AAC

Journals.ASM.org

Sodium Nitrite Blocks the Activity of Aminoglycosides against

Pseudomonas aeruginosa Biofilms

Anna C. Zemke,® Mark T. Gladwin,? Jennifer M. Bomberger®

Division of Pulmonary, Allergy and Critical Care Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania, USA% Department of Microbiology and Molecular Genetics,

University of Pittsburgh, Pittsburgh, Pennsylvania, USA®

Sodium nitrite has broad antimicrobial activity at pH 6.5, including the ability to prevent biofilm growth by Pseudomonas
aeruginosa on the surfaces of airway epithelial cells. Because of its antimicrobial activity, nitrite is being investigated as an in-
haled agent for chronic P. aeruginosa airway infections in cystic fibrosis patients. However, the interaction between nitrite and
commonly used aminoglycosides is unknown. This paper investigates the interaction between nitrite and tobramycin in liquid
culture, abiotic biofilms, and a biotic biofilm model simulating the conditions in the cystic fibrosis airway. The addition of ni-
trite prevented killing by aminoglycosides in liquid culture, with dose dependence between 1.5 and 15 mM. The effect was not
blocked by the nitric oxide scavenger CPTIO or dependent on efflux pump activity. Nitrite shifted the biofilm minimal bacteri-
cidal concentration (MBC-biofilm) from 256 pg/ml to >1,024 pg/ml in an abiotic biofilm model. In a biotic biofilm model, the
addition of 50 mM nitrite decreased the antibiofilm activity of tobramycin by up to 1.2 log. Respiratory chain inhibition recapit-
ulated the inhibition of aminoglycoside activity by nitrite, suggesting a potential mechanism of inhibition of energy-dependent
aminoglycoside uptake. In summary, sodium nitrite induces resistance to both gentamicin and tobramycin in P. aeruginosa
grown in liquid culture, as an abiotic biofilm, or as a biotic biofilm.

Sodium nitrite inhibits the growth of many bacterial species,
including Pseudomonas aeruginosa (1-6). This bacterium
grows in highly antibiotic-resistant communities within the air-
ways of patients with cystic fibrosis and other chronic lung dis-
eases (7). Current treatment for P. aeruginosa airway infections
involves chronic inhalation of antibiotics, such as aztreonam,
colistimethate, and tobramycin (8, 9). However, drug exposure
over decades leads to antimicrobial resistance and subsequent
treatment failure. Sodium nitrite represents a new potential
antimicrobial approach. A solution of >1 M sodium nitrite
(AIR001) is currently in a phase 2b clinical trial for pulmonary
hypertension and has been well tolerated to date (10). With the
availability of in-human safety data, studies of nebulized nitrite as
an antimicrobial agent are being designed. The >1 M concentra-
tion of AIR001 makes the achievement of the millimolar concen-
trations in the airway surface liquid needed to inhibit bacterial
growth in humans feasible, and this agent represents a novel an-
timicrobial therapy.

Nitrite inhibits growth of P. aeruginosa under both aerobic and
anaerobic conditions in a wide array of tested clinical isolates, with
anaerobically growing, mucoid isolates being the most sensitive
(2, 3, 11). The antimicrobial mechanism of action is only partially
understood. Nitrite induces nitrosative stress by reacting with Fe-
S-containing proteins, heme-containing proteins, free thiols, and
DNA (12, 13). These chemical reactions can be mediated both
through NO production and via NO-independent mechanisms,
such as secondary oxidation reactions leading to nitrosation or
nitration of targets (14). Because of the abundance of iron-con-
taining proteins within the respiratory tree, nitrite inhibits bacte-
rial oxygen uptake, and this inhibition is NO independent (3, 15).
In Salmonella enterica, NO respiratory inhibition occurs at the
level of cytochrome ¢ oxidases. P. aeruginosa has a more highly
branched respiratory tree, and the effects of nitrite versus NO on
individual oxidases are unknown, although the overall cyto-
chrome oxidase activity is inhibited by nitrite (15, 16). Because
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aminoglycoside uptake (and thus killing) requires bacterial respi-
ration, we examined if there is an interaction between nitrite and
the aminoglycosides. Determining these interactions is important
for clinical use of nitrite as an antimicrobial therapy.

