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Bacterial-excreted small volatile molecule 2-aminoacetophenone
induces oxidative stress and apoptosis in murine skeletal muscle
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Abstract. Oxidative stress induces mitochondrial dysfunction
and facilitates apoptosis, tissue damage or metabolic alterations
following infection. We have previously discovered that the
Pseudomonas aeruginosa (PA) quorum sensing (QS)-excreted
small volatile molecule, 2-aminoacetophenone (2-A A), which is
produced in infected human tissue, promotes bacterial pheno-
types that favor chronic infection, while also compromising
muscle function and dampens the pathogen-induced innate
immune response, promoting host tolerance to infection. In
this study, murine whole-genome expression data have demon-
strated that 2-A A affects the expression of genes involved in
reactive oxygen species (ROS) homeostasis, thus producing an
oxidative stress signature in skeletal muscle. The results of the
present study demonstrated that the expression levels of genes
involved in apoptosis signaling pathways were upregulated in
the skeletal muscle of 2-A A-treated mice. To confirm the results
of our transcriptome analysis, we used a novel high-resolution
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magic-angle-spinning (HRMAS), proton (‘H) nuclear magnetic
resonance (NMR) method and observed increased levels of
bisallylic methylene fatty acyl protons and vinyl protons,
suggesting that 2-A A induces skeletal muscle cell apoptosis.
This effect was corroborated by our results demonstrating the
downregulation of mitochondrial membrane potential in vivo
in response to 2-AA. The findings of the present study indicate
that the bacterial infochemical, 2-A A, disrupts mitochondrial
functions by inducing oxidative stress and apoptosis signaling
and likely promotes skeletal muscle dysfunction, which may
favor chronic/persistent infection.

Introduction

Bacterial pathogens can manipulate the cell survival
machinery of the host to establish infection by influencing the
host signaling pathways that converge on the mitochondria (1).
Mitochondria have been identified as the target of increasing
numbers of bacterial products, which are transferred to the
cell during infection, a process that often plays a crucial role
in microbial pathogenesis (2). Bacterial small molecules have
been previously shown to alter mitochondrial function (3,4) and
induce apoptosis (5). In addition, the bacterial cell-wall compo-
nent lipopolysaccharide (LPS) has been shown to promote
apoptosis through oxidative stress in host cells (6).

Oxidative stress can be induced by pathogens either directly
or indirectly through the induction of host inflammatory media-
tors (7,8). A major cause of oxidative stress is reactive oxygen
species (ROS) generation in cells, which are a by-product of
energy production in the mitochondria (9,10). The increased
generation of ROS and changes in the redox homeostasis
have been described in the context of a number of microbial
infections (11-13), and the failure to maintain an appropriate
redox balance contributes to microbial pathogenesis through
alterations in mitochondrial functions and the induction of
apoptosis (14,15).
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Apoptosis plays a critical role in tissue homeostasis and
regulates multiple physiological processes, including immune
responses, infection and reduces inflammation-mediated
tissue injury by removing damaged cells (16). Apoptosis
is initiated through several processes: i) by the activation/
stimulation of death receptors, including Fas, tumor necrosis
factor (TNF)-a receptor I, and TNF-related apoptosis-inducing
ligand receptors 1 and 2 (17); ii) by caspase activation that is
independent of death receptors (18); iii) or by mitochondrial
factors, such as apoptosis-inducing factor (AIF), which are
independent of caspase activation (18). Increased apoptotic
signals in the alveolar epithelium are related to the presence
of chronic infections in patients with cystic fibrosis (CF) (19).

The opportunistic pathogen Pseudomonas aeruginosa (PA)
thrives in patients with CF, burns and/or immunocompromised
individuals (20,21) and utilizes cell-to-cell communication
systems, termed quorum sensing (QS) (22) to establish acute and
chronic infection (23-27). QS relies on the presence of small-
excreted molecules termed herein “infochemicals’, to coordinate
the concomitant expression of multiple virulence genes (28). It
has been reported that PA QS-excreted infochemicals modulate
the host innate immune response (29,30). The PA-excreted info-
chemical, 2-aminoacetophenone (2-AA), promotes phenotypic
changes in the pathogen that favor chronic infection (26,31) and
dampens pathogen-induced inflammation that in turn favors
host tolerance to infection (30). We have recently demonstrated
that 2-A A reduces energy metabolism, promotes mitochondrial
dysfunction and impairs muscle functions, which may further
favor chronic and persistent infections (32) and potentially
induces oxidative stress in skeletal muscle.

In this study, we used whole-genome expression and ex vivo
nuclear magnetic resonance (NMR) to examine the effects of
2-A A on the oxidative response and apoptosis in skeletal muscle.
NMR spectroscopy can be used to determine mitochondrial
dysfunction and assess metabolic alterations in muscle (33,34).
Furthermore, in vivo microscopy can be used to determine the
reduction in mitochondrial membrane potential, which is a signa-
ture of mitochondrial dysfunction and induces apoptosis. The
results of the present study demonstrated that the inhibition of
genes involved in oxidative homeostasis resulted in the accumu-
lation of ROS and increased apoptosis in skeletal muscle. Thus,
2-AA promotes mitochondrial dysfunction and compromises
normal skeletal muscle functions (32) through the induction of
oxidative stress and apoptosis, thus promoting pathogenicity.

