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Abstract

Pseudomonas aeruginosa is the major pathogenic bacteria in cystic fibrosis and other forms of
bronchiectasis. Growth in antibiotic resistant biofilms contributes to the virulence of this
organism. Sodium nitrite has antimicrobial properties and has been tolerated as a nebulized
compound at high concentrations in human subjects with pulmonary hypertension; however, its
effects have not been evaluated on biotic biofilms or in combination with other clinically useful
antibiotics. We grew P. aeruginosa on the apical surface of primary human airway epithelial cells
to test the efficacy of sodium nitrite against biotic biofilms. Nitrite alone prevented 99% of biofilm
growth. We then identified significant cooperative interactions between nitrite and polymyxins.
For P. aeruginosa growing on primary CF airway cells, combining nitrite and colistimethate
resulted in an additional log of bacterial inhibition compared to treating with either agent alone.
Nitrite and colistimethate additively inhibited oxygen consumption by P. aeruginosa.
Surprisingly, while the antimicrobial effects of nitrite in planktonic, aerated cultures are nitric
oxide (NO) dependent, antimicrobial effects in other growth conditions are not. The inhibitory
effect of nitrite on bacterial oxygen consumption and biofilm growth did not require NO as an
intermediate as chemically scavenging NO did not block growth inhibition. These data suggest an
NO-radical independent nitrosative or oxidative inhibition of respiration. The combination of
nebulized sodium nitrite and colistimethate may provide a novel therapy for chronic P. aeruginosa
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airway infections, because sodium nitrite, unlike other antibiotic respiratory chain ‘poisons’, can
be safely nebulized at high concentration in humans.
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Introduction

In cystic fibrosis (CF), chronic airway infection results in bronchiectasis and cycles of
airway inflammation that ultimately lead to early death from respiratory failure.
Pseudomonas aeruginosa is the most common pathogen in teenagers and adults with CF.
Once chronic airway infection is established, P. aeruginosa becomes very difficult to
eradicate because of multiple resistance mechanisms including intrinsic antibiotic tolerance,
selection of antibiotic-resistant subpopulations by decades of antibiotic exposure, and
bacterial growth in biofilms (1-3).

The high metabolic activity of P. aeruginosa and neutrophils in and around mucus plaques
depletes oxygen at the airway surface, such that biofilm growth is largely anaerobic, with
bacteria subsisting through denitrification (4). Ex vivo evidence of denitrification in the
airway was recently established by detecting nitrous oxide, a unique product of bacterial
denitrification, in sputum samples from patients with CF (5). Anaerobic growth confers
resistance to many antibiotics that clinicians commonly use against P. aeruginosa, in part
through alterations in efflux pump expression (1, 6). Further complicating the search for new
antimicrobial approaches to P. aeruginosa is the difference in behavior of biofilms grown in
the presence of airway cells compared to those grown on abiotic surfaces (glass or plastic).
The former, known as “biotic” biofilms, can be >100-fold more resistant to antibiotics than
predicted by conventional susceptibility testing. This makes extrapolation of data derived
from planktonic experiments difficult to translate to performance against biotic biofilms and
limits our understanding of the in vivo activity of existing drugs (2).

Sodium nitrite has long been known to have antimicrobial properties as a food preservative.
Nitrite may also contribute to host defense against Helicobacter pylori and Clostridium
difficile (7, 8). The antimicrobial action of the nitrite moiety is due in part through
generation of NO, inactivation of Fe-S containing proteins, and inhibition of bacterial
respiration (9-11). Within the lung, inhaled nitrite salts are converted to NO through
reductive reactions with heme- and molybdenum-containing enzymes such as hemoglobin
and xanthine oxidoreductase, and potentially through bacterial metabolism. NO has a half-
life of milliseconds in vivo (reviewed in (12,13)). There are ongoing attempts to adapt
inhaled NO as an antimicrobial agent, but the short half-life makes delivery cumbersome
(14,15). Nitrite has a half-life of 50-60 minutes in vivo when delivered intravenously,
allowing intermittent dosing (16). An ongoing Phase 2b clinical trial is currently evaluating
the safety and efficacy of nebulized sodium nitrite in pulmonary hypertension; inhaled
nitrite has thus far been well tolerated at concentrations near 1 molar (ClinicalTrials.gov
locator NCT01431313, M. Gladwin personal communication). The availability of

Free Radic Biol Med. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zemke et al.

Page 3

pharmaceutical-grade sodium nitrite for inhalation improves the feasibility of using nitrite as
an antimicrobial agent in CF airway infection.

