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Abstract

Pseudomonas aeruginosa is an opportunistic pathogen that utilizes the quorum-sensing (QS) process to regulate the pro-
duction of different virulence factors and biofilm. N-3-oxo-dodecanoyl-L-homoserine lactone (C12) is a key QS molecule
of P. aeruginosa which interacts with the mammalian immune cells and modulates their function. Here, we investigated
the molecular mechanism of C12-induced apoptosis in neutrophils. Our data show that C12 causes apoptosis in neutro-
phils through an elevation in cytosolic and mitochondrial Ca®* levels. Besides, C12 induces phosphatidylserine (PS) expo-
sure, mitochondrial membrane potential (MMP) depolarization, mitochondrial permeability transition pore (MPTP) forma-
tion and mitochondrial reactive oxygen species (nROS) generation. C12-induced rise in intracellular Ca>* level is majorly
contributed by endoplasmic reticulum store through the activation of inositol 1, 4, 5-triphosphate receptor. Intracellular
calcium chelation inhibited C12-induced mitochondrial dysfunction and apoptosis. Further, inhibition of mitochondrial
Ca®* uniporter by ruthenium red or Ru360 abrogated C12-induced mitochondrial Ca** uptake, MMP loss, MPTP opening,
mROS production, and PS exposure. These mechanistic insights are expected to provide a better understanding of the role
of C12 in P. aeruginosa pathogenesis.
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Introduction

Pseudomonas aeruginosa, the ubiquitous Gram-negative bac-
terium, is an opportunistic pathogen that infects individuals
with the compromised immune system, patients with burns
and cyst fibrosis (CF) [1, 2]. P. aeruginosa forms biofilm in
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as their respective QS molecule [7]. These AHL molecules
regulate not only the expression of various genes of P. aerugi-
nosa but also interact and modulate the functions of several
mammalian host cells through inter-kingdom signaling [9-16].
Moreover, C12 induces platelet activation [17], neutrophil
chemotaxis [18], and causes the loss of barrier functions in
CaCo-2 cells [19, 20]. C12 has also been reported to induce
apoptosis in mast cells, airway epithelial cells, fibroblasts,
endothelial cells, macrophages, and neutrophils [21-25]. In
this study, we have explored the mechanism of C12-induced
apoptosis in neutrophils. Neutrophils are the key player of the
innate immune system and perform various anti-infectious and
pro-inflammatory functions such as phagocytosis, production
of antimicrobial peptides, proteolytic enzymes, and reactive
intermediate species [26].

Calcium (Ca") is a secondary messenger molecule that
plays a vital role in the regulation of various cellular pro-
cesses such as activation, motility, phagocytosis, cell pro-
liferation, cellular senescence and apoptosis [27, 28]. In the
homeostatic condition, the cytosolic Ca** ([Ca**]c) and the
extracellular Ca>* concentrations are maintained at~ 100 nM
and ~ 1.3 mM, respectively [29]. Endoplasmic reticulum
(ER) is the largest intracellular Ca’* reservoir, where local
Ca** concentration remains up to millimolar level [29]. ER-
associated calcium pump and channels such as sarcoplas-
mic/endoplasmic reticulum calcium-ATPases (SERCAs),
inositol-1,4,5-triphosphate receptor (IP3R) and ryanodine
receptor (RyR) are involved in the regulation of cytosolic
calcium concentration [29]. Mitochondria also contribute
to the maintenance of [Ca’*]c level by Ca>* uptake through
mitochondrial Ca** uniporter (mCU) and voltage-depend-
ent anion channel (VDAC) [30]. C12 causes morphological
alterations in mitochondria and ER and activates the expres-
sion of apoptotic markers in airway epithelial cells [15].
Besides, C12 induces apoptosis in fibroblasts [24, 31] and
endothelial cells [23] through intracellular calcium mobi-
lization. C12 has also been reported to elicit intracellular
calcium rise in neutrophils [18], but the role of ER—mito-
chondria Ca** handling in C12-induced apoptosis has not
been investigated in detail. In the present study, we explored
the role of ER-mitochondria calcium signaling pathways
in C12-induced apoptosis in neutrophils. Our results indi-
cate that [Ca®*]c rise and Ca®* uptake via mitochondrial
calcium uniporter contributes to C12-induced mitochondrial
dysfunction and apoptosis in neutrophils.

Materials and methods
Reagents

Propidium iodide (PI), 1, 2-bis (2-aminophenoxy) ethane-
N,N,N',N'-tetraacetic acid tetrakis acetoxymethyl ester

@ Springer

(BAPTA-AM), ethylene glycol-bis (f-aminoethyl ether)-
N.N,N',N'-tetraacetic acid (EGTA), Ca2+-ionophore A23187,
Thapsigargin (Tg), Carbonyl cyanide m-chlorophenyl hydra-
zone (CCCP), 2-Aminoethoxydiphenyl borate (2-APB),
Phospholipase-C (PLC) inhibitor U73122, Ruthenium red
(RuR), C12 and C4 were purchased from Sigma Aldrich;
3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazo-
lium bromide (MTT), and 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES) were obtained from
Himedia; Xestospongin-C (XeC) from Abcam, Annexin
V-FITC and 5,5',6,6'-tetrachloro-1,1'3,3'-tetra ethyl benzi-
midazol carbocyanine iodide (JC-1) MitoScreen Kit were
procured from BD Biosciences; Calcein acetoxymethyl
ester (calcein-AM), Hoechst 33342, Fluo-4-AM, and Mito-
SOX-Red were purchased from Thermo Fisher Scientific;
4.,4'-Diisothiocyano-2.2'-stilbenedisulfonic acid (DIDS)
were obtained from Cayman; Digitonin and Cyclosporin A
were the products of TCI chemicals, and Ru360 was pur-
chased from Calbiochem. C12 was dissolved in DMSO to
make concentrated stock solutions and stored at — 20 °C.

Neutrophil isolation

Blood samples were collected in EDTA-containing tubes
from healthy volunteers at Pathology Laboratory Health
Center of Motilal Nehru National Institute of Technology
(MNNIT) Allahabad, Prayagraj India. Informed written
consent was obtained from all volunteers that participated
in the study, which was approved by the institutional ethics
committee of MNNIT Allahabad, India (Ref. No. IEC/16-
17/018). Polymorphonuclear neutrophils (PMN) were iso-
lated using Poly-morph Prep (Axis-shield PoC AS, Oslo,
Norway) by centrifugation at 500xg for 40 min at room tem-
perature. The PMN layer was collected carefully and washed
with HEPES Buffer Saline (HBS; HEPES 10 mM, 0.85%
w/v NaCl, pH 7.4) by centrifugation at 400xg for 10 min.
Erythrocytes were removed by incubation with RBC lysis
buffer (HEPES 10 mM, 0.85% w/v NH,CI, 0.1 mM EDTA,
pH 7.4) for 7 min at 37 °C and the cells were washed twice
at 400 x g for 10 min. Finally, cells were re-suspended in
an appropriate culture medium or buffer at a final concen-
tration of 1x 10° cells per ml. Cellular viability was rou-
tinely checked using trypan blue exclusion assay, and it was
obtained in the range of 91-96%.

MTT assay

Neutrophils at a density of 1x 10° cells/ml in RPMI were
seeded into the 96-well plates and treated with C12, C4, and
DMSO separately. Next, cells were incubated at 37 °C for
the indicated time period. After that, MTT (50 pg/well) was
added and further incubated at 37 °C until the appearance of
formazan crystals. The supernatant was removed, and 100 pl
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of MTT solvent was added in each well and mixed prop-
erly; absorbance was recorded at 570 nm using a microplate
reader (Tecan, Sunrise).

Nuclear morphology

Neutrophils were treated with C12 for 3 h, and after incuba-
tion, nuclei were stained using Hoechst 33342 (3 uM) for
10 min and visualized under 40 X objective of Olympus
CKX53 fluorescence microscope.

Annexin V-FITC/PIl assay

Phosphatidylserine (PS) exposure on neutrophils was
detected using Annexin V-FITC/PI-based assay. Briefly,
1 x 10 neutrophils in RPMI were treated with C12 and incu-
bated at 37 °C for 1 h. After incubation, cells were stained
with Annexin V-FITC and PI for 20 min at RT in the appro-
priate buffer. Subsequently, samples were acquired in flow
cytometer BD Accuri C6 (BD Biosciences), and data were
analyzed using FlowJo Software.