Materials and methods

Ethics statement. This study was carried out in strict accordance
with the recommendations of the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health. The
study protocol was approved by the Committee on the Ethics of
Animal Experiments at Massachusetts General Hospital (Boston,
USA; permit nos. 2006N000093 and 2013N000034). All proce-
dures were performed on mice which had been anaesthetized
with a combination of xylazine (12.5 mg/kg) and ketamine (125
mg/kg), and every effort was made to minimize suffering.

Experimental animals. Six-week-old male CD1 mice weighing
approximately 20-25 g were purchased from Charles River
Laboratory (Boston, MA, USA). Twenty-eight mice were used

BANDYOPADHAYA et al: 2-AA INDUCES OXIDATIVE STRESS AND APOPTOSIS

in this study. The animals were kept in a controlled environ-
ment with a regular light-dark cycle (lights on from 8:00 to
20:00) with an ambient temperature of 22+1°C, and were
allowed free access to food and water. The mice received an
intraperitoneal (IP) injection of 2-AA (6.75 mg/kg), and mouse
skeletal muscle was analyzed 4 days post-A A treatment. Ex vivo
proton nuclear magnetic resonance ('"H NMR) spectroscopy
was performed on intact gastrocnemius muscle samples.

High-resolution magic-angle-spinning (HRMAS) 'H NMR
spectroscopy of intact skeletal muscle tissue. At 4 days
post-2-AA treatment, eight 2-A A-treated and eight untreated
animals (that served as a control) were analyzed using HRMAS
'H NMR spectroscopy. The left gastrocnemius muscle was
harvested, immediately frozen in liquid nitrogen, and stored
at approximately -80°C. The same muscle from untreated
animals served as a control. HRMAS "H NMR spectroscopic
analysis of muscle tissue was performed on a Bruker Bio-Spin
Avance NMR spectrometer (proton frequency at 600.13 MHz,
with an 89-mm vertical bore) using a 4-mm triple resonance
('H, "*C, *H) HRMAS probe (Bruker, Billerica, MA, USA).
The temperature was maintained at 4°C with a BTO-2000
thermocouple unit in combination with a magic angle spin-
ning (MAS) pneumatic unit (Bruker). The MAS speed was
stabilized at 4.0+0.001 kHz using a MAS speed controller.
The 'H NMR spectra were acquired for all samples using a
Carr-Purcell-Meiboom-Gill (CPMG) spin echo pulse sequence
[90°-(t--180°-1-),-acquisition], with an inter-pulse delay (t-) of
250 usec. Hard 90° (8 t-s) and 180° (16 t-s) were employed.
As previously described (32), the relaxation delay was set to
2 sec, and spectra were collected both with and without water
suppression. The transverse relaxation time (T,) was measured
using the same CPMG pulse sequence by varying n from O to
520. Free induction decay (FID) signals were acquired with
8k points, a 600 msec acquisition time, 8 dummy scans and
128 scans. HRMAS 'H NMR spectra were analyzed using
the MestRe-C NMR software package (Mestrelab Research,
Santiago de Compostela, Spain; www.mestrec.com). FIDs were
zero-filled to 16k points and apodized with exponential multi-
plication (1 Hz) prior to Fourier transformation. The spectra
were then manually phased and corrected for baseline broad
features (Whittaker smoother, smooth factor 10,000). The
Levenberg-Marquardt algorithm was used to least-squares-fit
a model of mixed Gaussian/Lorentzian functions to the data.
The (CH,),, peak at 1.32 ppm was selected for the quantifica-
tion of intramyocellular lipids (IMCLs). As the sample was
spun at a magic angle, and the sample was much smaller (25 ul)
and more homogeneous (reduced bulk magnetic susceptibility
effects) than the typical voxel size (1 ml) of in vivo '"H MRS,
no chemical shift difference was observed between IMCL and
extramyocellular lipids (EMCL). The small size of the muscle
biopsies and the fact that the samples were collected from the
most myocellular part of the muscle suggest that the main
contribution to the (CH,), , peak was made by IMCL lipids.

Absolute quantification of metabolites from I-D CPMG spectra.
Resonance intensities were measured for -CH; protons of the
trimethylsilyl-propionic-2,2,3,3-d4 acid (TSP) and compared
to the resonance intensities measured for metabolites. The peak
intensities of most of the metabolites, as well as of TSP, were
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calculated from the intensity of the respective resonance (X)
measured from the T,-filtered HRMAS 'H MR spectrum. The
calculated peak intensities were then corrected for T, relaxation,
using Ie(X) = Ir(X) * exp(Tepma/ To(X))/n, where Ir(X) is the
measured intensity, Tepyg is the CPMG echo time, and 7 is the
number of protons in the functional group and corresponds to
the resonance of the metabolite. In accordance with the ‘external
standard’ technique employed (35), metabolite concentrations
were quantified relative to the absolute concentration (#mol) of
the respective metabolite [M] = Ic(M)/(Icrsp(M) * wt), where wt
is the weight of the sample in grams.

Statistical analysis of HRMAS 'H NMR spectroscopy data.
Data are reported as the means + standard errors of the mean.
Between-groups comparison was performed using analysis
of variance with Bonferroni correction for multiple compari-
sons. A corrected p-value of <0.0125 was deemed to indicate
a statistically significant difference. A comparison between
measurements was performed in each group with a t-test (two-
tailed, p<0.0125). All analyses were performed using SPSS
software (SPSS version 12; SPSS Inc., Chicago, IL, USA).