Aminoglycosides, such as tobramycin and gentamicin, inhibit
translation by binding to the small ribosomal subunit, which in-
creases incorporation of noncognate tRNAs and ultimately causes
the creation of nonfunctional proteins (17-19). Drug uptake re-
quires both the energy generated through the electron transport
chain and a membrane potential difference. Agents that decrease
the proton motive force by blocking respiration (i.e., NO and
potassium cyanide) or mutations impairing production of Fe-S-
containing proteins inhibit antibiotic uptake and thus render the
bacterium resistant to killing by aminoglycosides (20-22). In vivo,
NO produced by macrophages is sufficient to protect S. enterica
from killing by aminoglycosides (16). Most studies on resistance
mechanisms have been done in liquid culture, and whether this
phenomenon translates to biofilms, such as those found during
chronic infections in the airways, is unknown.

In this study, we tested the hypothesis that nitrite blocks ami-
noglycoside uptake and thus leads to decreased bacterial killing.
Characterizing this interaction is obligatory for the future devel-
opment of nitrite as an antimicrobial agent.
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FIG 1 In a modified time-kill assay done in LB aerobic culture, the addition of 1.5 mM to 15 mM nitrite blocked the bactericidal activity of the aminoglycosides
tobramycin (A) and gentamicin (B). Brackets indicate differences with P values of <0.05 by one-way ANOVA followed by Tukey testing (# = 4 for panel A and
3 for panel B). (C) Nitrite increases the MBC-biofilm for gentamicin. At 48 h, there was robust biofilm growth as seen by crystal violet staining (inset). Biofilms
were treated for 2 h with gentamicin * 75 mM nitrite. For control biofilms, the MBC-biofilm was 256 .g/ml, while for nitrite-treated biofilms, the MBC-biofilm

was >1,024 pg/ml (n = 4; data from a representative assay are shown).

MATERIALS AND METHODS

Bacterial strains. Pseudomonas aeruginosa strains PA14 and PAO1 (gifts
from George O’Toole, Geisel School of Medicine at Dartmouth) were
used in this study. AMexY and AMexXY strains were a gift from Keith
Poole, Queens University, and were described previously (23, 24). Both
deletions were created in-frame.

Reagents. Tobramycin was obtained from APP Pharmaceuticals,
Schaumberg, IL. Gentamicin, sodium nitrite, Luria broth (LB), LB agar,
potassium cyanide, phenylalanine arginyl B-naphthylamide (PABN), and
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) were obtained
from Sigma, St. Louis, MO. Carboxy-PTIO (CPTIO) and PTIO were ob-
tained from Cayman Chemicals, Ann Arbor, MI. Tobramycin Sensi-Disc
test disks were obtained from BD, Sparks, MD. Fetal bovine serum was
obtained from Gemini Bio-Products, West Sacramento, CA. Minimal es-
sential medium (MEM) was obtained from Life Technologies, Carls-
bad, CA.

Liquid culture experiments. For modified time-kill assays to measure
the bactericidal activity of aminoglycosides, overnight cultures were di-
luted in LB, pH 6.5, returned to log-phase growth at 37°C, and then
treated with nitrite, potassium cyanide, CCCP, sodium azide, and/or ami-
noglycosides for an additional 5.5 h. The number of live bacteria was then
determined by plating in a CFU assay.

Abiotic biofilm assays. The procedure for abiotic biofilm assays was
adapted from a previously published method (25). For assays of the bio-
film minimal bactericidal concentration (MBC-biofilm), PAO1 was di-
luted 1:100 in LB, pH 6.5, and 100 pl was inoculated into each well of a
96-well polyvinyl chloride (PVC) plate (Costar 2797; Corning, NY). At 24
h, the medium was changed. At 48 h, biofilms were treated for 2 h with 16
to 1,024 pg/ml gentamicin. After treatment, the biofilms were rinsed
twice with LB, and sterile LB was added to each well. The plates were
incubated for 16 h, and wells were visually assessed for growth. In parallel
assays, 24-h biofilms were treated for 2 h with 16 to 1,024 pg/ml genta-
micin and rinsed twice, and viable bacteria were then removed by incu-
bation with 1% Triton X-100 for 20 min. Bacteria were then counted by
serial dilution. In both experiments, wells were treated with 75 mM so-
dium nitrite, 20 pg/ml PABN, or 1 mM PTIO, as depicted in the figures.

Coculture experiments. Coculture experiments were conducted as
previously described (26). Briefly, the human bronchial epithelial cell line
CFBE4lo— complemented with wild-type CFTR was used (referred to
here as CFBE-wt). Cells were grown on Transwell filters (Corning, Tews-
kbury, MA) at the air-liquid interface for at least 7 days. Overnight cul-
tures of P. aeruginosa PAO1 were rinsed once, diluted in MEM to a mul-
tiplicity of infection of 25, and added to the apical surface of the epithelial
cells. Biofilms were grown for 6 h and then treated with tobramycin (1
mg/ml) and/or nitrite (up to 50 mM) for 90 min. Sodium chloride was
used as a tonicity control when sodium nitrite was not present. At the end
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of this period, biofilms were removed by use of 0.1% Triton X-100, and
live bacteria were plated on LB agar for a CFU assay. To assess if nitrite
treatment caused a permanent change in aminoglycoside resistance, ali-
quots containing 10° CFU/ml were plated on agar plates with tobramycin
diffusion disks at the end of the coculture assay, and the zone of inhibition
was measured the next day.

