
Alcohol induces mitochondrial derangements in alveolar 
macrophages by upregulating NADPH oxidase 4

Niya L. Morris1,2, Frank L. Harris3, Lou Ann S. Brown3, Samantha M. Yeligar1,2

1Emory University, Department of Medicine, Division of Pulmonary, Allergy, Critical Care and 
Sleep Medicine, Atlanta, GA 30322

2Atlanta Veterans Affairs Health Care System, Decatur, GA 30033

3Emory University, Department of Pediatrics, Division of Neonatal-Perinatal Medicine, Emory + 
Children’s Healthcare of Atlanta Center for Developmental Lung Biology, Atlanta, GA 30322

Abstract

Excessive alcohol users have increased risk of developing respiratory infections in part due to 

oxidative stress-induced alveolar macrophage (AM) phagocytic dysfunction. Chronic ethanol 

exposure increases cellular oxidative stress in AM via upregulation of NADPH oxidase (Nox) 4, 

and treatment with the peroxisome proliferator-activated receptor gamma (PPARγ) ligand, 

rosiglitazone, decreased ethanol-induced Nox4. However, the mechanism by which ethanol 

induces Nox4 expression and PPARγ ligand reverses this defect has not been elucidated. Since 

microRNA (miR)-92a has been predicted to target Nox4 for destabilization, we hypothesized that 

ethanol exposure decreases miR-92a expression and leads to Nox4 upregulation. Previous studies 

have implicated mitochondrial-derived oxidative stress in AM dysfunction. We further 

hypothesized that ethanol increases mitochondrial-derived AM oxidative stress and dysfunction 

via miR-92a and that treatment with the PPARγ ligand, pioglitazone, could reverse these 

derangements. To test these hypotheses, a mouse AM cell line, MH-S cells, were exposed to 

ethanol in vitro and primary AM were isolated from a mouse model of chronic ethanol 

consumption to measure Nox4, mitochondrial target mRNA (qRT-PCR) and protein levels 

(confocal microscopy), mitochondria-derived reactive oxygen species (confocal 

immunofluorescence), mitochondrial fission (electron microscopy), and mitochondrial 

bioenergetics (extracellular flux analyzer). Ethanol exposure increased Nox4, enhanced 

mitochondria-derived oxidative stress, augmented mitochondrial fission, and impaired 

mitochondrial bioenergetics. Transfection with miR-92a mimic in vitro or pioglitazone treatment 
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in vivo diminished Nox4 levels, resulting in improvements in these ethanol-mediated 

derangements. These findings provide support that pioglitazone may provide a novel therapeutic 

approach to mitigate ethanol-induced AM mitochondrial derangements.
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Introduction

Nearly 15 million people in the United States have been diagnosed with alcohol use 

disorders (AUD) ("Alcohol Facts and Statistics," 2018), and excessive alcohol use increases 

morbidity and mortality (Moss, 2005). Compared to non-AUD individuals, chronic alcohol 

use increases susceptibility to respiratory infections and acute respiratory distress syndrome 

(Mehta & Guidot, 2012; Moss et al., 2003). Alcohol-mediated risk for developing 

respiratory infections in the alveolar space has been largely shown to be a consequence of 

alveolar macrophage (AM) dysfunction (Mehta, Yeligar, Elon, Brown, & Guidot, 2013; 

Yeligar, Harris, Hart, & Brown, 2012, 2014; Yeligar, Mehta, Harris, Brown, & Hart, 2016). 

AM are critical for innate and acquired immunity due to initiation of the immune response to 

fight against invading pathogens (Aderem & Underhill, 1999). Alcohol misuse suppresses 

AM phagocytic function and bacterial clearance (Brown, Harris, Ping, & Gauthier, 2004; 

Yeligar et al., 2014). Phagocytosis is a process which is energy demanding, and oxidative 

phosphorylation is the most efficient cellular process to generate ATP. The current study 

seeks to fill the gap in knowledge of whether chronic ethanol causes mitochondrial 

derangements in AM, which may contribute to phagocytic dysfunction and increased 

susceptibility to respiratory infections.

One mechanism by which ethanol-induced oxidative stress impairs AM phagocytic function 

is via increased expression of NADPH oxidase (Nox) 4 (Yeligar et al., 2012, 2014; Yeligar et 

al., 2016). Nox4 is a primary source of oxidative stress in AM, and our laboratory has shown 

that silencing Nox4 decreased ethanol-induced AM oxidative stress (Yeligar et al., 2012). 

However, it is unclear how Nox4 is regulated and its cellular localization following ethanol 

exposure. To elucidate the mechanism by which ethanol upregulates Nox4 levels, we 

examined expression of Nox4-associated microRNAs (miRs). miRs regulate gene expression 

at the post-transcriptional level by binding to the 3’ untranslated region (UTR) of their target 

mRNA, resulting in the target’s destabilization. Aberrant miR expression can dysregulate 

normal cellular function and contribute to the pathogenesis of various conditions, such as 

those characterized by inflammation and impaired phagocytosis (Morris et al., 2017; Yeligar 

et al., 2016). Using in silico analysis, we determined that the species conserved miR-92a 

seed sequence putatively binds to the 3′ UTR of Nox4. Therefore, we hypothesized that 

chronic ethanol exposure decreases miR-92a, thereby elevating Nox4 levels.

