

chronic alcohol exposure.
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Figure 4.1: Simplified pathway of hyaluronic acid (HA) production from the

hexosamine biosynthetic pathway. UDP-glucuronic acid and UDP-N-
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acetylglucosamine synthesized from glucose-6-phosphate (Glucose-6P) and fructose-6-

phosphate (Fructose-6P), respectively. UDP-N-acetylglucosamine (UDP-GICNAC) can

modify proteins by O-GIcNAC, or for synthesize HA via HA synthase (HAS).
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Figure 4.2
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Figure 4.2: Simplified illustration of high and low molecular weight hyaluronic

Proteoglycans / HABPs

acid (HA) synthesis, fragmentation, and signaling. Several factors influence HA
signaling including binding of proteoglycans, hyaluronic acid binding proteins (HABPs),
and fragmentation by hyaluronidases (HYALS) or reactive oxygen species (ROS).
Depending on the HA modification by other proteins or by changes in molecular weight,
HA binds to alternate cell membrane proteins. In general, high molecular weight HA
(HMW HA) signals through CD44 and Receptor for HA-mediated motility (RHAMM)

while low molecular weight HA (LMW HA) signals through toll like receptors 2 or 4

(TLR2/4).
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4.1 Hyaluronic Acid Dynamics Affect Alveolar Macrophage Mitochondrial and
Phagocytic Function

Based on the relevant literature, | applied for a National Institute on Alcohol and
Alcoholism (NIAAA) Ruth L. Kirschstein Predoctoral Individual National Research
Service Award (F31) proposing to measure ethanol-induced changes in HA signaling
and metabolism. NIAAA funded this grant proposal, and | started working on the
proposed studies in September of 2021. The objective of the study was to investigate
the underlying mechanisms of EtOH-induced AM phagocytic dysfunction due to
intracellular and extracellular oxidative stress. These studies focused on EtOH-induced
redox imbalance and its effect on HA synthesis, degradation, and inflammatory
signaling in the AM. Mechanistic studies explored if perturbed HA synthesis,
degradation, or signaling impacted mitochondrial function and energy metabolism. Our
overarching hypothesis was that EtOH-induced oxidative stress and altered MT function
impair AM phagocytic capabilities by modulating HA dynamics. | reported my findings
from the course of these studies in multiple published reviews (PMC9974783 (Chapter 1
of this dissertation), PMC9994264 (Chapter 4.2.1), and PMC10330898 (Chapter 4.2.2)),

and will be used as preliminary data for future manuscript generation.
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4.1.1 Excerpt from: New Insights into the Mechanism of Alcohol-Mediated Organ
Damage via its Impact on Immunity, Metabolism, and Repair Pathways: A
Summary of the 2021 Alcohol and Immunology Research Interest Group (AIRIG)
Meeting

Shanawaj Khair3:"¢d, Lisa A. Brennere,"9", Michael Koval'/, Derrick Samuelsonk,
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°Molecular Biology Graduate Program, University of Colorado Denver, Anschutz
Medical Campus, Aurora, CO, United States
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Campus, Aurora, CO, United States
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Campus, Aurora, CO, United States
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United States
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Abstract

On November 19th, 2021, the annual Alcohol and Immunology Research Interest
Group (AIRIG) meeting was held at Loyola University Chicago Health Sciences Campus
in Maywood, lllinois. The 2021 meeting focused on how alcohol misuse is linked to
immune system derangements, leading to tissue and organ damage, and how this
research can be translated into improving treatment of alcohol-related disease. This
meeting was divided into three plenary sessions: the first session focused on how
alcohol misuse affects different parts of the immune system, the second session
presented research on mechanisms of organ damage from alcohol misuse, and the final
session highlighted research on potential therapeutic targets for treating alcohol-
mediated tissue damage. Diverse areas of alcohol research were covered during the
meeting, from alcohol’s effect on pulmonary systems and neuroinflammation to
epigenetic changes, senescence markers, and microvesicle particles. These
presentations yielded a thoughtful discussion on how the findings can lead to

therapeutic treatments for people suffering from alcohol-related diseases.



190
Introduction

Alcohol misuse is a deadly yet preventable cause of death; annually, 95,000
people die in the United States from alcohol misuse, and 3 million people die
worldwide'®. Alcohol misuse is defined by excessive daily consumption, total
consumption, or both, specifically daily consumption of more than 4 drinks per day for
men or more than 3 drinks per day for women, or excess total consumption of more
than 14 drinks per week for men or more than 7 drinks per week for women'®. This
disorder can lead to chronic health consequences, such as liver and digestive diseases,
and increased susceptibility to infectious diseases, cancer, and cognitive decline,
resulting in more than $249 billion in economic costs in the United States'”. While much
progress has been made in investigating how alcohol misuse leads to these diseases,
many questions remain unanswered surrounding alcohol-mediated tissue and organ
injury and their impact on immune and inflammatory pathways. Thus, the 2021 AIRIG
meeting was convened to highlight recent work on alcohol’s impact on inflammation and

the immune system, and the mechanisms by which this leads to organ damage.
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Alcohol impairs alveolar macrophage mitochondrial bioenergetics and
phagocytosis through changes in hyaluronic acid dynamics (Kathryn Crotty, PhD

candidate in the laboratory of Dr. Samantha M. Yeligar, Emory University)

Kathryn Crotty, from Dr. Samantha Yeligar’'s laboratory, discussed their recent
research exploring the role of the mechanism of alcohol-induced alveolar macrophage
impairment. Excessive alcohol use augments the risk of pneumonia and acute
respiratory distress syndrome, leading to increased morbidity and mortality. Alveolar
macrophages (AM) are responsible for engulfing and clearing pathogens in the lower
respiratory tract. However, in vivo mouse models have demonstrated that alcohol-
induced mitochondria redox imbalance impairs the ability of AM to phagocytose
pathogens®%-%°. Oxidative stress also alters the molecular dynamics of the extracellular
matrix polysaccharide, hyaluronic acid (HA), which has been implicated in pulmonary
immunity and inflammation®®. In vitro experiments were performed using the MH-S
mouse AM cell line, treated with or without 0.08% ethanol or 25 nM HA for 3 days. To
delineate how ethanol affects HA, expression of key HA-binding and signaling proteins
was measured by gqRT-PCR and western blotting techniques. Ethanol-exposed AMs
showed increased expression of MRNA and protein for both HA synthase 2 (HAS2),
which is involved in high molecular weight HA (HMW HA, >1000 kD) synthesis, and
cluster of differentiation 44 (CD44), which is involved in HA internalization and recycling.
Mitochondrial bioenergetics and fuel flexibility were measured using an extracellular flux
bioanalyzer. HMW HA impaired mitochondrial bioenergetics compared to untreated and
low molecular weight HA- (LMW HA, <200 kD) treated MH-S cells. Ethanol and HMW

HA altered basal respiration, mitochondria-linked ATP respiration, maximal respiration,
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and spare respiratory capacity in MH-S cells. Overall, ethanol-induced changes in HA
could alter mitochondrial bioenergetics and fuel metabolism through disrupted HA
binding and signaling pathways. These data support modified HA dynamics as a
mechanism for increased risk of respiratory infections in people with alcohol use
disorders. Identifying the underlying mechanisms of HA dysregulation could potentially
uncover novel targets for therapeutic intervention in alcohol-induced pulmonary immune

dysfunction.
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Abstract

On October 26th, 2022 the annual Alcohol and Immunology Research Interest
Group (AIRIG) meeting was held as a satellite symposium at the annual meeting of the
Society for Leukocyte Biology in Hawaii. The 2022 meeting focused broadly on the
immunological consequences of acute, chronic, and prenatal alcohol exposure and how
these contribute to damage in multiple organs and tissues. These included alcohol-
induced neuroinflammation, impaired lung immunity, intestinal dysfunction, and
decreased anti-microbial and anti-viral responses. In addition, research presented
covered multiple pathways behind alcohol-induced cellular dysfunction, including
mitochondrial metabolism, cellular bioenergetics, gene regulation, and epigenetics.
Finally, the work presented highlighted potential biomarkers and novel avenues of

treatment for alcohol-induced organ damage.
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Hyaluronic acid characterization in alveolar macrophages during chronic alcohol
use (Kathryn Crotty, PhD student in the laboratory of Dr. Samantha Yeligar, Emory

University/Atlanta VA Health Care System).

Alcohol misuse increases the risk of pneumonia and acute respiratory distress
syndrome, leading to increased morbidity and mortality rates*. AMs are responsible for
clearing pathogens from the lower respiratory tract, but alveolar macrophages isolated
from people with alcohol use disorders have phagocytic and mitochondrial dysfunction.
It has been shown that the molecular dynamics of the extracellular matrix
polysaccharide, hyaluronic acid (HA), and its signaling proteins are impacted by
alcohol®®. In vitro experiments modeling acute and chronic alcohol consumption were
performed using the MH-S mouse alveolar macrophage cell line or MLE-12 mouse
alveolar epithelial cells. Compared to vehicle treated MH-S and MLE-12 cells, treatment
with 0.08% ethanol decreased hyaluronic acid release at 24 h in both cell types, but was
not sustained at 72 h. Additionally, protein levels of HA synthase 2, a major contributor
to high molecular weight (>1000 kD) HA production in the lung, were unchanged at 24 h
but increased at 72 h. C57BL/6J mice were given regular drinking water or 20% w/v
ethanol in water for 12 weeks, then sacrificed for bronchoalveolar lavage, alveolar
macrophage, alveolar epithelial type Il cell, and lung tissue isolation. At this chronic
alcohol exposure time point, only alveolar epithelial cells had increased HA release
compared to control littermates. Finally, high molecular weight hyaluronic acid or vehicle
was added to in vitro MH-S cell media for 72 h to quantify alterations in phagocytic
capacity by S. aureus internalization or mitochondrial bioenergetic profile (basal

respiration, mitochondria-linked ATP respiration, maximal respiration, and spare
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respiratory capacity). Treatment with high molecular weight HA or ethanol reduced
phagocytosis and mitochondrial bioenergetics compared to vehicle-treated cells. These
studies demonstrate that changes in hyaluronic acid dynamics due to alcohol misuse
impair AM phagocytic and mitochondrial function, and future studies will focus on
elucidating how alcohol modifies the hexosamine biosynthetic pathway to disturb both

hyaluronic acid metabolism and mitochondrial function to impact lung immunity.

The 2022 AIRIG meeting showcased a broad collection of talks focusing on
alcohol's diverse effects on the inflammatory response in multiple tissues and organs,
including neuroinflammation, impaired lung immunity, intestinal dysfunction, and

heightened susceptibility to both viral and bacterial infection (Table 4.1.2).
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Table 4.1.1: Summary of new findings related to alcohol-induced organ damage.

Table 1. Summary of new findings related to alcohol-induced organ damage.

Organ/Tissue Effects of Alcohol

Immune
Cells

Brain

Intestine

Lung

Fetus

1SIRT2— |Macrophage phagocytosis— |Bacterial clearance
|Myoblast differentiation, |Immune cell energetics— 1Viral replication

THMGB], altered EV phenotype— epigenetic modifications— neuroimmune
activation, | neurogenesis
TNLRP3 activation in advanced age

|SCFA, |IL-27— 7Intestinal inflammation, |Intestinal barrier function—

tNeuroinflammation (via gut-brain axis)

Dysregulated Hyaluronic acid, 1Oxidative Stress, | Mitochondrial Respiration—

|Alveolar macrophage function

Altered fetal programming— Neurodevelopmental delay, Unique cytokine

profiles, tWhite blood cells, tMulti-organ adverse health outcomes

Abbreviations: SIRT2, deacetylase sirtuin 2; HMGBI1, high mobility group box 1; EV, extracellular
vesicle; NLRP3, NLR family pyrin domain containing 3; SCFA, short chain fatty acids; IL-27,

interleukin (IL)-27; HA, Hyaluronic acid.
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Summary

The 2021 and 2022 AIRIG meetings highlighted diverse work on alcohol’s impact
on various pathways, leading to cellular and tissue damage in multiple organs. Taken
together, these data demonstrate how alcohol misuse impacts a wide variety of
pathways in tissue and organ homeostasis, offering insight into several pathways for
future studies. Overall, the meeting highlighted important advancements in our
understanding of the widespread adverse effects of alcohol while underscoring
important areas for future research. My contributions to these meetings included
preliminary data indicating that dysregulated HA metabolism in the lung contributes
toward a disrupted AM phenotype. Previous studies had not identified HA metabolism or
signaling as a major influencer of AM phagocytosis or mitochondrial bioenergetics.
Future studies may focus on furthering our understanding of these underlying
mechanisms and further characterizing how alcohol-induced lung oxidative stress plays

a role in HA metabolism that that could in turn influence AM phagocytic capacity.
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4.2 Preliminary Data: Chronic Alcohol Exposure Increases Lung Hyaluronic Acid

To test our hypothesis that ethanol impacts HA metabolism and that differences
in HA metabolism result in altered AM mitochondrial and phagocytic function, we used
established murine in vitro and in vivo chronic EtOH consumption models to determine
how HA modulates MT bioenergetics and AM phagocytosis, and how EtOH modulates
HA dynamics. The role of HA in EtOH-induced AM dysfunction is unexplored and
significant in delineating AM pathobiology relevant to EtOH-induced changes in cell
metabolism. These studies could shift scientific and therapeutic paradigms by
identifying perturbed HA dynamics as a mechanism of AM dysfunction. This project was
an invaluable training opportunity and provided key insights into lung HA dynamics

during chronic alcohol exposure.
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Abstract

Introduction: Hyaluronic acid (HA) is a repeating disaccharide of variable molecular
weight involved in structure, tissue repair, and immune defense all over the body. The
building blocks of HA originate from the glycolytic pathway, however chronic alcohol
exposure increases glycolysis in AMs, and this disrupted cellular metabolism has been
linked to impaired AM function.