Intracellular calcium measurement

Fluo-4-AM, a fluorescent Ca**-sensitive indicator, was used
to measure intracellular calcium level. Neutrophils were
pre-loaded with 5 uM of Fluo-4-AM for 45 min at RT in
modified Hank’s Balanced Salt Solution (HBSS) without
Ca®*. The Fluo-4-AM loaded neutrophils were washed and
re-suspended in the HBSS at a concentration of 1x 10° cells/
ml. Samples were excited at 494 nm, and emission was
recorded at 525 nm in a fluorescence spectrometer (Perkin
Elmer LS-45). After 60 s of basal fluorescence recording,
samples were exposed to DMSO or AHLs. In these experi-
ments, Cremophor EL was used as an emulsifying agent.
Fluorescence (F) was normalized to the basal fluorescence
levels (F), and fluorescence intensity was expressed as F/F,.

Mitochondrial membrane potential measurement

The mitochondrial membrane potential (MMP) of neutro-
phils was assayed using the lipophilic cationic probe JC-1
(Mito Screen Kit) according to the manufacturer’s proto-
col. Briefly, isolated neutrophils were treated with C12 for
30 min and stained with JC-1 for next 30 min at 37 °C; cells
were washed twice and resuspended in HBS. The change in
MMP was measured using flow cytometer BD Accuri C6
(BD Biosciences), and data analyses were performed using
FlowJo software.

Mitochondrial permeability transition pore
formation

The Mitochondrial Permeability Transition Pore (MPTP)
formation was determined by analyzing the mitochondrial
calcein leakage, as previously described [32, 33]. Briefly,
neutrophils were loaded with 1 pM calcein-AM for 30 min
at RT in the presence of 1 mM CaCl,. Further, 1 mM CoCl,
was added in calcein-AM loaded neutrophils. MPTP open-
ing was evaluated after treatment with C12 for 15 min by
measuring mitochondrial calcein quenching. Throughout the
experiment, the calcein fluorescence was recorded by flow
cytometer BD Accuri C6 (BD Biosciences), and data were
analyzed using FlowJo software. The MPTP opening was
indicated by a reduction in mitochondrial calcein fluores-
cence signal.

Measurement of mitochondrial calcium uptake
in permeabilized neutrophils

Mitochondrial calcium uptake study in permeabilized neu-
trophils was performed as described previously [34], with
some modifications. Briefly, neutrophils were loaded with
Fluo-4-AM (5 uM) for 40 min at 37 °C in modified Tyrode’s
buffer. Further, neutrophils were treated with thapsigargin
(2 uM). Neutrophils were permeabilized with 40 pg/ml of
digitonin in intracellular medium (ICM) consisting of (in
mM) 135 KCI, 10 NaCl, 20 HEPES, 5 pyruvate, 2 glutamate,
2 malate, 0.5 KH,PO,, 1 MgCl,, 5 EGTA and 1.86 CaCl,.
The Fluo-4 intensity was continuously monitored using a
fluorescence spectrophotometer (Perkin Elmer LS-45). C12
(100 uM) or DMSO was added to the incubation before
180 s of CaCl, (40 uM) pulsing in absence and presence
of 2 uM Ru360/RuR (added before 60 s of CaCl, addition).
An increase in the fluorescence intensity of Fluo-4 indi-
cates the Ca>* uptake into the mitochondrial matrix. Fluo-4
fluorescence intensities were normalized to the baseline
(F/F, ratio), which was measured after plasma membrane
permeabilization.

Measurement of mitochondrial ROS generation

Neutrophils were loaded with 10 uM of MitoSOX-Red for
40 min at RT and subsequently treated with C12, A23187,
or DMSO for 30 min. The samples were acquired in flow
cytometer BD Accuri C6 (BD Biosciences), and results were
analyzed using FlowJo software.

Statistical analysis
All experimental results were expressed as the mean + S.E.M

of three independent experiments. The data were tested
for statistical significance by Student’s ¢ test and ANOVA
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using GraphPad Prism software and only results at P <0.05
were considered significant. ns =non significant, *P <0.05,
**P<0.01, ***P<0.001.

Results

C12 induces apoptosis in neutrophils

To examine the cytotoxic effect of AHLs; neutrophils were
treated with C12 and C4 separately, and metabolic activity
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Fig.1 CI12 induces cytotoxic effect, apoptotic nuclei formation, and
PS exposure in neutrophils. Cytotoxicity of AHLs was evaluated
by MTT assay. a Treatment of neutrophils with varying concentra-
tions of C12 (1-200 uM) for 3 h, followed by MTT assay. b Treat-
ment of neutrophils with different concentrations of C4 (1-200 uM)
for 3 h, followed by MTT assay. ¢ C12 and C4 (100 uM each) were
applied separately to the neutrophils for the different time periods
ranging from O to 4 h. C12 has shown significant cytotoxic effect
while C4 lacks such activity. d Representative fluorescent micro-
scopic image (Hoechst 33342 stained) of neutrophil nuclear mor-
phology after treatment with C12 and C4 separately (100 uM each).
e Bar graph represents the percentage apoptotic nuclei, from (d),
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PI

was assessed using MTT assay. Neutrophils were treated
with different concentrations of C12 (1-200 uM) for 3 h,
and a loss of viability was observed in a dose-dependent
manner, and this was particularly marked at 100 uM or
above (Fig. 1a). C4 did not induce cytotoxic effect even at
200 uM (Fig. 1b). In comparison to DMSO vehicle control,
C12 (100 uM) caused a gradual decrease in cell viability
in a time-dependent manner and it was marked after 1 h or
above, while C4 (100 uM) was unable to affect cell viability
significantly (Fig. 1c). Nuclear morphology was examined
using Hoechst 33342, a live cell nucleic acid binding dye.
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C12 treatment increased the number of apoptotic nuclei. f Repre-
sentative flow cytometry picture of Annexin-V FITC/PI stained
cells after C12 100 uM treatment. g Bar graph represents the apop-
tosis (% of cells), from (f), compared to DMSO diluent control,
C12 treatment increased the number of annexin-V FITC/PI stained
cells. (Mean+S.E.M; n=3 independent experiments; *P<0.05,
**P<0.01, ***P<0.001). AHLs acyl homoserine lactones, MTT
3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide,
C12 N-(3-oxo-dodecanoyl)-L-homoserine lactone, C4 N-butyryl-L-ho-
moserine lactone, PS phosphatidylserine, FITC fluorescein isothiocy-
anate, PI propidium iodide
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In comparison to DMSO, treatment of neutrophils with C12
(100 uM) caused an increase in the number of apoptotic
nuclei, while no such activity was observed in the sample
treated with C4 (100 uM) (Fig. 1d, e). PS exposure, an
essential marker of the apoptotic cells, was evaluated by
dual staining with annexin V-FITC/PI. It was observed that
in comparison to DMSO, treatment of neutrophils with C12
(100 uM) significantly augmented the PS exposure (Fig. 1f,

g).

C12 causes mitochondrial dysfunction
in neutrophils

Mitochondrial dysfunction, including loss of MMP and the
opening of MPTP, occurs during apoptosis. The effect of

C12 on mitochondrial membrane potential was assessed
using Mito Screen JC-1, a cationic dye that exhibits potential-
dependent aggregation in energized mitochondria. JC-1 exists
as green color monomer at low MMP, while at high MMP
it forms red color J-aggregates. Mitochondrial depolariza-
tion is indicated by a decrease in the red/green fluorescence
intensity ratio. CCCP, an uncoupler of oxidative phospho-
rylation, was used as a positive control for the mitochon-
drial membrane potential destabilization. In comparison to
DMSO, treatment of neutrophils with C12 for 30 min caused
a significant decrease in FL2/FL1 (red/green) ratio at 50 uM
and 100 uM (Fig. 2a, b). Further, to investigate C12-induced
MPTP formation, calcein-AM/cobalt chloride quenching
method was used. It was found that C12 (100 pM) signifi-
cantly induced MPTP formation in neutrophils (Fig. 2c, d).
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Fig.2 CI12 induces MMP loss and MPTP opening. a Representa-
tive image of MMP analyzed by flow cytometry after treatment with
increasing doses of C12, MMP was measured by red/green (FL2/
FL1) fluorescence ratio of JC1. b Bar graph represents the mean
fluorescence of red/green (FL2/FL1) ratio, from (a), C12 causes
MMP loss. ¢ Flow cytometry-based depiction of MPTP opening in
response to C12 100 uM in the absence or presence of CsA, a CyD
inhibitor. d Bar graph represents the mean calcein fluorescence, from