We have shown that loss of peroxisomal proliferator activator receptor gamma (PPARγ) 

increases Nox4 levels, oxidative stress, and phagocytic dysfunction. Treatment with a 

synthetic thiazolidinedione ligand for PPARγ, rosiglitazone, attenuated Nox4 levels and 
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reversed ethanol-induced cellular oxidative stress and phagocytic dysfunction (Yeligar et al., 

2016). Synthetic thiazolidinediones, such as rosiglitazone and pioglitazone are FDA 

approved drugs that have been employed to treat type 2 diabetes (Yki-Jarvinen, 2004). 

Although, it has been determined that long term use of rosiglitazone is linked to 

cardiovascular complications (Home et al., 2007; Nissen & Wolski, 2007), these adverse 

clinical outcomes are not known to be associated with pioglitazone (PIO) (Dormandy et al., 

2005; Erdmann et al., 2007; Lincoff, Wolski, Nicholls, & Nissen, 2007; Wilcox et al., 2007). 

This study fills a gap in knowledge by demonstrating the mechanism by which PPARγ 
ligand treatment decreases Nox4 levels and confirming the benefits of PIO on mitigating 

ethanol-induced AM derangements.

The data outlined in this study provide novel evidence that ethanol-induced oxidative stress 

and mitochondrial derangements are mediated by miR-92a. We further demonstrate that 

ethanol exposure diminished miR-92a, resulting in increased levels of Nox4. Treatment with 

the pharmacological PPARγ ligand PIO was sufficient to induce expression of miR-92a, 

reversing ethanol-induced upregulation of Nox4, oxidative stress, and mitochondrial 

dysfunction in AM. As oxidative phosphorylation is the most efficient mechanism to 

generate ATP necessary for AM phagocytic capacity, these novel findings provide evidence 

into mitochondrial dysfunction as a possible mechanism by which ethanol induces AM 

phagocytic dysfunction. Further, these findings also provide evidence of PIO as a novel 

therapeutic intervention in attenuating AM mitochondrial-derived oxidative stress and 

improving host respiratory immune defense in individuals with a history of AUD.

Materials and Methods

Mouse Model of Chronic Ethanol Ingestion

All 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. Further, all 

protocols described were reviewed and approved by the Emory University and Atlanta VA 

Health Care System Institutional Animal Care and Use Committees. 8-10-week-old male 

C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were fed standard laboratory chow 

ad libitum. Mice were randomly divided into four groups (n=10 mice / group): control

+vehicle, control+PIO, ethanol+vehicle, and ethanol+PIO. Mice in the ethanol groups 

received weekly increases of ethanol in the drinking water (5% w/v over 2 weeks) until 

reaching a final concentration of 20% w/v of ethanol, which was maintained for 10 weeks 

and resulted in a blood alcohol level of 0.12% (Wagner, Yeligar, Brown, & Michael Hart, 

2012; Yeligar et al., 2012; Yeligar et al., 2016). During the final week of ethanol ingestion, 

mice were gavaged daily with PIO (10 mg/kg/day in 100 μL methylcellulose vehicle) or 

vehicle alone (Yeligar et al., 2016). Following euthanasia, tracheas from the mice were 

cannulated and a tracheotomy was performed to collect the bronchoalveolar lavage fluid. 

Mouse alveolar macrophages (mAM) were isolated by centrifugation at 8000 RPM for 5 

minutes (Yeligar et al., 2012; Yeligar et al., 2016) and resuspended in RPMI-1640 culture 

medium containing 2% fetal bovine serum and 1% penicillin/streptomycin for 24 h for 

subsequent experimentation.
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MH-S Cells Ethanol Exposure

The mouse AM cell line (MH-S) was purchased from American Type Culture Collection 

(Manassas, VA) and used as a model of in vitro ethanol exposure. MH-S cells were cultured 

in RPMI-1640 medium containing 10% fetal bovine serum, 1% penicillin/streptomycin, 11.9 

mM sodium bicarbonate, gentamicin (40mg/ml) and 0.05 mM 2-mercaptoethanol. MH-S 

cells were cultured in the presence or absence of 0.08% ethanol (equivalent to 18 mM of 

ethanol) for 3 consecutive days (media changed daily) at 37°C in a humidified incubator in 

5% CO2. A subset of cells were treated with or without PIO (10 μM) on the last day of 

ethanol exposure.

Transmission Electron Microscopy

Transmission electron microscopy studies were performed at Emory University (Atlanta, 

GA) at the Robert P. Apkarian Integrated Electron Microscopy Core. Control- and ethanol-

treated MH-S cells were fixed with 2.5% glutaradehyde in phosphate buffered saline (PBS) 

for 2 hours at 4°C, followed by washing with 0.2 M cacodylate buffer in PBS. Tissue blocks 

were incubated in 1% osmium fixative for 1 hour at room temperature and embedded in 

epoxy resin and an overnight polymerization at 60-70°C as previously described (Maurice et 

al., 2019).