Extraction of RNA samples. As previously described (32), the left
gastrocnemius muscle was harvested at 4 days post 2-AA treat-
ment (n=3), to determine the changes in gene expression in whole
muscle. The muscle specimens of the anesthetized animals were
excised and immediately immersed in 1 ml TRIzol (Gibco-BRL,
Invitrogen, Carlsbad, CA, USA) for RNA extraction. Each
muscle specimen was homogenized for 60 sec with a Brinkmann
Polytron 3000 homogenizer prior to total RNA extraction.
Chloroform (200 ul) was added to the homogenized muscle and
mixed by inverting the tube for 15 sec. Following centrifugation
at 12,000 x g for 15 min, the upper aqueous phase was collected
and precipitated by the addition of 500 ul isopropanol. Further
centrifugation at 12,000 x g for 10 min separated the RNA
pellet, which was then washed with 500 ul of 70% ethanol and
centrifuged at 7,500 x g for 5 min prior to air drying. The pellet
was resuspended in 100 ul diethylpyrocarbonate (DEPC) water.
An RNeasy kit (Qiagen, Germantown, MA, USA) was used to
purify the RNA according to the manufacturer's instructions.
The purified RNA was quantified by UV absorbance at 260 and
280 nm, and stored at -70°C for DNA microarray analysis.

Microarray hybridization. As previously described (32), bioti-
nylated cRNA was generated with 10 ug of total cellular RNA
according to the protocol outlined by Affymetrix Inc. (Santa
Clara, CA, USA). cRNA was hybridized onto MOE430A oligo-
nucleotide arrays (Affymetrix), stained, washed and scanned
according to the Affymetrix protocol.

Genomic data analysis. As previously described (32), data of
the scanned image files hybridized with probes from RNA
extracted from the gastrocnemius muscle isolated at the
specified times from the 2-A A-treated and untreated control
mice (n=3) were converted to cell intensity files (CEL files) with
the Microarray suite 5.0 (MAS; Affymetrix). The data were
scaled to a target intensity of 500, and all possible pairwise
array comparisons of the replicates to normal control mice
were performed using a MAS 5.0 change call algorithm. Probe
sets that had a signal value difference >100 and for which one
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Figure 1. 2-Aminoacetophenone (2-AA) affects reactive oxygen species (ROS)
metabolism and the response to oxidative stress in murine skeletal muscle.
Black bars indicate the number of downregulated genes; gray bars indicate the
number of upregulated genes in the skeletal muscle of mice 4 days after 2-AA
treatment versus the control mice (left vertical axis). The negative logl0 of
p-values represented by gray triangles are indicated in the right vertical axis.

of the two samples being compared was not termed ‘absent’,
were scored as differentially modulated when i) the number of
change calls in the same direction were at least 3,4 and 6, when
the number of comparisons were 4, 6 and 9, respectively; and
ii) the other comparisons were unaltered. Based on the ratios
of 100 genes determined to be invariant in most conditions
tested (Affymetrix), an additional constraint of a minimum
ratio of 1.65 was applied to control the known false positives
at 5%. The microarray data are available at http://www.ncbi.
nlm.nih.gov/geo/info/linking.html and the accession number is
GSE43779. Gene Ontology (GO) analysis was performed using
GeneSpring GX software (version 11) by Agilent Technologies
(Santa Clara, CA, USA).

In vivo microscopic measurement of mitochondrial membrane
potential. Following 4 days of treatment with 2-AA (6.75 mg/
kg), the 2-AA treated mice and the untreated controls (n=3)
were anesthetized and underwent in vivo microscopic observa-
tion as previously described (36,37) with modifications. Briefly,
sternocleidomastoid muscles were exposed and stained with
40 nM 3,3'-dihexyloxacarbocyanine iodide (DiOCy) and 1 yuM
CellTracker Orange (Invitrogen) for 30 min. After washing, the
fluorescence intensity of DiOC,, which reflects mitochondrial
membrane potential, was recorded. The consistency of dye
accessibility and image caption was confirmed by internal
control staining with CellTracker Orange. The captured images
were analyzed and their fluorescence intensity was analyzed by
densitometry with ImageJ software (http:/imagej.nih.gov/ij/).

Results

2-AA treatment affects ROS homeostasis and production and
the response to oxidative stress. Using microarray analysis, we
identified a subset of differentially expressed genes that have
functional annotations of oxidative stress and mitochondrial
function. Several genes involved in ROS homeostasis (group A)
and in the response to oxidative stress (group B) were down-
regulated (Fig. 1 and Table I).
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Table I. Differential expression of genes involved in ROS homeostasis and oxidative stress in mouse skeletal muscle 4 days
following an injection of 2-AA.

