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Abstract

Nitric oxide (NO) is formed in gastrointestinal tract by both intestinal
mucosa and commensal microbiota. In this work, NO production by
probiotic bacteria Lactobacillus plantarum 8PA3 was demonstrated by
electron paramagnetic resonance (EPR)and NOspecificfluorescent dyes
DAF-FM DA (4-amino-5-methylamino-2’,7’-difluorofluorescein diacetate)
and DAA (1,2-diaminoanthraquinone sulfate). After we ruled out the
generation of NO via denitrification, we showed that NO production by
L. plantarumdepends on L-arginine what is typical for NO-synthases (NOS),
and thus proposed NOS-activity in L. plantarum. However,we were unable
to inhibit the NO production with three specific NOS inhibitorsL-NAME,
L-NIL, and nNOS Inhibitor I.We also demonstrated an increased level of
NO production in lactobacilli with damaged cellular membranes
suggesting stress-dependent NO production by L. plantarum.

Keywords: Lactobacillus plantarum,denitrification, nitric oxide synthase
(NOS), electron paramagnetic resonance (EPR), fluorescent staining.

Introduction

In mammals, nitric oxide (NO) is generated by
three isoforms of the enzyme called nitric oxide

synthase (NOS) which catalyzes the oxidation of L-
arginine to citrulline and NO. In these organisms,
NO plays an important role in many biological
functions that range from protection against
pathogens and tumor cells to blood pressure
regulation and nerve transmission (Aldertonet al.,
2001).

In contrast to eukaryotes, bacteria-derived NO has

chiefly been regarded as an intermediate in the
nitrogen cycle. In particular during dissimilatory
denitrification, nitrite is reduced to NO by nitrite
reductase and then further reduced to N

2
O and N

2
.

There are two classes of nitrite reductases, namely
those that contain either copper or haem as the
cofactor. Neither of these enzymes is structurally or
mechanistically similar to the mammalian NOSs
(Cutruzzola,1999). Currently, it is known that
bacteria, like eukaryotes, can realize L-arginine-
dependent NOS-mediated NO production (Craneet
al., 2010). The bacterial NOS (bNOS) was first
established for a number of bacterial species based
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on biochemical detection of NOS activity (Chen&
Rosazza,1994, 1995; Choiet al.,1997; Sariet al., 1998;
Choiet al., 2000; Cohen& Yamasaki2003; Honget al.,
2003). Genome sequencing revealed prokaryotes
containing NOS homologs and resulted in cloning
of these genes, followed by recombinant expression
and characterization of NOS-like proteins: deiNOS
(or drNOS) from Deinococcus radiodurans(Adaket al.,
2002b), saNOS from Staphylococcus aureus(Birdet al.,
2002; Chartier& Couture, 2004; Salardet al.,
2006),bsNOS from Bacillus subtilis(Adak et al., 2002a),
baNOS from Bacillus anthracis(Midhaet al.,
2005;Salardet al., 2006),gsNOS from Geobacillus
stearothermophilus(Sudhamsu& Crane,2006), stNOS
from Streptomyces turgidiscabies(Kerset al., 2004),and
scNOS from Sorangium cellulosum(Agapieet al., 2009).

Lactobacillus species represent a perspective object
to research NO production due to their functional
importance in the mammalian intestine as well as
their considerable technological and commercial
significance (Giraffaet al.,2010).Commensal
microflora can be a strong source of NO in the human
gastrointestinal tract,in particular in the presence of
nitrate or nitrite and under anaerobic conditions
(Sobkoet al.,2005, 2006).Due to antimicrobial
properties of nitric oxide, NO-producing Lactobacillus
cells are used in NO-donating therapeutic devices,
e.g. probiotic patches (Joneset al., 2010).However, the
mechanism of NO synthesisin Lactobacillus is still
controversial. Nitrite reduction is a rare property of
lactic acid bacteria. However, some lactobacilli may
reduce nitrate to nitrite and NO under anaerobic
conditions (Wolfet al., 1990). Moreover, L. fermentum
LF1 demonstrated denitrifying nitrite reductase
activity under both anaerobic and aerobic conditions
(Xu&Verstraete,2001). According to the results of a
15N enrichment experiment, traces of (NO