(¢), Cl12-induced CyD-dependent MPTP opening. (Mean+S.E.M;
n=3 independent experiments; *P <0.05, **P<0.01, ***P <0.001).
C12 N-(3-oxo-dodecanoyl)-L-homoserine lactone, MMP mitochon-
drial membrane potential, JC-1 5,5V,6,6V-tetrachloro-1,1V3,3V-tetra
ethyl benzimidazol carbocyanine iodide, CsA cyclosporine A, MPTP
mitochondrial permeability transition pore, CyD cyclophilin D,
CCCP carbonyl cyanide m-chlorophenyl hydrazine, A23187 calcium
ionophore, CoCl, cobalt chloride
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Fig.3 CI12 induces calcium-dependent PS exposure. a Representative
trace of the intracellular Ca* rise in response to the increasing doses
of C12 (1-100 uM), Fluo-4 fluorescence intensities were normalized
to the baseline (F/F, ratio). b Bar graph represents the AUC, from (a),
C12 induces intracellular Ca>* rise. ¢ Representative trace of intracel-
lular calcium rise in the sample treated with C4 (100 uM). DMSO
and A23187 were kept as a vehicle and positive control, respectively.
Fluo-4 fluorescence intensities were normalized to the baseline (F/
F, ratio). d Bar graph represents AUC, from (c), C4-treated cells do
not have a significant change in the intracellular Ca** level. e Flow

A23187 was used as a positive control for MPTP opening.
MPTPs are composed of various components including
cyclophilin D (CypD), an essential constituent for MPTP
response. Pre-incubation of neutrophils for 20 min with 4 pM
cyclosporin A (CsA), an inhibitor of CypD, prevented the
C12-induced MPTP formation (Fig. 2c, d).

Cytosolic Ca?* rise contributes to C12-induced
apoptosis

Calcium, a ubiquitous secondary messenger, participates
in the regulation of various signaling pathways. Calcium
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cytometry-based analysis of C12 (100 uM) induced PS exposure in
the presence or absence of BAPTA-AM. f Bar graph represents the
apoptosis (% of cells), from (e), BAPTA-AM reduced C12-stimu-
lated PS exposure. (Mean+S.E.M; n=3 independent experiments;
*P<0.05, **P<0.01, ***P<0.001). CI2 N-(3-oxo-dodecanoyl)-
L-homoserine lactone, C4 N-butyryl-L-homoserine lactone, BAPTA-
AM 1, 2-bis (2-aminophenoxy) ethane-N,N,N,N'-tetra acetic acid
tetrakis acetoxymethyl ester, AUC area under curve, PS phosphatidyl-
serine, A23187 calcium ionophore, FITC fluorescein isothiocyanate,
PI propidium iodide, Fluo-4 calcium indicator

homeostasis is required for the normal cellular functions,
while its dysregulation is associated with the different forms
of cell death, including apoptosis and necrosis. Cytosolic
Ca”" level was measured using a calcium-sensitive probe
Fluo-4-AM. Neutrophils pre-loaded with Fluo-4-AM were
exposed to different concentrations of C12 (1-100 uM).
C12 at the concentration of 50 uM and above induces a sig-
nificant rise in the intracellular calcium level (Fig. 3a, b).
However, C4 was unable to induce the intracellular Ca*t
mobilization even at a concentration of 100 uM (Fig. 3c,
d). A23187, a Ca*" ionophore, was used as a positive con-
trol. To investigate the possible link between C12-induced
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[Ca®*]c rise and apoptosis; PS exposure was measured in
the presence of BAPTA-AM, a cell-permeant intracellular
Ca”* chelator. Neutrophils were pre-incubated with 5 uM
of BAPTA-AM for 30 min, followed by treatment with
100 uM of C12 and subsequent measurement of PS expo-
sure. BAPTA-AM significantly diminished the C12-induced
PS exposure (Fig. 3e, f).

C12 causes calcium-dependent mitochondrial
dysfunction

To examine the possible role of cytosolic calcium in the
C12-induced mitochondrial dysfunction, MMP alteration
and MPTP formation were measured in the presence of
BAPTA-AM. It was found that BAPTA-AM significantly
prevented the C12-induced MMP loss (Fig. 4a, b) and MPTP
opening (Fig. 4c, d).

Role of phospholipase C-IP3R axis in C12-induced
Ca?* rise and apoptosis

To investigate the possible role of ER store in C12-induced
Ca’* rise, thapsigargin, a non-competitive inhibitor of SER-
CAs was used. Fluo-4 loaded neutrophils were pre-treated
with 2 uM thapsigargin for 10 min in the presence of 1 mM
EGTA, followed by addition of C12. It was observed that
thapsigargin has almost vanished the intracellular calcium
rise caused by C12 (Fig. 5a, b). In non-excitable cells, Ca**
mobilization from ER majorly involves PLC-IP3R axis.
Thus, to investigate the possible contribution of PLC-IP3R
in C12-induced [Ca*]c rise, Fluo-4-AM-loaded neutrophils
were pre-incubated with 5 uM of 2-APB (an IP3R antago-
nist) and 10 uM of U73122 (a PLC inhibitor), separately
for 10 min, followed by the addition of C12. The results
showed that C12-induced intracellular Ca’* elevation was
significantly diminished in the presence of both 2-APB and
U73122 (Fig. 5c, d). To determine whether C12-induced
IP3R activation contributes to PS exposure, cells were
treated with C12 in the presence of IP3R antagonist 2-APB
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Fig.4 Intracellular calcium chelation delayed Cl12-induced mito-
chondrial dysfunction. a Representative trace of CI12 (100 uM)-
stimulated MMP loss in the absence and presence of BAPTA-AM,
MMP was measured by red/green (FL2/FL1) fluorescence ratio of
JC1. b Bar graph represents the mean FL2/FL1 ratio of JC-1 fluo-
rescence, from (a), BAPTA-AM inhibits C12-induced MMP loss. ¢
Representative flow cytometry picture of MPTP opening in response
to C12 100 puM in the absence and presence of BAPTA-AM. d Bar

graph represents the mean calcein fluorescence, from (c), C12
induced MPTP opening was delayed in the presence of BAPTA-
AM. (Mean+S.E.M; n=3 independent experiments; *P<0.05,
**P <0.01). C12 N-(3-oxo-dodecanoyl)-L-homoserine lactone, MMP;
mitochondrial membrane potential, BAPTA-AM 1, 2-bis (2-aminophe-
noxy) ethane-N,N,N,N'-tetra acetic acid tetrakis acetoxymethyl ester,
MPTP mitochondrial permeability transition pore, JC-1 5,5V,6,6V-
tetrachloro-1,1V3,3V-tetra ethyl benzimidazol carbocyanine iodide
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Fig.5 Role of IP3R in Cl2-induced calcium rise and apoptosis. a
Representative trace of C12 100 uM-induced intracellular Ca* rise
in absence and presence of thapsigargin (2 uM), Fluo-4 fluorescence
intensities were normalized to the baseline (F/F ratio). b Bar graph
represents the AUC, from (a), C12-induced Ca’* rise was abolished
in the presence of thapsigargin. ¢ Representative trace of C12 (100
uM) induced intracellular calcium rise in the absence or presence of
U73122 and 2-APB separately, Fluo-4 fluorescence intensities were
normalized to the baseline (F/F, ratio). d Bar graph represents the
AUC, from (c), C12 (100 pM)-induced intracellular calcium rise
was significantly inhibited in the presence of PLC inhibitor U73122,

or Xestospongin-C. Results showed that [P3R inhibition did
not prevent C12-induced PS exposure (Fig. Se, ).

C12 induces mitochondrial calcium uptake via mCU

To study the mitochondrial calcium ([Ca?*]m) uptake,
Fluo-4 fluorescence was recorded in digitonin-permeabilized
neutrophils. Since ER and mitochondria are involved in the
cytosolic calcium accumulation, thapsigargin (2 uM) was
used to inhibit Ca>* uptake by ER. In this condition, mito-
chondria are expected to participate majorly in Ca>* uptake.