GenBank Gene name Fold change p-value GO Biological process
Group A
NM_009127 Stearoyl-coenzyme A desaturase 1 (-)4.3 0.024 Oxygen and ROS metabolism
AF173681 Thioredoxin interacting protein ()44 0.038 Oxygen and ROS metabolism
NM_009804  Catalase (-)8.6 0.013 Oxygen and ROS metabolism
NM_020569 Parkinson disease (autosomal recessive, (-)2.3 0.029 Oxygen and ROS metabolism
early onset) 7
NM_011435 Superoxide dismutase 3, extracellular (-)4.5 0.018 Oxygen and ROS metabolism
NM_021356 Growth factor receptor bound protein (-)24 0.028 Oxygen and ROS metabolism
2-associated protein 1
NM_011563 Peroxiredoxin 2 (-)2.1 0.016 Oxygen and ROS metabolism
NM_001111320 Isocitrate dehydrogenase 1 (NADP*), soluble (-)42 0.041 Oxygen and ROS metabolism
NM_013603 Metallothionein 3 (+)2.8 0.023 Oxygen and ROS metabolism
NM_010497 Isocitrate dehydrogenase 1 (NADP*), soluble (-)3.1 0.023 Oxygen and ROS metabolism
NM_018881 Flavin containing monooxygenase 2 (-)4.6 0.022 Oxygen and ROS metabolism
NM_023505 Glutaredoxin 2 (thioltransferase) (-)2 0.027 Oxygen and ROS metabolism
BC019664 Glutathione peroxidase 8 (putative) (-)4 0.005 Oxygen and ROS metabolism
NM_013711 Thioredoxin reductase 2 (-)3.5 0.025 Oxygen and ROS metabolism
AF412308 Thioredoxin reductase 2 (-)24 0.009 Oxygen and ROS metabolism
NM_027629 Phosphoglucomutase 2-like 1 (+)9.8 0.023 Oxygen and ROS metabolism
NM_013671 Superoxide dismutase 2, mitochondrial (-)5.8 0.008 Oxygen and ROS metabolism
M14222 Cathepsin B (-)25 0.028 Oxygen and ROS metabolism
NM_008161 Glutathione peroxidase 3 (-)3.7 0.005 Oxygen and ROS metabolism
AF274027 Phospholipid hydroperoxide glutathione (-)3 0.020 Oxygen and ROS metabolism
peroxidase
NM_018881 Flavin containing monooxygenase 2 (-)53 0.007 Oxygen and ROS metabolism
XM_006508205 Phosphoglucomutase 2-like 1 (predicted) +)5.1 0.013 Oxygen and ROS metabolism
Group B
AF173681 Thioredoxin interacting protein (-)44 0.038 Response to oxidative stress
NM_009804 Catalase (-)8.6 0.013 Response to oxidative stress
NM_020569 Parkinson disease (autosomal recessive, (-)2.3 0.029 Response to oxidative stress
early onset) 7
NM_021356 Growth factor receptor bound protein 2- (-)24 0.028 Response to oxidative stress
associated protein 1
NM_011563 Peroxiredoxin 2 (-)2.1 0.016 Response to oxidative stress
NM_001111320 Isocitrate dehydrogenase 1 (NADP™), soluble (-)4.2 0.041 Response to oxidative stress
NM_010497 Isocitrate dehydrogenase 1 (NADP™), soluble (-)3.1 0.023 Response to oxidative stress
NM_023505 Glutaredoxin 2 (thioltransferase) (-)2 0.027 Response to oxidative stress
BC019664 Glutathione peroxidase 8 (putative) (-)4 0.005 Response to oxidative stress
NM_013711 Thioredoxin reductase 2 (-)3.5 0.025 Response to oxidative stress
AF412308 Thioredoxin reductase 2 (-)24 0.009 Response to oxidative stress
NM_027629 Phosphoglucomutase 2-like 1 (+)9.8 0.023 Response to oxidative stress
NM_013671 Superoxide dismutase 2, mitochondrial (-)5.8 0.008 Response to oxidative stress
M14222 Cathepsin B (-)2.5 0.028 Response to oxidative stress
NM_008161 Glutathione peroxidase 3 (-)3.7 0.005 Response to oxidative stress
AF274027 Glutathione peroxidase 4 (-)3 0.020 Response to oxidative stress
XM_006508205 Phosphoglucomutase 2-like 1 (predicted) (+)5.1 0.013 Response to oxidative stress

Values represent the relative expression intensity of the 2-aminoacetophenone (2-AA)-treated versus the untreated control mice. Annotations
for biological processes are from the Gene Ontology Consortium (http://geneontology.org/). +, Upregulation of genes compared with muscle
from normal untreated mice; -, downregulation of genes compared with muscle from normal untreated mice. GenBank and gene names can be
searched at http://www.ncbi.nlm.nih.gov/gene/. ROS, reactive oxygen species.
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Figure 2. 2-Aminoacetophenone (2-AA) affects genes involved in the apoptosis pathway in murine skeletal muscle. Black bars indicate the number of downregu-
lated genes; gray bars indicate the number of upregulated genes in the skeletal muscle of mice 4 days after 2-A A treatment versus the control mice (left vertical
axis). The negative logl0 of p-values represented by gray triangles are indicated in the right vertical axis.

Differential expression of genes involved in the apoptosis
signaling pathway in skeletal muscle of 2-AA-treated
mouse. The microarray data presented in Table II and Fig. 2
demonstrated that certain genes, which had been identified
as functioning in apoptosis via annotation by Gene Ontology
Consortium and Ingenuity, were differentially expressed.
Almost 97% of the genes involved in apoptosis signaling were
upregulated in mouse skeletal muscle after 4 days of treatment
with 2-AA (Table II and Fig. 2). For example, the TNF receptor
superfamily member la gene exhibited an increased expression.
This gene encodes a major TNF-a receptor that activates nuclear
factor-kB (NF-kB), mediates apoptosis and regulates inflamma-
tion (17). In addition, genes encoding B-cell lymphoma (Bcl)-2,
which function downstream of the TNF-a. receptor in apoptosis
signaling (38), exhibited an increased expression. Specifically,
the upregulation of Bcl-2-like 13 (apoptosis facilitator), which
is a member of Bcl-2 family of proteins, promotes apoptosis
by blocking caspase inhibitors (39). The upregulation of
PERP (p53 apoptosis effector), a pS3 transcriptional target,
promotes apoptosis (40). Fas apoptotic inhibitory molecules
which confer resistance to Fas-induced apoptosis (41), were
also downregulated following 2-AA treatment. The increased
expression of growth arrest-specific 2 (Gas2) genes may activate
apoptosis (42) in murine muscle of 2-A A-treated mice.