Fluorescent Microscopy

Target protein measurement was determined in MH-S cells ± ethanol and mAM isolated 

from control- and ethanol-fed mice. MH-S and mAM cells were then fixed with 4% 

paraformaldehyde and incubated with antibodies: Nox4 (Santa Cruz Biotechnology, Dallas, 

TX), mitochondrial transcription factor A (TFAM), mitofusin-2 (MFN2), heat shock protein 

family A member 9 (GRP75), and voltage-dependent anion-selective channel (VDAC), 

followed by incubation with fluorescent-labeled secondary antibodies. Protein values were 

normalized to DAPI nuclear stain.

Mitochondrial superoxide and reactive oxygen species (ROS) levels in MH-S and mAM 

cells were determined using MitoSOX to assess mitochondrial superoxide (Thermofisher, 

Waltham, WA) or MitoTrackerCMXRos to determine mitochondrial reactive oxygen species 

(Thermofisher), according to the manufacturer’s protocols. In short, AM were incubated in 

the dark for 30 minutes at room temperature with 5μM MitoSOX or MitoTrackerCMXRos. 

After staining with MitoTrackerCMXRos, AM were fixed with 4% paraformaldehyde. For 

analysis of mitochondrial number and volume, MH-S cells were incubated in the dark for 30 

minutes with MitoTracker Orange (400 nM) (Thermofisher).

mAM were permeabilized with Triton X-100 and incubated with ER-Tracker, 

MitoTrackerCMXRos, and DAPI nuclear stain (Thermofisher) according to the 

manufacturer’s protocols before being fixed with 4% paraformaldehyde.

Fluorescence of all confocal images were measured using FluoView (Olympus) and were 

expressed as fold-change of mean relative fluorescent units (RFU) per cell ± SEM, relative 

to untreated control samples. RFU were measured in at least 10 cells per field, and there 

were 10 fields per experimental condition. Gain and gamma microscope settings were 
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consistent for each field and experimental condition. Images were deconvoluted and 

analyzed using ImageJ (Yeligar et al., 2018).

microRNA and RNA isolation and quantitative RT-PCR (qRT-PCR)

microRNA was isolated from MH-S cells and mAM using the mirVana miRNA Isolation Kit 

(Thermofisher, Waltham, MA), and total RNA was isolated using the TRIzol reagent. Target 

mRNA and miRNA levels were measured and quantified by qRT-PCR with specific mouse 

primer sequences as outlined in Table 1. qRT-PCR was performed using the iTaq Universal 

SYBR Green One-Step kit (Bio-Rad, Hercules, CA) on the Applied Biosystems ABI Prism 

7500 version 2.0.4 sequence detection system (Yeligar et al., 2012; Yeligar et al., 2016). 

Target mRNA values were normalized to housekeeping 9S mRNA levels, and miR-92a 

values were normalized to U5 ribosomal mRNA levels. mRNA and miRNA levels were 

expressed as fold-change of mean ± SEM, relative to control samples.

Transient Transfection of MH-S cells

miR-92a was overexpressed in MH-S cells using transient transfection of a miR-92a mimic 

(miR-92a-M) (Qiagen, Hilden, Germany). MH-S cells were resuspended in 100 μL of 

Amaxa Mouse Macrophage Nucleofector Kit solution (Lonza, Alpharetta, GA) containing 

50 nM of control miR-92a scramble (miR-92a-Scr), miR-92a-M, or antisense (anti)-

miR-92a (data shown in Supplemental Figure 1), followed by nucleofection according to the 

manufacturer’s protocol using program Y-001. Following transfection, MH-S cells were 

washed with media and cultured with or without 0.08% ethanol for 3 days (media changed 

daily).

Mitochondrial Bioenergetics

Mitochondrial bioenergetics were evaluated using a XFe96 Extracellular Flux Analyzer 

(Agilent Seahorse Bioscience Inc., Billerica, MA). Oxygen consumption rate (OCR) was 

measured in MH-S cells and mAM. Sequential injections of 2 μM of oligomycin 

(mitochondrial complex V inhibitor), 0.5 μM of carbonilcyanide p-

triflouromethoxyphenylhydrazone (FCCP) (ATP synthase inhibitor and proton uncoupler), 

and 0.5 μM of rotenone (mitochondrial complex I inhibitor) plus antimycin A 

(mitochondrial complex III inhibitor) were given to the MH-S cells and mAM (Grunwell et 

al., 2018). Basal respiration, mitochondrial ATP-linked respiration, maximal respiration, and 

spare respiratory capacity were determined using the XF Wave 2.1 software. OCR values 

were normalized to MH-S or mAM protein concentration in the same sample and were 

expressed as mean ± SEM, relative to control samples.

Statistical Analysis

All data are presented as mean ± standard error of the mean (SEM). In studies with only two 

groups, Student’s t test was performed. In studies with more than two groups, statistical 

analyses were performed using one-way analysis of variance (ANOVA) followed by a 

Tukey-Kramer post hoc test to detect differences between individual experimental groups 

(GraphPad Prism version 8, San Diego, CA). Non-parametric statistical analysis using 
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Kruskal-Wallis tests were performed if the data were not normally distributed. p<0.05 was 

considered significant.