Methods: In lungs from peroxisome proliferator-activated receptor gamma (PPARY)
knock out mice and a murine AM cell line, MH-S, qRT-PCR and western blot were used
to measure levels of MRNA and proteins involved in HA metabolism and mitochondrial
dynamics. ELISA-like assay was used on MH-S cells, lung cells from a mouse model of
chronic EtOH ingestion, and bronchoalveolar lavage samples obtained from participants
with AUDs to determine HA concentrations. Additionally, the effect of varying
concentrations and molecular weights of HA on MH-S was assessed to investigate HA
effect on AM MT bioenergetics, as measured using an extracellular flux bioanalyzer.
Flow cytometry was used to measure AM phagocytosis of Staphylococcus aureus.
Results: EtOH and loss of PPARYy similarly alter mRNAs related to mitochondrial
function and HA metabolism (PPARy, TFAM, MFN2, DRP1, TLR2, and HAS2), and
ethanol increases HAS2 and CD44 protein levels in vitro. EtOH increased HA
concentration in bronchoalveolar lavage fluid and alveolar epithelial type 1l cells from
mice fed EtOH in their drinking water and in vitro in MH-S cells exposed to chronic
EtOH. AMs from mice and MH-S cells produced low concentrations of HA and HA
concentration did not change due to EtOH in these cells. MH-S cells exhibit decreased

MT respiration and phagocytic capacity in response to high concentrations of HA or
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when exposed to high molecular weight HA, while lower concentration of low molecular
weight HA increased phagocytic capacity.

Conclusions: Alcohol changes HA dynamics in AMs, and similar changes impair AM
function independent of alcohol. One mechanism of impaired phagocytic capacity during
chronic EtOH exposure may be through increased high molecular weight HA synthesis
via increased glycolysis-derived precursors. Further studies are necessary to clarify the
underlying mechanisms of increased HA synthesis and what role HA molecular weight

plays during chronic alcohol misuse.
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Introduction

A pattern of excessive alcohol consumption, termed alcohol use disorder (AUD)
190 s critical to study because alcohol misuse is linked to over 5 million annual deaths
globally'®, in part due to an increased risk of respiratory infections#? and acute
respiratory distress syndrome (ARDS) 4. Innate immune defense by alveolar
macrophages (AM) in the lower respiratory tract is critical for the prevention of
pulmonary diseases®’, but alcohol misuse impairs the AM ability to phagocytose
pathogens 0394647 via increased cellular oxidative stress*8, mitochondrial (MT) redox
imbalance*®%°, and impaired MT bioenergetics®. Yet, the molecular mechanisms
underlying impaired AM phagocytosis by alcohol misuse remains a fertile area for
investigation'%46 and comprise the primary objective of this project: to elucidate if
aberrant HA dynamics is a mechanism of alcohol-induced impairments in AM MT

bioenergetics and phagocytosis.

AMs synthesize, degrade, and signal with the extracellular matrix polysaccharide
hyaluronic acid (HA) 192194 but oxidant stress perturbs HA interactions with AM
membrane proteins®”:58.19 through altered HA molecular dynamics. High molecular
weight HA (HMW HA, >1,000 kD) is produced predominantly by HA synthases (HAS) on
the surface of alveolar epithelial type Il cells in the uninflamed lung'96-19°, HA
fragmentation occurs due to hyaluronidase (Hyal) activity?®® and reactive oxygen
species (ROS) during inflammation®7-58 that non-specifically cleave glycosidic bonds
within the polysaccharide®®. In general, low molecular weight HA (LMW HA, <200 kD)
signaling through HA binding proteins is pro-inflammatory, while HMW HA signaling is

anti-inflammatory?01.202,
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Chronic respiratory diseases, including ARDS, increase HA synthesis and LMW
HA levels in the bronchoalveolar lavage (BAL) fluid of patients®¢. Further, inflammation
increases LMW HA levels'99:201.203 including during bacterial pneumonia?°42% and
decreases concomitantly with reductions in levels of leukocytes and inflammatory
mediators during repair after lung injury 9206207 |n mesenchymal stem cells, HA
increases MT mass, MT DNA copy number, and MT biogenesis?%, but little is known
about how HA dynamics affect AM MT health markers or bioenergetics. HA uptake, HA
degradation?°%-2'" and activation of multiple signaling pathways in AM'93-1% require HA
binding proteins: CD44, receptor for HA mediated motility (RHAMM) and toll-like
receptors 2 (TLR2) and 4 (TLR4). Interestingly LMW HA treatment in Kupffer cells
isolated from ethanol (EtOH)-fed mice normalizes TLR signaling?'22'3 despite LMW HA
having pro-inflammatory properties in other studies. Yet, LMW HA normalization of TLR
signaling may indicate a therapeutic potential of targeting HA dynamics in treating

alcohol-associated liver disease.

One proposed mechanism of EtOH-induced oxidative stress in AM includes loss
of peroxisome proliferator-activated receptor gamma (PPARY) activity '0:46:48,
Rosiglitazone and pioglitazone, PPARYy agonists, improve EtOH-induced AM oxidative
stress®, MT-derived ROS®°, and phagocytic dysfunction. Therefore, we examined the
effect of PPARy and pioglitazone (PIO) on HA dynamics and related binding proteins.
Understanding the impact of these extracellular perturbations in the HA profile on MT
bioenergetics is critical to assessing the downstream effects on AM immune responses.
Our overarching hypotheses are that EtOH impairs AM HA metabolism, and abberant

HA dynamics negatively impact MT function and phagocytic capabilities. If the results of



206

our studies support the hypotheses, then restoring homeostatic HA dynamics and
inflammatory signaling may prevent lung injury and decrease the risk of respiratory

infections in AUD individuals.
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Methods & Materials

Human BAL samples: All procedures and data collection occurred at the
Joseph Maxwell Cleland Atlanta Veterans Affairs Medical Center, Decatur, GA, United
States, 30033 and reviewed and approved by the Atlanta Veterans Affairs Healthcare
System Research and Development Committee and Emory University Institutional
Review Boards. Otherwise healthy participants with and without AUDs were enrolled in
research studies already including bronchoalveolar lavage (BAL) fluid collection via a
standard bronchoscopy procedure (ClinicalTrials.gov Identifier: NCT03060772;
discontinued due to the COVID-19 pandemic). Healthy controls were matched based on
age, smoking status, and sex. Participants underwent a procedure under standard
conscious sedation to instill isotonic saline into a sub-segment of the right middle lobe
or lingula using a flexible fiberoptic bronchoscopy followed by 6 ~30 mL suction aliquots
to obtain BAL fluid. Participants gave informed consent to all procedures performed and
VA Pulmonary Disease Repository sample storage. Participants with AUDs took 30 mg
of PIO once daily for 2-4 wks or no intervention, at which point bronchoscopy procedure
was repeated. The effect of oral PIO on alveolar HA content was assessed in samples
from the biorepository. Samples were aliquoted into 1.6 mL centrifuge tubes and stored
at -80 °C with protease and phosphatase inhibitors until experimentation. Upon thawing,
BAL samples were centrifuged at 1200 rpm for 5 min to separate cells or other debris
from the lung fluid. BAL fluid was diluted 1:100 in sterile PBS for HA ELISA-like assay
and protein normalization by BCA.

Animal Studies: All animal studies were performed in compliance with the

Atlanta VA Health Care System Institutional Care and Use Committee and National
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Institute of Health Guide for the Care and Use of Laboratory Animals guideline. Male
Tie2-Cre PPARY -/- mice were generated according to previously published work?'4.
Tie2-Cre PPARYy -/- mice should have only had PPARYy knocked out in endothelial cells,
however this proved to be a leaky model. Resident macrophages including AMs,
Kupffer cells, microglia, and others develop almost exclusively from Tie2 expressing
progenitor cells?'®. Tie2-Cre PPARY -/- mice and wild type mice were housed as
previously described?'* and sacrificed for lung collection. Additionally, male C57BL/6J
mice were housed and given ethanol or normal water as described in Chapter 3.2 (2 wk
acclimation then 20% EtOH w/v for 10 wks). During the final 7 days of water or EtOH
consumption, mice were given P1O (10 mg / kg / day, Cayman Chemicals, Ann Arbor,
MI) in 100 uL methylcellulose vehicle or methylcellulose vehicle alone by oral gavage
46,113 Mice were euthanized for tracheotomy and one lobe was tied off for alveolar
epithelial type Il cell (ATIl) isolation as described previously?'6. BAL procedure was
done isolate mouse AMs (mAMs) as described in Chapter 3.2 and remaining BAL fluid
was stored with protease and phosphatase inhibitors at -80 °C until experimentation.
Half of the remaining mouse lungs were perfused, collected in protein lysis buffer, flash
frozen in liquid nitrogen, and later transferred to -80 °C for storage. The other half was
stored in RNA later for gRT-PCR. Isolated mAMs and ATII cells remained at 37°C in a
humified, 5% CO:2 controlled incubator for 24 h before supernatant collection.

In vitro model of chronic EtOH exposure: MH-S cells were cultured with and
without EtOH (0.08%, 72 h) as described previously%%'1°, For phagocytosis assays cells
were treated with 10 or 1000 ng / mL of HA consisting of 10, 100, or 1000 kD (LifeCore

Biomedical, Chaska, MN). For bioenergetics experiments, cells were treated with or
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without LMW HA (25 nM of 10 kD HA, 72 h) or HMW HA (25 nM of 1000 kD HA, 72 h)
dissolved in complete cell media. Bovine testes hyaluronidase or 4-methylumbelliferone
(4-MU, M1381, Sigma, St. Louis, MO) were used to show decreased HA production
measurable by HA ELISA-like assay.

qRT-PCR: Mouse lungs or MH-S cell pellets were taken and stored in RNA Later
(Invitrogen, Waltham, MA) for preservation. Lungs were transferred to liquid nitrogen
and pulverized by mortar and pestle for RNA isolation by TRIzol reagent (ThermoFisher
Scientific, Rockford IL) and chloroform (200 pL per 1 mL TRIzol). Similarly, RNA Later
was removed from MH-S cell pellets and pellets were resuspended in TRIzol and
chloroform. After vortex and 20 min centrifugation at 1200 rpm the aqueous layer from
each sample was transferred to a new tube for precipitation (isopropanol and ethanol
washes). RNA was quantified by nanodrop, diluted to 100 ng / L, and gRT-PCR was
performed using iTaq Universal SYBR Green One-Step kit (Bio-Rad, Hercules, CA) on
the Applied Biosystems 7500 Fast sequence detection system (ThermoFisher Scientific,
Rockford IL). A full list of mouse primers is in Table 4.2.1, including GAPDH
housekeeping gene.

Western blot: Control and EtOH treated cells were washed with PBS and lysed
by protein lysis buffer with added protease and phosphatase inhibitors. Samples were
prepared to a final concentration of 20-50 ug as previously described''?. After blocking,
membranes were incubated with primary antibodies for GAPDH (G9545-100UL,
1:20,000, Sigma-Aldrich, St. Louis, MO), HAS1 (ab198846, 1:500, Abcam, Cambridge,
England), HAS2 (sc-514737, 1:500, Santa Cruz, Dallas, TX), HAS3 (SAB2101015,

1:500, Sigma, Burlington, MA), Hyal1 (SAB2101113-100UL, 1:500, Sigma, Burlington,
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MA), Hyal2 (ab68608, 1:500, Abcam, Cambridge, England), CD44 (ab157107, 1:1000,
Abcam, Cambridge, England), TLR2 ( ab213676, 1:1000, Abcam, Cambridge,
England), or TLR4 (ab13556, 1:1000, Abcam, Cambridge, England) overnight at 4°C.
Membranes were washed 3 times with TBST and incubated with 1:10,000 anti-rabbit or
anti-mouse IRDye800CW Secondary Antibodies (926-32210 and 926-32211, Li-COR
Biosciences, Lincoln, NE, United States) for 1 hour at room temperature. Odyssey
Infrared Imaging System (LI-COR Biosciences) was used to image the membranes.
Black and white representative membranes with CD44, HAS2, and GAPDH are shown
in Supplemental Fig. 4.2.1. Image J software (NIH, Bethesda, MD, United States) was
used to measure densitometry. HAS2 and CD44 protein values were normalized to
GAPDH.

Hyaluronic acid enzyme-linked immunosorbent assay (ELISA)-like assay:
HA concentrations were assayed using the Aggrecan HA-binding protein (HABP) G1
Link-domain based ELISA-like assay (Quantikine, R&D Systems; Minneapolis, MN)
according to manufacturer protocol. The ELISA was loaded with samples from MH-S
cells, mouse lung, mouse BAL fluid, supernatant from mAMs, supernatant from ATII
cells, or human BAL fluid. Optical density was taken at 450 nm (colorimetric signal) and
540 nm (background) in a standard plate reader (Omega, BMG LabTech; Ortenberg,
Germany). Sample concentrations were analyzed according to manufacturer
recommendation and normalized to ng protein determined by BCA assay. Samples with
optical density exceeding the upper limit of linearity were diluted and repeated.