Statistics. All data are plotted as means * standard deviations. Data
were log transformed and tested for an effect by one-way analysis of vari-
ance (ANOVA) (or two-way ANOVA, as applicable). If an effect was
present, the Tukey test was used for individual comparisons, using Prism
software (La Jolla, CA).

RESULTS AND DISCUSSION

Nitric oxide blocks energy-dependent uptake of aminoglycosides
and killing in Salmonella spp., Staphylococcus aureus, and Pseu-
domonas aeruginosa (16, 22). We tested if sodium nitrite reduces
killing by aminoglycosides in liquid aerobic culture. Log-phase
cultures were exposed to tobramycin (Fig. 1A) or gentamicin (Fig.
1B) at 2X the MIC for the tested lab strains, with or without
nitrite. The addition of 1.5 to 15 mM nitrite caused a dose-depen-
dent, up to 3-log increase in the number of viable bacteria for both
tobramycin and gentamicin treatments. To test if nitrite also in-
hibited the activity of aminoglycosides against abiotic biofilms, we
grew PAOL1 biofilms in PVC microtiter dishes for 48 h, exposed
them to gentamicin and nitrite, and then determined the sterility
of the treated wells in an MBC-biofilm assay. The MBC-biofilm
for PAO1 was 256 pg/ml (within 1 dilution of the previously re-
ported MBC-biofilm of 400 pg/ml [27]). The addition of 75 mM
nitrite increased the MBC-biofilm to >1,024 pg/ml (n = 4) (a
representative image is shown in Fig. 1C).

Notably, inhibition of oxygen uptake occurs within the same
range, with oxygen uptake entirely arrested with 15 mM nitrite (3,
15). We next examined if inhibition of bacterial respiration, and
thus energy generation, could mimic the inhibition of aminogly-
coside activity by nitrite. The classic respiratory inhibitors KCN
(Fig. 2A) and NaNj; (Fig. 2B) and the proton ionophore CCCP
(Fig. 2C) also decreased killing by tobramycin in liquid aerobic
cultures.

Nitrite has both NO-dependent and NO-independent bio-
chemical reactions (3). The arrest of bacterial oxygen uptake by
sodium nitrite does not require NO; therefore, we tested if the
interaction between nitrite and aminoglycosides requires NO. The
addition of the stoichiometric NO scavenger CPTIO did not block
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FIG 2 In a modified time-kill assay done in LB aerobic culture, the addition of 400 uM KCN (A), 5 mM NaN; (B), or 50 uM CCCP (C) blocked the bactericidal
activity of tobramycin. Brackets indicate differences with P values of <0.05 by one-way ANOVA followed by Tukey testing (1 = 3 or 4).
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FIG 3 (A) In liquid culture, induction of resistance to tobramycin is not blocked by addition of the nitric oxide scavenger CPTIO. (B) Induction of resistance
to tobramycin by nitrite is not blocked by the addition of the efflux pump inhibitor PABN to a log-phase aerobic culture. Concentrations used were as follows:
tobramycin, 2.5 wg/ml; nitrite, 15 mM; CPTIO, 1.5 mM; and PABN, 20 pg/ml. Brackets indicate differences that are not significant (n.s) by one-way ANOVA
(n = 6 for panel A and 3 for panel B). The addition of the nitric oxide scavenger PTIO or the efflux pump inhibitor PABN did not block the induction of resistance
in abiotic PAO1 biofilms grown on microtiter dishes. (C) CFU counts from 24-h biofilms treated for 2 h and then incubated with 1% Triton to recover attached
bacteria (n = 4). Differences were analyzed by two-way ANOVA followed by multiple-comparison testing (P < 0.05 for differences between the control and other
conditions; differences were nonsignificant for comparisons between nitrite and PTIO or PaBN). Similar results were obtained using 48-h-old biofilms in an
MBC-biofilm assay. (D) Representative MBC-biofilm plate with control growth inhibited at 256 wg/ml, while the MBC-biofilm for the other conditions was
>1,024 pg/ml (n = 3; a representative image is shown). To confirm that efflux pump upregulation is not required for nitrite-induced gentamicin resistance,
AMexY (E) and AMexXY (F) strains were grown as biofilms on microtiter dishes for 24 h before being treated with gentamicin and 75 mM nitrite for 2 h. Attached
bacteria were recovered in 1% Triton and counted. P values were <0.05 by two-way ANOVA for differences between control and nitrite treatments.
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FIG 4 Nitrite induces resistance to aminoglycosides within biofilms. PAO1 biofilms were grown on the surface of CFBE-wt cells for 6 h and then treated with
nitrite (A) or nitrite and tobramycin (B) for 90 min. Brackets indicate differences with P values of <0.05 by one-way ANOVA followed by pairwise comparison
testing. (C) The zone of inhibition is unchanged in biofilm bacteria exposed to nitrite compared to unexposed bacteria (1 = 3; representative images are shown).