2
-+NO

3
-)-N

(total oxidized nitrogen), which seemed to be formed
by the resting cells of L. fermentum IFO3956, appeared
to be derived from L-arginine. Therefore, it was
suggested that L. fermentum may possess a NOS
(Moritaet al., 1997). Effects of L-arginine and
probiotics on bacterial translocation and extent of
liver failure have been studied in a rat acute liver
injury model. The results indicated that L. plantarum
DSM 9843 may containNOS (Adawi et al., 1997), but
experiments performed by Morita et al.(1997) and
Adawi et al.(1997) are not enough to prove
lactobacillar NO-synthase. Among the most grave
drawbacks of the reports cited are that NO production
from L-arginine was not investigated in pure culture
of L. plantarum and the possibility of NO synthesis
via denitrification was not assessed.The aim of the
present study was toinvestigate if probiotic bacteria
L. plantarum 8PA3 is able to synthesizeNO and to

further elucidate the origin of detected NO.

Materials and methods

Materials

Sodium diethyldithiocarbamate (DETC) and L-
arginine were obtained from Sigma-Aldrich
(Germany). Fluorescent NO indicators DAF-FM DA
(4-amino-5-methylamino-2’,7’-difluorofluorescein
diacetate) and DAA (1,2-diaminoanthraquinone
sulfate), and LIVE/DEAD BacLight Bacterial
Viability Kit L-7012 were purchased from Molecular
Probes (Invitrogen).Inhibitors L-NAME (NG-nitro-L-
arginine methyl ester, hydrochloride), L-NIL
(L-N6-(1-imimoethyl)lysine, dihydrochloride),
and nNOS Inhibitor I (4S)-N-(4-amino-
5[aminoethyl]aminopentyl)-N’-nitroguanidine) were
obtained from Calbiochem (Germany).

Bacterial strain and growth conditions

L. plantarum 8PA3 strain was isolated from
preparation “Dry lactobacterin” produced by
Research and Production Association “Biomed”
(Perm, Russia). Unless otherwise specified,
L. plantarum cultures were grown under microaerobic
conditions in de Man-Rogosa-Sharpe (MRS) broth
(Merck, Germany) for 48 hoursat 37oC, and harvested
by centrifugation. In experiments investigating the
effects of L-arginine and NOS inhibitors on NO
production, these substances were dissolved in MRS
broth, filter-sterilized and added at the time of
inoculation.

NO determination by metmyoglobin method

Plates of MRS agar supplemented with
metmyoglobin (MRS-Mb) were prepared as described
in (Gundogduet al., 2006). Bacteria were inoculated
onto MRS-Mb by stabbing and were incubated for 2–
3 days at 37oC. NO production was registered by
formation of dark red derivatives in medium
indicating conversion of metmyoglobin to
nitrosomyoglobin.

Determination of stable products of denitrification

The capacity of bacterial culture for denitrification
was detected after its growth (37°C, 150 h) under
micro-aerobic  conditions in MRS broth
supplemented with 100 mM KNO

3
. Tests were

performed with supernatant. Nitrites were quantified
with Griess reagent from the photometric



Volume 1 Number 1, January - June 2015

7Dina R. Yarullina et. al. / Nitric Oxide Production in Probiotic Lactobacillus Plantarum : Revision of the Origin

measurement of the absorbance at 540 nm (Greenet
al., 1982). Nitrates were measured
spectrophotometrically with diphenylamine and
concentrated sulfuric acid (Bartzatt&Donigan,2004).
Gaseous products of denitrification were detected
according their accumulation in a float.

EPR spectroscopy

For EPR studies, stationary phase cells were
harvested by centrifugation and washed with 50 mM
Tris buffer, pH 7.2. The resulting pellet was incubated
in the same buffer containing 20 mM L-arginine, or
20 mM KNO

3
, and diethyldithiocarbamate-ferrous

complex (DETC)
2
-Fe2+ as a spin trap at 37oC for 1 h.