Previous work has shown that sodium nitrite has pH-dependent antimicrobial activity
against P. aeruginosa, with activity at pH 6.5 being best studied (hereafter “nitrite” refers to
sodium nitrite in solution at pH 6.5)(17). At micromolar concentrations, nitrite is a potential
substrate for anaerobic energy generation through denitrification, however at millimolar
concentrations it inhibits anaerobic growth (11,18). Beyond direct bactericidal effects,
nitrosative stress also affects virulence of P. aeruginosa by inactivating pyocyanin and
increasing production of alginate (19, 20). Additionally, nitrite has antimicrobial activity
against a wide variety of other pathogens found in CF, including Burkholderia cepacia
complex and Staphylococcus aureus (21, 22). When nitric oxide reductase activity is lost,
nitrite becomes growth inhibitory in P. stutzeri (23). Whether nitrite itself or the NO
produced from nitrite can prevent biotic biofilm growth is unknown. The interactions
between nitrite and commonly used antibiotics are also poorly understood. The goals of this
study were to determine the effect of sodium nitrite on P. aeruginosa biotic biofilms and
screen nitrite for interactions with other commonly used antibiotics in the CF population.
We focused primarily on colistin because previous work has shown that it targets the inner
core of highly structured abiotic biofilms where the oxygen tension is lowest, suggesting
activity against anaerobically growing P. aeruginosa (24, 25). The effect of polymyxins on
P. aeruginosa clinical isolates grown under anaerobic conditions has not been extensively
studied but available data suggest decreased susceptibility when compared to aerobic growth

(6).

Polymyxins are polycationic lipopeptide antibiotics that interact with negatively charged
lipopolysaccharide at the outer membrane of Gram-negative bacteria. Polymyxins initially
increase outer membrane permeability and, after diffusing across the periplasmic space,
disrupt the inner (cytoplasmic) membrane. Bacterial death ensues within minutes (26).
Colistimethate is a prodrug of colistin (polymyxin E) that can be administered by inhalation
for the treatment of chronic airway infections in both CF and non-CF bronchiectasis (27). In
2005, 9% of CF patients in the United States routinely inhaled an aerosol form of
intravenous colistimethate for the treatment of chronic airway infection, and as of 2012,
approximately 11% of adult CF patients were doing so (28, 29). A dry powder
colistimethate inhaler approved to treat CF airway infection in Europe is designed to make
delivery more convenient (30).

The primary objective of this study was to investigate the role of nitrite in preventing biotic
biofilm growth and the potential interactions between nitrite and colistimethate. We tested
the hypotheses (1) that the inhibition of biofilm growth by nitrite is NO-independent and (2)
that the cooperative interaction between nitrite and colistimethate is due to NO independent
respiratory inhibition.
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Materials and Methods

Bacterial strains

Reagents

The following bacterial strains were studied: Pseudomonas aeruginosa strains PA14 and
PAOL1 (gift of George O'Toole, Geisel School of Medicine at Dartmouth) (31), ten “late” P.
aeruginosa clinical isolates from the University of Washington collection previously
published in (32), 8 previously published Achromobacter sp. isolates and ten Burkholderia
sp. isolates from the Cystic Fibrosis Foundation Burkholderia cepacia Research Laboratory
and Repository at the University of Michigan (33) and colistin resistant P. aeruginosa
isolates (described in (34)).

Colistin sulfate, sodium nitrite, hydrogen peroxide, potassium cyanide, sodium azide,
paraquat, Luria broth (LB), Luria broth agar, polymyxin B sulfate and polymyxin b
nonapeptide were all obtained from Sigma (St. Louis MO), Other reagents obtained as
follows: colistimethate (XGen pharmaceuticals, Lot A72649 and A99296, Big Flats NY),
Carboxy-PTIO (Cayman Chemicals, Ann Arbor MI).

Bacterial Growth Methods

5ml bacterial cultures were grown on a roller drum at 100 rpm for 16-18 hours prior to the
start of the experiment in LB. Unless otherwise indicated, bacteria were “returned to log
phase” by diluting overnight cultures 1:100 in fresh LB and placing cultures on a roller drum
at 37°C for 2 hours. During experiments combining colistimethate, colistin sulfate, azide,
cyanide and CPTIO, 200ul of “log phase” cultures were grown for additional 5.5 hours in a
96 well plate at 37°C on a nutating rocker.

Biotic Biofilm Imaging

To image epithelial-bacterial co-cultures, live-cell imaging was used as described in (31).
Briefly, we used a FCS2 closed system, live-cell chamber from Bioptechs (Butler, PA). The
immortalized human bronchial cell line (CFBE410-) derived from a AF508/AF508 patient
with stable expression of wild-type CFTR was used (gift from Bruce Stanton, referred to as
CFBE-wt). Biofilms of GFP expressing P. aeruginosa strain PAOI were grown on CFBE-wt
cells seeded onto glass coverslips in a flow chamber. Bacteria were inoculated at
approximately 25 MOI and allowed to attach to airway epithelial cells for two hours without
media flowing. Biofilms were then grown for four hours with minimum essential media
(MEM) flowing at 20 ml/hr. After a total of six hours, z-stack images were taken of 6-10
random fields from each chamber using a Nikon Ti-inverted microscope. Biofilm biomass
was measured with COMSTAT image analysis software(35). Nitrite treated chambers were
exposed to 15mM sodium nitrite in pH 6.5 minimal essential medium for 4 hours following
bacterial attachment, while control chambers were exposed to pH 6.5 MEM alone. The
experiment was done in triplicate. More detail for this protocol can be found in the
descriptions by Moreau-Marquis (31, 36).
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Liquid Culture Experiments

For time-Kill assays to measure bactericidal activity of polymyxins with other compounds,
overnight cultures were diluted in pH 6.5 LB, returned to log phase growth at 37°C, and
then treated with nitrite and/or polymyxins and grown for an additional 5.5 hours. The
number of live bacteria was then determined by plating in a colony forming unit assay (CFU
assay). For nitrite pretreatment assays: bacteria were grown as above in 15mM nitrite and
after 5.5 hours the cultures were pelleted at 6000xg for 5 min and re-suspended in media
containing colistimethate. The cultures were then incubated for 60 minutes and bacteria
were counted in a CFU assay.