Hyaluronidase ELISA: Mouse BAL extracellular hyaluronidase expression was

quantified using a Mouse Hyaluronidase (Sandwich ELISA) ELISA Kit (LS-F56345, LS
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Bio, Shirley, MA) according to manufacturer protocol. BAL samples from male mice
were centrifuged at 1200 rpm for 5 min to pellet cells and debris. Diluted BAL fluid
(1:10) not including cells was used for the ELISA. Protein levels were normalized by
BAL total protein measured by BCA assay.

Confocal microscopy: MH-S cells were stained using pHrodo-labeled
Staphylococcus aureus as in Chapter 3.1 (Morris et al., 2022) 1% and Chapter 3.2. Cells
were washed 1x with PBS and incubated with 300 nM DAPI (D1306, Invitrogen,
Waltham, MA) for 15 min. Cells were then washed twice more and fixed with 4%
paraformaldehyde for 20 min. Samples were washed again and mounted with a
coverslip for visualization. Images were taken at 60x on a Nikon A1R Inverted Confocal
Microscope (Melville, NY) using a TRITC filter. Representative images display
internalization of fluorescently labeled bacteria (Supplemental Fig. 4.2.2, Top).

Flow cytometry: After EtOH or HA exposure for 72 h, MH-S cells were washed
and stained with pHrodo green Staphylococcus aureus using the flow cytometry assay
for phagocytosis protocol according to manufacturer recommendations (P35382,
ThermoFisher, Waltham, Massachusetts). Cells (>500,000 per group) were incubated
with pHrodo S. aureus for 1 hour. On the last 15 minutes of pHrodo incubation 300 nM
DAPI (D13086, Invitrogen, Waltham, MA) or Zombie NIR (423105, BioLegend, San
Diego, CA) was added 1:1000 to stain for cells or dead cells. Finally, cells were washed
twice, fixed with 4% paraformaldehyde for 20 min, and washed once more with 1x PBS,
then resuspended in 500 uL FACS buffer (PBS + 0.01% Sodium Azide + 1% fetal
bovine serum). A BD Accuri C6 Plus Flow Cytometer (Franklin Lakes, NJ) was used to

measure cell fluorescence for over 200,000 events. Gating was based zombie NIR
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staining, as well as FSC/SSC plots to eliminate doublets and debris. Confirmation of cell
staining and positive pHrodo signals is shown in Supplemental Fig. 4.2.2 (bottom).
Results show mean pHrodo-FITC fluorescence relative to control cells + SEM.
Mitochondrial bioenergetics: Oxygen consumption rate and extracellular
acidification rate were quantified using an extracellular flux analyzer (Agilent Seahorse
XF, Santa Clara, CA). Mito Stress Test and ATP rate assays were done using the same
preparation and inhibitors as in Chapter 3.2. MH-S cells were pre-treated for 72 h with

HMW HA (1000kD, 1000 ng / mL), LMW HA (10 kD, 1000 ng / mL), or EtOH (0.08%).
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Results
Chronic ethanol in vitro and knock out of PPARY in vivo alters transcription
genes related to HA metabolism.

A previous study showed that EtOH alters mRNA levels of the MT proteins
Tfam, Mfn2, Grp75, and Vdac in AMs after chronic EtOH exposure in vitro and in AMs
from mice fed chronic EtOH in vivo%. EtOH also increased glycolysis and oxidative
stress related genes, Glut1, Glut4, HIF-1a''°, and Nox4 in vivo''® and in vitro®113,
Treatment with the PPARY ligand, P10, improved mRNA levels of MT proteins and Nox4
after EtOH®%°. Here we aimed to confirm some of these EtOH-induced changes in vitro
and expand on the role of PPARY in transcription of these genes. Additionally, we were
curious if EtOH or PPARy impacted HA metabolism and signaling (see Ch. 4.3), since =
bacterial pneumonia?°42% and ARDS®® in increase HA content, and chronic alcohol

consumption increases the risk for these disorders*42.

Using gRT-PCR, mRNA levels of several genes related to MT function, oxidative
stress, and HA signaling and metabolism (Figure 4.2.1, Top) were measured in MH-S
cells exposed to EtOH, or media control (Con). EtOH increased Glut4, Nox4, IL-13, TIr2,
TIr4 and Has2. Additionally, we found that EtOH decreased PPARYy, as confirmed
previously*6. We were not able to determine significance for HIF-1a, Mfn2, Drp1, and
Tfam in vitro due to low sample sizes, but our trending results agree with findings seen
previously®. There were no significant changes in Vdac, Grp75, Glut1, IL-6, CD44,
Rhamm, Hyal1, Hyal2, Has1, or Has3 levels. These results suggest that EtOH affects

genes related to both MT function and HA metabolism.
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In addition, lungs from mice with and without PPARYy knock out (PPARYy -/- and
Wild Type) were homogenized and RNA was isolated for gRT-PCR measurement of
MRNA levels (Figure 4.2.1, Bottom). Fewer mRNA targets were quantified for mouse
samples due to sample limitations. Lungs from Tie2-Cre PPARY -/- mice had increased
Drp1, TIr2, CD44, and Has2 but decreased PPARYy, Tfam, and Mfn2 relative to wild type
mice. Since EtOH decreases PPARYy in AMs, it is possible that the increase in Drp1,
TIr2 or 4, and Has2, and the loss of Tfam and Mfn2 are directly related to altered
PPARYy expression during EtOH exposure. However, other cell types in the lung are
likely contributing toward differential mRNA expression in vivo compared to in vitro AMs.
For example, PPARY -/- lungs had increased CD44 but not EtOH-exposed MH-S cells;
however, Has2 is increased in both models. These results led us to further investigate

how EtOH and PPARy may impact HA synthesis.

AMs are not a major source of HA in the lung.

Since we hypothesized that EtOH alters AM HA metabolism, we checked HA
synthase, hyaluronidase, and HA binding protein expression in vitro. EtOH increased
HAS2 (producing HA > 1000 kD aka HMW HA) and CD44 levels while decreasing Hyal1
(Figure 4.2.2A and Supplemental Fig. 4.2.1), possibly indicating HMW HA hyper
synthesis. CD44 internalizes HA for degradation?°%2'0, but can also form an anti-
apoptotic coat on AMs'® or influence immune cell phenotype via chitinase-3 like-
protein-1 (CHI3L1)2'". We did not find any changes in HAS1 or HAS3, which primarily
produces medium (200-1000 kD) or low (<200 kD) molecular weight HA (Fig. 4.2.2A).
EtOH also did not alter cellular hyaluronidase 2 (membrane or secreted), or other

binding proteins in AMs (TLR2 and TLR4).
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EtOH did not significantly increase HA levels at any point during treatment in vitro
compared to control (Fig. 4.2.2B) despite EtOH-associated increases in AM Has2 level.
Negative controls, 4-methylumbelliferone (HA synthase inhibitor) and bovine testes
hyaluronidase, were able to decrease or eliminate measurable HA (Fig. 4.2.2B). PPARy
-/- in mouse lung and BAL fluid from mice given chronic EtOH significantly increased HA
levels relative to wild type and control fed mice (Fig. 4.2.2C,D). Alveolar epithelial type Il
(ATH) cells isolated from EtOH-fed mice released significantly more HA than control-fed
mice, but supernatants from isolated mouse AMs did not contain a quantifiable amount
of HA (Fig. 4.2.2D). Since MH-S cells also contained little HA relative to cell numbers
(>1x108 MH-S cells and <1x10% mAMSs or ATII cells per sample), we determined that
AMs do not contribute significantly to alveolar pools of HA in vivo. Previous studies
showed that during chronic pulmonary diseases or in high oxidative stress
environments, ROS or hyaluronidases fragment HA57:58.200 \While we did not see any
change in cellular hyaluronidase expression, Fig. 4.2.2D does not include a measure of
secreted Hyal2. To measure secreted hyaluronidase protein, a mouse hyaluronidase
ELISA was used. EtOH increased hyaluronidase expression in mouse BAL fluid, which
was attenuated by PIO treatment. PIO alone had no effect on hyaluronidase expression

(Fig. 4.2.2E).

HA levels were also measured in human BAL fluid samples collected from
participants with and without AUDs. Participants with AUDs received either two weeks
of orally administered P10 (30 mg / day) or no PIO intervention. Healthy controls without
AUD only received one bronchoscopy procedure (B1) while participants with AUD

received one before and one after (B2 or AUD + PI1O). Participants with AUDs had
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slightly higher (p=0.07) levels of HA in their BAL fluid compared to healthy controls, and
HA levels decreased after P1O treatment. Collectively, these results indicate that AMs
do not contribute significantly to EtOH-induced increases in alveolar HA pools.
Additionally, molecular weight of HA may change due to EtOH based on hyaluronidase
overexpression and redox imbalance*® in the alveolar space. PIO could be effective at
restoring HA levels in people with AUDs, but it is still unknown whether the change in

HA amount or molecular weight due to other alveolar cells may affect AM function.

High molecular weight hyaluronic acid (HMW HA) decreases AM phagocytosis
and MT bioenergetics.

We aimed to determine if altered extracellular HA dynamics affect AM function.
First, we confirmed that EtOH exposed MH-S cells have decreased levels of
phagocytosis (Fig 4.2.3A and Supplemental Fig. 4.2.2, Bottom) This was important
since the pHrodo kit with flow cytometry had not been used previously in the lab. Next,
we repeated the flow cytometry procedure with MH-S cells incubated with varying HA
concentrations and molecular weights. We found that, in general, LMW HA stimulated
greater phagocytosis than control AMs, and HMW HA decreased phagocytic capacity
(Figure 4.2.3B). Along with previous studies showing that LMW HA normalizes TLR
signaling in resident liver macrophages?'2213, we agree that LMW HA is not always pro-
inflammatory. Further, EtOH and HMW HA severely decreased MT respiration and total

ATP production compared to LMW HA treated and control AMs (Fig. 4.2.3C-E).
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Discussion

Altogether, chronic EtOH alters AM gene expression related to MT function and
HA metabolism in vitro, however AMs are not a major contributor of HA in the alveolar
space. Chronic EtOH consumption in vivo and in people with AUD increases HA content
in BAL fluid, and a major contributor to alveolar HA pools are ATII cells. While EtOH
increases HA levels, possibly by increasing HAS2 expression, secreted hyaluronidase
levels are also increased. Yet, we were unable to quantify HA molecular weight from
MH-S cells or mouse samples due to the high concentration of HA needed for
carbohydrate electrophoresis. HA concentration, fragmentation, and signaling are
implicated in chronic pulmonary inflammatory diseases including asthma?2'8219,
COPD/emphysema?20-22! and ARDS??2223 Inflammation involves increased production
of ROS that cleave HA%"%8, Further, oxidative stress increases Hyal expression in other
systems?24225_ L MW HA (<200kD) undergoes a conformational change resulting in
alternative clustering of HA binding proteins and differential signaling patterns 95226,
Although LMW HA normalizes TLR signaling in Kupffer cells after EtOH ingestion?'2213,
how HA fragmentation impacts AM function has not been previously determined.
Therefore, altered HA molecular weight due to fragmentation by oxidative species or

hyaluronidase enzyme activity may influence lung cell functions.

Additionally, changes in alveolar HA may influence AM ability to phagocytose
pathogens, potentially by decreasing AM MT respiration, but future studies are needed
to determine mechanisms of HA signaling that would result in altered AM metabolism.
Although the mechanism by which HA directly affects MT bioenergetics was not the

focus of these initial proposed studies, ample evidence suggests that HA binding
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proteins modulate oxidative phosphorylation??7-230_ Oxidative phosphorylation is the
most efficient way for AM to generate large amounts of ATP for phagocytosis, but EtOH
impairs MT membrane potential, ATP production, and MT bioenergetics in AM49:50.59,
Studies suggest that HA may affect other redox-sensitive MT effectors, such as PPARy
coactivator 1a (PGC1a) or hypoxia-inducible factor 1a (HIF1a) 17820 which are also

implicated in alcohol-induced AM dysfunction during chronic alcohol use*6:52.110,

We also recognize that there are other HA binding proteins with relatively less
expression in the lung that were unexplored. It is not fully known how HA binding
proteins preferentially bind LMW or HMW HA. More so, previous literature has not been
consistent in the definitions of LMW and HMW HA. | chose to use LMW HA as HA
<200kDa and HMW HA >1000kDa because HA has a conformational change around
200kDa, and this change determines how HA binds to different surface receptors 195226,
Since people with AUD have increased risk for pneumonia, | expanded on this project
by writing a review on how HA binding proteins, or hyaladherins, may be implicated in
bacterial pneumonia pathophysiology, including how other cells may contribute towards

disturbed AM function (see Chapter 4.3).
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Table 4.2.1: Summary of mouse primers used for gRT-PCR used for mMRNA

detection of genes important for mitochondrial function and hyaluronic acid

metabolism.