@ Springer

and IP3R blocker 2-APB. e Representative flow cytometry pictures
of C12 100 uM-induced Annexin-V FITC/PI binding in presence or
absence of 2-APB or XeC. f Bar graph represents the apoptosis (% of
cells), from (e), 2-APB, or XeC was unable to reduce C12-induced PS
exposure. (Mean+S.E.M; n=3 independent experiments; *P <0.05,
**P<0.01). C12 N-(3-oxo-dodecanoyl)-L-homoserine lactone, AUC
area under curve, /P3R inositol triphosphate receptor, Tg thapsigar-
gin, PLC phospholipase C, 2-APB 2-aminoethoxydiphenyl borate,
U73122 phospholipase-C inhibitor, XeC Xestospongin-C, Fluo-4-AM
calcium indicator, PS phosphatidylserine, FITC fluorescein isothiocy-
anate, P/ propidium iodide

Calcium pulsing (40 uM CacCl,) to the Fluo-4 loaded,
digitonin (30 uM) permeabilized cells yielded a transient
increase in the Fluo-4 intensity reflecting the [Ca**]m uptake
signal (Fig. 6a). The results showed that [Ca®"Jm uptake in
the presence of C12 was relatively higher than the DMSO
control (Fig. 6a). mCU majorly participates in mitochon-
drial calcium uptake. To test the possible role of mCU in
C12-induced [Ca’*]m uptake, mCU inhibitors Ru360/RuR
(2 1M) were used. As shown in Fig. 6b, Ru360/RuR reduces
the C12-induced mitochondrial calcium uptake (Fig. 6b).



Medical Microbiology and Immunology (2019) 208:855-868

863

2+
a ;- G b s e
C12 or DMSO
l l l l l C120r DMSO l l L l — C12100uM
— C12100 uM — DMSO
2 — Dmso 24 Ru360/
° RuR
g w l
o ™
1 14
c T T T 1 c T T T 1
0 200 400 600 800 0 200 400 600 800
Time (sec) Time (sec)
d ok
C A S 100000 *
= ~— DMSO < o
= C12100 pM > 80000 E
200 7 ~ Ru360/RuR + C12 100 pM < 2 .
e
€ A23187 o & 600004 o
3 w < 3 4]
o 50 4 Lo -
o £ S 40000 e
3 S
100 g 20000 ; .
o0 2 == :
A N Y
@ N 3 S
. , SN & q}@ &
10 107 o c,"q'
> x
MitoSox fluorescence q.\g.
&
Q.&’

Fig.6 CI12 facilitates mCU-dependent calcium uptake and mROS
generation. a Effect of C12 on Ca?*-induced mitochondrial Ca?*
uptake in digitonin-permeabilized cells. C12 (100 uM) or DMSO,
were added 180 s before Ca®* pulsing to the permeabilized cells. C12
facilitates Ca®* loading to mitochondria, Fluo-4 fluorescence intensi-
ties were normalized to the baseline (F/F, ratio). b Effect of C12 on
mitochondrial Ca®* uptake in the presence of 2 uM of Ru360/RuR
which was added 60 s before Ca’* addition. Ru360/RuR reduced
mitochondrial Ca®* uptake ¢ Representative picture analyzed by
flow cytometry for C12-induced mROS generation using MitoSox-

C12 causes mitochondrial ROS generation
in an mCU-dependent manner

C12-induced mitochondrial ROS (mROS) generation was
assessed using MitoSOX-Red, a mitochondria-specific
ROS-sensitive probe. MitoSOX-Red permeates live cells
and selectively targets mitochondria; it is oxidized by
superoxides and produces red fluorescence. In this experi-
ment, A23187 and DMSO were used as positive and vehi-
cle control, respectively. We found that in comparison to
DMSO, C12 significantly induced mitochondrial ROS gen-
eration (Fig. 6¢c, d). Further, to investigate the possible
role of mCU in C12-induced mitochondrial ROS genera-
tion, MitoSOX-Red loaded neutrophils were pre-incubated
with 30 uM of Ru360/RuR for 20 min and subsequently
treated with C12. It was observed that mCU inhibition

Red in the absence and presence of Ru360/RuR. A23187 used as a
positive control. d Bar graph represents the mean fluorescence inten-
sity of MitoSox-Red, from (c), C12-induced mROS generation was
decreased in the presence of Ru360/RuR. (Mean+S.E.M; n=3 inde-
pendent experiments; *P<0.05, **P<0.01). mCU mitochondrial
calcium uniporter, mROS mitochondrial reactive oxygen species,
C12 N-(3-oxo-dodecanoyl)-L-homoserine lactone, RuR ruthenium
red, Ru360 mCU inhibitor, A23187 calcium ionophore, MitoSox-Red
mitochondria-specific superoxide indicator

significantly prevented C12-induced mitochondrial ROS
generation (Fig. 6c, d).

mCU inhibition abrogates C12-induced
mitochondrial dysfunction and apoptosis

Calcium overload in mitochondria may result in the loss of
mitochondrial membrane potential, opening of mitochon-
drial permeability transition pores, and apoptosis induction.
Further, to investigate the role of mCU in mitochondrial
dysfunction and apoptosis, C12-induced MMP loss, MPTP
opening, and PS exposure were examined in the presence of
Ru360/RuR (30 uM). Results showed that mCU inhibition
significantly reduced the C12-induced MMP loss (Fig. 7a,
b), MPTP opening (Fig. 7c, d), and PS exposure (Fig. 7e, f).
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Fig.7 mCU inhibition abrogates C12-induced mitochondrial dys-
function and PS exposure. a Representative trace of C12 (100 uM)-
stimulated MMP loss in absence or presence of RuR/Ru360, MMP
was measured by red/green (FL2/FL1) fluorescence ratio of JC1. b
Bar graph represents the mean FL2/FL1 ratio of JC-1 fluorescence,
from (a), Cl12-induced MMP loss was delayed in the presence of
RuR/Ru360. ¢ Representative flow cytometry image of MPTP open-
ing in response to C12 100 uM, in the absence or presence of RuR/
Ru360. d Bar graph represents the mean calcein fluorescence, from
(¢), Cl2-induced MPTP opening was delayed in the presence of
RuR/Ru360. e Representative flow cytometry pictures of Annexin-

Discussion

P. aeruginosa is an important pulmonary pathogen, and it
is a leading cause of morbidity and mortality in CF patients
[2]. The interaction between P. aeruginosa and host cells not
only relies on cell-to-cell contact but also occurs through
bacterial secreted products such as QS molecules [35]. P.
aeruginosa-associated QS molecule (C12) has previously
been reported to cause apoptosis in several different eukary-
otic cells [21-25]. The present study enhances our under-
standing of the mechanism linking C12-induced Ca* sign-
aling and apoptosis in neutrophils. In this study, we found
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V FITC/PI binding induced by C12 100 uM in the absence or pres-
ence of RuR/Ru360. f Bar graph represents the apoptosis (% of
cells), from (e), RuR/Ru360 treatment has significantly reduced the
C12-induced PS exposure. (Mean +S.E.M; n=3 independent experi-
ments; *P<0.05, **P<0.01, ***P<0.001). RuR ruthenium red,
Ru360 mCU inhibitor, C12 N-(3-oxo-dodecanoyl)-L-homoserine lac-
tone, MMP mitochondrial membrane potential, MPTP mitochondrial
permeability transition pore, PS phosphatidylserine, JC-1 5,5V,6,6V-
tetrachloro-1,1V3,3V-tetra ethyl benzimidazol carbocyanine iodide,
FITC fluorescein isothiocyanate, PI propidium iodide

that out of the two major AHL molecules, C12 (100 uM)
treatment caused cytotoxicity and induces apoptotic nuclei
formation in neutrophils, while C4 was ineffective in these
experiments. Differential effect of C12 and C4 has previ-
ously been reported in the microbial cells [36, 37] and also
in the host cells [17, 25]. These results can be attributed to
differences in the length and composition of their acyl chain.
Further, we found that C12 (100 uM) caused an increase in
intracellular Ca®* level, MMP loss, MPTP opening, and PS
exposure. Altogether, these results suggest that C12 induces
mitochondrial dysfunction and apoptosis in human neutro-
phils. In addition to C12, other soluble factors like T3SS
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Apoptosis

Fig.8 Proposed mechanism for Cl2-induced, calcium-mediated
mitochondrial dysfunction, and apoptosis in host cells. P. aeruginosa
produces C12 that interacts with the host cells. C12 causes mitochon-
drial dysfunction and apoptosis in neutrophils through a rise in cyto-
solic and mitochondrial calcium levels. Mitochondrial calcium uni-
porter participates in the C12-induced mitochondrial calcium uptake,
mitochondrial ROS generation, MMP loss, MPTP opening, and PS

[38] and pyocyanin [39, 40] of P. aeruginosa have been
reported to induce apoptosis in neutrophils. Thus, in the case
of P. aeruginosa infection, along with these soluble factors,
C12 may cause a positive synergistic effect on neutrophils.