Co-culture experiments

Conducted as previously described (31) with the following modifications:. Primary human
bronchial epithelial cells (HBE) were cultured from explanted lungs of patients with CF,
under an Institutional Review Board approved protocol at the University of Pittsburgh
(PRO11070367 and IRB970946). Cells were enzymatically dissociated, expanded in growth
media, and seeded onto Transwell inserts at air-liquid interface. Cultures were used when
well polarized and differentiated (37). For other experiments, the cell line CFBE-wt stably
expressing wild-type CFTR were used as described (31). CFBE-wit cells were seeded onto
Transwell filters, grown at air-liquid interface, and used 7-10 days after seeding. Both cell
lines were used in P. aeruginosa — epithelial co-culture experiments as follows (described in
detail in (31)). Biofilm prevention assays were done as follows: overnight cultures of PAO1
were rinsed once and added to the apical surface of the epithelial cells in 500ul of minimal
essential media with glutamate at an MOI of 25. After the 60 minute bacterial attachment
period, developing biofilms were treated with 300 mM sodium nitrite, 20ug/ml
colistimethate, both agents or 300mM sodium chloride as a tonicity control for the
subsequent 5 hours. At the end of this period, biofilms were removed with 0.1% Triton-X
100 and live bacteria were plated in a colony forming unit assay.

Agar Dilution MIC under aerobic and anaerobic conditions

Agar dilution minimum inhibitory concentration (MIC) experiments were used to screen
multiple clinical isolates for nitrite/polymyxin cooperativity. The MIC protocol by Wiegand
et al. was used with the following modifications (38). Checkerboards included two-fold
dilutions of colistin sulfate from 0.125ug/ml to 16pg/ml. Nitrite concentrations from 0.5mM
to 32mM were used. The pH of molten agar was adjusted to pH 6.5 with HC1. The agar was
cooled to 50°C and increasing concentrations of colistin sulfate and/or nitrite were added.
Plates were poured and used immediately. For aerobic experiments, plates were read 18 -20
hours later. For highly colistin resistant isolates, plates were grown for 48-72 hours because
control growth of these organisms is very slow. To determine anaerobic MICs for
Pseudomonas aeruginosa clinical isolates, MHB plates were made as described above with
the addition of 1% potassium nitrate (Sigma). An anaerobic environment was created using
GasPak EZ Anaerobe Container System and BBL Dry Anaerobic Indicator Strips (BD
Franklin Lakes, NJ) were used for every experiment to assure an anaerobic environment.
Plates were incubated for 2 days for anaerobic MIC determinations.
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Oxygen Consumption measurements

Bacteria were diluted in LB and treated with nitrite and/or colistimethate for 30 min at 37°C.
Oxygen consumption was measured with a Clark-type Instech Oxygen Electrode, model
#125-05 with a YSE Biological Oxygen Monitor, model 5300A and calculated from the
slope. Measurements were done in triplicate on different days and data are displayed as %
control oxygen consumption with all points from each day normalized to the control oxygen
consumption from that day. Representative tracings show the raw data. The tracing have
been overlayed for easier visual comparison.

Cytotoxicity Assays

Lactate dehydrogenase release assays were done using the CytoTox 96 Non-Radioactive
Cytotoxicity Assay kit (Promega Madison, WI), following the manufacturer's instructions.

Transepithelial Electrical Resistance Measurements

Statistics

Results

Transepithelial electrical resistance (TEER) was measured hourly for five hours on air-liquid
interface differentiated CFBE-wt airway epithelial cells and primary human airway
epithelial cells (HBE) treated with sodium nitrite or sodium chloride using a Ag/AgCI
electrode (EVOM meter).

All data are plotted as mean +/- standard deviation. Data were log transformed and tested by
one-way ANOVA for an effect (or two-way ANOVA as applicable). If an effect was
present, a Tukey test was used for individual comparisons using PRISM software (La Jolla,
California).