killing by gentamicin as measured by both recovered CFU and
sterility in the MBC-biofilm assay. PTIO did not block the induc-
tion of resistance to gentamicin in abiotic biofilms as measured by
the recovery of live bacteria (Fig. 3C). The MBC-biofilm for PAO1
biofilms treated with 75 mM nitrite and PTIO was >1,024 pg/ml
(Fig. 3D). This observation is consistent with the hypothesis that a
nitrite-induced respiratory blockade prevents killing by amino-
glycosides.

Alternatively, nitrosative stress has been reported to induce
efflux pump expression (28), and aminoglycosides are potential
substrates for efflux pump exclusion. To exclude upregulation of
efflux pumps as a mechanism for decreased bacterial killing, we
added the broad-spectrum efflux pump inhibitor PABN to P.
aeruginosa grown in liquid aerobic culture. The addition of PABN
did not block the induction of resistance to tobramycin (Fig. 3B).
Additionally, PABN did not block resistance induced by nitrite in
abiotic biofilms as measured by the number of recovered live bac-
teria (Fig. 3C). The MBC-biofilm for PAO1 abiotic biofilms
treated with nitrite and PABN was >1,024 pg/ml (Fig. 3D). Next,
because MexXY is the principle efflux pump implicated in adap-
tive resistance to aminoglycosides (29), we determined if deletion
of MexXY would block the induction of resistance to gentamicin.
In these experiments, abiotic biofilms were grown on PVC micro-
titer plates for 24 h, the biofilms were treated with gentamicin and
nitrite, and live bacteria were recovered with detergent and
counted. As expected, both AMexY and AMexXY strains were
more sensitive than PAO1 to gentamicin, with gentamicin de-
creasing recoverable counts to <10> at 16 to 32 pg/ml rather than
256 wg/ml (Fig. 3E and F). Nitrite significantly increased the num-
ber of viable bacteria for both strains (P < 0.05 by two-way
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ANOVA). These data are consistent with nitrite-induced respira-
tory arrest leading to decreased aminoglycoside uptake and bac-
terial killing rather than an induction of efflux pump expression.

Biofilms grown on airway epithelial cells have much greater
resistance to aminoglycosides than those on abiotic surfaces, as
well as differing in their transcriptional responses to aminoglyco-
sides (27, 30). The airway epithelial cell environment leads to very
rapid biofilm formation by P. aeruginosa. Within 6 h, bacterial
aggregates have formed that have downregulated motility-associ-
ated genes, such as fliC, are elaborating the exopolysaccharide ma-
trix, and have antibiotic resistances exceeding those of 24- and
48-h biofilms grown on abiotic surfaces (27). This model allows in
vitro examination of biofilms grown in an environment more sim-
ilar to that found in the airway. To test if nitrite induces resistance
to aminoglycosides within biotic biofilms, a coculture model was
used. Note that in this model, sodium nitrite prevents biofilm
growth when applied after an initial 1-h attachment period, with
an effect ceiling at 50 mM, but the effect of nitrite on mature
biofilms has not been studied (3). PAO1 biofilms were grown on
the surface of polarized airway epithelial cells and then treated
with tobramycin and/or nitrite. First, mature biofilms were
treated for 90 min with nitrite at increasing concentrations. Ni-
trite alone caused a 0.5-log decrease in the number of CFU com-
pared to that for untreated biofilms (Fig. 4A), which likely repre-
sents bacterial stasis or biofilm dispersal rather than killing, given
the modest effect size over 90 min. When nitrite was added to
1,000 pg/ml tobramycin, which is near the maximum concentra-
tion achieved through inhalation (Fig. 4B), the addition of 15 to 50
mM nitrite caused a dose-dependent increase in the number of
viable bacteria (Fig. 4B) (31). To test if the apparent change in
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susceptibility to tobramycin was a permanent phenotypic change,
bacteria taken at the end of the assay shown in Fig. 4B were plated
with a tobramycin diffusion disk. No change in the zone of inhi-
bition was seen (Fig. 4C). In summary, nitrite decreases killing of
P. aeruginosa by tobramycin in both liquid aerobic culture and a
biotic biofilm model.