Results

Ethanol-induced AM mitochondrial oxidative stress and fission is mediated by miR-92a 
modulation of Nox4 in MH-S cells

The ability to phagocytose invading pathogens is an essential immune function of AM but 

has high energy demands. Mitochondrial-dependent oxidative phosphorylation is the most 

efficient cellular process for generating the ATP needed to meet the energy demands of 

phagocytosis. To determine the effects of ethanol on AM mitochondria, cultured MH-S cells 

were either untreated (Con) or ethanol-treated (EtOH). As shown in Figure 1A, ethanol 

exposure altered mitochondrial morphology, where mitochondria shifted from an elongated 

shape in control to a spherical appearance in ethanol cells. Ethanol-induced changes in 

morphology correlated with increased number of mitochondria per cell while decreasing 

mitochondrial volume, suggesting mitochondrial fission.

Because ethanol exposure in MH-S cells altered mitochondrial structure suggestive of 

fission, we examined how ethanol affected levels of mitochondrial proteins implicated in 

dynamics (Yeligar et al., 2018). mRNA and protein levels of the mitochondrial proteins 

TFAM, MFN2, GRP75, and VDAC were measured in control or ethanol cells. Compared to 

control, ethanol exposure decreased the mRNA (Figure 1B) and protein (Figure 1C) levels of 

TFAM, a mitochondrial-specific transcription factor that regulates mitochondrial DNA copy 

number and respiratory chain integrity (Larsson et al., 1998); MFN2, a mitochondrial fusion 

protein (Park et al., 2015); as well as GRP75 and VDAC, which are important regulators of 

mitochondrial membrane potential (Isarangkul, Wiyakrutta, Kengkoom, Reamtong, & 

Ampawong, 2015; Sampson, Lovell, & Craigen, 1996). Collectively, these data show that 

ethanol-exposed MH-S cells exhibit increased mitochondrial fission.

Mitochondrial oxidative stress can occur due to increased mitochondrial fission (Wu, Zhou, 

Zhang, & Xing, 2011). Therefore, we sought to determine whether ethanol exposure affects 

AM mitochondrial oxidative stress. Ethanol increased mitochondrial-derived superoxide 

(Figure 1D) and ROS (Figure 1E) production in MH-S cells. Since Nox4 is a transmembrane 

protein that has been implicated in oxidative stress generation (Lassegue & Griendling, 

2010), we examined whether ethanol affects Nox4 subcellular localization. Ethanol 

increased Nox4 colocalization with the mitochondria in mAM (Figure 1F). These results 

indicate that one mechanism by which ethanol increases AM mitochondrial oxidative stress 

in vitro is due to increased localization of Nox4 to the mitochondria.

Excessive ROS impairs AM phagocytosis (Liang, Harris, & Brown, 2014). Previous studies 

from our lab have established that ethanol exposure increased levels of Nox4, a primary 

source of ROS in AM, resulting in phagocytic dysfunction (Yeligar et al., 2012, 2014; 

Yeligar et al., 2016). To determine the mechanism by which ethanol induced Nox4 levels, 

we examined microRNAs, which are major gene regulators that destabilize their target and 

cause mRNA degradation or translational repression. In silico analysis of the Nox4 3’UTR 

identified a putative binding site for miR-92a. To determine the molecular mechanism by 
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which Nox4 may be regulated during ethanol exposure in MH-S cells, miR-92a levels were 

investigated. As demonstrated in Figure 2A, miR-92a expression was diminished in ethanol-

exposed MH-S cells compared to control. To study the relationship between miR-92a and 

Nox4, control-or ethanol-exposed MH-S cells were transfected with control miR-92a 

scrambled (miR-92a-Scr) or miR-92a mimic (miR-92a-M) to overexpress miR-92a in 

addition to the presence or absence of ethanol. miR-92a-M decreased Nox4 mRNA (Figure 

2B) and protein (Figure 2C) in control MH-S cells. Ethanol-induced Nox4 mRNA (Figure 

2B) and protein (Figure 2C) levels in miR-92a-Scr transfected MH-S cells were reversed 

with miR-92a-M, suggesting that miR-92a regulates Nox4 expression.

Since miR-92a regulates ethanol-induced Nox4 (Figure 2B) and Nox4 is localized in AM 

mitochondria following ethanol exposure (Figure 1F), we examined the role of miR-92a in 

AM mitochondrial oxidative stress. Control-and ethanol-treated cells were transfected with 

miR-92a-Scr or miR-92a-M. Ethanol-exposed MH-S cells transfected with miR-92a-Scr 

demonstrated enhanced mitochondrial-derived superoxide (Figure 2D) and ROS (Figure 2E), 

which was attenuated with miR-92a-M. Since miR-92a regulates mitochondrial-derived 

oxidative stress, we examined the role of miR-92a on mitochondrial fission. Compared to 

miR-92a-Scr, miR-92a-M reversed ethanol-mediated decreases in the mRNA levels of 

mitochondrial dynamics mediators TFAM, MFN2, GRP75, and VDAC (Figure 2F). 