Name

Forward sequence (5’ to 3’)

Reverse sequence (3’ to 5’)

Peroxisome-
proliferator activated
receptor gamma
(PPARY)

GAGTTCATGCTTGTCAAGGATGC

CGATATCACTGGAGATCTCGCC

Hypoxia-inducible
factor-1 alpha (Hif-1a)

CTCAAAGTCGGACAG

CCCTGCAGTAGGTTT

Mitochondrial
transcription factor 1B
(Tfb1m)

ATAGAGCCCAAGATCAAGCAG

GCACTGGAAGGCTGTTACA

Mitochondrial
transcription factor A
(Tfam)

CACCCAGATGCAAAACTTTCA

CTGTGAGCAAGTATAAAG

Mitofusin 2 (Mfn2)

TCCTGGGCCCTAAGAATAGC

GAGAGGACGCTGAACCTGAT

Dynamin-related

protein 1 (Drp1)

CAGGAATTGTTACGGTTCCCTAA

CCTGAATTAACTTGTCCCGTGA

Voltage dependent GGTACACTCAGACCCTAA CACCCGCATTGACGTTCT
anion channel (Vdac)

75 kD glucose-related TCCTGTGTGGCTGTTATGGA AGGGGTAGTTCTGGCACC
protein (Grp75)

Glucose transporter 4 AAAAGTGCCTGAAACCAGAG TCACCTCCTGCTCTAAAAGG
(Glut4)

Glucose transporter 1 CTCCTGCCCTGTTGTGTATAG AAGGCCACAAAGCCAAAGAT
(Glut 1)

NADPH oxidase 4 TGTTGGGCCTAGGATTGTGTT AGGGACCTTCTGTGATCCTCG
(NOX4)

Interleukin 6 (IL-6)

ACAACCACGGCCTTCCCTACTT

CACGATTTCCCAGAGAACATGTG

Interleukin 1 beta (IL-
1B8)

AGTCTGCACAGTTCCCCAAC

TTAGGAAGACACGGGTTCCA
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Toll-like receptor 2
(Tir2)

TCTGGGCAGTCTTGAACATTT

AGAGTCAGGTGATGGATGTCG

Toll-like receptor 4
(Tir4)

CAAGGGATAAGAACGCTGAGA

GCAATGTCTCTGGCAGGTGTA

Cluster of
differentiation 44
(cd44)

AGCAGCGGCTCCACCATCGAGA

TCGGATCCATGAGTCACAGTG

Receptor for
hyaluronic acid-
mediated motility
(RHAMM)

AGCAAGGATAGAGAAAGGGCTG

TGCAGACGAGCAGACAGTTC

Hyaluronidase 2
(Hyal2)

GCAGGACTAGGTCCCATCATC

TTCCATGCTACCACAAAGGGT

Hyaluronidase 1
(Hyal1)

TCATCGTGAACGTGACCAGT

GAGAGCCTCAGGATAACTTGGATG

Hyaluronic acid
synthase 3 (Has3)

TGGACCCAGCCTGCACCATTG

CCCGCTCCACGTTGAAAGCCAT

Hyaluronic acid
synthase 2 (Has2)

GAGCACCAAGGTTCTGCTTC

CTCTCCATACGGCGAGAGTC

Hyaluronic acid
synthase 1 (Has1)

GAGGCCTGGTACAACCAAAAG

CTCAACCAACGAAGGAAGGAG

Glyceraldehyde-3-
phosphate
dehydrogenase
(Gapdh)

GGATTTGGTCGTATTGGG

GGAAGATGGTGATGGGATT
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Figure 4.2.1: Effect of ethanol (EtOH) in vitro or peroxisome proliferator-activated
receptor 1 gamma (PPARYy) knock out in vitro in MH-S or in vivo mouse lungs on
mRNAs associated with mitochondrial function and hyaluronic acid (HA)
metabolism. A) EtOH increases glucose transporter 4 (Glut 4), NADPH oxidase 4
(Nox4), interleukin 1 beta (IL-18), Toll-like receptor 2 and 4 (TIr2, Tir4), and hyaluronic
acid synthase 2 (Has2). EtOH decreases peroxisome proliferator-activated receptor
gamma (PPARYy). B) Lungs from Tie2-Cre PPARYy -/- mice had increased Drp1, TIr2,
CD44, and Has2 and decreased PPARYy, Tfam, and Mfn2. *p < 0.05 vs. Control treated
cells (n=3-16) or wild type mouse lung (n=3-4, students t-test). 'n=1-2, no significance

determined.



223

5
=
-
b 5
w =4
c 2 =
= =
£ & £ % & S o
& s W > ¥+ - — o o
D o + -
o 3 12l - % 2 Ma M M m
§ 2@ = g 50 i
O W < I + O w I < « <
: 2 &~ r 3
LN . 11 g 8~ B000
e o af
[T] Q
2] o 3 oo
S+ _ ° <+
gl = - 53
] H*
> 2 * S %
d— x
T £ 3
£3 o b .
=D
oE WH_” 00
=] & %,
el %
= T T T 1 u.¢o
o o o = o [v]
I T T 4m o (=] o
! ! ! o o o 1 5 o 2 =
w =] w o ] ] - - o uisjoud Bu o) pazijewioN
uiajoud Bu 0} pazijewioN 1:.29.5 B PR RG] i (7N 7 Bu) ueuoinjeAH yg uewnH
n y Bu) ueuoinjeA - ¥ } =
oo (an 7 Bu) IR E (qn ; Bu) ueuoinjeAH asnop =
~EC
# Om
0 250
o£23
P 3
5 Q 4, T
O w N\
D X - s
2 g+ §eoS&d
o S o
" 5, - g ATE
T < T
% St § 5§00
an - = O O w w
(>
. 3 TR
AWs i
n:..m..v‘
% * *
¥ —B= | o
%&w‘
N P
H 8
N I T T T 1 &ws r . T . | T T T T 1
o 0 o 0 o & & . L e o o o =) o
< ~§ < < S S e 8 8 8 ¥ ® & =
Qo 2 = = uiejoud Bu 0} pazijewloN
- HAdVo 0} pazijewioN ujajouid Bu o} pazijewioN (7w 7 Bu) asepjuoinjeAH Tvg asnow
=2 A:OO 0} _wm_v wm:mco pio4 (qn / Bu) ueuoinjeAHy Bun- asnopy
2 < o w
L

5
Ly
w»

LS
\(@\

&

X



224

Figure 4.2.2: In vitro hyaluronic acid (HA)-related protein expression may
influence HA release. A) EtOH increases hyaluronic acid synthase 2 (HAS2) and
CD44 expression and decreases hyaluronidase 1 (HYAL1) in vitro. MH-S cells were
cultured £ 0.08% EtOH for 72 h (n=4-6) and lysed for western blotting by loading 20-50
Mg protein. Bars represent protein level means normalized to GAPDH + SEM. p<0.05
vs. Con. B) HA concentration with hyaluronidase (20 nM) or 4-methylumbelliferone
(1um HA synthase inhibitor, 4-MU) C-D) HA concentration measured by HA ELISA-like
assay in Tie2-Cre PPARYy knock out mouse lung homogenates (n=3-5) and EtOH-fed
and control-fed C57BL/6J mouse lung homogenates, bronchoalveolar lavage fluid, and
supernatants from mouse alveolar macrophage and alveolar type Il epithelial cells. E)
Total hyaluronidase protein expression in BAL fluid measured by ELISA. Bars represent
protein mean + SEM, n=3-4). F) HA concentration measured by HA ELISA-like assay in

human BAL fluid from people with and without alcohol use disorders (n=7-9).
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Figure 4.2.3: High molecular weight hyaluronic acid (HMW HA, 1000 kD)
decreases the AM phagocytosis and mitochondrial bioenergetic profile in vitro. A)
Ethanol (EtOH) decreases MH-S cells phagocytosis as measured by internalization of
fluorescently labeled Staphylococcus aureus and quantification by flow cytometry (n=7-
8). B) HA molecular weight and concentration alters AM phagocytic capacity. HA10 kD
(10 ng/ mL or 1000 ng / mL, 72 h) improves phagocytosis but high molecular weight HA
(10 ng/ mL or 1000 ng / mL, 72 h, n=5) impairs phagocytosis. C) Seahorse XF Mito
Stress Test assay was done to obtain a mitochondrial respiration profile (OCR profile).
Oxygen consumption rate (OCR) was measured in response to 2 uM oligomycin (Oligo),
0.5 uM Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and 0.5 yM
rotenone and antimycin (R/A) in MH-S cells treated with EtOH (0.08%, 72 h), HA1000
kD (1000 ng / mL, 72 h), or HA10 kD (1000 ng / mL, 72 h). D) Basal respiration, ATP-
linked respiration, maximal respiration, non-mitochondrial respiration, and spare
capacity (n=2) determined using OCR profiles. E) Seahorse XF ATP rate assay was
used to measure ATP production rate. EtOH and high molecular weight HA decreases
total ATP levels in vitro (n=2). Bars represent fluorescence units or OCR means + SEM.
OCR and ATP production is normalized to protein levels. *p < 0.05 relative to Con

(students t-test or one-way ANOVA).
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Supplemental Figures

Supplemental Figure 4.2.1

Control EtOH Control EtOH
CD44 (81 kD) .

C e——— ————
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GAPDH (37 kD) 7 GAPDH (37 KD) s

Supplemental Figure 4.2.1: Representative western blot membranes from control
and ethanol (EtOH) treated MH-S cells. EtOH increases hyaluronic acid synthase 2

(HAS2) and CD44 levels in vitro (n=2), relative to GAPDH.
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Supplemental Figure 4.2.2: MH-S cell internalization of fluorescently labeled
Staphylococcus aureus. A) Confocal imaging of MH-S cells stained with DAPI and
pHrodo red S. aureus. B-E) Flow cytometry representative profiles of control buffer, MH-

S cells without pHrodo staining, and with pHrodo staining.
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Abstract

Although the epidemiology of bacterial pneumonia and excessive alcohol use is
well established, the mechanisms by which alcohol induces risk of pneumonia are less
clear. Patterns of alcohol misuse, termed alcohol use disorders (AUD), affect about 15
million people in the United States. Compared to otherwise healthy individuals, AUDs
increase the risk of respiratory infections and acute respiratory distress syndrome
(ARDS) by 2-4-fold. Levels and fragmentation of hyaluronic acid (HA), an extracellular
glycosaminoglycan of variable molecular weight, are increased in chronic respiratory
diseases, including ARDS. HA is largely involved in immune-assisted wound repair and
cell migration. Levels of fragmented, low molecular weight HA are increased during
inflammation and decrease concomitant with leukocyte levels following injury. In chronic
respiratory diseases, levels of fragmented HA and leukocytes remain elevated,
inflammation persists, and respiratory infections are not cleared efficiently, suggesting a
possible pathological mechanism for prolonged bacterial pneumonia. However, the role
of HA in alcohol-induced immune dysfunction is largely unknown. This mini literature
review provides insights into understanding the role of HA signaling in host immune
defense following excessive alcohol use. Potential therapeutic strategies to mitigate
alcohol-induced immune suppression in bacterial pneumonia and HA dysregulation are

also discussed.

Keywords: hyaluronan, alcohol use disorder, pneumonia, hyaladherin, immunity
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Introduction

Excessive alcohol use associated with alcohol use disorders (AUD) ' is linked
to over 5 million annual deaths globally'S, in part due to an increased risk of respiratory
infections*? and acute respiratory distress syndrome (ARDS) . Pneumonia is a serious
respiratory infection that is caused by at least one of several opportunistic bacteria,
viruses, or fungi. Nearly 44,000 people die annually due to pneumonia in the United
States, while another 1.5 million are hospitalized for pneumonia as a primary
diagnosis'®. Ethanol (EtOH) impairs mucociliary clearance in the upper airway*%#' and
diminishes innate immune defense in the lower airway by impairing the ability of
alveolar macrophages (AM) to phagocytose pathogens 0394647 ‘such as bacterial

pneumonia*é-112,

Upon pneumonia-associated microbial evasion of host immune defense
mechanisms in the upper airway, microbial culture in the lower airways causes
pneumonia. This mini review focuses on molecular mechanisms, such as that of
hyaluronic acid (HA), that may be implicated in increased susceptibility to bacterial
pneumonia during acute and chronic EtOH use. Modulation of HA metabolism,
signaling, and intracellular communication that impact cellular immune functions during
bacterial pneumonia may pave the way for future investigations on how alterations in

the extracellular matrix may be exacerbated by excessive alcohol use.

Extracellular Matrix in the Lung
The extracellular matrix is a dynamic environment, rich with proteins,
carbohydrates, and other significant structural molecules. In diseased states, additional

matrix deposition results in diminished intracellular communication and progression to
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fibrosis. AUD-associated risk of pneumonia and ARDS*#? precedes pulmonary fibrosis

and loss of function if unresolved®3.

Hyaluronic acid (HA), an extracellular matrix glycosaminoglycan, is essential for
maintaining tissue structure, promoting cell survival, and regulating inflammation and
leukocyte motility after pulmonary injury94.199.201,202,223.231 'Eyrther, accumulation of HA
fragments is associated with chronic pulmonary inflammation mediated by innate
immune cells'?8:221.232-237 "Increased HA synthesis and fragmentation is commonly
involved in pulmonary disease pathology including fibrotic diseases'®7237-239 excessive
remodeling94224.231.240 ' gnd inflammation?21.223.241-245 |n non-pathologic conditions, HA
is expressed at very low concentrations in bronchoalveolar lavage fluid'922% put is
increased during pulmonary inflammation and pneumonia infections from Klebsiella

pneumoniae and Escherichia coli?%4246,

Bacterial pneumonia clearance depends on dynamic, but regulated, HA
metabolism and HA binding protein signaling?04244.246-248 Regulation of HA size and
signaling through cell surface immune receptors is necessary to mobilize leukocytes,
including alveolar macrophages, for recognition and destruction of infectious pathogens
in those with AUD. Remodeling after respiratory infections is crucial and involves a
restoration of HA dynamics coinciding with decreases in bacterial colonization,

inflammation, and leukocyte recruitment.