The concentration of C12 and C4 in P. aeruginosa-
infected CF patients has been reported in the range of
1-21 nM and 1-5 nM, respectively [41, 42]. Addition-
ally, the concentration of C12 was reported in the range of
1-2 pM in a murine model of P. aeruginosa lung infec-
tion [43]. However, lower concentrations of AHL could be
explained as a consequence of AHL degradation, dilution of
sputum sample, reduced efficiency of autoinducer extraction
and choice of methods for the quantification of QS mol-
ecules [42]. Besides, the in vitro concentration of C12 in the
planktonic culture of P. aeruginosa was reported in the range
of 1-10 pM [44, 45]. Furthermore, a higher concentration of
C12 in P. aeruginosa biofilm has been reported and it can
reach up to 300-600 pM [22, 45—-47]. These studies suggest
that host cells may get exposure to a higher level of AHL
molecules, especially in the near vicinity of P. aeruginosa
biofilms. AHLs have a half-life in hours under alkaline pH at
temperatures > 20 °C, while in acidic conditions, it increases

exposure. CI2 N-(3-oxo-dodecanoyl)-L-homoserine lactone, mCU
mitochondrial calcium uniporter, MMP mitochondrial membrane
potential, MPTP mitochondrial permeability transition pore, PS phos-
phatidylserine, ROS reactive oxygen species, PLC phospholipase-C,
PIP2 phosphatidylinositol 4, 5-bisphosphate, IP3 inositol-1,4,5-
triphosphate, ER endoplasmic reticulum, DAG diacylglycerol, IP3R
inositol-1,4,5-triphosphate receptor

up to days at 4 °C [45]. In many studies, mammalian paraox-
onase (PON) enzymes, including PON1, PON2, and PON3,
have been reported to possess AHL-degrading activities [45,
48, 49]. However, it has been demonstrated that PON-medi-
ated degradation of C12 is responsible for its apoptotic effect
in the host cells [31, 50]. In addition to apoptosis, C12 has
also been reported to induce pro-inflammatory responses,
for example, production of IL-8, cyclooxygenase-2, and
prostaglandin E2 synthase in human lung fibroblasts and
epithelial cells [12, 51, 52]. In this regard, Shiner et al., have
reported that C12 activates at least two independent signal
transduction pathways, including the stimulation of intracel-
lular calcium-mediated apoptosis and calcium-independent
modulation of the inflammatory responses [24]. Intracellular
calcium mobilization is involved in the regulation of various
types of cell death pathways, like apoptosis [53]. Increased
cytosolic Ca®* level has been linked with dysregulated mito-
chondrial homeostasis leading to cell death [54]. We found
that intracellular Ca>* chelation using BAPTA-AM abro-
gated C12-induced MMP loss, MPTP opening, and PS expo-
sure. These findings suggest that intracellular calcium plays
an essential role in C12-induced mitochondrial dysfunction
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and apoptosis. Various intracellular organelles act as calcium
stores, and ER is being considered as a major intracellular
calcium reservoir [29, 55]. To investigate the possible role
of ER, C12-induced intracellular Ca>* was measured in the
presence of thapsigargin (a SERCA inhibitor). We found
that inhibition of SERCA by thapsigargin prevented C12-
induced Ca®* rise, suggesting that ER significantly contrib-
utes to C12-induced elevation in cytosolic Ca>* level. ER
is an inositol triphosphate (IP3)-sensitive Ca>* store, and
activation of PLC leads to the hydrolysis of phosphatidylin-
ositol 4, 5-bisphosphate (PIP2) to IP3 and diacylglycerol
(DAG). IP3 binds with ER surface receptor IP3R and facili-
tates Ca”* release [56]. Further, we found that IP3R blocker,
2-APB, and PLC inhibitor, U73211, significantly prevented
the cytosolic Ca* rise, suggesting the involvement of PLC-
IP3R axis in C12-induced calcium rise. It has been demon-
strated that IP3R-mediated calcium release is involved in
the process of apoptosis [53]. On the contrary, we observed
that the inhibition of IP3R by 2-APB could not prevent the
C12-induced PS exposure. 2-APB has been considered as a
non-specific inhibitor of IP3R [57], and it may affect other
cellular pathways which are involved in the regulation of PS
exposure. Further, to confirm the involvement of IP3R in
C12- induced PS exposure, we used another IP3R antagonist
Xestospongin-C. We found that similar to 2-APB, XeC was
unable to prevent C12-induced PS exposure. These results
are consistent with the previous study in which intracellular
calcium-mediated apoptosis has been shown to progress in
IP3R-independent manner [58]. Together, these data suggest
that C12-induced calcium-mediated apoptosis is independ-
ent of IP3R activation.

Mitochondria act as a Ca>* buffering organelle to regulate
cytosolic calcium level [30]. An elevated level of cytosolic
Ca”" may lead to mitochondrial Ca*" overload and subse-
quent disruption of mitochondrial homeostasis resulting in
mitochondrial dysfunctions and cell death [30, 54]. Under
cell stress conditions, the two major Ca** channels mCU and
VDAC regulate the mitochondrial Ca** uptake [59, 60]. Fur-
ther, the involvement of mCU and VDAC in C12-induced
apoptosis was investigated. We found that C12 facilitated
calcium-induced Ca** uptake in the mitochondria of per-
meabilized neutrophils. Inhibition of mCU by RuR/Ru360
prevented mitochondrial Ca>* uptake, indicating that mCU
majorly contributes to the C12-induced mitochondrial Ca>*
overload. Moreover, mitochondrial Ca>* uptake plays a deci-
sive role in the MMP alteration [30] and MPTP modulation
[61]. Next, we examined the role of mCU in C12-induced
MPTP opening and MMP loss. Our result showed that inhi-
bition of mCU delayed the MPTP opening and MMP loss,
suggesting that mCU is involved in C12-induced mitochon-
drial dysfunction. Calcium overload leads to mitochondrial
ROS generation [62], resulting in mitochondrial damage
and cell death [63]. Next, we evaluated the impact of C12
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on mROS generation, and it was found that C12 signifi-
cantly triggers the mROS formation. Further, mCU inhi-
bition diminished mROS production, suggesting that mCU
contributes to C12-induced mROS generation. Besides, PS
exposure was also diminished in the presence of Ru360/
RuR. In addition, inhibition of VDAC by DIDS (10 uM) did
not affect PS exposure (Fig S1a, b). Altogether, these results
show that mCU contributes significantly to C12-induced
mitochondrial dysfunction and apoptosis.

In conclusion, this study shows that C12 causes apop-
totic cell death in human neutrophils by increasing the lev-
els of cytosolic and mitochondrial calcium, loss of MMP,
generation of mROS, and opening of MPTP. Furthermore,
C12-induced mitochondrial dysfunction and apoptosis occur
at least partially through mCU-mediated calcium overload
in the mitochondria. The findings of this study are sum-
marised in Fig. 8. In addition to mCU and VDAC, various
other mitochondrial calcium regulatory channels, including
mitochondrial ryanodine receptor (mRyR) and mitochon-
drial Na*/Ca* exchanger (mNCX) contribute to the [Ca*]
m overload [64]. Therefore, further studies are required
to investigate the possible role of these channels in C12-
induced mitochondrial dysfunction and apoptosis in neutro-
phils. Further, in vivo studies are needed to validate these
results and to identify mCU as a potential therapeutic target
to combat P. aeruginosa infections.

Acknowledgements This research work was supported by the Grant
from the Department of Biotechnology (DBT) Ministry of Science and
Technology (BT/PR6175/GBD/27/367/2012); Science and Engineering
Research Board (SERB) (EMR/2014/000496) Government of India.
The authors gratefully acknowledge the University Grant Commission
(UGC), and the Ministry of Human Resource Development (MHRD)
for enabling fellowship. Authors are thankful to the Centre for Interdis-
ciplinary Research (CIR), MNNIT Allahabad for providing the facility
of the fluorescence spectrophotometer. Authors are also thankful to the
Central Instrumentation Facility (CIF), Department of Biotechnology
MNNIT Allahabad for providing the flow cytometry facility.