Together, these data show that ethanol-induced AM mitochondrial oxidative stress and 

fission are mediated by miR-92a in MH-S cells.

Ethanol-induced derangements in AM mitochondrial bioenergetics is mediated by miR-92a 
in MH-S cells

Since mitochondrial fission has been associated with metabolic dysfunction (Wai & Langer, 

2016) and our data show that miR-92a plays a role in ethanol-mediated mitochondrial-

derived oxidative stress and fission (Figure 2), we examined whether miR-92a-mediated 

alterations have functional consequences on mitochondrial bioenergetics. Ethanol exposure 

in MH-S cells diminished OCR bioenergetic profiling (Figure 3A), basal respiration (Figure 

3B), ATP-linked respiration (Figure 3C), maximal respiration (Figure 3D), and spare 

respiratory capacity (Figure 3E). miR-92a-M partially restored ethanol-mediated 

impairments in mitochondrial bioenergetics. To provide further evidence of the importance 

of miR-92a in mitochondrial bioenergetics, we knocked down miR-92a in control cells and 

observed OCR bioenergetic profiling similar to ethanol treated MH-S cells (Supplemental 

Figure 1). These data demonstrate that ethanol-induced derangements in AM mitochondrial 

bioenergetics is mediated by miR-92a.

Pioglitazone treatment in vivo reverses ethanol-induced AM derangements in miR-92a, 
mitochondrial oxidative stress, and mitochondrial fission

Previously, ethanol downregulated PPARγ expression in ethanol-exposed MH-S cells and 

mAM isolated from ethanol-fed mice. Loss of PPARγ upregulated Nox4, and treatment with 

a PPARγ ligand improved ethanol-induced oxidative stress and phagocytic function (Yeligar 

et al., 2016). To investigate the mechanism by which the PPARγ ligand attenuated Nox4 

levels, we examined the effect of PIO on miR-92a expression, which is predicted to target 

Nox4. Chronic ethanol ingestion in mice diminished miR-92a expression (Figure 4A) 
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similar to our in vitro studies in MH-S cells (Figure 2A and Supplemental Figure 2). PIO 

treatment partially reversed ethanol-mediated decreases in miR-92a in MH-S cells 

(Supplemental Figure 2). Similar to our in vitro studies, PIO treatment also partially 

reversed ethanol-mediated attenuation of miR-92a levels in mAM (Figure 4A). Chronic 

ethanol ingestion also elevated mitochondrial-derived superoxide (Figure 4B), and ROS 

(Figure 4C), which were attenuated with PIO treatment. Further, PIO treatment reversed 

chronic ethanol ingestion-mediated decreases in TFAM, MFN2, GRP75, and VDAC mRNA 

(Figure 4D) and protein (Figure 4E) levels. Collectively, these data illustrate that PIO 

treatment in vivo reverses ethanol-induced AM derangements in miR-92a and subsequent 

mitochondrial oxidative stress and mitochondrial fission.

Pioglitazone treatment in vivo reverses ethanol-induced AM derangements in 
mitochondrial bioenergetics

As PIO partially reversed ethanol-mediated decreases in miR-92a levels (Figure 4A) and 

miR-92a partially improved mitochondrial bioenergetics in vitro following ethanol exposure 

(Figure 3), we assessed whether PIO would restore mitochondrial bioenergetics in the in 
vivo model. Similar to our in vitro studies, chronic ethanol ingestion decreased mAM OCR 

bioenergetic profile (Figure 5A), basal respiration (Figure 5B), ATP-linked respiration 

(Figure 5C), maximal respiration (Figure 5D), and spare respiratory capacity (Figure 5E). 

Treatment with oral PIO reversed ethanol-mediated impairments in mitochondrial 

bioenergetics. Coupled with our data that miR-92a regulates ethanol-induced Nox4 

expression (Figure 2B-C), these data suggest that PIO reverses ethanol-induced 

mitochondrial oxidative stress, fission, and bioenergetic derangements via miR-92a 

modulation of Nox4.

Discussion

AM initiate the immune response to invading respiratory pathogens (Aderem & Underhill, 

1999). Our previous studies have shown that ethanol exposure stimulates oxidative stress, in 

part due to Nox4 activation, and impairs AM immune functions (Brown et al., 2004; Yeligar 

et al., 2012, 2014; Yeligar et al., 2016). However, the mechanisms by which ethanol 

enhances Nox4 expression have not been fully elucidated. The current study examined 

whether ethanol-mediated stimulation of Nox4, mitochondrial-derived oxidative stress, and 

mitochondrial derangements are linked through the effects of ethanol on miR-92a, a putative 

Nox4 regulator. As summarized in Figure 6, our data provide evidence to show, for the first 

time, that ethanol decreases miR-92a levels, subsequently increasing Nox4, and 

mitochondrial oxidative stress and dysfunction in AM. Our novel findings additionally show 

that treatment with the PPARγ ligand PIO partially reversed ethanol-mediated decreases in 

miR-92a levels, correlative with attenuated ethanol-induced Nox4 and mitochondrial 

oxidative stress, leading to improved mitochondrial bioenergetic functions in AM.