Nitrite prevents P. aeruginosa biofilm formation on airway epithelial cells

To test the ability of nitrite to prevent biofilm formation on airway epithelial cells,
immortalized human airway cells were grown as a confluent monolayer on glass coverslips.
The P. aeruginosa strain PAOI stably expressing green fluorescent protein (PAOI-GFP) was
added to the surface of these cells in a flow chamber and biofilm development was imaged
as described (31). Under control conditions, robust biofilm growth (seen in green in Figures
1A and 1C) is seen. In the presence of 15mM sodium nitrite, biofilm growth was nearly
absent (Figure 1B and 1D). Quantification of biofilm biomass revealed a 90% reduction in
biomass (numbers on panels 1C and ID). P. aeruginosa biofilms grown in this model have
been previously characterized for expression of biofilm marker genes (tolA), repression of
planktonic marker genes (fliC), exopolysaccharide production and increased antibiotic
resistance (31). To define the dose-response relationship, a static co-culture system was used
where P. aeruginosa biofilms were grown on airway epithelial cells at an air-liquid interface
for five hours (31). Dose-dependent prevention of biofilm growth was observed in the range
of 1.5 and 50 mM nitrite, with an effect ceiling at 50 mM nitrite (Figure 1E). Transepithelial
electrical resistance (TEER), a measure of epithelial barrier integrity, decreased in CFBE-wt
cells at nitrite doses exceeding 50 mM (Figure 1F), but there was no consistent LDH release
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at doses up to 150 mM (data not shown). Further CFBE-wt experiments were conducted
with nitrite concentrations below 50mM. Of note, comparable decreases in transepithelial
electrical resistance were seen with sodium chloride at the same concentrations, so the
decrease in TEER may be due to hypertonicity rather than nitrite per se.

Colistin sulfate demonstrates cooperative antimicrobial activity with nitrite against biotic

biofilms

Colistimethate is in wide clinical use as an inhaled antibiotic, and previous work has shown
antimicrobial activity against abiotic biofilms (24, 25). The magnitude of activity of
polymyxins against biotic biofilms (i.e. biofilms grown in association with airway epithelial
cells) is not known, so we used the static co-culture system to test the ability of colistin to
disrupt established biofilms. Figure 2A shows that 2 ug/ml colistin sulfate disrupted one-half
log of mature biofilm, while 20 ug/ml colistin sulfate disrupted 3 logs (or 99.9%) of
established biofilms. The airway concentration of active polymyxin achieved through
colistimethate nebulization are poorly characterized, however estimated concentrations of
colistin are near 10-20 ug/ml (39, 40). In comparison to reported data using the identical
model system, the biotic biofilm antimicrobial activity of colistin sulfate was 2 logs better
than that reported for imipenem, 1 log better than ciprofloxacin and comparable to
tobramycin at doses that are achieved in the airway (31).

We next examined if nitrite could improve the antimicrobial activity of polymyxins. To
determine the interaction between polymyxins and nitrite, modified time-kill assays were
used. Robust growth was seen in the presence of up to 30 mM nitrite. No bacterial Killing
was seen with 70ug/ml colistimethate (CMS) or 1.5 ug/ml colistin sulfate (COL) in well
aerated cultures (doses that are subinhibitory in P. aeruginosa PA14 under these conditions).
However, when nitrite was combined with subinhibitory concentrations of colistin sulfate
(Figure 2B) or colistimethate (Figure 2C) up to 4 additional logs of bacteria were killed.
Representative images of cultures grown with 15mM nitrite, 20pg/ml colistimethate or both
agents are shown in Figure 2D, demonstrating large differences in turbidity. Similarly,
increased bacterial killing was seen with polymyxin B and 12mM nitrite at sub-inhibitory
concentrations of both compounds (Figure 4B). These results suggest that nitrite and
polymyxins may have cooperative antimicrobial activity.

Because there is great diversity in the antibiotic susceptibility of bacterial clinical isolates,
we used agar dilution checkerboard testing to assess for antimicrobial synergy in a collection
of P. aeruginosa clinical isolates from cystic fibrosis patients. Synergy is defined as a
Fractional Inhibitory Concentration (FIC) of <0.5. FIC is calculated by dividing the MIC of
each drug when used in combination with the MIC of each drug when used alone. Anaerobic
MICs were determined adding 1% KNOs to the growth media to support denitrification and
growing the plates for 48 hours prior to interpretation to account for slower growth under
anaerobic conditions. Three isolates grew too slowly anaerobically to give interpretable
MICs by this method. Eight of nine isolates were more susceptible to colistin under
anaerobic conditions. In addition, isolates were 2-4 fold more susceptible to nitrite under
anaerobic conditions, in agreement with previously published data (17). Only the lab strain
PA14 grown under anaerobic conditions met the FIC cutoff of 0.5 that defines synergy. The
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MIC was very consistently lowered by 2-fold when nitrite and colistin were combined
(corresponds to the FICs of >0.5 and <1). The FIC cutoff of 0.5 was set in part to account
for the 1 dilution variation that is accepted for MIC assays. In these experiments, we
consistently saw a 1-dilution decrease (and never an increase) in colistin sulfate MIC when
subinhibitory nitrite was present. Despite not meeting the 0.5 FIC threshold for synergy, the
consistent decrease in MIC suggested that nitrite and colistimethate might have cooperative
activity against biofilms.