Author contributions PKS, VKY, and VA conceived and designed the
experiments; PKS, VKY, and MK performed the experiments; PKS,
VKY, VA, DP, and DS analyzed the data; VA provided comments and
technical support; PKS, VKY, MK and VA wrote the paper.

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

References

1. Lyczak JB, Cannon CL, Pier GB (2000) Establishment of Pseu-
domonas aeruginosa infection: lessons from a versatile opportun-
ist. Microbes Infect 2:1051-1060. https://doi.org/10.1016/S1286
-4579(00)01259-4

2. Winstanley C, O’Brien S, Brockhurst MA (2016) Pseudomonas
aeruginosa evolutionary adaptation and diversification in cystic


https://doi.org/10.1016/S1286-4579(00)01259-4
https://doi.org/10.1016/S1286-4579(00)01259-4

Medical Microbiology and Immunology (2019) 208:855-868

867

10.

11.

12.

14.

15.

16.

17.

18.

fibrosis chronic lung infections. Trends Microbiol 24:327-337.
https://doi.org/10.1016/.tim.2016.01.008

Hoiby N, Flensborg EW, Beck B et al (1977) Pseudomonas aer-
uginosa infection in cystic fibrosis. Diagnostic and prognostic
significance of Pseudomonas aeruginosa precipitins determined
by means of crossed immunoelectrophoresis. Scand J Respir Dis
58:65-79

Richards MJ, Edwards JR, Culver DH, Gaynes RP (1999) Nosoco-
mial infections in medical intensive care units in the United States.
National Nosocomial Infections Surveillance System. Crit Care
Med 27:887-892

Winstanley C, Fothergill JL (2009) The role of quorum sens-
ing in chronic cystic fibrosis Pseudomonas aeruginosa infec-
tions. FEMS Microbiol Lett 290:1-9. https://doi.org/10.111
1/j.1574-6968.2008.01394.x

Miller MB, Bassler BL (2001) Quorum sensing in bacteria. Annu
Rev Microbiol 55:165-199. https://doi.org/10.1146/annurev.micro
.55.1.165

Pesci EC, Pearson JP, Seed PC, Iglewski BH (1997) Regulation of
las and rhl quorum sensing in Pseudomonas aeruginosa. J Bacte-
riol 179:3127-3132. https://doi.org/10.1128/jb.179.10.3127-3132
Lee J, Zhang L (2015) The hierarchy quorum sensing network
in Pseudomonas aeruginosa. Protein Cell 6:26—41. https://doi.
org/10.1007/513238-014-0100-x

Williams SC, Patterson EK, Carty NL et al (2004) Pseudomonas
aeruginosa autoinducer enters and functions in mammalian
cells. J Bacteriol 186:2281-2287. https://doi.org/10.1128/
JB.186.8.2281-2287.2004

Pacheco AR, Sperandio V (2009) Inter-kingdom signaling: chem-
ical language between bacteria and host. Curr Opin Microbiol
12:192-198. https://doi.org/10.1016/j.mib.2009.01.006

Davis BM, Jensen R, Williams P, O’Shea P (2010) The interac-
tion of N-Acylhomoserine lactone quorum sensing signaling mol-
ecules with biological membranes: implications for inter-kingdom
signaling. PLoS ONE 5:e13522. https://doi.org/10.1371/journ
al.pone.0013522

Smith RS, Fedyk ER, Springer TA et al (2001) IL-8 production
in human lung fibroblasts and epithelial cells activated by the
Pseudomonas autoinducer N-3-oxododecanoyl homoserine lac-
tone is transcriptionally regulated by NF- B and activator pro-
tein-2. J Immunol 167:366-374. https://doi.org/10.4049/jimmu
nol.167.1.366

. Jahoor A, Patel R, Bryan A et al (2008) Peroxisome proliferator-

activated receptors mediate host cell proinflammatory responses
to Pseudomonas aeruginosa autoinducer. J Bacteriol 190:4408—
4415. https://doi.org/10.1128/JB.01444-07

Kravchenko VV, Kaufmann GF, Mathison JC et al (2008) Modula-
tion of gene expression via disruption of NF-kappab signaling by
a bacterial small molecule. Science 80(321):259-263. https://doi.
org/10.1126/science.1156499

Kravchenko VV, Kaufmann GF, Mathison JC et al (2006) N
-(3-Oxo-acyl)homoserine lactones signal cell activation through
a mechanism distinct from the canonical pathogen-associated
molecular pattern recognition receptor pathways. J Biol Chem
281:28822-28830. https://doi.org/10.1074/jbc.M606613200
Hooi DSW, Bycroft BW, Chhabra SR et al (2004) differential
immune modulatory activity of Pseudomonas aeruginosa quo-
rum-sensing signal molecules. Infect Immun 72:6463-6470. https
://doi.org/10.1128/1A1.72.11.6463-6470.2004

Yadav VK, Singh PK, Kalia M et al (2018) Pseudomonas aerugi-
nosa quorum sensing molecule N-3-oxo-dodecanoyl-1-homoserine
lactone activates human platelets through intracellular calcium-
mediated ROS generation. Int ] Med Microbiol 308:858-864.
https://doi.org/10.1016/j.ijmm.2018.07.009

Karlsson T, Musse F, Magnusson K-E, Vikstrom E (2012) N
-Acylhomoserine lactones are potent neutrophil chemoattractants

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

that act via calcium mobilization and actin remodeling. J Leukoc
Biol 91:15-26. https://doi.org/10.1189/j1b.0111034

. Vikstrom E, Tafazoli F, Magnusson K-E (2006) Pseudomonas

aeruginosa quorum sensing molecule N -(3 oxododecanoyl)- 1
-homoserine lactone disrupts epithelial barrier integrity of Caco-2
cells. FEBS Lett 580:6921-6928. https://doi.org/10.1016/j.febsl
et.2006.11.057

Vikstrom E, Bui L, Konradsson P, Magnusson K-E (2010) Role
of calcium signalling and phosphorylations in disruption of the
epithelial junctions by Pseudomonas aeruginosa quorum sensing
molecule. Eur J Cell Biol 89:584-597. https://doi.org/10.1016/j.
¢jcb.2010.03.002

Li H, Wang L, Ye L et al (2009) Influence of Pseudomonas aer-
uginosa quorum sensing signal molecule N-(3-oxododecanoyl)
homoserine lactone on mast cells. Med Microbiol Immunol
198:113-121. https://doi.org/10.1007/s00430-009-0111-z
Schwarzer C, Fu Z, Patanwala M et al (2012) Pseudomonas aer-
uginosa biofilm-associated homoserine lactone C12 rapidly acti-
vates apoptosis in airway epithelia. Cell Microbiol 14:698-709.
https://doi.org/10.1111/j.1462-5822.2012.01753.x

Schwarzer C, Ravishankar B, Patanwala M et al (2014) Thapsigar-
gin blocks Pseudomonas aeruginosa homoserine lactone-induced
apoptosis in airway epithelia. Am J Physiol Physiol 306:C844—
C855. https://doi.org/10.1152/ajpcell.00002.2014

Shiner EK, Terentyev D, Bryan A et al (2006) Pseudomonas
aeruginosa autoinducer modulates host cell responses through
calcium signalling. Cell Microbiol 8:1601-1610. https://doi.org/
10.1111/j.1462-5822.2006.00734.x

Tateda K, Ishii Y, Horikawa M et al (2003) The Pseudomonas
aeruginosa autoinducer N-3-oxododecanoyl homoserine lactone
accelerates apoptosis in macrophages and neutrophils. Infect
Immun 71:5785-5793

Witko-Sarsat V, Pederzoli-Ribeil M, Hirsh E et al (2011) Regu-
lating neutrophil apoptosis: new players enter the game. Trends
Immunol 32:117-124. https://doi.org/10.1016/.it.2011.01.001
Martin N, Bernard D (2018) Calcium signaling and cellular
senescence. Cell Calcium 70:16-23. https://doi.org/10.1016/j.
ceca.2017.04.001

Cao A, Li Q, Yin P et al (2013) Curcumin induces apoptosis in
human gastric carcinoma AGS cells and colon carcinoma HT-29
cells through mitochondrial dysfunction and endoplasmic reticu-
lum stress. Apoptosis 18:1391-1402. https://doi.org/10.1007/
$10495-013-0871-1