Several other genes were also upregulated, including heat
shock proteins, lectins and AIF, the death associated protein.
In addition, we noted that mitochondrial-dependent apoptosis
genes which encode cytochrome ¢ and caspases exhibited an
increased expression.

'H NMR detects muscle lipid accumulation following 2-AA
treatment. "H NMR spectroscopy has been used to explore

metabolic changes (33,34,43). The accumulation of mobile
lipids is associated with mitochondrial dysfunction, oxidative
stress and apoptosis (44.,45). As shown in Fig. 3 and Table III,
the results of NMR spectroscopy demonstrated that most
lipid peaks were consistently increased in the skeletal muscle
samples from the 2-A A-treated mice compared to the control
mice.

The stack plot presented in Fig. 3 shows typical examples
of proton HRMAS 'H MRS CPMG spectra from skeletal
muscle samples. This plot contains spectra of the control and
2-A A-treated animals sacrificed 4 days post-2-A A-treatment,
with the spectra scaled to the phosphocreatine and creatine
3.02-ppm peak. Resonance signals are due to residual water
(4.7-4.8 ppm); terminal methyl (0.8-1.0 ppm); acyl chain
methylene (1.1-1.5 ppm); a- and 3-methylene (2.0-2.5 ppm) and
olefinic protons (5.4 ppm) of lipids; N-methyl protons of phos-
phocreatine and creatine (3.0 ppm); and N-trimethyl protons of
betaines (3.2 ppm), which correspond to taurine and choline-
containing compounds. The phospholipids at 3.2 ppm appear
unaffected by 2-AA treatment and remain stable, along with
other peaks between 3 and 4 ppm. The results from quantita-
tive analysis of these high-resolution ex vivo HRMAS 'H MRS
measurements are shown in Table III. Bisallylic methylene
fatty acyl protons at 2.8 ppm correspond to polyunsaturated
fatty acids (PUFAs), which accumulate due to apoptosis.
Vinyl proton accumulation at 5.4 ppm, including protons from
ceramide and possibly other sphingolipids suggests apoptosis.

Downregulation of mitochondrial membrane potential in skel-
etal muscle from 2-AA-treated mice. Mitochondrial membrane
potential is considered a biomarker of oxidative stress and
apoptosis (46,47). In vivo fluorescence microscopy with
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Table II. Differential expression of genes involved in the apoptosis signaling pathway in mouse skeletal muscle samples fol-
lowing 4 days of treatment with 2-AA.

GenBank Gene name Fold change p-value
NM_030711 Endoplasmic reticulum aminopeptidase 1 (Erapl) 2.264 0.0158
NM_134131 Tumor necrosis factor, a-induced protein 8 3.863 0.0183
NM_023517 Tumor necrosis factor (ligand) superfamily, member 13 (Tnfsf13) 3.293 0.0061
NM_009396 Tumor necrosis factor-a-induced protein 5.796 0.00082
NM_009425 Tumor necrosis factor (ligand) superfamily, member 10 3.398 0.0226
NM_011614 Tumor necrosis factor (ligand) superfamily, member 12 (Tnfsf12) 2.735 0.03
NM_022310 Heat shock 70 kDa protein 5 (glucose-regulated protein) 4.146 0.0118
AF250139 Small stress protein-like protein (HSP22) 6.137 0.0106
NM_010481 Heat shock protein 9A 3462 0.0107
NM_013560 Heat shock protein 1 3.248 0.0146
NM_013559 Heat shock protein 110 -3.95 0.0367
U03561 Heat shock protein HSP27 internal deletion variant b 4.008 0.025
NM_010477 Heat shock protein 1 (chaperonin) 2915 9.33E-05
NM_010480 Heat shock protein 90, a (cytosolic), class A member 1 (Hsp90aal) -2.63 0.0484
NM_001163434  Heat shock 70 kDa protein 5 (glucose-regulated protein) 3.076 0.00638
NM_001164708  Heat shock protein 2 5.374 0.0412
NM_013868 Heat shock protein family, member 7 (cardiovascular) 6.046 0.0427
NM_011020 Heat shock 70 kDa protein 4 like -243 0.0368
NM_008303 Heat shock protein 1 (chaperonin 10) 3.313 0.034
M12573 Heat shock protein 1B 349 349
XM_006500766  Heat shock 70 kDa protein 4 like -549 0.0266
NM_028306 Heat shock protein 12B 8.802 0.0479
NM_009883 CCA AT/enhancer binding protein (C/EBP)3 4.288 0.0215
NM_009884 CCAAT/enhancer binding protein (C/EBP)y 2.352 0.0479
NM_010499 Immediate early response 2 2.68 0.0161
NM_008495 Lectin, galactose binding, soluble 1 4.588 0.0481
NM_001145953  Lectin, galactose binding, soluble 3 2.464 0.0162
NM_001199043  Lectin, galactose binding, soluble 8 2019 0.00659
NM_010708 Lectin, galactose binding, soluble 9 4736 0.0464
NM_019738 Nuclear protein 1 2.299 0.0239
NM_134141 Cytokine induced apoptosis inhibitor 1 2.295 0.0222
NM_022032 PERP, TP53 apoptosis effector 12.73 0.0252
BC023121 CASP8 and FADD-like apoptosis regulator 291 0.0075
NM_001177552  Bifunctional apoptosis regulator 2.006 0.0414
NM_054056 PRKC, apoptosis, WT1, regulator 3.307 0.03
NM_001038658  Fas apoptotic inhibitory molecule 2 -2.39 0.0493
NM_153516 BCL2-like 13 (apoptosis facilitator) 2.796 0.0205
NM_001039194  Apoptosis-inducing factor (AIF)-like mitochondrion-associated 2.033 0.0445
inducer of death
NM_007609 Caspase 4, apoptosis-related cysteine peptidase (Casp4), mRNA 3.446 0.00128
NM_001042558  Apoptotic peptidase activating factor 1 2.701 0.016
NM_001165935  Apoptosis, caspase activation inhibitor 2.149 0.0206
NM_001038658  Fas apoptotic inhibitory molecule 2 -22.32 0.00627
BC003292 Programmed cell death 8 3.129 0.0449
BC026823 Programmed cell death 6 interacting protein 2436 0.00988
NM_001164677  Programmed cell death 6 interacting protein 4.606 0.000958
NM_019746 Programmed cell death 5 2.834 0.0486
BC024876 Death-associated protein 3.706 0.0196
NM_007566 Baculoviral IAP repeat-containing 6 2.586 0.00413
NM_001301639  X-linked inhibitor of apoptosis (Xiap), transcript variant 1 244 0.0415
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Table II. Continued.