Hyaluronic Acid Signaling: Hyaladherins and Hyaluronic Acid-Protein Interactions
Hyaladherins are HA binding proteins that transmit changes in the extracellular
matrix to cell signals for altered intra- or inter-immune cell function’®* through

intermediate proteoglycans?4°250 or by ionic HA binding to membrane proteins?5'.252,
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Although alcohol diminishes the ability of alveolar macrophages to recognize and clear
pathogens, the role of HA on bacterial recognition during excessive alcohol use is

largely unknown.

CD44 and CHI3L1: Cluster of differentiation 44 (CD44) is a hyaladherin that spans the
cellular membrane, binds HA, and internalizes HA for lysosomal degradation by
hyaluronidase enzymes?°%210. CD44 is the primary cell surface receptor for HA binding
in lymphocytes?°3-2% and forms an anti-apoptotic coat of HA around alveolar
macrophages'®3. Therefore, CD44 is crucial for HA metabolism and signaling in
leukocytes. Granulocyte macrophage colony stimulating factor (GM-CSF) and
peroxisome proliferator-activated receptor gamma (PPARYy) agonism induce expression
of CD44 in monocytes that do not readily bind HA'%3. However, chronic alcohol
diminishes GM-CSF and PPARy*6:80 in primary alveolar macrophages, potentially
decreasing their ability to form an anti-apoptotic HA coat for signaling with other

hyaladherins.

Patients with eosinophilic pneumonia have high concentrations of CD44, HA, and
interleukin-5 in their bronchoalveolar fluid. In contrast, CD44 deficient mice show
decreased HA content after Streptococcus pneumoniae but increased HA in response
to Escherichia coli infection?%, suggesting that bacterial strains differentially influence
host HA matrices. Yet, these studies do not address altered HA binding or signaling as
mechanisms for worsened bacterial pneumonia. While altered CD44 expression
following alcohol use may be one mechanism of bacterial pneumonia pathogenesis,
altered HA molecular weight or indirect HA signaling may also impact inflammatory

signaling and the innate immune response in leukocytes.



235

For indirect immune cell signaling, chitinase-3 like-protein-1 (CHI3L1) forms an
intermediate bond between CD44 and HA?%6. Through HA binding to CHI3L1257:2%8,
lysosomal degradation of HA by CD44 internalization is inhibited. Thus, CHI3L1
indirectly inhibits HA uptake and degradation through CD44 mediated internalization,
suggesting CHI3L1 as an important regulator of HA metabolism. CHI3L1 is expressed in
macrophages, neutrophils and endothelial cells and is necessary for antigen response,
oxidant injury response, inflammation, and macrophage phenotype in the lung?'”.
Alcohol and high CHI3L1 levels have been linked to the progression of liver injury and

fibrosis?5%-261 but not yet in alcohol and bacterial pneumonia.

In bacterial pneumonia, CHI3L1 activity promotes innate immune defenses by
sensing oxidant stress, cytokines, growth factors and miRNAs in the extracellular
environment. Patients hospitalized with pneumonia have increased levels of CHI3L1 in
serum?48.262263  Additionally, S. pneumoniae induces CHI3L1 expression, but mice
lacking CHI3L1 have reduced bacterial clearance and enhanced mortality following S.
pneumoniae infection?*’. These studies suggest CD44 and CHI3L1 as important
regulators of innate immunity in the lung during bacterial pneumonia. Further, these
studies provide CD44 and CHI3L1 as targetable mechanisms for treating bacterial

pneumonia in those with AUD.

HA Heavy Chain Formation: Tumor necrosis factor-stimulated gene-6 (TSG-6) is
secreted by immune cells?®* and catalyzes inter-a-trypsin-inhibitor (lal) heavy chain
complex to HA through pentatraxin 3 (PTX3)2%5. Together, these molecular components
generate a heavy chain HA matrix involved in airway inflammation2%,

hyperresponsiveness?%’-270 and toll-like receptor 4 (TLR4) mediated lung injury?43-268,
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possibly through PTX3 stimulation by TLR signaling?’". lal attenuates lung injury in a
porcine model of lipopolysaccharide (LPS)-induced sepsis?’?, and PTX3 deficiency
worsens LPS-induced lung injury. TSG-6 expression in cultured U-937 monocytes is
enhanced by Staphylococcus aureus and Chlamydia pneumoniae®’?, suggesting
enhanced expression in some strains of bacterial pneumonia. Further, PTX3 is involved
in microbial recognition and innate immunity through recruitment of leukocytes and
binding to K. pneumoniae, Pseudomonas aeruginosa, Salmonella enterica, S. aureus,
Neisseria meningitidis, and S. pneumoniae?’4-276, Altogether, there is sufficient evidence
for the role of heavy chain HA matrices in bacterial pneumonia, but further studies are
needed to elucidate if PTX3 involvement in heavy chain HA formation is due to

production by host or pathogen.

Little is known about heavy chain HA formation during excessive alcohol use. If
heavy chain HA formation is involved in lung injury amelioration during bacterial
pneumonia, disruptions in this process may lead to further lung injury and possibly
sepsis. The risk of developing sepsis from pneumonia increases from 35% to 60% in
people with AUD*. EtOH feeding to C57BL/6 mice significantly diminished survival rates
and lung PTX3 expression in a model of sepsis, and delayed tumor necrosis factor
alpha (TNF-a) level increases in plasma?’”. Similarly, in a binge drinking mouse model
of gram-negative bacterial lung infection, plasma TNF-a was suppressed even while
bacterial colonization was increased?’®. Overall, these studies suggest that sepsis after
excessive alcohol use is not due to lack of inflammatory TNF-a signaling. Rather,
alterations in PTX3 disrupt HA heavy matrix formation and may be a mechanism for

deranged immune function in those with AUD.
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Versican and TLRs: Lecticans are HA-binding proteoglycans, containing chondroitin
sulfate side chains, that ionically bind to HA through clusters of positively charged
amino acids forming the link domain?522%%, Little is known about how lecticans are
impacted in bacterial pneumonia; however, levels of hyaluronan and the lectican,
versican, increase during lung injury®6-206.27%  perhaps by HA synthase regulation?80.281,
Although rats exposed to fetal alcohol showed a decrease in synaptic versican???, the
role of versican in alcohol-induced lung derangements continues to be an active area of

investigation.

TLRs bind to hyaladherins and are known mediators of the inflammatory
response during bacterial pneumonia. Like HA, versican can act as a danger associated
molecular pattern for TLR signaling in alveolar macrophages?3284, Versican is
augmented in the lungs of adult mice exposed to P. aeruginosa and upon TLR
agonism285. Comparatively, conditional versican deficiency in myeloid cells reduced
inflammatory cell recruitment to the lungs?®. LPS stimulation of the TLR4/Trif pathway
increases HA and versican levels in bone marrow derived macrophages in vitro and in
murine alveolar macrophages?46:286_ put there is a lack of similar studies with gram

positive bacteria.

Defects in TLR signaling predispose an individual to immunodeficiency that can
result in severe bacterial pneumonia?®’. Further, the versican receptors TLR2 and TLR4
are affected by excessive alcohol use. TLR2 and TLR4 do not bind HA but have been
hypothesized to interact with HA through clustering of other matrix or membrane
proteins and proteoglycans, like versican. Individuals with alcohol use disorders showed

significant increases in TLR2; those with AUD and cannabis use exhibited significant
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increases in TLR62%8. No experimental groups had increased TLR4 expression in that
study, but another study showed that alcohol exposure induced TLR4 endocytosis in
alveolar macrophages, limiting TLR4 activity for the recognition of pathogens“6. These
results suggest that TLR expression or signaling may compensate for impaired bacterial
recognition in those who have AUD and bacterial pneumonia. Other membrane
hyaladherins can also bind HA simultaneously to influence leukocyte phenotype?8 and
affect pro- or anti-inflammatory signaling depending on the binding protein. While it is
not known if hyaluronan or any binding partners interact with the other TLRs, these

studies identified multiple targets for therapeutic intervention.

RHAMM, HABP1 and HABP2: Receptor for HA mediated motility (RHAMM), and HA
binding protein 1 and 2 (HABP1, HABP2) are expressed ubiquitously and have multiple
binding partners, including HA2%%2%1, RHAMM contains putative binding domains for
HA2%2, but RHAMM is mainly expressed intracellularly?9'.293-2%5 tg participate in signaling
excluding HA. However, it is possible that HA binds to hyaladherins within the cell
membrane because several hyaladherins are expressed intracellularly. Upon HA
interaction with RHAMM, cell migration is promoted, influencing tissue remodeling or
immune cell trafficking?°®. In mice, there is increased membrane expression of RHAMM
following lung injury?®”. Further, RHAMM can compensate for CD44 through increased
HA binding without increased RHAMM expression, indicating convergence of HA

signaling pathways?%.

RHAMM is implicated in acute lung injury?'8, and alcohol use exacerbates acute
lung injury*10:45.53.222 However, it is not yet known how alcohol consumption directly

affects RHAMM in any organ system. Past work has shown that RHAMM and
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transforming growth factor beta (TGFb) work collectively to promote cell motility2®°.
Alcohol use inhibits inflammatory cytokines while stimulating TGFb, which acts as an
inhibitory cytokine in human monocytes exposed to bacterial stimuli®?. In contrast,
some studies show that alcohol induces lung injury through proinflammatory pathways
and promote fibrosis by stimulating TGFb1 activity'32301, In alveolar macrophages,
alcohol-induced oxidative stress through TGFb1 regulation of NADPH oxidases
diminished alveolar macrophage function'?®. Altogether, TGFb1 is clearly involved in
immune dysfunction following alcohol use, but more information is necessary to

conclude that changes in TGFb1 contribute to alterations in RHAMM signaling.

HABP1, also known as p32 or gC1gR, can be found at the cell surface with
higher affinity for HA corresponding to ionic strength and acidic environments®2, and
HA binding to HABP1 can inhibit HA degradation by S. pneumoniae hyaluronidases3°3,
Bacteria express hyaluronidase proteins that degrade host HA matrices to allow for
greater bacterial movement; thus, HABP1 activity is an endogenous antibacterial host
defense. In humans, HABP1 assists in the regulation of HA metabolism in non-diseased
states. While there is little known about HABP1’s involvement in bacterial pneumonia,
HABP1 activity is well described in cancer and mitochondrial biology. Alcohol exposure
impairs alveolar macrophage ability to phagocytose pathogens'0-3946:47 via increased
cellular oxidative stress*®, mitochondrial redox imbalance*®%, and impaired
mitochondrial bioenergetics®®. Mitochondrial HABP1 regulates oxidative
phosphorylation3%4305 by maintaining mitochondrial protein translation3%, and cleavage
of HABP1 by caspase-1 shifts cancer cell phenotype toward glycolysis®?’. In human

lung cancers, HABP1 is highly expressed, leading to altered nuclear factor kappa B
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(NFkB) activity and cell proliferation°®, revealing a role for HABP1 in the lung

microenvironment.

HABP2, also known as factor VIl activating protease or plasma hyaluronan
binding protein, is extracellular. High molecular weight HA inhibits HABP2'’s activity to
maintain barrier integrity while low molecular weight HA prevents a leaky barrier309.310,
Normal barrier function prevents bacterial spread into the vasculature during bacterial
pneumonia that would otherwise result in sepsis. Further, alcohol impairs pulmonary
barrier function*344. In the lung, HABP2 may be involved in LPS-induced lung injury3'°
and ARDS?" primarily through its role in modulating lung barrier integrity. In patients
with ARDS, HABP2 levels and activity are increased in alveolar macrophage, epithelial,

and endothelial cells3'", and chronic alcohol use elevates the risk for ARDS%.

In vivo HABP2 silencing by small interfering RNA attenuated LPS-mediated lung
injury and hyperpermeability, indicating a possible therapeutic strategy for bacterial
pneumonia in those with AUD-induced barrier dysfunction. Additionally, HABP2
primarily binds to cell surface protease-activated receptors (PAR) 3'2, and silencing of
PAR1 and PARS3 can attenuate LPS-mediated barrier dysfunction3'°. Mice with PAR2
genetic deletions exhibited severe lung inflammation, neutrophil accumulation,
diminished macrophage, and neutrophil bacterial phagocytosis in a model of P.
aeruginosa. These alterations were attenuated by PAR2 activation3'3, indicating a
possible role for HABP2 in bacterial pneumonia clearance. Other studies show similar
roles for PARs in bacterial pneumonia pathology3'3-3'%; however, this mechanism needs
to be further elucidated since HABP1 and the PARs each have multiple binding

partners.
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Discussion

This mini review addresses modulation of HA signaling by alcohol and bacterial
pneumonia. CD44 and RHAMM are involved in HA metabolism, signaling, and
intracellular communication. CHI3L1, lal, TSG-6, PTX3, and versican all act as
intermediates between HA and membrane signaling proteins, like CD44 and TLRs.
Herein we also review how HA modulates cellular energy metabolism through HABP2
and intracellular signaling. Another hyaladherin, lymphatic vessel endothelial cell
receptor 1 (LYVE-1), binds HA for immune cell motility and HA metabolism but was not
discussed in detail due to its low expression in the lungs. Nevertheless, CD44 and
LYVE-1 jointly assist in immune cell migration within the lymphatic system3'6-318 to traffic
cells to the lungs during bacterial pneumonia. HA-hyaladherin interactions additionally
assist with leukocyte motility. In summary, changes in the extracellular matrix impact
cellular signaling in bacterial pneumonia that can be exacerbated by excessive alcohol
use but there is still much to learn. Nevertheless, targeting hyaladherins may be a
potential therapeutic strategy for mitigating lung injury in those with alcohol use

disorders. These pathways have been summarized in Figure 4.3.1.
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Controversies in the Hyaluronic Acid Field

Is increased HA production during lung disease pathological and does it need to
be “fixed?” HA concentration increases, but average molecular weight decreases, in
multiple pulmonary diseases involving immune dysfunction and inflammation. However,
the mechanisms of HA signaling based on variations in molecular weight remain
controversial in the field. Increased HA production appears to decrease leukocyte
mobility and bacterial spread in pneumonia due to higher viscosity. However, increased
HA production may aid in leukocyte motility through endogenous hyaladherins while

preventing bacterial spread because of their lack of the same receptors.