To determine whether nitrite would confer polymyxin susceptibility to bacteria with high
innate polymyxin resistance, eight highly colistin resistant clinical isolates were also tested
under aerobic conditions in the presence of nitrite. All isolates had a colistin MIC >512
pg/ml in both the presence and absence of 3 mM (subinhibitory) sodium nitrite.
Achromobacter spp. and Burkholderia spp. are pathogens that are difficult to treat within the
CF population because of high innate antibiotic resistance. Burkholderia spp. have high
innate resistance to polymyxins. Accordingly, the MIC to colistin was >512 pg/ml with or
without nitrite, although growth of these organisms was inhibited by 18 mM nitrite alone.
Amongst Achromobacter spp., increased susceptibility to colistin in the presence of nitrite
was seen in 4 of 8 clinical isolates (Supplementary Table 1). Taken together, among isolates
of P. aeruginosa that do not have high innate polymyxin resistance, nitrite increases the
susceptibility to polymyxins for a majority of isolates, and for some of the Achromobacter
isolates.

Biofilms grow more robustly on CF airway cells than on those expressing wild-type CFTR
(31). We have shown that nitrite causes an increase in susceptibility to colistin in planktonic
culture and on nutrient agar. To determine whether nitrite augmented the antimicrobial
activity of polymyxins for biotic biofilms on primary CF HBE cells, the polymyxin pro-drug
colistimethate was combined with nitrite in a biofilm prevention assay (Figure 3). In this
experiment, bacteria were allowed to attach to the surface of primary CF HBE cells for one
hour. The developing biofilms were then treated with nitrite, colistimethate or both agents.
When nitrite was not used, sodium chloride was added to control for tonicity. Nitrite alone
prevented 1-2 logs of bacterial biofilm growth. Of note, primary CF HBE cells tolerate
higher concentrations of nitrite than CFBE-wt cells. Transepithelial electrical resistance did
not drop with up to 300 mM nitrite (control TEER 678 mQecm? vs 300 mM nitrite 597
mQecm?). Colistimethate (20 u/ml) prevented 3 logs of growth and the combination of the
agents prevented 4 logs of growth. The cooperative effect of this combination in biofilm
prevention led us to undertake further mechanistic studies of nitrite and colistimethate.

Nitrite and polymyxins additively inhibit bacterial respiration

Nitrite has many effects on bacterial physiology. In the case of P. aeruginosa,
concentrations of nitrite in the 1-20 mM range inhibit aerobic respiration (as measured by
NADH oxidase activity), oxygen uptake, and both aerobic and anaerobic growth (11,18, 41,
42). Polymyxins initially bind to the outer membrane and increase its permeability;
subsequently they disrupt the cytoplasmic membrane (43). Polymyxins appear to inhibit
bacterial respiration, presumably a consequence of damage to the cytoplasmic membrane
(26). To explore the mechanism of action of combined nitrite and colistin, we tested the
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hypotheses that (1) polymyxins increase outer membrane permeability and thus promote
increased intracellular concentrations of nitrite and (2) polymyxins and nitrite cooperatively
inhibit bacterial respiration to exert antimicrobial activity.

If increased bacterial killing by nitrite and colistin were a consequence of increased
intracellular nitrite concentration, then nitrite and colistin would need to be present
simultaneously for increased killing to occur. To test this prediction, bacteria were treated
with 15 mM nitrite, rinsed and treated with increasing concentrations of colistimethate in
aerobic culture. Pretreatment with nitrite increases the susceptibility to colistimethate
(Figure 4A). The timing of these effects excludes increased intracellular concentration of
nitrite due to polymyxins because extracellular nitrite has been removed from the system
prior to exposure to colistimethate. Polymyxin B nonapeptide, which lacks a lipid tail,
increases outer membrane permeability without causing bacterial death or cytoplasmic
membrane damage (44). Increased susceptibility to polymyxin b nonapeptide was not seen
with nitrite (Figure 4B) in contrast to the increased bacterial killing seen with the parent
compound polymyxin b and nitrite in a time-kill assay. The lack of killing in combination
with polymyxin b nonapeptide and the increased susceptibility to polymyxins with nitrite
pretreatment both exclude increased intracellular accessibility to nitrite as a cause of this
effect.

Both nitrite and polymyxins inhibit bacterial respiration, although in the case of polymyxins
this may be a secondary effect to massive cytoplasmic membrane damage. We next tested if
other agents that inhibit cellular respiration sensitize P. aeruginosa to polymyxins. In time-
kill assays, the combinations of colistin sulfate and colistimethate with potassium cyanide or
sodium azide all showed at least 4 logs of additional killing than any of the agents alone
(Figure 5A). To show more quantitatively that nitrite and polymyxins were inhibiting
respiration, oxygen consumption was measured. For these experiments low concentrations
of nitrite and colistimethate were chosen that did not affect overall bacterial viability in
combination so that the oxygen consumption measurements would not be confounded by
bacterial death. Nitrite, as previously described, inhibits oxygen consumption with a linear
dose-response at concentrations below the MIC as measured using a Clark-type electrode
(representative tracings shown in Figure 5B). 5mM nitrite and 30ug/ml colistimethate both
cause a 20% reduction in oxygen uptake under the conditions tested. In combination the
agents caused a statistically significant, 50% decrease in oxygen uptake (Figure 5C). Next,
to determine if the effect was NO dependent, the scavenger CPTIO was added in modified
time-Kkill assays. As shown in Figure 5D, CPTIO did not block the increased bacterial killing
by nitrite with colistimethate. Similar results were obtained using oxyhemoglobin as the
scavenger (data not shown). If respiratory blockade were part of the mechanism, then
respiratory blockade in this situation should also be independent of NO. As shown in Figure
5E, treatment of cultures with CPTIO and hemoglobin did not protect P. aeruginosa against
the inhibitory effects of nitrite on oxygen uptake.