GenBank Gene name Fold change p-value
NM_053207 EGL nine homolog 1 (C. elegans) 2.658 0.026
AKO017394 Growth arrest specific 7 -34.15 0.000771
NM_026832 Cell growth regulator with ring finger domain 1 3016 0.0446
NM_001109657  Growth arrest-specific 7-cb protein (Gas7-cb) -32.15 0.0113
NM_008655 Growth arrest and DNA-damage-inducible 453 3.297 0.0366
NM_001033331  Growth arrest-specific 2 like 3 4312 0.0324
NM_001277080  Growth arrest-specific 7-cb protein (Gas7-cb) -19.88 0.0303
AFO037370 Cytochrome ¢ oxidase, subunit VIIa 1 10.56 0.0445
NM_007808 Cytochrome c, somatic 3.344 0.0391
NM_007747 Cytochrome ¢ oxidase, subunit Va 3.291 0.035
NM_009941 Cytochrome c oxidase subunit IV isoform 1 2.642 0.0202
NM_007751 Cytochrome ¢ oxidase, subunit VIIIb 5.591 0.0399
AA190297 Cytochrome c oxidase, subunit VIIc 2.104 0.0296
NM_025628 Cytochrome ¢ oxidase, subunit VIb polypeptide 1 2015 0.0144
NM_024226 Reticulon 4 -7.51 0.0255
BF455257 Reticulon 1 -29.85 0.00175
BM?246564 Phosphodiesterase 4B, cAMP specific 2.161 0.0488
NM_009811 Caspase 6 3.503 0.0107
NM_007611 Caspase 7 3.837 0.00433
NM_001163138  Caspase recruitment domain family, member 6 3.344 0.00725
NM_007611 Caspase 7 4957 0.0082
BC008152 Caspase 1 4.165 0.0361
NM_001171007  Nucleotide-binding oligomerization domain containing 1 (Nod1)/ 2.35 0.0266

Caspase recruitment domain 4

+, Upregulation of genes compared with normal untreated muscle; -, downregulation of genes compared with normal untreated muscle.
2-AA, 2-aminoacetophenone. GenBank and gene names can be found at http://www.ncbi.nlm.nih.gov/gene/.

DiOC, indicated that 2-A A treatment reduced skeletal muscle
mitochondrial membrane potential by 41% compared to the
untreated control group (p<0.05; Fig. 4). The fact that internal
control staining with CellTracker Orange revealed equivalent
staining between the two groups confirmed that the difference
observed in membrane potential was not due to staining issues
(i.e., dye accessibility or fluctuation in image capturing).

Discussion

In the present study, we demonstrate that 2-A A, a QS-regulated
requisite for PA pathogenesis and a diagnostically impor-
tant bacterial molecule, induces oxidative stress in skeletal
muscle, disrupts the defense against oxidative stress, reduces
mitochondrial membrane potential and enhances apoptotic
signaling (Fig. 5). The reduced expression of genes involved
in ROS metabolism and in the oxidative stress response may
be responsible for the accumulation of ROS in skeletal muscle.
ROS toxicity may lead to mitochondrial dysfunction, possibly
via damage to mitochondrial DNA (mtDNA) and reduced mito-
chondrial potential. Our findings also suggest a reduction in
the oxidative stress response as a potential mechanism through
which 2-A A modulates the apoptotic pathway, and suggest

candidate targets through which to limit oxidative stress and
apoptosis in patients with infection.