Further, fragmented HA is thought to be pro-inflammatory while endogenous high
molecular weight HA is anti-inflammatory?203.235.242 |t is also clear that bacteria contain
hyaluronidases to degrade host HA matrices, and fragmented HA can act as a danger
associated molecular pattern for immune cell release of key immune factors. Our group
has hypothesized that alcohol increases high molecular weight HA synthesis, thereby
decreasing necessary proinflammatory signaling from fragmented HA. Alternatively,
alcohol exposure may increase LMW HA rather than HMW HA, resulting in alternative
immune signaling, thus the molecular weight of HA following chronic alcohol use will
need to be determined in future studies. However, size classifications remain
controversial in the field since “fragmented HA” or “low molecular weight HA” could
range from HA chains of a few polysaccharides to 500 kD, and the mechanisms of HA
immune signaling have yet to be fully elucidated. Future studies should be done to
clarify the immune response of leukocytes to different sized HA polymers to confirm

past results.
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Therapeutic Potential

Although the risk of AUD individuals for getting sepsis and ARDS from
pneumonia is approximately double that of non-AUD individuals?, treatment strategies
are comparable between AUD and non-AUD individuals. There are several FDA
approved modulators of HA or HA binding proteins that are available by prescription or
as a clinical treatment; however, additional studies on HA modulation in bacterial
pneumonia and alcohol are needed before therapeutic targeting of these pathways in
people with AUD can take place. Targeting bacterial protein influence in host HA
matrices and barrier dysfunction go hand-in-hand. As bacteria spread and host lung cell
apoptosis persists, cellular barriers are broken down. Use of current small molecule
inhibitors of bacterial hyaluronidases are insufficient as a therapeutic strategy because
they have low specificity and potency. Bacteria contain some hyaluronidases that are
different than those in humans. Therefore, upregulation of host defenses against
bacterial hyaluronidases, like HABP1, may work as an alternative treatment to prevent

uncontrolled bacterial proliferation.

Proposed mechanisms of EtOH-induced oxidative stress in alveolar
macrophages include loss of PPARYy activity'046:48 which is diminished following alcohol
exposure*6:48.60_Rosiglitazone and pioglitazone, PPARYy agonists, improve EtOH
induced alveolar macrophage signaling from fragmented HA. However, size
classifications remain controversial in the field. Future studies should be done to clarify
the immune oxidative stress*’, mitochondrial-derived ROS5%, and dysfunctional
phagocytosis and clearance of K. pneumoniae“t. Further, pioglitazone, reversed

alcohol-induced derangements phagocytosis in alveolar macrophages*6486°. Because
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mitochondrial derived ATP is necessary for high energy processes, like phagocytosis,
impaired mitochondrial function is one explanation for why alcohol impairs alveolar
macrophage phagocytic capacity. Identifying alcohol-induced mechanisms that impair
HA signaling could further elucidate underlying mitochondrial dysfunction in alveolar

macrophages.

In conclusion, AUDs increase the risk of respiratory infections and levels of the
extracellular matrix component, HA, are increased in chronic respiratory diseases. HA
signaling through hyaladherins are affected by alcohol use, which could modify
inflammation and immune cell activity during bacterial pneumonia. The role of
hyaladherins in alcohol-induced immune dysfunction is still largely unknown. This mini
review highlights the necessity for future studies to provide insight into understanding
the role of HA and its binding partners in host immune defense following excessive

alcohol use.
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Figure 4.3.1: Alcohol affects hyaladherin signaling in the lung. 1) Internalization
and degradation of hyaluronic acid (HA) is inhibited by overproduction of chitinase-3
like-protein-1 (CHI3L1). 2) Ethanol (EtOH) diminishes peroxisome proliferator activated
receptor gamma (PPARYy) and granulocyte-macrophage colony stimulating factor (GM-
CSF) levels. 3) HA-versican competes with bacterial products for toll-like receptor (TLR)
signaling. 4) TLR signaling induces tumor necrosis factor alpha (TNF-a) production.
TNF-a stimulates TNF-a-stimulated gene-6 (TSG-6) expression. 5) TSG-6 catalyzes
heavy chain HA matrix formation through pentatraxin 3 (PTX3, orange diamond). 6)
EtOH induces TLR4 internalization and heavy chain formation by decreasing TNF-a.

Created with BioRender.com.
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4.4 Application of Hyaluronic Acid in Pulmonary Hypertension

| contributed to an additional co-author publication (PMC9676077) describing the
implications of altered hyaluronic acid metabolism in pulmonary hypertension. Many of
these findings are parallel to the preliminary data | have collected on changes in
ethanol-induced hyaluronic acid metabolism. These results provide a possible
mechanism by which HMW HA synthesis is promoted, which can be investigated in the
context of alcohol misuse in future studies:

Pulmonary hypertension (PH) is a progressive disorder characterized by large-
scale remodeling of the pulmonary vasculature mediated by enhanced pulmonary artery
smooth muscle cell proliferation. Proposed treatments for PH to decrease
vasoconstriction have been successful for some patients in reducing their mortality, but
not in reversing their vascular remodeling. Vascular remodeling involving increased cell
proliferation still leads to reduced quality of life because of decreased cardiac output,
leading to dyspnea and cardiac fatigue. Targeting the mechanisms underlying vascular
remodeling, involving smooth muscle cell proliferation, reduced apoptosis, and reduced
mitochondrial bioenergetics could lead to future development of PH therapies.

PH is characterized by enhanced smooth muscle cell proliferation by resistance
to apoptosis signals®'®, increased mitochondrial-derived reactive oxygen species
generation, and decreased mitochondrial function32°. Pulmonary vascular remodeling is
associated with metabolic imbalances3?', including altered mitochondrial number,
fragmentation322-324 and a shift toward glycolysis-derived ATP production325.

Additionally, in a rat model of PH, PASMCs had decreased mitochondrial function
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caused by a loss in activity of the electron transport chain complexes, and increased
levels of mitochondrial-derived ROS, membrane potential, and glycolysis3?6,

Another characteristic of pulmonary hypertension is hyper synthesis of the
glycosaminoglycan, hyaluronic acid. In our collaboration with Dr. C. Michael Hart’s lab,
we aimed to see if high molecular weight hyaluronic acid (HMW HA) prevented human
pulmonary artery smooth muscle cell (HPASMC) apoptosis induced by mitochondrial
depolarization from carbonyl cyanide m-chlorophenyl hydrazone (CCCP). Apoptosis
was confirmed via Annexin-V-FITC and propidium iodide (Pl) detection by flow
cytometry. After incubation with CCCP or vehicle control, HPASMCs were trypsinized
and viable cell counts were collected before proceeding. HPASMCs were rinsed with 1X
PBS, centrifuged, and resuspended with 500 yL FACS buffer (PBS + 0.01% Sodium
Azide + 1% fetal bovine serum). Cells were labeled with 50 mcg / mL of Annexin-V and
P1. A BD Accuri C6 Plus Flow Cytometer (Franklin Lakes, NJ) was used to measure cell
fluorescence for over 300,000 events. Gating was based on Pl and zombie NIR
staining, as well as FSC / SSC plots to eliminate debris. Final results show mean
Annexin V-FITC fluorescence relative to uninduced controls.

We concluded that elevated levels of HMW HA induced apoptosis resistance.
Overall, this manuscript showed that in pulmonary hypertension there is hyper synthesis
of HMW HA by HA synthase 2, and this extracellular matrix phenotype promotes
metabolic dysfunction and vascular remodeling 224327, Figure 4.4.1 shows my

contribution toward this manuscript.
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Figure 4.4.1
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Figure 4.4.1: Measurement of human pulmonary artery smooth muscle cells
(HPASMC) apoptosis Annexin-V staining, corresponding to intermediate-to-late
apoptosis, determined by flow cytometry. Data expressed as mean + SEM **p <

0.01 by 2-way ANOVA of [HMW HA x CCCP].
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4.4. Conclusions

Between 2020-2022, hyaluronic acid (HA) became a household name due to its
use in skin care products, but HA is much more than an ingredient in hydrating facial
serums. Our results and review of past studies show that changes in HA metabolism
may be involved in pulmonary diseases involving pulmonary hypertension and
community-acquired pneumonia. Several controversies were discussed, including the
inaccessible technology required to measure low concentrations of HA and average HA
molecular weight. Due to these limitations, | was unable to investigate the effect of
disordered AM HA metabolism during chronic alcohol use. Ultimately, we determined
that AMs do not contribute significantly to HA pools in the lung, but their function can be
modified by external HA. This leads us to believe that HA produced by other cell types
in the lung, such as alveolar type Il epithelial cells, may affect AM functions, possibly

leading to decreased AM mitochondrial respiration and phagocytic capacity.

Additionally, we were unable to measure HA molecular weight following chronic
alcohol exposure in AMs, but previous studies clearly indicate that HA molecular weight
can influence HA binding protein signaling (Chapter 4.3). HA molecular weight was
measured in the lungs of mice in the paper by Tseng et al. (Chapter 4.4) but was not
specifically measured in AMs. This manuscript provides a mechanism of HA hyper
synthesis that could apply to chronic alcohol-induced hyper synthesis of HA (Chapter
4.2). HA binding protein 1 (HABP1), otherwise known as p32, could be a mechanism by
which HMW HA diminishes mitochondrial function. Since HABP1 can be mitochondrial,
signaling via HA-HABP1 interactions may provide a targetable mechanism for mitigating

HMW HA-induced diminished mitochondrial respiration (Fig. 4.2.3 C-E). Future studies
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are still needed to examine HA molecular weight during alcohol misuse, the role of
alveolar type Il epithelial cell’'s extracellular matrix on AMs, and if alcohol has an
influence on disordered intracellular communication and mitochondrial functioning via

changes in HA metabolism.
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Chapter 5: Perspectives & Contributions Toward Other Fields

5.1 Perspectives

Known as the “powerhouse of the cell,” mitochondria are perhaps the most
famous organelle. While this statement is certainly true, mitochondria are essential for
determining cell function and fate. Mitochondria can move, divide, fuse, or self-destruct
depending on cellular needs. In fact, these organelles can regulate cell signaling,
division, or controlled cell death. Additionally, mitochondria are in nearly every human
cell type, apart from red blood cells. Thus, any alteration in controlled mitochondrial

biology has the potential to be catastrophic from the cellular to the organismal level.

Every cell type will have mitochondrial needs that differ, and these needs will
change across the cell’s life cycle. It is thought that cells get 80% of their energy needed
from oxidative phosphorylation in the mitochondria3?®, but this is an oversimplification.
Many cells can switch metabolic phenotypes to drive energy production via glycolysis
rather than oxidative phosphorylation. In 1927, Otto Warburg reported that tumors used
between 5 and 35 times the amount of glucose as non-cancerous cells, and that lactic
acid production correlated with glucose usage. Warburg’s observation indicated that
tumors use fermentation rather than respiration for survival, but that fermentation was
not necessary for survival. This phenomenon, known as the Warburg effect, is thought
to be one characteristic of proliferating cancer cells32°. However, we now know that non-
cancerous cells also switch phenotypes and undergo the Warburg effect to drive
division, such as during fetal development33*° or immune cell proliferation33'.332 Further,
cancerous cells do not need the Warburg effect to be proliferative, as tumors persist in

the absence of glucose®?°. In fact, decreased aerobic respiration and glycolysis in
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cancer cells may be a defense against harmful buildup of oxidative stress3.
Comparatively, cell senescence requires an alternative mitochondrial energy
phenotype. Altogether, mitochondria are heterogeneous and require refined quality
control mechanisms in non-pathologic cell types, and when these signals are disturbed,

disease states arise.

In particular, our work heavily involved measuring mitochondrial respiration and
several characteristics of mitochondrial bioenergetics including basal respiration, ATP-
linked respiration, maximal respiration, spare respiratory capacity, and fuel flexibility.
Cell growth or senescence can impact basal respiration and ATP-linked respiration and
these bioenergetic measurements give researchers an idea of the cells’ current
mitochondrial phenotype. A lower or higher basal respiration or ATP-linked respiration
may not be reason for concern but necessitates further investigation. However, an
altered maximal respiration, spare respiratory capacity, or fuel flexibility could indicate a
greater or impaired ability to shift energetic phenotype in a time of need. As is important
with any scientific study, multiple measures of cellular metabolism or phenotype should
be gathered to conclude how a particular treatment, condition, or disease affects cell

function.