To detect NO resulting from denitrification, the
reaction mixture was incubated anaerobically in a
CO

2
 atmosphere. Control samples did not contain

bacteria. EPR spectra were recorded on a Bruker ESP-
300 spectrometer (Germany) at liquid nitrogen
temperature, microwave power 50 mW, modulation
amplitude 1 G. The (DETC)

2
-Fe2+-NO concentration

was determined by double integration of the EPR
spectra and comparison with the reference
concentration curve which was obtained using
solutions with different concentrations of (DETC)

2
-

Cu2+ (10-3- 10-6 M) in toluene (Iarullinaet al.,2006).

Fluorescence assays

NO production was assessed with NO sensitive
fluorescent dyes: DAF-FM DA, which indicates
intracellular NO, and DAA, which can be used to
monitor both intra- and extracellular NO. For
fluorescent staining, the stationary phase bacteria
were harvested by centrifugation and washed three
times with sterile Hanks’ buffer with calcium and
magnesium (PAA Laboratories GmbH, Austria). The
resulting pellet was resuspended in the same buffer
andincubated for 1 h at 37oC with 10 mM DAF-FM
DA, or 50 ìg/ml DAA. Then cells were washed three
times with Hanks’ buffer, 5 ml of cell suspension was
mounted on glass microscope slides, covered with
coverslips, and examined under oil immersion with
a fluorescence micro-scope Leica DM6000B
(Germany). Fluorescence intensities were measured
and analyzed using the Leica FW4000 software.

Viability assay

Growth kinetics were determined at 590 nm on a
Lambda 35 double-beam spectrophotometer, Perkin
Elmer Instruments (USA). Viability was determined
with LIVE/DEAD BacLight bacterial viability kit L-
7012, which is based on a mixture of the green

fluorescence nucleic acid stain, SYTO9, that labels
all cells in a population, and the red fluorescence
nucleic acid stain, propidium iodide (PI), that
penetrates only bacteria with damaged membranes
and quenches the green stain SYTO9. When used in
combination, intact cells are labeled green and cells
with damaged membranes are labeled red. Images
were obtained with fluorescent microscope Leica
DM6000B (Germany) and analyzed using the Leica
FW4000 software.

Statistics

The results were processed using Statistica 6.0
software. Three biological replicates were performed for
each experiment and the average ± standard deviation
was calculated. Student’s t-test for paired values was
used to determine the significance (P    0.05).

Results

Lactobacillus plantarum 8PA3synthesizes NO

First preliminary evidence of NO production in
L. plantarum 8PA3 came from their capacity to convert
metmyoglobin to nitrosomyoglobin. Due to this dark
red derivative L. plantarum 8PA3 formed good visible
rings around their colonies when grown on MRS
agar supplemented with metmyoglobin (Fig. 1a).
However, this result does not elucidate the origin of
detected NO.

To traceNO inside L. plantarum 8PA3 cells directly,
we took advantageof NO-specific fluorescent dyes
DAA and DAF-FM DA. Lactobacilli showed very
strong red (in the case of staining with DAA) and
green (in the case of staining with DAF-FM DA)
fluorescence (Fig. 1b)while the autofluorescence of
the cells was below the detection limit (data not
shown), indicating presence of NO in bacterial cells.
We should note that NO-specific fluorescent dyes
also does not clarify the mechanism of NO generation,
but provide spatial resolution and possibilities for
comparative quantitative evaluation of NO in probes.
Surprisingly, bacteria with damaged membranes
characterized as dead ones according to staining
with PI, showed higher intracellular content of NO
compared with intact cells (Fig. 1c), that could be an
indicator of stress-induced NO synthesis in
L. plantarum 8PA3.