Anti-biofilm effects of nitrite are NO independent

Previous work indicates that scavenging NO prevents the anti-bacterial effects of nitrite on
P. aeruginosa in planktonic culture(17). First we determined the nitrite concentrations
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required for growth inhibition in this system by exposing aerated, planktonic cultures of P.
aeruginosa to increasing concentrations of nitrite (Figure 6A). Similar to the previous work,
introduction of NO scavengers (hemoglobin and CPTIO) protected P. aeruginosa against
nitrite induced growth inhibition (Figure 6B). Because the metabolic demands of biotic
biofilm lifestyle differ from those of a planktonic lifestyle, we next examined whether
biofilm prevention by nitrite was also dependent on NO. In contrast to the effects of nitrite
under aerobic conditions, the addition of 1 mM CPTIO (far in excess of the 500 nM NO
generated by nitrite in culture as reported in (17)) did not protect biotic biofilms from the
activity of nitrite (Figure 6C). In conclusion, nitrite prevents P. aeruginosa biofilm
formation on the apical surface of airway epithelial cells. Unlike the antibacterial activity in
aerated planktonic culture, scavenging NO does not block the antibacterial activity of nitrite
under biofilm conditions.

Discussion

We have demonstrated that sodium nitrite prevents biotic biofilm formation by P.
aeruginosa grown on the surface of CF primary human airway cells. While it was previously
known that nitrite could inhibit growth of P. aeruginosa in planktonic conditions, in abiotic
biofilms and in expectorated sputum, this is the first demonstration of antimicrobial activity
against biotic biofilms. In concordance with previously published work, we found that
anaerobic conditions increased the susceptibility of P. aeruginosa to nitrite. The oxygen
tension in our epithelial co-culture systems is very low as the perfusate for the flow chamber
is not actively oxygenated and the static co-cultures are submerged under several
millimeters of media despite having >10% metabolically active bacteria/ml growing on the
surface of the airway cells. While the available evidence suggests that mucus plugs within
the CF airway provide an anaerobic environment for bacterial growth, regions of aerobic
growth cannot be excluded, especially during periods of biofilm dispersal. It is noteworthy
that nitrite effectively prevented bacterial growth under both aerobic and anaerobic
conditions.

The millimolar concentrations of nitrite we used in this study are much higher than typical
concentrations of currently used antibiotics, which may cause concern regarding
cytotoxicity. Yoon et al clearly demonstrated that nitrite concentrations up to 300 mM do
not cause epithelial cytotoxicity as measured by lactate dehydrogenase release, effect on
short circuit current, permeability to dextran, or 1L-8 secretion (17). In our studies, CFBE-wt
cells tolerated up to 50mM nitrite without a loss of barrier function and well-differentiated
primary CF HBE cells did not show loss of barrier integrity even with exposure to 300 mM
sodium nitrite. Further, inhalation of approximately 1 molar sodium nitrite has been well
tolerated by human subjects in phase | and 1 studies (M. Gladwin, personal
communication). These data support the pursuit of clinical trials using nitrite as a nebulized
antibiotic against P. aeruginosa in CF.

While our study investigated the interactions between colistimethate and nitrite, inhaled
colistimethate is used less frequently than inhaled tobramycin and inhaled aztreonam in the
CF population. Previous reports demonstrated that NO protects bacteria against a wide range
of antibiotics (45). However, these reports do not address the interaction between NO and
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antimicrobial peptides such as the polymyxins, which have a unique mechanism of action.
The possibility that nitrite may have adverse interactions with other antibiotics is a valid
concern, warranting further investigation.

Despite widespread clinical use, the activity of colistimethate against biotic biofilms has not
been clearly described. We have shown that colistin sulfate has activity against biotic
biofilms that is at least comparable to that of ciprofloxacin. The activity of polymyxins
under anaerobic conditions also has not been extensively studied. In the report by Hill et al,
anaerobic growth was supported by Muller Hinton broth in the absence of exogenous nitrate,
which makes the results difficult to interpret. Polymyxin susceptibility is also pH dependent.
This study used pH 6.5, the reported pH of the CF airway surface liquid, thus the colistin
sulfate MICs for these isolates may be slightly different in this study than when MIC testing
is performed at pH 7.4. Additionally, ionic strength can affect polymyxin activity, and
hypertonicity can cause additional effects on the epithelial cells used in our co-culture
experiments (43). To account for this possibility, sodium chloride was used as a tonicity
control in the static co-culture experiments.