These current data provide a novel mechanistic understanding to previous studies which 

demonstrate that chronic ethanol exposure diminishes PPARγ and increases Nox4, resulting 

in AM oxidative stress and phagocytic dysfunction (Yeligar et al., 2012, 2014; Yeligar et al., 

2016). Our findings used in vitro and in vivo approaches to identify a mechanism by which 
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ethanol induces Nox4 and metabolic derangements. The major function of AM is 

phagocytosis of invading pathogens, which is an energy demanding process. Oxidative 

phosphorylation is the most efficient method of generating ATP to meet high energy 

demands of phagocytosis. Since mitochondrial-derived oxidative stress may induce 

mitochondrial dysfunction (S. Wu, Zhou, Zhang, & Xing, 2011) and impair AM phagocytic 

capacity (Liang et al., 2014), we investigated the effects of chronic ethanol on AM 

mitochondria. In a model of pulmonary hypertension, loss of PPARγ induced 

mitochondrial-derived ROS generation and impaired mitochondrial function in human 

pulmonary artery smooth muscle cells (Yeligar et al., 2018). Our novel findings herein show 

that ethanol enhances mitochondrial fission (Figures 1A-C and Figure 4) and mitochondrial 

dysfunction (Figure 3 and Figure 5) in AM. In addition to being a major source of 

mitochondrial oxidative stress, Nox4 has been shown to suppress mitochondrial biogenesis 

and bioenergetics, which were partly regulated by nuclear factor erythroid-derived 2 like 2 

and TFAM expression in lung fibroblasts (Bernard et al., 2017). Taken together, these data 

suggest that ethanol-induced Nox4 results in mitochondrial-derived oxidative stress and 

mitochondrial dysfunction.

Other studies have reported that Nox4 localizes to the mitochondria under 

pathophysiological conditions such as diabetes and aging-associated cardiac disease (Ago et 

al., 2010; Block, Gorin, & Abboud, 2009; Vendrov et al., 2015), which are associated with 

excessive ROS levels (D. Wu & Cederbaum, 2003), altered sensitivity to insulin, and 

glucose tolerance (He et al., 2015; Kalyani & Egan, 2013; Zhong et al., 2012). Additionally, 

Nox4 subcellular localization to the mitochondria has been reported in cardiomyocytes 

(Kuroda et al., 2010), mesangial cells (Block et al., 2009), and neurons (Case, Li, Basu, 

Tian, & Zimmerman, 2013). However, for the first time, we demonstrate that chronic ethanol 

exposure increases Nox4 localization to the mitochondria of AM (Figure 1F).

To understand how ethanol induces Nox4 in AM, we examined microRNAs as they are 

cellular regulators that suppress or prevent translation by binding to seed sequences in the 

3′UTR of their target mRNAs (Finnegan & Pasquinelli, 2013). miRs have been implicated 

as regulators of alcohol-induced disorders and in lung pathology (Natarajan, Pachunka, & 

Mott, 2015; Yeligar et al., 2016). In silico analysis identified miR-92a as having putative 

binding sites in the 3′UTR of Nox4. A previous report showed that endogenous miR-92a 

diminished Nox4 and hydrogen peroxide levels, while other genes involved in ROS 

regulation such as catalase and Nox2 were unaffected by miR-92a (Kriegel et al., 2015). Our 

study demonstrated that chronic ethanol exposure diminishes miR-92a expression in MH-S 

cells (Figure 2A) and mAM (Figure 4A). Further, our data provides evidence that Nox4 is a 

target of miR-92a as overexpression of miR-92a decreased ethanol-induced Nox4 and 

mitochondrial oxidative stress (Figures 2B-2E). We acknowledge that a limitation of our 

current studies is that we do not examine whether miR-92a mimic may reverse ethanol-

induced alterations in mitochondrial morphology; however, this is a focus of our future 

studies. Since our findings show that ethanol exposure perturbed the mitochondrial 

bioenergetics profile, additional future studies will explore whether the cells undergo a 

metabolic shift from oxidative phosphorylation to a more glycolytic phenotype.
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Since miRs may have multiple targets (Du & Zamore, 2007), other mitochondrial targets of 

miR-92a may be of interest for future studies. Other miR-92a predicted targets include those 

involved in the mitogen-activated protein kinase pathway (mitogen-activated protein kinase 

4 and c-Jun NH2-terminal kinases 1), which could lead to increased cytochrome c release, 

amplified ROS generation, and mitochondrial dysfunction (Chambers & LoGrasso, 2011; 

Papa, Choy, & Bubici, 2019). Additionally, miR-92a is part of the miR-17/92 polycistronic 

cluster of miRs. To date, multiple transcription factors have been identified to target the 

miR-17/92 promoter, including nuclear factor kappa-light-chain-enhancer of activated B 

cells and c-Myc which are increased following ethanol exposure (Paice et al., 2002; Yeligar, 

Machida, Tsukamoto, & Kalra, 2009) and have been shown to increase inflammation and 

oxidative stress (Mogilyansky & Rigoutsos, 2013; Zhou, Hu, Gong, & Chen, 2010). The 

effect of PIO on miR-92a expression (Figure 4A) is likely influenced by PIO activating 

PPARγ which modulates the expression of antioxidant genes such as manganese superoxide 

dismutases and glutathione peroxidases (Polvani, Tarocchi, & Galli, 2012). Studies have 

reported that manganese superoxide dismutase (Reddy, Padmavathi, Kavitha, Saradamma, & 

Varadacharyulu, 2013) and glutathione peroxidases (Xiao et al., 2015) are decreased 

following alcohol exposure. Further investigation is required to identify whether these 

mechanisms may be implicated in PIO’s induction of miR-92a expression in AM.