The principal finding of the present study was the effect of
2-AA on ROS production and the antioxidant status homeostasis
in skeletal muscle, which correlates with the induction of apop-
tosis. Normally, increased ROS induce antioxidant defenses
and prevent damage to mitochondrial macromolecules; in the
absence of such defenses, oxidative damage ensues. In addi-
tion, the oxidative stress caused by increased ROS production
results in apoptosis (8). Based on the findings of this study, we
suggest that 2-AA interferes with ROS detoxification resulting
in oxidative damage to mitochondrial macromolecules, possibly
including mtDNA. ROS initiate damage to nucleic acids,
proteins and lipids (10). Since mitochondrial DNA (mtDNA)
is located closer to the site of ROS generation, lacks protective
histones, and has more limited base excision repair mechanisms
than the nucleus, it is more vulnerable to oxidative damage than
nuclear DNA (nDNA) (48.,49).

Another major finding of this study concurs with oxidative
stress and is accompanied by mitochondrial dysfunction. In a
recent study, we demonstrated that peroxisomal proliferator
activator receptor (PPAR)-y and PPAR-y co-activator (PGC)1
expression was downregulated by 2-AA (32). PGCI is hypoth-
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Table III. Results of '"H NMR HRMAS experiments performed on gastrocnemius muscle specimens from 2-AA-treated mice
versus control mice.

Chemical shift Chemical Percent

PPM group Control 4 days post-2-AA change p-value
2.8 =CH-CH2-CH= 0.012+0.004* 0.040+0.007 +233 0.0075°
54 CH=CH- 0.041£0.015 0.226+0.058 +451 0.0233

“Values (#mol/g muscle) are represented as the means + standard error of the means from 8 samples/group; *p-value for comparisons between
2-aminoacetophenone (2-AA)-treated and normal mice obtained with the Student's t-test; +, indicates increase. '"H NMR, proton nuclear
magnetic resonance; HRMAS, high-resolution magic-angle-spinning.

(CHz)n
[5)
2AA-treatment day 4 :&:. CH3
I &)
(&) 1 o
CH=CH 2 S S
H (] O
Control
N — _MM A\ A k Jk
ppm 5.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Figure 3. Nuclear magnetic resonance (NMR) spectra from 'H-NMR high-resolution magic-angle-spinning (HRMAS) experiments performed on the gastrocne-
mius skeletal muscle specimens of mice. The spectra were acquired from normal and 2-aminoacetophenone (2-AA)-treated mice at 4 days post-2-A A treatment
and scaled to the phosphocreatine and creatine peak (3.02 ppm). The lipid peak at 1.3 ppm is attributed to methylene protons of intra-myocellular triglyceride
acyl chains, primarily due to intramyocellular lipids (IMCLs). Resonance signals are due to residual water (4.7-4.8 ppm); terminal methyl (0.8-1.0 ppm); acyl
chain methylene (1.1-1.5 ppm); a- and (3- methylene (2.0-2.5 ppm) and olefinic protons (5.4 ppm) of lipids; N-methyl protons of phosphocreatine and creatine
(3.0 ppm); and N-trimethyl protons of betaines (3.2 ppm), which correspond to taurine and choline-containing compounds. Bisallylic methylene fatty acyl
protons at 2.8 ppm correspond to polyunsaturated fatty acids (PUFAs), which accumulate due to apoptosis. Vinyl proton accumulation at 5.4 ppm, including

protons from ceramide and possibly other sphingolipids suggests apoptosis.

esized to play a central role in regulating energy homeostasis
and metabolism (50). Therefore, the observed downregulation
of genes involved in oxidative phosphorylation (32) and also
in ROS detoxification by 2-AA may be explained by the effect
of 2-AA on PGCI1 (32). As a result of this dysregulation, the
balance of detoxification and ROS generation may be shifted
towards ROS accumulation. To this end, this study complies
with the notion that certain components of the ROS scavenging
pathway are linked by PGCI to mitochondrial oxidative phos-
phorylation, apparently preventing cells from maintaining the
normal redox status in response to a change in ROS produc-
tion (51).

In this study, the expression of genes which encode
proteins with pro- or anti-apoptotic functions was altered in
response to 2-AA treatment (Fig. 2 and Table II); however,
their exact regulatory role remains unclear. These data may
reflect a heterogeneous mRNA population which is due to a
direct effect of 2-A A on the underlying superficial layers of
the hind limb muscle, and the asynchronous state of apoptotic

muscle cells. Nonetheless, our data demonstrated that apoptotic
pathways are activated in muscle from 2-AA-treated mice,
which further demonstrates a link between the dysregulation
of fatty acid oxidation (32), lipid accumulation (32) and apop-
tosis. Furthermore, the mitochondrial release of pro-apoptotic
proteins, such as cytochrome c is promoted by the formation of
specific channels in the outer membrane of the mitochondria
by pro-apoptotic Bcl-2 family members (39). Once released,
cytochrome c triggers the activation of caspases, which in turn
regulates the apoptotic process (18) and has been suggested
to induce contractile dysfunction (52). The orderly process of
apoptosis is energy dependent and, consequently, damage to
the mitochondria to the point that they can no longer produce
ATP can easily shift to apoptosis (53). The core apoptotic
pathway and cellular energy metabolism maintain an important
inter-relationship between apoptosis and mitochondrial func-
tion (54), which is modulated by 2-AA.