Immune cells are especially dependent on mitochondrial phenotypic changes to
control activation state and inflammatory responses 333, Immune cells have tissue-
specific responses to inflammation and antigen presentation. While effector T cells
prioritize glycolysis, memory and regulatory T cells rely more on fatty acid oxidation334.
Further, canonically activated immune cells prefer the Warburg effect to oxidative

phosphorylation33'332_ Additionally, immune cells rely on regulated MT-derived ROS,
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which are not only a byproduct of the electron transport chain, but also serve as
signaling molecules and defense against invading pathogens. Our studies so far have
highlighted the role of alveolar macrophage oxidative stress and mitochondrial
bioenergetics during chronic alcohol use, but because of the multifaceted role of
mitochondria in controlling cell fate, there is much more still to be discovered. Similarly,
we can use the effect of chronic alcohol exposure on AMs as an example to form future
hypotheses surrounding mitochondrial dysfunction in other cell types. As the
mitochondrial biology and immunometabolism fields grow, we must recognize and

continue to challenge oversimplifications of complex cellular metabolism.
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5.2 Collaborations & Contributions to Other Fields

Fortunately, during my time in the Yeligar lab, | was able to perform bioenergetics
assays on primary and cultured human cells in order to contribute a piece to the
complex puzzle that is cellular metabolism. Animal models can only go so far in
modeling how human diseases progress, and when available, isolated human cells or
organoids should be used to further develop therapeutics. This can include the use of
primary or cultured human cells that do not require animal sacrifice for experimental
testing. In particular, | was able to perform bioenergetics testing on human alveolar
macrophages, human pulmonary artery smooth muscle cells, human aortic smooth
muscle cells (Ch. 5.2.2), human antigen producing cells, and human embryonic kidney
(HEK293T) cells (Ch. 5.2.1). This chapter briefly describes my contribution toward two
submitted manuscripts (one accepted, PMC10259180) and the contributions to each

respective field.
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5.2.1 Regulator of G protein Signaling 14 Affects Mitochondrial Function in
Human Embryonic Kidney 293T Cells

Regulator of G protein signaling 14 (RGS14) is an important modulator of
neuronal excitability in the hippocampus and is protective against neuronal loss in
temporal lobe epilepsy33%336. Previously, loss of RGS14 in mice accelerated seizure
activity and significantly altered gene expression of proteins involved in mitochondrial
function and regulation of oxidative stress. In our collaboration with Dr. John Hepler, we
aimed to see if RGS14 expression affected mitochondrial respiration in human
embryonic kidney cells (HEK293T). HEK293 cells do not express RGS14, so

expression was induced by plasmid transfection.

Excerpt from Harbin, et al.: Measurement of mitochondrial respiration using

seahorse XF cell mitochondrial stress test in HEK293T cells.

“The measurement of mitochondrial respiration was performed as previously
described with modifications®°. Briefly, HEK293T cells were cultured in Dulbecco’s
essential medium (DMEM; Gibco, 11-995-040) supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin and incubated at 37 °C, 5% CO2 until the time of
seeding or passaging. Cells were maintained by passaging every 2—3 days when cells
reached 70—-80% confluency. Mitochondrial respiration was evaluated using a XFe96
Extracellular Flux Analyzer (Agilent Seahorse Bioscience Inc., Billerica, MA) and
Seahorse CF Cell Mito Stress Test Kit (Agilent, 103,015-100) according to
manufacturer’s instructions. Briefly, cells were seeded into a Seahorse XFe96

microplate (Agilent, 103,794-100) at 15,000 cells/well and incubated for 24 h at 37 °C,
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5% CO2. FLAG-RGS14 or pcDNA3.1 (negative control) plasmids33”. were transiently
transfected using transfection medium DMEM supplemented with 5% FBS and 1%
penicillin/streptomycin and polyethyleneimine (PEI) as the transfection reagent. Cells
were then incubated for 24 h at 37 °C, 5% CO2 to ensure adequate expression of both
constructs. After transfection, cells were switched to Seahorse XF Base Medium
supplemented with 1 mM I-glutamine, 5.5 mM d-glucose, and 2 mM sodium pyruvate
(pH of 7.4) and equilibrated in this medium for 30 min. Oxygen consumption rate (OCR)
was measured prior to and after sequential treatment with 1 yM oligomycin
(mitochondrial complex V inhibitor), 0.5 yM carbonilcyanide p-
trifluoromethoxyphenylhydrazone (FCCP) (ATP synthase inhibitor and proton
uncoupler), and 0.5 yM rotenone/antimycin A (Complex I/lll inhibitor). Basal respiration,
mitochondrial ATP-linked respiration, maximal respiration, proton leak, spare respiratory
capacity, and non-mitochondrial linked respiration were determined using the XF Wave
2.1 software. Cell lysates were collected in lysis buffer, and Pierce BCA assay was used
to determine protein concentration. OCR values were normalized to HEK293T protein
concentration in the same sample and were expressed as mean + SEM. Western
immunoblotting to confirm protein expression was performed as stated above using
anti-FLAG HRP-conjugated antibody (Sigma Aldrich, A8592; 1:15,000) to verify

transfection and expression of FLAG-RGS14.”

Mito Stress Test in these cells revealed that RGS14 slightly decreased baseline
and maximal mitochondrial respiration without altering ATP-linked respiration or spare
capacity (Fig. 5.2.1). These parameters will need to be reassessed in a neuronal cell

line or in tissue from control and epileptic animal models with RGS14 knockout to
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confirm the role of RGS14 in mitochondrial respiration. Overall, this manuscript
(PMC10259180) demonstrated that RGS14 is neuroprotective in a mouse model of
epilepsy, and that RGS14 may be involved in mitochondrial respiration and oxidative

stress regulation pathways338.

Full Citation: Harbin, N H et al. “RGS14 limits seizure-induced mitochondrial oxidative
stress and pathology in hippocampus.” Neurobiology of disease vol. 181 (2023):

106128. doi:10.1016/j.nbd.2023.106128
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Figure 5.2.1: Regulator of G-protein signaling 14 (RGS14) decreases
mitochondrial respiration in vitro. Top left: Normalized oxygen consumption rate
(OCR) plotted over time in HEK293T cells expressing pcDNA3.1 (control) or FLAG-
RGS14 (RGS14, middle) during a mitochondrial stress test with injections of 2 yM
oligomycin, 0.5 ygM carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP), and
0.5 uM antimycin-A / rotenone. Measurements start at baseline and are followed by
sequential treatments of cells with mitochondrial inhibitors oligomycin, FCCP, and
rotenone/antimycin A. Bottom: Bar graphs summarizing the data obtained from the

analysis of OCR profile (n=4-6).
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5.2.2 Activation of ATP-Dependent Clp protease (ClpXP) Affects Mitochondrial
Function in Human Aortic Smooth Muscle Cells

Aortic aneurisms are characterized by a structural remodeling of the vasculature
whereby the vessel wall becomes increasingly thin until the point of rupture. Vascular
smooth muscle cells have high plasticity and can maintain vessel structure by
phenotypic and metabolic switching33°. The ATP-dependent Clp protease (ClpXP)
complex consists of a proteasome-like protease, ClpP, which degrades mitochondrial
proteins with the help of a CLPX chaperone protein340-341_|n collaboration with Dr.
Alejandra San Martin’s lab, we aimed to see if CIpP activation by CLPX moderates a
metabolic switch in human aortic smooth muscle cells. Overexpression of CLPX with an
adenovirus (Ad_CLPX) decreased human aortic smooth muscle cell mitochondrial
respiration including basal and ATP-linked respiration. Further, AD_CLPX shifted cells
toward a more quiescent phenotype at baseline (Figure 5.2.2). Concomitantly, loss of
ClpP using siRNAs decreased spare respiratory capacity and shifted cells toward a
more glycolytic phenotype compared to scrambled control (Figure 5.2.3). Overall, the
manuscript (in revision) shows that ClpXP can control the vascular phenotype and

suppress aneurysm formation.
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Figure 5.2.2: CIpXP chaperone protein (CLPX) decreases human aortic smooth
muscle cell (HASMC) mitochondrial respiration and shifts cells toward a
quiescent phenotype. Top: Profile of mitochondrial respiration over time in HASMCs
expressing Ad_Control or Ad_CLPX. Basal OCR measurements were made, and 1
pug/mL oligomycin, 1 yM carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone
(FCCP), and 10 uM antimycin-A and 1 uM rotenone were then sequentially injected.
Middle: Bar graphs summarizing the data obtained from the analysis of OCR profiles
(basal corresponds to antimycin-A—inhibitable and ATP-linked corresponds to
oligomycin-inhibitable). Bottom: Energy map showing the metabolic reprogramming
induced by ClpXP gain-of-function. All data are presented as mean £+ SEM from three to

six independent experiments. P values were calculated by non-paired t-test.
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Figure 5.2.3
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Figure 5.2.3: ATP-dependent Clp protease (ClpXP) loss-of-function inhibits
respiration and induces glycolytic reprogramming in human aortic smooth
muscle cell (HASMC). Top: Basal oxygen consumption rate measurements were made
using a Seahorse analyzer in siControl and siClpx transfected HASMCs. Bottom:
Energy map showing the metabolic glycolytic reprogramming induced by ClpXP loss-of-
function. All data are presented as mean * SE from n=15. P values were calculated by

non-paired t-test.
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5.3 Conclusions

In combination with the previous chapters, oxidative stress and metabolic
dysfunction are pathological phenotypic characteristics of cells that can lead to
detrimental disorders in people. These two manuscripts highlighted in Chapter 5 agree
that oxidative stress and metabolic dysfunction are central disease pathologies in
temporal lobe epilepsy and aneurism formation. However, future studies will continue to

uncover novel mechanisms of disease-associated metabolic dysfunction.
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Chapter 6: Discussion & Future Directions

6.1 Discussion

In the United States, over 88,000 people die per year due to alcohol misuse34?,
and alcohol-related healthcare costs add up to more than $249 billion annually %12,
Excessive ethanol (EtOH) use, associated with alcohol use disorders (AUD) "%, causes
significant morbidity and mortality due to multi-organ dysfunction. The effects of chronic
alcohol use are multifactorial and increase the risk of end-organ failure. Over the past
four years of my time at Emory University, | have had the pleasure to attend
conferences focused on how alcohol use leads to organ failure and how immune cell
dysfunction contributes to injury. Common hot topics included how chronic or binge
alcohol use impairs immune cell signaling or ability to respond to insult. In particular,
alcohol disturbs pathogen recognition receptors (TLRs, etc.), inflammasome activation,
chromatin reorganization, pro- and anti-inflammatory phenotypes, and loss of pathogen
clearance systems (phagocytosis). Additionally, a hot topic in the field includes how
alcohol use affects multi-organ cross talk, with a large focus on the gut microbiome and
loss of barrier permeability across multiple organs. While | expect these subtopics within
the field of alcohol and immunology to be fruitful in the future, the focus of this
dissertation is on alveolar macrophage oxidative stress and metabolic dysfunction

during chronic alcohol use.

In the lungs, EtOH misuse increases the risk of developing respiratory
infections*? and acute respiratory distress syndrome (ARDS) . Alveolar macrophages
(AM) function as the first line of cellular defense against pathogens in the lower airway

by coordinating immune responses'®!. Although previous studies have shown that EtOH
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can impair AM phagocytosis due to increases in oxidative stress'03%46:47 the molecular
mechanisms underlying these phenomena are largely unknown. The aim of this
dissertation was to identify mechanisms of AM dysfunction and reveal new therapeutic
targets for treating alcohol-induced lung injury and immune dysfunction during chronic

alcohol use.

Chapters 2-4 included results gathered from AMs taken from Veterans with
AUDs and non-AUD otherwise healthy control Veterans. Additionally, models of chronic
alcohol exposure were used, including mice fed chronic alcohol in their drinking water
compared to regular drinking water littermates and a murine AM cell line, MH-S. Overall,
we expanded upon previously reported studies showing that EtOH exposed AMs have
an altered metabolic phenotype and increased mitochondrial-derived oxidative stress
relative to cells not exposed to EtOH. Chronic EtOH induced AM alternative metabolism
and suppression of AM phagocytosis and clearance of Staphylococcus aureus, which is
consistent with previous studies from our group. Additionally, we utilized three potential
therapeutics to reverse functional deficits in AM. Zinc sulfate and S-adenosylmethionine
(SAMe) were used as antioxidant-aids to target EtOH-induced cellular and
mitochondrial oxidative stress. SAMe is a precursor to glutathione and was used due to
the poor bioavailability of glutathione in humans, while zinc acts as a cofactor for
antioxidant enzymes. An FDA-approved drug used for type Il diabetes, pioglitazone
(P1O), decreased oxidative stress and reversed alterations in the AM metabolic
phenotype by acting as an agonist for PPARy, which plays a key role in mitochondrial

function and in decreasing HIF-1a levels (Ch. 3.1 and 3.2). The reversal in phenotype
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resulted in a shift back toward oxidative phosphorylation rather than glycolysis for

energy production.

Our results showed that oral zinc for two weeks in participants with AUDs was
able to decrease cellular and mitochondrial-derived oxidative stress but did not improve
phagocytosis. Chapters 2 and 3.2 contained samples from the same clinical trial
(ExZACTO; ClinicalTrials.gov identifier: NCT01899521), meaning that within this group
of people with AUDs, oral zinc sulfate and ex vivo P1O decreased AM oxidative stress.
Pre-clinical studies administering zinc or glutathione to mice in vivo or AMs isolated
from people with AUDs ex vivo, however, did show improvements in overall AM
phagocytic capacity and redox homeostasis. | expect that many factors influenced these
negative clinical trial results. First, the study was under-powered considering the
variability of the participant population. Participants were matched for several factors
(sex, smoking status, and age), but the cohort of participants had a wide range of co-
morbidities, including people with pulmonary disorders (sleep apnea, pleural effusion,
pulmonary embolism, COPD), and metabolic disorders (hypothyroidism, pancreatitis,
diabetes) (Table 3.2.1). Further, over half of the participants were regular smokers, and
smoking further impairs AM function343344 which may not be reversable by decreasing

oxidative stress alone.