The strengths of combining polymyxins with nitrite are the activity under anaerobic
conditions and the activity against biotic biofilms, which are limitations of our current
antibiotic approaches. Additionally, the proposed mechanism of interaction is unique.
Existing antibiotics do not target bacterial respiration, although the combination of
fosfomycin and tobramycin has recently been shown to suppress denitrification (46). While
the current study focused on the interaction of nitrite and polymyxins in aerobic metabolism,
a similar effect is possible regarding anaerobic respiration where polymyxin induced inner
membrane damage may indirectly disrupt the function of the denitrification enzymes
allowing accumulation of toxic intermediates. Because of the rapidity of bacterial killing by
polymyxins we did not directly test the hypothesis that polymyxins inhibit denitrification.
However, the proposed mechanism that nitrite and polymyxins are both inhibiting aerobic
respiration is concordant with the observation that flow cell biofilms are killed by the
combination of colistin and the respiratory chain uncoupler CCCP (24). The advantage of
our approach is that, unlike CCCP and other respiratory chain poisons, nitrite can be safely
nebulized.

While the antimicrobial effects of nitrite in planktonic, aerated culture are NO-dependent,
antimicrobial effects under biofilm growth conditions are likely not NO-dependent. In these
experiments, the scavenger CPTIO was added while the biofilms were microcolonies with
minimal matrix production, so inability of the scavenger to penetrate the colony is unlikely
to be solely responsible for these results. There are several potential explanations for the
difference in NO-radical dependence of growth inhibition by nitrite. First, P. aeruginosa has
multiple mechanisms for detoxifying NO including expression of flavohemoglobins and the
anaerobic expression catalase (47, 48). The relative efficiency of these detoxification
systems, and thus organismal exposure to NO vs nitrite, may vary with growth conditions.
Second, the targets of nitrosative stress are not clearly understood in P. aeruginosa,
especially when the metabolic versatility of the bacterium is considered. Nitrite and NO can
cause S-nitrosation of cysteine and the inactivation of Fe-S containing proteins. Targets of
S-nitrosation have been identified in Borrelia burgdorferi, Mycobacterium tuberculosis,
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Escherichia coli and Helicobacter pylori, but to date not in P. aeruginosa (49-51). Multiple
enzymes within central metabolism are potential targets for inactivation by nitrosative stress
including NADH dehydrogenase, the terminal cytochrome ¢ oxidases, and aconitase. In
eukaryotes, mitochondrial complex I is a target for cysteine S-nitrosation, which confers
protection from ischemia/perfusion injury (52, 53). In contrast, work in Salmonella enterica
suggested the site of respiratory inhibition by the NO donor spermine NONOate to be
nitrosylation of heme d in the terminal cytochrome oxidases while bacterial NADH
dehydrogenase activity remained uninhibited. The sources of nitrosative stress vary between
these reports, and more importantly the role of NADH dehydrogenase in the organism vary
(S enterica s viable in the absence of both NADH dehydrogenases). Growth conditions
may dictate the bacterial targets of nitrosative stress (and thus the chemical targets for nitrite
or NO). The study by Ren et al is informative. E. coli growth in minimal media requires
synthesis of branched chain amino acids catalyzed by dihydroxyacid dehydratase (I1lvD). NO
inhibits 1lvD through formation of dinitrosyl iron complexes, thus inhibiting growth and
rendering the bacteria dependent on supplementation of branched chain amino acids.
Growth inhibition by NO in this situation is avoided by supplementing the growth media
with the needed amino acids (54). One could imagine that had the experiment performed in
E. coli been done in rich media, a different target of nitrosative stress might have been found
(albeit with a higher stress required)(55). In the current study, the bacterial substrate usage
in aerated LB is likely very different from that of a low-oxygen tension biofilm grown in
apposition to an epithelial cell, which may then in turn dictate which metabolic pathways are
susceptible to inhibition. Teasing out the targets of NO vs nitrite under biofilm conditions as
compared to planktonic growth will be a complex task.

In conclusion, nitrite shows promise as an antimicrobial agent targeting biotic biofilms in
the lungs of patients with P. aeruginosa infection. Combining nitrite with colistimethate
may increase the effectiveness of the latter. Even in isolation, inhaled nitrite may be a useful
addition to our antimicrobial armamentarium because of its broad range of activity,
including activity against anaerobically growing P. aeruginosa, anti-biofilm activity, and
activity against other pathogens such as Achromobacter sp. and Burkholderia sp. for which
few effective antimicrobials are available. This study provides further motivation to pursue
human trials of nebulized nitrite as an antimicrobial in patients with airway colonization by
resistant organisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nitrite prevents P. aeruginosa biofilm formation on airway epithelial cells
To test if nitrite prevented biotic biofilm formation, Pseudomonas aeruginosa biofilms were