Orrenius S, Zhivotovsky B, Nicotera P (2003) Regulation of cell
death: the calcium—apoptosis link. Nat Rev Mol Cell Biol 4:552—
565. https://doi.org/10.1038/nrm1150

Hajnéczky G, Csordas G, Das S et al (2006) Mitochondrial cal-
cium signalling and cell death: approaches for assessing the role
of mitochondrial Ca2 + uptake in apoptosis. Cell Calcium 40:553—
560. https://doi.org/10.1016/j.ceca.2006.08.016

Schwarzer C, Fu Z, Morita T et al (2015) Paraoxonase 2 serves
a proapopotic function in mouse and human cells in response
to the Pseudomonas aeruginosa quorum-sensing molecule N
-(3-Oxododecanoyl)-homoserine lactone. J Biol Chem 290:7247—
7258. https://doi.org/10.1074/jbc.M114.620039

Shahzad T, Kasseckert SA, Iraqi W et al (2013) Mechanisms
involved in postconditioning protection of cardiomyocytes against
acute reperfusion injury. J Mol Cell Cardiol 58:209-216. https://
doi.org/10.1016/j.yjmcec.2013.01.003

Zhao Z, Gordan R, Wen H et al (2013) Modulation of intracel-
lular calcium waves and triggered activities by mitochondrial Ca
flux in mouse cardiomyocytes. PLoS ONE 8:e80574. https://doi.
org/10.1371/journal.pone.0080574

Sedova M, Blatter LA (2000) Intracellular sodium modulates
mitochondrial calcium signaling in vascular endothelial cells. J

@ Springer


https://doi.org/10.1016/j.tim.2016.01.008
https://doi.org/10.1111/j.1574-6968.2008.01394.x
https://doi.org/10.1111/j.1574-6968.2008.01394.x
https://doi.org/10.1146/annurev.micro.55.1.165
https://doi.org/10.1146/annurev.micro.55.1.165
https://doi.org/10.1128/jb.179.10.3127-3132
https://doi.org/10.1007/s13238-014-0100-x
https://doi.org/10.1007/s13238-014-0100-x
https://doi.org/10.1128/JB.186.8.2281-2287.2004
https://doi.org/10.1128/JB.186.8.2281-2287.2004
https://doi.org/10.1016/j.mib.2009.01.006
https://doi.org/10.1371/journal.pone.0013522
https://doi.org/10.1371/journal.pone.0013522
https://doi.org/10.4049/jimmunol.167.1.366
https://doi.org/10.4049/jimmunol.167.1.366
https://doi.org/10.1128/JB.01444-07
https://doi.org/10.1126/science.1156499
https://doi.org/10.1126/science.1156499
https://doi.org/10.1074/jbc.M606613200
https://doi.org/10.1128/IAI.72.11.6463-6470.2004
https://doi.org/10.1128/IAI.72.11.6463-6470.2004
https://doi.org/10.1016/j.ijmm.2018.07.009
https://doi.org/10.1189/jlb.0111034
https://doi.org/10.1016/j.febslet.2006.11.057
https://doi.org/10.1016/j.febslet.2006.11.057
https://doi.org/10.1016/j.ejcb.2010.03.002
https://doi.org/10.1016/j.ejcb.2010.03.002
https://doi.org/10.1007/s00430-009-0111-z
https://doi.org/10.1111/j.1462-5822.2012.01753.x
https://doi.org/10.1152/ajpcell.00002.2014
https://doi.org/10.1111/j.1462-5822.2006.00734.x
https://doi.org/10.1111/j.1462-5822.2006.00734.x
https://doi.org/10.1016/j.it.2011.01.001
https://doi.org/10.1016/j.ceca.2017.04.001
https://doi.org/10.1016/j.ceca.2017.04.001
https://doi.org/10.1007/s10495-013-0871-1
https://doi.org/10.1007/s10495-013-0871-1
https://doi.org/10.1038/nrm1150
https://doi.org/10.1016/j.ceca.2006.08.016
https://doi.org/10.1074/jbc.M114.620039
https://doi.org/10.1016/j.yjmcc.2013.01.003
https://doi.org/10.1016/j.yjmcc.2013.01.003
https://doi.org/10.1371/journal.pone.0080574
https://doi.org/10.1371/journal.pone.0080574

868

Medical Microbiology and Immunology (2019) 208:855-868

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Biol Chem 275:35402-35407. https://doi.org/10.1074/jbc.M0O060
58200

Williams P, Camara M (2009) Quorum sensing and environmental
adaptation in Pseudomonas aeruginosa: a tale of regulatory net-
works and multifunctional signal molecules. Curr Opin Microbiol
12:182-191. https://doi.org/10.1016/j.mib.2009.01.005

Singh PK, Yadav VK, Kalia M et al (2017) Pseudomonas aerugi-
nosa auto inducer 3-oxo-C 12 -HSL exerts bacteriostatic effect
and inhibits Staphylococcus epidermidis biofilm. Microb Pathog
110:612-619. https://doi.org/10.1016/j.micpath.2017.08.009
Qazi S, Middleton B, Muharram SH et al (2006) N-acylhomoser-
ine lactones antagonize virulence gene expression and quorum
sensing in Staphylococcus aureus. Infect Immun 74:910-919.
https://doi.org/10.1128/1A1.74.2.910-919.2006

Sun Y, Karmakar M, Taylor PR et al (2012) ExoS and Exol' ADP
ribosyltransferase activities mediate Pseudomonas aeruginosa
keratitis by promoting neutrophil apoptosis and bacterial sur-
vival. J Immunol 188:1884-1895. https://doi.org/10.4049/jimmu
nol.1102148

Usher LR, Lawson RA, Geary I et al (2002) Induction of neu-
trophil apoptosis by the Pseudomonas aeruginosa exotoxin pyo-
cyanin: a potential mechanism of persistent infection. J Immunol
168:1861-1868. https://doi.org/10.4049/jimmunol.168.4.1861
Allen L, Dockrell DH, Pattery T et al (2005) Pyocyanin produc-
tion by Pseudomonas aeruginosa induces neutrophil apoptosis
and impairs neutrophil-mediated host defenses in vivo. J Immunol
174:3643-3649. https://doi.org/10.4049/jimmunol.174.6.3643
Singh PK, Schaefer AL, Parsek MR et al (2000) Quorum-sensing
signals indicate that cystic fibrosis lungs are infected with bacte-
rial biofilms. Nature 407:762-764. https://doi.org/10.1038/35037
627

Erickson DL (2002) Pseudomonas aeruginosa quorum-sensing
systems may control virulence factor expression in the lungs of
patients with cystic fibrosis. Infect Immun 70:1783-1790. https
://doi.org/10.1128/IA1.70.4.1783-1790.2002

Miyairi S (2006) Immunization with 3-oxododecanoyl-L-
homoserine lactone-protein conjugate protects mice from lethal
Pseudomonas aeruginosa lung infection. ] Med Microbiol
55:1381-1387. https://doi.org/10.1099/jmm.0.46658-0

Pearson JP, Gray KM, Passador L et al (1994) Structure of the
autoinducer required for expression of Pseudomonas aeruginosa
virulence genes. Proc Natl Acad Sci 91:197-201. https://doi.
org/10.1073/pnas.91.1.197

Teplitski M, Mathesius U, Rumbaugh KP (2011) Perception and
degradation of N-Acyl homoserine lactone quorum sensing sig-
nals by mammalian and plant cells. Chem Rev 111:100-116. https
://doi.org/10.1021/cr100045m

Charlton TS, de Nys R, Netting A et al (2000) A novel and sensi-
tive method for the quantification of N -3-oxoacyl homoserine
lactones using gas chromatography-mass spectrometry: applica-
tion to a model bacterial biofilm. Environ Microbiol 2:530-541.
https://doi.org/10.1046/j.1462-2920.2000.00136.x

Chambers CE, Visser MB, Schwab U, Sokol PA (2005) Identifica-
tion of N -acylhomoserine lactones in mucopurulent respiratory
secretions from cystic fibrosis patients. FEMS Microbiol Lett
244:297-304. https://doi.org/10.1016/j.femsle.2005.01.055
Teiber JF, Horke S, Haines DC et al (2008) Dominant role of
paraoxonases in inactivation of the Pseudomonas aeruginosa quo-
rum-sensing signal N-(3-Oxododecanoyl)-L-homoserine lactone.
Infect Immun 76:2512-2519. https://doi.org/10.1128/IA1.01606
-07