NO is not a product of denitrification

Because some Lactobacillus species can carry out
the dissimilatory nitrate reduction (Wolfet al., 1990;
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Xu & Verstraete, 2001), we studied the ability of
L. plantarum  8PA3 to synthesize NO via
denitrification. When incubated micro-aerobically in
the medium supplemented with nitrates, bacteria
produced trace amounts of nitrites (0.2 - 0.4 ìM)
(Table 1), thus indicating nitrate reductase activity
of lactobacilli. Gas products of denitrification were
not synthesized. It should be noted that NO, as an
intermediate of denitrification, cannot be revealed
with the method performed, because NO is rapidly
transformed in the cells to non-toxic products thus
avoiding potential toxicity of the molecule (Goretski
et al., 1990). To detect NO possibly formed via
denitrification we took advantage of the highly
specific NO detection method based on EPR
spectroscopy. Bacteria were incubated micro-
aerobically with KNO

3
 and (DETC)

2
-Fe2+complex as

a spin trap, and NO was quantified. As NO is a
highly pervasive hydrophobic molecule that readily
penetrates cell walls and membranes (Gusarovet al.,
2008), no additional procedures to sonicate cells
were performed. Characteristic triplet EPR signal
with g-factor close to 2.035 produced by (DETC)

2
-

Fe2+-NO complex was revealed. However, the
complex is likely to have abiogenic origin since NO
concentrations with and without bacteria did not
significantly differ (Fig. 2). As NO can be chemically
generated from nitrites at acidic pH (Sobko et al.,
2005), a certain level of abiogenic NO could be
expected. We therefore conclude that L. plantarum 8P-
A3 is incapable of NO synthesis via denitrification
and suggest that they lack nitrite reductase activity.

NOS substrate L-arginine induces NOproduction

When incubated aerobically with NOS substrate
L-arginine L. plantarum  8PA3 gave rise to a EPR
signal of (DETC)

2
-Fe2+-NO complex, indicating high

amount of NO synthesized by lactobacilli. Notably,
NO production in bacteria continued during
incubation with (DETC)

2
-Fe2+. Perhaps, trapping of

NO molecule by (DETC)
2
-Fe2+complex allowed to

escape toxic effects of NO, determined mainly by its
free radical nature.Since nitrite reductase-derived
origin of lactobacillar NO was earlier ruled out, we
suggest that L. plantarum 8PA3 produce NO through
NOS system.

Yet again, NO was present in the cell-free samples,
but in considerably smaller amounts than in bacteria-
containing samples (Fig. 2). Abiogenic NO output
was much higher in anaerobic conditions than in
aerobic ones, probably because NO is rapidly
oxidized by atmospheric oxygen to form nitrite and
nitrate. Registered in cell-free samples under aerobic
conditions NO is likely non-enzymatically derived

from L-arginine and H
2
O

2
(Nagaseet al., 1997). Indeed,

some lactobacilli are known to generate hydrogen
peroxide (Eschenbachet al.,1989).

Growth of L. plantarum 8PA3 with 100 ìM L-
arginine resulted in a two-fold increase of overall
NO production, registered by DAA, whereas
intracellular NO content, indicated by DAF-FM DA,
did not change (Fig. 1d). We showed that L-arginine
has no influence on bacterial viability (Fig. 3a) and
growth (Fig. 3b). Thus, the increase in NO production
was not due to the effect of the amino acid on cell
amount, but was caused by NOS induction.

Inhibitors of eukaryotic NOSs are not effective towards
lactobacillar NOS

To evaluate mammalian NOS inhibitors for their
effect on NO production by L. plantarum 8PA3,
bacteria were grown with three NOS inhibitors added
into the growth medium in concentrations which
were effective towards eukaryotic NOSs. 100 ìM L-
NAME, 100 ìM L-NIL, or 10 ìM nNOS Inhibitor I had
no effect on NO synthesis in L. plantarum 8PA3 as
was indicated in fluorescence assays with DAA and
DAF-FM DA (Fig 1e). To exclude the difference in
viability of inhibitor-treated and control cells, we
performed viability assay. The calculated ratio
between living (green) and dead (red-orange) cells in
allinhibitor-treated variants did not differ from
control untreated cells (Fig. 3a) and thus did not
depend on the presence of NOS inhibitors. So, we
showed that inhibitors of eukaryotic NOSs affect
neither bacterial viability, nor NO production.

Discussion

Commensal bacteria can be a significant source of
NO in the gut (Sobkoet al.,2005, 2006), yet the exact
mechanism of NO production by intestinal
microflora is not clear.Here we show that probiotic
L. plantarum 8PA3 is able to synthesize NO and
provide some evidence for bNOS-derived origin of
this metabolite.