Smoking cigarettes acts as a ‘second hit’ for people with AUDs, and consistent
with our human population (Tables 2.1 and 3.2.1), most people who drink alcohol also
smoke3#°. Inherently, it would be wrong to only study alcohol misuse without including
other environmental factors. For example, smoking and alcohol use together may cause

a toxic buildup of aldehydes where only one environmental exposure may not36, thus
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decreasing lung immunity by multiple mechanisms#'.346:347 The large number of
smokers in the studies presented here does, however, confound our results. We do not
know if zinc or SAMe affected AM oxidative stress or phagocytic index in the non-
smoking or smoking populations differently or if these supplements would be effective in

one population over another.

Interestingly, we did not see a correlation between cellular or mitochondrial
oxidative stress in people with AUDs (Figure 2.8). Since AM phagocytosis was not
correlated in people with AUDs, and targeting oxidative stress with zinc or SAMe did not
improve AM phagocytosis, next we aimed to reverse AM metabolic derangements using
the PPARYy ligand, P1O. PPARY is a nuclear receptor that heterodimerizes with retinoid
X receptors to regulate gene transcription'’834¢, PPARYy is well known for its role in fatty
acid and glucose metabolism and ligands are effective in decreasing disease severity in
multiple metabolic disorders 3*°. Here we show that chronic EtOH exposure decreases
the ability of AMs to metabolize mitochondrial fuels (glucose, glutamine, and long chain
fatty acids) for efficient ATP production. ATP is important to AM phagocytosis because
key proteins involved in recognition, uptake, degradation, and clearance of pathogens
require ATP. For example, pathogen degradation requires an ATP-dependent

transporter to acidify phagolysosomes3°°,

P10 was able to reverse many of the alterations in mitochondrial respiration
driven by chronic EtOH exposure in AMs, including a Warburg-like effect whereby
oxidative phosphorylation was diminished and glycolysis was ramped up. A previous
study highlighted in Chapter 3.1 suggests that the EtOH-dependent phenotype could be

explained by stabilization of HIF-1qa, but in Chapter 3.2 we show that knock down of
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HIF-1a was not able to reverse all of the metabolic derangements dependent on EtOH
exposure in vitro (Figure 3.2.4). Indirect activity of PPARy in decreasing oxidative
stress (Figures 3.2.1D, 3.2.2B) 46:59.60.110 may explain partial reversal by PIO of
metabolic derangements caused by EtOH-induced HIF-1a activity. In turn, less HIF-1a
activity would decrease glucose transporters and glycolysis proteins that are
upregulated during EtOH exposure, and the appearance of the Warburg effect would

decrease without fully reversing AM metabolic dysfunction.

EtOH decreases GSH which promotes increased NADPH oxidase (NOX)
enzyme activity''2. NOX enzymes use NADPH to reduce oxygen to superoxide in AM
and contribute significantly to oxidative stress during chronic alcohol
misuse5%112.113,351.352_ NOX4 expression induced by NOX1 and NOX2 activation causes
phagocytic dysfunction in AMs''3, and EtOH promotes NOX protein translation by post-
translational mechanisms %353, Epigenetic mechanisms of alcohol-dependent changes
in genome expression include methylation and deacetylation of histones to reorganize
chromatin structure, and thus altering transcription factor access to promoter regions on
DNA3%, Additionally, several non-coding micro RNAs (miRNAs) have been implicated in
increased NOX protein expression by suppressing transcription factor activity°-3%3,
Further, epigenetic remodeling is dependent on the metabolic state of cells since
enzymes necessary for remodeling often require NAD, ATP, acetyl CoA, or SAMe 3%+
However, alcohol metabolism decreases availability of these substrates 3%, leading to

further disruption of the already disordered genome.

Once there is redox imbalance in the lung, oxidant sensitive protein activity is

enhanced. We have shown that one such protein, HIF-1q, is necessary for the shift
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toward glycolytic phenotype during EtOH exposure in mouse AMs (Chapter 3.1) 1'% and
is in part responsible for decreased mitochondrial pyruvate oxidation (Fig. 3.2.4). PIO
pharmacologically reverses post-translational alterations leading to oxidative stress and
metabolic dysfunction%3%3, The reversal of these post-translational alterations is
enough to improve AM phagocytosis during chronic EtOH exposure5%.60.110.353 Yet,
chromatin reorganization and post-translational modifications by miRNAs very likely
negatively affect AM function in ways still undiscovered. For example, the molecular
mechanisms underlying disturbed hyaluronic acid metabolism during chronic alcohol

misuse are still unknown.

One characteristic of EtOH-induced metabolic dysfunction discovered here is
hyper synthesis of hyaluronic acid (HA) by alveolar epithelial type Il (ATIIl) cells. ATII
cells are responsible for maintaining gas exchange in alveoli by production of surfactant
and maintenance of the epithelial barrier. Chronic alcohol disrupts surfactant and barrier
integrity due to loss of glutathione, loss of zinc, and increased NADPH oxidase activity
and signaling?3.116.117.120,352,355,.356 ' Aqditionally, alveolar epithelial cell HA deposition
allows for immune cell motility, and past studies reported that AM interactions with the
extracellular matrix play a role in lung injury repair and regulation of inflammation
194,223,245 AMs were expected to have altered HA production considering a glycolytic
shift during chronic EtOH exposure because HA is synthesized from glycolysis
intermediates. We found that AMs produce significantly less HA compared to ATII cells,
and that chronic alcohol use in humans and chronic EtOH feeding in mice increased HA
levels in bronchoalveolar fluid without altering AM-dependent HA synthesis (Figure

4.2.2). To determine the effect of excess alveolar HA on AM function we treated AMs
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with excess HA at varied concentrations and molecular weights. Surprisingly, we found
that high molecular weight HA decreased AM phagocytosis (Figure 4.2.3) and
mitochondrial respiration relative to vehicle treated and low molecular weight HA treated

cells.

Hyaluronidases and ROS fragment high molecular weight into low molecular
weight HA%7:58.200 Based on these previous studies, we expected that AMs and ATII
cells exposed to EtOH would have lower molecular weight HA than cells without EtOH,
since EtOH increases oxidative stress (Figure 3.2.2B) 46:49.50.59,113,357 gnd hyaluronidase
expression in BAL fluid (Figure 4.2.2E). Since AMs produce so little HA, techniques to
measure HA molecular weight were near impossible to perform. Future studies may be
effective in measuring HA molecular weight from total lung homogenates,
bronchoalveolar lavage fluid, or cultured ATIl supernatants. Since ATII cells produce
more HA than AMs (Fig. 4.2.2D) and altered extracellular HA concentration and
molecular weight influence AM function (Fig. 4.2.3 B-E), studies that focus on
intracellular communication may be more fruitful until techniques to measure low

concentration polysaccharide molecular weight are more sensitive.
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6.2 Future Directions

The studies presented included several limitations that could be addressed in
future work. One consideration that | did not account for in vitro was the unique
exposure of alveolar cells rapidly changing oxygen and carbon dioxide levels due to
pulmonary respiration. Further, controlling for EtOH evaporation without starving the
cells of oxygen over time was a challenge, and does not reflect how EtOH exposure
occurs in the lungs. AMs were found to have high baseline oxygen consumption rates
compared to vascular cells (Chapters 2 and 5), possibly due to higher mitochondrial
content®%8, and were observed to look unhealthy when not exposed to filtered air flow.
These factors likely could explain why there are subtle differences between mAM and

MH-S cell metabolism (Chapter 3.2).

Further, alveolar macrophage populations are not homogeneous in mitochondrial
bioenergetics or phagocytic capacity. Heterogeneous macrophage populations are
apparent in these studies in the ability of cells to shift from a quiescent to energetic
phenotype (Fig. 3.1.10) and the wide range of internalization and clearance of
Staphylococcus aureus (Supplemental Fig. 4.2.2). In future studies, sorting macrophage
populations following chronic EtOH exposure may help to identify why some AMs have
decreased phagocytic capacity while others do not. One specific possibility is due to the
loss of PPARY in phagocytosis-low populations and maintenance of PPARYy levels in
phagocytosis-high populations. Similarly, AM PPARYy levels in nuclear and cytosolic
fractions could be correlated with phagocytic abilities following pioglitazone treatment in

EtOH-exposed cells. The Yeligar lab or other groups could perform these experiments
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with a focus on PPARYy or other proteins of interest (HIF-1a, NOX4, SOD2, etc.) via flow

cytometry or fluorescence microscopy.

Additionally, measuring reactive oxygen species using fluorescent probes is
sometimes reportedly nonspecific, and there are more accurate techniques for
measuring mitochondrial and cellular oxidative stress3%°. In fact, if molecular probes, like
MitoSOX and DCFH-DA, were able to react with all reactive oxygen species, this would
end up impairing cellular function because cells would no longer have physiological
amounts of oxidative species. In turn, signaling by oxidative species would be impaired,
thereby altering cellular function. More reliable measurements of superoxide include
reduction of cytochrome ¢33 or spin trapping followed by electron paramagnetic (spin)
resonance (EPR) 360 using recombinant SOD as a negative control. Otherwise, MitoSOX
or other probe staining should be followed by liquid chromatography mass spectrometry
(LC-MS) to confirm accumulation of the fluorescent byproduct. A recent Nature
Metabolism review outlines limitations of commonly used redox sensitive probes, proper
controls, and more sensitive methods for measuring oxidative species3%. In future
studies, isolated AM oxidative stress after alcohol exposure should be confirmed using

these methods.

Another limitation of these studies was the minimal number of AMs that were
isolated from mice, and the insufficient sample size in humans and mice to compare
males and females. Often when designing these studies, we needed to optimize the
usage of mMAMs, which required pooling cells or omitting experiments that could have
strengthened our findings. Subsequent animal experiments should fill these holes by

increasing sample sizes of MT fuel flexibility and ATP production in mAMs. Further,
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mouse and human studies should increase sample sizes for phagocytic index, oxidative
stress measurements, and bioenergetics assays to compare differences between male
and females. Considering that there were sex-dependent differences in mAM
phagocytic index, we expect that mAM MT bioenergetics and human AM phagocytic
index may differ between sexes, but low sample sizes and low power contributed

toward us not finding sex-specific differences.

The clinical significance of these projects would be improved by examining how
alcohol exposure impacts intracellular crosstalk in the alveolar space and if PIO remains
effective in a model of bacterial pneumonia. As mentioned previously, examining
crosstalk between different cell types and between organ systems is a novel area with
much left to discover. Chronic alcohol use increases barrier permeability in multiple
systems**74111 allowing for leakage of unwanted molecules or proteins into unwanted
spaces. Along with alcohol use, bacterial pneumonia also impairs barrier function,
leading to detrimental lung damage in the form of ARDS or sepsis (infection of the blood
stream) 3¢, Implementation of in vitro and in vivo models of chronic alcohol use and a
common cause of community acquired pneumonia (Streptococcus pneumoniae,
Klebsiella pneumonia, or Staphylococcus aureus) + antibacterial agents (erythromycin
or doxycycline) £ P1O could reveal if AM responses are improved in the presence of
alcohol. Alternatively, PIO efficacy with first pass antibiotics + PIO could be compared to
less common antibiotic treatments. For example, comparing erythromycin + PIO to a
high dose respiratory fluoroquinolone or a combination of oral beta-lactam and
macrolide, as is recommended for people with AUDs*%2. Following pneumonia

pathogenesis and treatments, AM oxidative stress, MT bioenergetics, and phagocytic
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index could then be compared to determine if PIO would potentially be effective in

people with AUDs who present to the hospital with community acquired pneumonia.

Finally, much work will need to be done to end the stigma against
thiazolidinediones, like PIO, especially if PIO can increase the efficacy of antibiotics to
clear pneumonias in people with AUDs. Chapter 3.2 briefly mentions the controversy
surrounding PPARYy ligands as drugs. Historically, thiazolidinediones caused liver,
kidney, and cardiac toxicity, which eventually lead to the removal of troglitazone from
the United States market. Rosiglitazone and pioglitazone are still FDA approved;
however, rosiglitazone has increased risk for toxicity compared to pioglitazone 185-188,
and therefore is contraindicated in people with AUDs who may have multi-organ
damage. Considering the low risk of organ toxicity, PIO use may be more beneficial at
lower doses or in the short term. Future pre-clinical and clinical trials going forward
should consider these risks before subjecting animals or humans with and without

AUDs to potentially harmful treatments.

In summary, this dissertation describes an altered metabolic phenotype in
alveolar macrophages exposed to chronic alcohol and the use of agents targeting
cellular oxidative stress and transcription of metabolic genes to in part reverse the
observed alcohol-induced phenotype. Yet, the effect of chronic alcohol use is not
identical across diverse groups of people, organ systems, or cell types. Likewise, redox
homeostasis and metabolic control differ within heterogeneous populations of cells of
the same type. However, oxidative stress and mitochondrial dysfunction are at the
center of several diseases, and immunometabolism is a promising field for discoveries

in medicine to be made.
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