grown on CFBE-wt cells seeded onto coverslips and imaged by live cell microscopy after 6
hours of growth. DAPI (blue) staining shows the epithelial cell nuclei. (A) Untreated
biofilms showed abundant growth of (GFP)-P. aeruginosa in characteristic clusters. (B)
Biofilms treated with 15mM showed very few bacteria present. Volumetric projections of
control (C) vs 15 mM (D) treated biofilms demonstrate the decreased bacterial biomass with
15 mM nitrite exposure. COMSTAT biomass quantification showed an 80% reduction in
biomass (numbers on panels). (E) A static co-culture model was used to establish a dose-
response relationship for nitrite in biofilm prevention. Increasing concentrations of sodium
nitrite were added to epithelial - P. aeruginosa co-cultures following an attachment period.
Bacterial colony forming units (CFU) were counted 5 hours later. All concentrations caused
a statistically significant decrease in bacteria (one-way ANOVA followed by Tukey test).
(F) Transepithelial electrical resistance measurements were used to assess epithelial integrity
in the presence of nitrite. Resistance was not significantly different from control at 15mM
and 50 mM nitrite (one-way ANOVA followed by Tukey test, p>0.05).
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Figure 2. Nitrite sensitizes P. aeruginosa to polymyxins
(A) The static co-culture model was used to determine the efficacy of colistin sulfate at

disrupting established P. aeruginosa biotic biofilms. P. aeruginosa was added to the apical
surface of CFBE-wt cells. After 6 hours of maturation, the biofilms were treated with
colistin sulfate for 90 minutes and the number of bacteria was enumerated with a CFU
dilution assay. 20ug/ml colistin sulfate caused a 3-log reduction in CFUs. Planktonic time-
kill assays were used to determine the interaction between nitrite and polymyxins.
Subinhibitory concentrations of (B) colistin sulfate (1.5ug/ml) and (C) colistimethate
(70ug/ml) showed increased antimicrobial activity against P. aeruginosa strain PA14 when
combined with subinhibitory concentrations of acidified sodium nitrite. p<0.05 for
polymyxin vs polymyxin + nitrite by two-way ANOVA. (D) Representative cultures showed
reduced bacterial growth (turbidity) when both CMS and nitrite are present.
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Figure 3. Nitrite and colistimethate additively prevent biotic biofilm formation on primary CF
human airway epithelial cells

PAO01 biofilms were grown on primary CF HBE cells. After attachment, developing biofilms
were treated with 300mM nitrite, colistimethate 20pug/ml or a combination of the agents, p-
values indicated from two-way ANOVA.
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Figure 4. Increased bacterial killing with nitrite and polymyxins is not due to increased
intracellular availability of nitrite

(A) Bacteria were grown in the presence of 15 mM nitrite for 5.5 hours, rinsed and exposed
to colistimethate in liquid aerobic culture for 60 minutes. Nitrite pretreatment sensitized P.
aeruginosa to colistimethate in planktonic culture. (B) Planktonic cultures were exposed to
polymyxin b (PMB), polymyxin b nonapeptide (PMBN) and 12 mM nitrite for 5.5 hours. No
significant difference was seen by one-way ANOVA between PMBN treatment with or
without nitrite. PMB + nitrite was significantly lower than PMB or nitrite alone by one-way
ANOVA followed by Tukey test.
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Figure 5. Inhibition of respiration by nitrite and polymyxins
A) Inhibiting respiration with 0.4mM KCN or 5mM NaN3 increases polymyxin

susceptibility of P. aeruginosa grown in aerobic LB culture. Colistin sulfate (COL) was
used at 1.5ug/ml while colistimethate (CMS) was used at 20pug/ml (both sub inhibitory doses
in PA14 under these conditions). (B) Representative tracings of bacterial oxygen
consumption measured using a Clark-type electrode in LB with increasing concentrations of
nitrite. (C) At low concentrations, both nitrite and CMS inhibit oxygen consumption by
20%. The combination of CMS and nitrite additively blocked oxygen uptake. Brackets show
p values <0.05 from one-way ANOVA followed by Tukey test. Data shown as mean +/- SD.
(D) Increased killing by nitrite and CMS in combination is not blocked by the addition of
the scavenger CPTIO in planktonic culture. (E) Representative tracing of oxygen uptake
from a Clark-type electrode. 15mM nitrite decreases oxygen consumption by 50%.
Pretreatment with ImM CPTIO or 15uM hemoglobin did not prevent nitrite induced oxygen
consumption blockade.
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Figure 6. Biofilm cytostasis is nitric oxide independent
(A) Nitrite inhibited growth of PA14 in planktonic culture. (B) To confirm that nitrite

induced cytostasis in planktonic cultures is nitric oxide dependent, log-phase oxygenated
cultures were grown with nitrite and the nitric oxide scavengers CPTIO or oxyhemoglobin.
Growth inhibition was blocked bythe addition of either agent. (C) To determine if the
prevention of biofilm growth by nitrite requires nitric oxide, static epithelial- P. aeruginosa
co-cultures were treated with nitrite and the nitric oxide scavenger CPTIO. Growth
inhibition was unchanged by the addition of 1mM CPTIO.
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