Lactobacilli are potentially capable of NO
production via denitrification (Wolfet al., 1990; Xu &
Verstraete,2001). However, as follows from the
accumulation of nitrites in growth medium (Table
1), among all the enzymes of the denitrification
pathway only nitrate reductase was detected in
L. plantarum 8PA3. These results are in agreement
with experimental data of Xu and Verstraete (2001),
who also found out nitrate reductase activity of
lactobacilli. Additionally, this finding was supported
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Fig. 1: NOS-mediated production of nitric oxide by L. plantarum 8PA3. a Formation of nitrosomyoglobin
detected by red colored medium around the colonies of L. plantarum 8PA3 grown on MRS-Mb. Scale bar = 5
mm.b Visualization of NO in L. plantarum 8PA3 by fluorescent staining with DAA andDAF-FM DA. c Detection
of intracellular NO (staining with DAF-FM DA, green color) in bacterial cells with damaged membranes
(recognized by staining with PI, red color), presented as a merge image (yellow colored cells). d Induction of
NO production in lactobacilli by 100 ìM L-arginine added to growth medium. Bacterial cultures in both
variants were grown for 48 h and fluorescent stained with DAA or DAF-FM DA. Scale bars (b, c, d) = 5 ìm.eNO
production in L. plantarum  8PA3 grown in the medium with NOS inhibitors measured by fluorescent staining
with DAA (red columns) and DAF-FM DA (green columns). Values are expressed as percent of NO levelin
control cells grown without any additional compounds.
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Table 1: Detection of denitrification products in L. plantarum 8PA3after 150 h growth in MRS broth
supplemented with 100mM [NO

3
-]

Strain Substrate and products of denitrification 

L. plantarum 8PA3 

NO3
, mM NO2

, µM  Gaseous products* (N2, N2O), ml3 

50 ± 8 0.3 ± 0.1 0 

 *NO is not accumulated because of the rapid reduction (Goretski et al., 1990).

Fig. 2: EPR-measurement of NO content in probes incubated 60 min aerobically with 20 mM L-arginine or
anaerobically with 20 mM KNO

3
in the presence (blank columns) and absence (filled columns) of L. plantarum

8PA3. Each value is the mean of three independent experiments and is expressed as mean ± SD.

by our recent genomic screening of L. plantarum for
homologs of known bacterial nitrate and nitrite
reductases. We revealed a cluster of nar genes coding
for nitrate reductase and no genes for nitrite
reductase (Iarullina & Il’inskaia 2007). It is believed,
that the predominant pathway for NO production in
vitro by lactic acid producing lactobacilli is an acidic
nonenzymatic reduction of nitrite (Sobko et al., 2005).
Using EPR we also detected chemically generated
NO in probes incubated anaerobically with nitrate
(Fig. 1b).

After we excluded denitrification as a source of
NO in L. plantarum 8PA3 we further investigated NO

production by L. plantarum  8PA3 using EPR (Fig. 2)
and specific fluorescent NO staining (Fig. 1b). It is
likely that under our experimental conditions, NO
synthesis could occur through an NO-synthase
(NOS)-like activity as described earlier by Adawi et
al. (1997).For NOS to be responsible for NO
production in L. plantarum 8PA3, it should have
activity characteristic of NO-synthases. Consistently,
NOS-mediated bacterial NO production should be
suppressed by NOS inhibitors and activated by NOS
substrate L-arginine according to L-arginine
paradox(Tsikas et al., 2000). As expected, in
L. plantarum 8PA3 NO production was activated by
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Fig. 3: :The non-effect of L-arginine and NOS inhibitors on L. plantarum 8PA3 viability and growth. aViability
of L. plantarum 8PA3 (48 h, MRS medium) in the presence of L-arginine and NOS inhibitors according to
staining with LIVE/DEAD BacLight Bacterial Viability Kit. Values are expressed as percentage viability of
control cells grown without any additional compounds. b Time course of L. plantarum  8PA3 growth in the
presence (open squares) and absence (filled squares) of 100 ìM L-arginine. Each value is the mean of three