In the present study, we noted that lipids accumulated
in muscle tissue following 2-AA treatment, as assessed by
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'H NMR. The lipid peak at 1.3 ppm in Fig. 3 has been attrib-
uted to methylene protons of intra-myocellular triglyceride acyl
chains, primarily due to IMCLs (55), which suggests that the
increase in NMR-visible lipids at 1.4 ppm after 2-A A treatment
is primarily due to increased quantifiable IMCL. This conclu-
sion is further supported by the results of previous studies on
humans (56,57). Conversely, EMCLs which may contribute to
the 1.4 ppm peak are relatively metabolically inert and serve as
a long-term energy storage depot with slow turnover. EMCLs
are therefore unlikely to correspond to the lipids observed in
this study, which rapidly accumulated post-2-A A treatment.
The accumulation of lipids is associated with apop-
tosis (58,59); and the present study demonstrates that 2-AA
induced apoptosis-related gene expression (Table II) and
increased the lipid profile (Fig. 3) in skeletal muscle, which
could be linked. The increase in bisallylic methylene fatty
acyl protons at 2.8 ppm is in accordance with the data of
Hakumaki er al (60), which suggested that these protons corre-

spond to PUFAs, and PUFA accumulation follows apoptosis.
In addition, our data demonstrate vinyl proton accumulation
at 5.4 ppm, including protons from ceramide and possibly
other sphingolipids, such as sphingosine. Indeed, ceramide
and sphingolipids are known to be involved in apoptosis (61).
These increased signals suggest that ceramide, a product
of sphingolipid metabolism, contributes to 2-A A-mediated
apoptosis. Ceramide and sphingolipids, in particular, have
been implicated as second messengers for apoptotic stimuli,
including TNF-a (62), Fas ligand (63), ionizing radiation (64),
heat shock (65) and oxidative stress (66).

The loss of mitochondrial membrane potential leads to
the activation of apoptotic signals in several tissues, including
skeletal muscle (67). When apoptotic signals reach the mito-
chondria, membrane permeability transition occurs, involving
voltage-dependent anion channels (VDAC), adenine nucleotide
translocase (ANT) and translocator protein (TSPO) (68).
Damaged mitochondria are known to release apoptosis-inducing
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molecules, including cytochrome ¢, endonuclease G, AIF and
Smac/Diablo and HtrA2/Omi (36,67). Other research has also
demonstrated that uncoupled mitochondria become a major
source for cellular ROS production (69). The data from our
in vivo microscopic analysis support the molecular biological
observation that the increase in apoptosis and ROS accumula-
tion occurred in skeletal muscle of mice treated with 2-AA.

PA and 2-AA in the lungs of chronically infected patients
with CF are considered pathogenomic (70,71). Patients with CF
often develop skeletal muscle wasting due to inadequate anti-
oxidant defenses which cannot cope with the elevated oxidative
stress (72,73), and increased apoptosis is observed in airway
cells of patients with CF (19,74). The characteristic loss of
muscle mass, coupled with a decrease in strength, force output
and alteration in oxidative stress, has previously been shown
to be associated with apoptotic pathways and is an underlying
mechanism of the pathogenesis of chronic disease (75,76).
Oxidative stress and ROS accumulation can alter muscle gene
expression, causing protein loss that consequently diminishes
muscle mass or function (75). Nuclear receptor subfamily 2,
group F, member 2 (NR2F2), a member of the steroid thyroid
hormone superfamily of nuclear receptors, which is required for
skeletal muscle development (77) and appears to be involved in
the regulation of oxidative stress (78), was also downregulated
(1.65-fold, p<0.0094) in the skeletal muscle of 2-A A-treated
mice (data not shown). This suggests that 2-A A-mediated
muscle dysfunction (32) may be the result of increased oxida-
tive stress and apoptosis.

Mitochondrial dysfunction may interact with oxidative
stress (14), lipid accumulation (59), apoptosis (79) and innate
immune response (80). 2-AA abridges energy production and
mitochondrial function in skeletal muscle, which may favor
chronic diseases (32,81) and chronic infection (30). Recently,
we demonstrated that 2-AA acts as an immunomodulatory
signal (30) and likely affects insulin resistance associated
with a molecular signature of mitochondrial dysfunction (32)
that increases the ability of the host to live with the pathogen,
enabling tolerance to infection and a long-term bacterial
presence leading to bacterial persistence (30). Therefore,
2-A A-mediated oxidative stress and the activation of apop-
totic signals may serve to eliminate key immune cells or
evade host defenses (1) and further contribute to a long-term
bacterial presence (30). The results of the present study are
consistent with previous data of other chronic infections,
including Escherichia coli (82), tuberculosis (83), Helicobacter
pylori (84) and patients chronically infected with CF (85).

In conclusion, our results from transcriptome analysis
and NMR spectroscopy provide strong evidence that the
altered NMR-visible lipid profile is related to apoptosis which
is induced by oxidative stress in response to the bacterial
infochemical, 2-AA. 2-A A-mediated oxidative stress leads to
mitochondrial dysfunction, which results in host metabolic
dysfunction and apoptosis, and such a dysregulation in host
metabolism can promote chronic/persistent disease state (30).
Lipid accumulation may reflect apoptosis, rather than providing
a direct measure of mitochondrial dysfunction. Since apoptosis
and cellular energy metabolism are the two major determinants
of cell survival, NMR-visible lipids may serve as biomarkers
to monitor therapies for muscle wasting following bacterial
infection, as well as other disease states. To this end, our results

BANDYOPADHAYA et al: 2-AA INDUCES OXIDATIVE STRESS AND APOPTOSIS

provide insight into the response of skeletal muscle to the
PA-excreted small molecule, 2-AA, and point to novel thera-
peutic possibilities in targeting antioxidant pathways to reduce
oxidative stress and apoptosis in skeletal muscle.
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