Our lab has established that PPARγ plays an essential role in AM function. Chronic ethanol 

exposure decreases PPARγ levels and treatment with the PPARγ ligand rosiglitazone 

improved ethanol-induced Nox4 and phagocytic dysfunction (Yeligar et al., 2016). We 

sought to determine the mechanism by which EtOH-induced Nox4 levels. In this study, 

treatment with the PPARγ ligand PIO in vivo reversed ethanol-induced AM derangements 

by increasing expression of miR-92a which targeted Nox4 and reversed ethanol-induced 

mitochondrial oxidative stress, mitochondrial fission, and derangements in mitochondrial 

bioenergetics in AM. These data provide novel evidence that therapeutic intervention with 

PIO, an FDA approved drug for clinical use, may mitigate AM derangements in people with 

a history of AUD and potentially in individuals with other pathological conditions that are 

also characterized by mitochondrial dysfunction.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Ethanol increases mitochondrial Nox4 via decreases in miR-92a

• Ethanol impairs mitochondrial bioenergetics in alveolar macrophages

• Pioglitazone reverses ethanol-induced mitochondrial dysfunction
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Figure 1. Ethanol increases AM mitochondrial fission, mitochondrial oxidative stress, and 
mitochondrial Nox4 levels in vitro.
MH-S cells were exposed to either control (Con) or ethanol (EtOH; 0.08%) for three days 

(n=9). (A) Representative electron microscope images of mitochondria. Bar graphs represent 

number of mitochondria and mitochondrion volume quantified by fluorescence microscopy 

using MitoTracker Orange (10 fields / condition) and are expressed as mean ± SEM, relative 

to control. (B) mRNA levels of mitochondrial transcription factor A (TFAM), mitofusin 2 

(MFN2), glucose-regulated protein 75 (GRP75) and voltage-dependent anion channels 

(VDAC) were measured by quantitative RT-PCR (qRT-PCR) in duplicate, normalized to 9S 

mRNA, and are expressed as mean ± SEM, relative to control. (C) Protein levels of TFAM, 

MFN2, GRP75 and VDAC were measured by fluorescence microscopy (10 fields / 

condition), normalized to DAPI, and are expressed as mean RFU ± SEM, relative to control. 

(D) Mitochondrial superoxide (MitoSOX) and (E) mitochondrial ROS (MitoTracker 

CMXRos) production were determined (10 fields / condition) and are expressed as mean 

relative fluorescence units (RFU) ± SEM, relative to control. (F) Representative confocal 

microscope images of Nox4 colocalization with endoplasmic reticulum (E.R.), nucleus, and 

the mitochondria. *p < 0.05 versus control; #p<0.05 versus ethanol.
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Figure 2. Ethanol-induced AM mitochondrial oxidative stress and fission are mediated by 
miR-92a modulation of Nox4 in vitro.
MH-S cells were exposed to either control (Con) or ethanol (EtOH; 0.08%) for three days 

(n=6). (A) miR-92a levels were measured by qRT-PCR, in duplicate, normalized to U5, and 

are expressed as mean ± SEM, relative to control. (B-F) MH-S transiently transfected with 

miR-92a scrambled (miR-92a-Scr) or miR-92a mimic (miR-92a-M) were exposed to either 

Con or EtOH (0.08%) for three days. (B) Nox4 mRNA was measured by qRT-PCR, in 

duplicate, normalized to 9S mRNA. (C) Nox4 protein levels were measured by fluorescence 

microscopy (10 fields / condition), normalized to DAPI, and expressed as RFU ± SEM, 

relative to control. Representative fluorescent and brightfield images have been provided. 

(D) Mitochondrial superoxide (MitoSOX) and (E) mitochondrial ROS (MitoTracker 

CMXRos) production were determined (10 fields / condition) and expressed as mean relative 

fluorescence units (RFU) ± SEM, relative to control. (F) mRNA levels of TFAM, MFN2, 

GRP75, and VDAC were measured by qRT-PCR, in duplicate, normalized to 9s mRNA, and 

expressed as mean ± SEM, relative to control. *p < 0.05 versus control; #p<0.05 versus 

ethanol.
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Figure 3. Ethanol-induced derangements in AM mitochondrial bioenergetics is mediated by 
miR-92a in MH-S cells.
MH-S transiently transfected with miR-92a scrambled (miR-92a-Scr) or miR-92a mimic 

(miR-92a-M) were exposed to either control (Con) or ethanol (EtOH; 0.08%) for three days 