Yang F, Wang L-H, Wang J et al (2005) Quorum quenching
enzyme activity is widely conserved in the sera of mammalian
species. FEBS Lett 579:3713-3717. https://doi.org/10.1016/j.febsl
¢t.2005.05.060

@ Springer

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Tao S, Luo Y, He Bin et al (2016) Paraoxonase 2 modulates a
proapoptotic function in LS174T cells in response to quorum
sensing molecule N-(3-oxododecanoyl)-L-homoserine lactone.
Sci Rep 6:28778. https://doi.org/10.1038/srep28778

Smith RS, Kelly R, Iglewski BH, Phipps RP (2002) The Pseu-
domonas autoinducer N-(3-Oxododecanoyl) homoserine lactone
induces cyclooxygenase-2 and prostaglandin E2 production in
human lung fibroblasts: implications for inflammation. J Immunol
169:2636-2642. https://doi.org/10.4049/jimmunol.169.5.2636
Smith RS, Harris SG, Phipps R, Iglewski B (2002) The Pseu-
domonas aeruginosa quorum-sensing molecule N-(3-Oxodode-
canoyl)homoserine lactone contributes to virulence and induces
inflammation in vivo. J Bacteriol 184:1132-1139. https://doi.
org/10.1128/jb.184.4.1132-1139.2002

La Rovere RML, Roest G, Bultynck G, Parys JB (2016) Intracel-
lular Ca(2 +) signaling and Ca(2+) microdomains in the control
of cell survival, apoptosis and autophagy. Cell Calcium 60:74-87.
https://doi.org/10.1016/j.ceca.2016.04.005

Lee M-J, Kee K-H, Suh C-H et al (2009) Capsaicin-induced
apoptosis is regulated by endoplasmic reticulum stress- and
calpain-mediated mitochondrial cell death pathways. Toxicology
264:205-214. https://doi.org/10.1016/j.t0x.2009.08.012

Bagur R, Hajndczky G (2017) Intracellular Ca 2 + sensing: its role
in calcium homeostasis and signaling. Mol Cell 66:780-788. https
://doi.org/10.1016/j.molcel.2017.05.028

Krebs J, Agellon LB, Michalak M (2015) Ca2 + homeostasis and
endoplasmic reticulum (ER) stress: an integrated view of calcium
signaling. Biochem Biophys Res Commun 460:114—121. https://
doi.org/10.1016/j.bbrc.2015.02.004

Bootman MD, Collins TJ, Mackenzie L et al (2002) 2-aminoeth-
oxydiphenyl borate (2-APB) is a reliable blocker of store-oper-
ated Ca2 + entry but an inconsistent inhibitor of InsP3-induced
Ca2 +release. FASEB J 16:1145-1150. https://doi.org/10.1096/
£j.02-0037rev

Yuan Z, Cao A, Liu H et al (2017) Calcium uptake via mitochon-
drial uniporter contributes to palmitic acid-induced apoptosis in
mouse podocytes. J Cell Biochem 118:2809-2818. https://doi.
0rg/10.1002/jcb.25930

Rapizzi E, Pinton P, Szabadkai G et al (2002) Recombinant
expression of the voltage-dependent anion channel enhances
the transfer of Ca 2 4+ microdomains to mitochondria. J Cell Biol
159:613-624. https://doi.org/10.1083/jcb.200205091

Kirichok Y, Krapivinsky G, Clapham DE (2004) The mitochon-
drial calcium uniporter is a highly selective ion channel. Nature
427:360-364. https://doi.org/10.1038/nature02246
Baumgartner HK, Gerasimenko JV, Thorne C et al (2009) Cal-
cium elevation in mitochondria is the main Ca 2 +requirement
for mitochondrial permeability transition pore (mPTP) open-
ing. J Biol Chem 284:20796-20803. https://doi.org/10.1074/jbc.
M109.025353

Adam-Vizi V, Starkov AA (2010) Calcium and mitochondrial
reactive oxygen species generation: how to read the facts. J Alz-
heimer’s Dis 20:S413-S426. https://doi.org/10.3233/JAD-2010-
100465

Rizvi F, Heimann T, Herrnreiter A, O’Brien WJ (2011) Mito-
chondrial dysfunction links ceramide activated HRK expression
and cell death. PLoS ONE 6:e18137. https://doi.org/10.1371/journ
al.pone.0018137

Hoppe UC (2010) Mitochondrial calcium channels. FEBS Lett
584:1975-1981. https://doi.org/10.1016/j.febslet.2010.04.017

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1074/jbc.M006058200
https://doi.org/10.1074/jbc.M006058200
https://doi.org/10.1016/j.mib.2009.01.005
https://doi.org/10.1016/j.micpath.2017.08.009
https://doi.org/10.1128/IAI.74.2.910-919.2006
https://doi.org/10.4049/jimmunol.1102148
https://doi.org/10.4049/jimmunol.1102148
https://doi.org/10.4049/jimmunol.168.4.1861
https://doi.org/10.4049/jimmunol.174.6.3643
https://doi.org/10.1038/35037627
https://doi.org/10.1038/35037627
https://doi.org/10.1128/IAI.70.4.1783-1790.2002
https://doi.org/10.1128/IAI.70.4.1783-1790.2002
https://doi.org/10.1099/jmm.0.46658-0
https://doi.org/10.1073/pnas.91.1.197
https://doi.org/10.1073/pnas.91.1.197
https://doi.org/10.1021/cr100045m
https://doi.org/10.1021/cr100045m
https://doi.org/10.1046/j.1462-2920.2000.00136.x
https://doi.org/10.1016/j.femsle.2005.01.055
https://doi.org/10.1128/IAI.01606-07
https://doi.org/10.1128/IAI.01606-07
https://doi.org/10.1016/j.febslet.2005.05.060
https://doi.org/10.1016/j.febslet.2005.05.060
https://doi.org/10.1038/srep28778
https://doi.org/10.4049/jimmunol.169.5.2636
https://doi.org/10.1128/jb.184.4.1132-1139.2002
https://doi.org/10.1128/jb.184.4.1132-1139.2002
https://doi.org/10.1016/j.ceca.2016.04.005
https://doi.org/10.1016/j.tox.2009.08.012
https://doi.org/10.1016/j.molcel.2017.05.028
https://doi.org/10.1016/j.molcel.2017.05.028
https://doi.org/10.1016/j.bbrc.2015.02.004
https://doi.org/10.1016/j.bbrc.2015.02.004
https://doi.org/10.1096/fj.02-0037rev
https://doi.org/10.1096/fj.02-0037rev
https://doi.org/10.1002/jcb.25930
https://doi.org/10.1002/jcb.25930
https://doi.org/10.1083/jcb.200205091
https://doi.org/10.1038/nature02246
https://doi.org/10.1074/jbc.M109.025353
https://doi.org/10.1074/jbc.M109.025353
https://doi.org/10.3233/JAD-2010-100465
https://doi.org/10.3233/JAD-2010-100465
https://doi.org/10.1371/journal.pone.0018137
https://doi.org/10.1371/journal.pone.0018137
https://doi.org/10.1016/j.febslet.2010.04.017

	Pseudomonas aeruginosa quorum-sensing molecule N-(3-oxo-dodecanoyl)-l-homoserine lactone triggers mitochondrial dysfunction and apoptosis in neutrophils through calcium signaling
	Abstract
	Introduction
	Materials and methods
	Reagents
	Neutrophil isolation
	MTT assay
	Nuclear morphology
	Annexin V-FITCPI assay
	Intracellular calcium measurement
	Mitochondrial membrane potential measurement
	Mitochondrial permeability transition pore formation
	Measurement of mitochondrial calcium uptake in permeabilized neutrophils
	Measurement of mitochondrial ROS generation
	Statistical analysis

	Results
	C12 induces apoptosis in neutrophils
	C12 causes mitochondrial dysfunction in neutrophils
	Cytosolic Ca2+ rise contributes to C12-induced apoptosis
	C12 causes calcium-dependent mitochondrial dysfunction
	Role of phospholipase C-IP3R axis in C12-induced Ca2+ rise and apoptosis
	C12 induces mitochondrial calcium uptake via mCU
	C12 causes mitochondrial ROS generation in an mCU-dependent manner
	mCU inhibition abrogates C12-induced mitochondrial dysfunction and apoptosis

	Discussion
	Acknowledgements 
	References