Conclusions. We have demonstrated that nitrite blocks the
antimicrobial activity of the aminoglycosides tobramycin and
gentamicin in liquid culture, similarly to the effects of other respi-
ratory inhibitors, such as cyanide and azide. The interaction
between nitrite and aminoglycosides occurs in a dose-dependent
manner over the same range as that for inhibition of oxygen up-
take (3, 15). Inhibition of aminoglycoside activity is NO indepen-
dent and does not rely on efflux pump induction. Importantly,
inhibition of aminoglycoside activity by nitrite extends to biofilms
grown on abiotic substrates as well as to biofilms growing in a
nutritionally rich environment on the surface of human airway
epithelial cells, so these findings may translate to what is seen with
in vivo human airway biofilms.

Inhibition of aminoglycoside uptake by agents that block bac-
terial respiration has been described for more than 50 years,
although the precise molecular mechanisms remain elusive (re-
viewed in reference 22). Aminoglycosides can also be effluxed by
MexXY-OprM, as seen during the induction of adaptive resistance
(29). Deletion of MexXY does not block aminoglycoside resis-
tance induced by nitrite. While we did not directly show decreased
uptake per se, that is the likely mechanism of action by nitrite.

This study contributes three valuable findings. First, nitrite has
not been studied specifically in regard to blocking aminoglycoside
uptake. Nitrite is unique as a bacterial respiratory inhibitor in that
it can be nebulized safely at high concentrations by humans (10).
Nitrite has been proposed as an inhaled antimicrobial agent for P.
aeruginosa colonization in cystic fibrosis, and inhaled tobramycin
is the most established agent used in this population (26). Given
the data in this paper, the use of these two agents together would
be ill advised without further study.

Second, this study distinguishes additional NO-dependent and
-independent effects of nitrite on bacterial physiology (3). For
these experiments, the scavenger CPTIO was added in vast excess
of the nanomolar concentration of NO that is produced from
nitrite (2, 3). We have previously shown that nitrite-induced
inhibition of respiration is NO independent, and the nitrite-ami-
noglycoside interaction is likely just an extension of this observa-
tion. Inhibition of eukaryotic respiration by nitrite is typically an
NO-dependent effect, through nitrosation of NADH dehydroge-
nase (mitochondrial complex 1) and inhibition of cytochrome ¢
oxidase activity by NO (reviewed in reference 32). Additionally,
aconitase is very sensitive to damage by reactive nitrogen species
(reviewed in reference 33). Given the highly branched respiratory
chain of P. aeruginosa and the ability of bacteria to subsist on
diverse metabolic substrates, parsing out which molecular targets
are NO dependent and NO independent remains an area of active
research.

Finally, inhibition of aminoglycoside activity by respiratory in-
hibitors has not previously been shown in a biotic biofilm com-
munity. Within biofilms, many bacteria have a low metabolic rate
and subsist through denitrification (34). The oxygen tension in
our system is low, but P. aeruginosa can respire on as little as 0.4%
oxygen; thus, we cannot exclude the possibility of aerobic respira-
tion within this model (35). Previous studies have shown that
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anaerobic growth within biofilms may contribute to baseline re-
sistance to aminoglycosides (36). However, nitrite induced fur-
ther resistance to the very high concentration of tobramycin used
in this study to simulate aerosol delivery. The data derived from
biotic biofilm models are more directly applicable to what is found
within the patient’s infected airway.

In conclusion, nitrite induces resistance to aminoglycosides
both within liquid culture and in biofilms growing on abiotic sur-
faces and on the surface of airway epithelial cells. Nitrite itself
prevents biotic biofilm formation by P. aeruginosa and has anti-
microbial activity against organisms for which we do not currently
have effective inhaled treatments, including colistin-resistant
strains of P. aeruginosa, the Burkholderia cepacia complex, the
Achromobacter complex, and Stenotrophomonas maltophilia (3).
While initial trials with human subjects will exclude the use of
other antibiotics simultaneously, understanding the interactions
between nitrite and existing antimicrobial agents is important for
nitrite’s clinical use. We previously identified a cooperative inter-
action between the inhaled polymyxin colistimethate and nitrite
against biotic biofilms. Therefore, given the contrasting effects of
nitrite on antimicrobial susceptibility, additional studies investi-
gating the interaction between nitrite and other antimicrobial
agents is warranted for the development of nitrite as an antimi-
crobial.
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