(n=9). Mitochondrial bioenergetic profiles were generated in response to oligomycin (Oligo; 

mitochondrial complex V inhibitor), carbonilcyanide p-triflouromethoxyphenylhydrazone 

(FCCP; ATP synthase inhibitor and proton uncoupler), and rotenone (mitochondrial complex 

I inhibitor) plus antimycin A (mitochondrial complex III inhibitor) (R/A) using an 

extracellular flux analyzer. (A) Oxygen consumption rate (OCR) from mitochondrial 

bioenergetic profiling, normalized to protein levels, are expressed as mean ± SEM, relative 

to control. (B) Basal respiration, (C) ATP-linked respiration, (D) maximal respiration, and 

(E) spare respiratory capacity are expressed as mean ± SEM, relative to control. *p <0.05 

versus control; #p<0.05 versus ethanol.
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Figure 4. Pioglitazone treatment in vivo reverses ethanol-induced AM derangements in miR-92a, 
mitochondrial oxidative stress, and mitochondrial fission.
Primary mouse alveolar macrophages (mAM) were isolated from mice fed either control 

(Con) or ethanol (EtOH; 20% v/w in drinking water, 12 weeks) ± oral pioglitazone (PIO, 

last 7 days of ethanol) (n =10 /group). (A) miR-92a levels were measured by qRT-PCR, in 

duplicate, normalized to U5, and expressed as mean ± SEM, relative to control. (B) 

Mitochondrial superoxide (MitoSOX) and (C) mitochondrial ROS (MitoTracker CMXRos) 

production were determined (10 fields / condition) and expressed as mean relative 

fluorescence units (RFU) ± SEM, relative to control. (D) mRNA levels of TFAM, MFN2, 

GRP75, and VDAC were measured by qRT-PCR, in duplicate, normalized to 9s mRNA, and 

expressed as mean ± SEM, relative to control. (E) Protein levels of TFAM, MFN2, GRP75, 

and VDAC were measured by fluorescence microscopy (10 fields / condition), normalized to 

DAPI, and expressed as mean RFU ± SEM, relative to control *p < 0.05 versus control; 
#p<0.05 versus ethanol.
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Figure 5: Pioglitazone treatment in vivo reverses ethanol-induced AM derangements in 
mitochondrial bioenergetics.
Primary mouse alveolar macrophages (mAM) were isolated from mice fed either control 

(Con) or ethanol (EtOH; 20% v/w in drinking water, 12 weeks) ± oral pioglitazone (PIO, 

last 7 days of ethanol) (n =10 /group). Mitochondrial bioenergetic profile was generated in 

response to oligomycin (Oligo; mitochondrial complex V inhibitor), carbonilcyanide p-

triflouromethoxyphenylhydrazone (FCCP; ATP synthase inhibitor and proton uncoupler), 

and rotenone (mitochondrial complex I inhibitor) plus antimycin A (mitochondrial complex 

III inhibitor) (R/A) using an extracellular flux analyzer. (A) Oxygen consumption rate 

(OCR) from mitochondrial bioenergetic profiling, normalized to protein levels, are 

expressed as mean ± SEM, relative to control. (B) Basal respiration, (C) ATP-linked 

respiration, (D) maximal respiration, and (E) spare respiratory capacity are expressed as 

mean ± SEM, relative to control. *p <0.05 versus control; #p<0.05 versus ethanol.
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Figure 6: Hypothetical schematic of ethanol-induced AM mitochondrial dysfunction.
In AM, ethanol exposure diminished miR-92a, leading to increased expression of the 

miR-92a target Nox4. Increased Nox4 expression and localization to the mitochondria 

subsequently resulted in altered mitochondrial structure, enhanced mitochondrial-derived 

oxidative stress, and impaired mitochondrial bioenergetics. These ethanol-mediated AM 

derangements were mitigated with PIO treatment.
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Table 1:

Primer sequences to measure mRNA levels using qRT-PCR.

Gene Forward Sequence (5’ → 3’) Reverse Sequence (5’ → 3’)

NOX4 TGTTGGGCCTAGGATTGTGTT AGGGACCTTCTGTGATCCTCG

TFAM CACCCAGATGCAAAACTTTCA CTGTGAGCAAGTATAAAG

MFN2 TCCTGGGCCCTAAGAATAGC GAGAGGACGCTGAACCTGAT

GRP75 TCCTGTGTGGCTGTTATGGA AGGGGTAGTTCTGGCACC

VDAC GGTACACTCAGACCCTAA CACCCGCATTGACGTTCT

miR-92a TATTGCACTTGTCCCGGCCTG CAGGCCGGGACAAGTGCAATA

9S ATCCGCCAGCGCCATA TCGATGTGCTTCTGGGAATCC

U5 TCTCGTCTGATCTCGGAAGC AGCCTACAGCACCCGGTATT

Nox4, NADPH oxidase 4; TFAM, mitochondrial transcription factor A; MFN2, mitofusin-2; GRP75, heat shock protein family A member 9; 
VDAC, voltage-dependent anion-selective channel; miR-92a, microRNA-92a.
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