independent experiments. SD    8%.
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exogenous L-arginine (Fig. 1d) thus suggesting
bNOS-mediated NO production.We used inhibitors
with different selectivity for the three human NOS
isoforms: L-NIL is more selective for the inducible
NOS, nNOS Inhibitor I – for neuronal NOS, and L-
NAME is slightly more selective for endothelial NOS,
but none of these NOS inhibitors was efficient
towards NO production by L. plantarum 8PA3 (Fig.
1e). These results are probably caused bydegradation
of the inhibitors by bacteria or membrane
impermeability for them.For example,the inhibitors
of mammalian NOSs inhibited the activity of bacterial
NOSs in crude homogenates or purified preparations,
but not in intact Staphylococcus aureus (Choi et al., 1998)
and Rhodococcus sp. R312 cells (Cohen &
Yamasaki,2003).It should be noted that currently it
is difficult to assign detected NO synthesis
inL. plantarum 8PA3 to the certain NOS homolog. In
genome of L. plantarum we revealed the flavodoxin
protein with high homology to the C-terminal
reductase domain of eukaryotic NOS – essential
redox partners of the catalytic NOS oxygenase
domain (NOS

ox
) (Iarullina and Il’inskaia 2007).

Nevertheless, none of the Lactobacillus species
sequenced contain the NOS

ox
homolog(Crane et

al.,2010).Probably, unefficiency of NOS inhibitors
against NO synthesis in L. plantarum 8PA3 results
from significant differences in structure of
lactobacillar NOS and known NOSs. Further
biochemistry and genetics studies of L. plantarum
must clarify protein and gene determinantsof detected
NO production.

Fluorescent staining with DAA and DAF-FM DA
demonstrated NO presence in almost all cells of the
population. This finding points to the significance
of NO function inside bacteria. Interestingly,
lactobacilli were labeled with DAF-FM DA to a
different extent, indicating non-equal NO content in
different cells of the culture (Fig. 1b). It is well-
established that cells in non-synchronized culture
are in different stages of cell-cycle. Using the red
fluorescence nucleic acid stain PI we revealed an
increased level of NO production in lactobacilli with
damaged cellular membranes (Fig. 1c), that could be
due to the stress-dependent NO production. Earlier
it was already shown that bNOS protectsBacillus
subtilisand B. anthracisagainst oxidative stress
(Gusarov & Nudler, 2005; Shatalin et al., 2008).
Because NO is a potent cytotoxic agent, it may be
suggested that NO itself may cause cell damage.
However, activation of NO synthesis by L-arginine
did not affect bacterial growth and viability (Fig. 3).
When lactobacilli were grown with L-arginine overall
NO production increased, while intracellular NO
content stayed at a basal level (Fig. 1d). It is known

that NO molecules have high permeability through
the membranes of cells due to their small sizes and
the absence of charge (Gusarov et al., 2008). Currently,
we can only speculate how lactobacilli keep a steady-
state concentration of potentially pervasive and toxic
NO inside their cells. Probably, they possess an
adaptive system which regulates NO concentration
and is important for the viability of bacteria in their
natural environment in the mammalian intestine.

In summary, we demonstrated L-arginine
dependent aerobic NO production byL. plantarum
8PA3, thus including the strain to a cohort of Gram-
positive NOS-containing bacteria. The discovery of
NO producingpathway in commensal probiotic
bacteria similar to the one performed in surrounding
intestinal mucosa is rather promising. Practical
application of bNOS-containing probiotic bacteria
offers a novel approach for a regulated and
continuous delivery of physiological amounts of NO
for research and medical purposes. As the same
molecule appears to serve different masters, the
interplay between probiotic- and host-derived NO is
particularly engaging.In this context, an important
problem is the role of bacteria-derived NO inboth
producers and eukaryotes. Our results indicate NO
association with stress-response in L. plantarum
8PA3. Whether there is any connection between NO
production and probiotic activity of Lactobacillus
species are still essential questions to be addressed.
It is quite likely that NO formation by probiotic
bacteria contributes to their health promoting effects
on the organism, mechanisms of which are not
entirely understood yet.
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