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Abstract

The nitroheterocyclic classes of drugs have a long history of use in treating anaerobic infections,
as exemplified by metronidazole as a first-line treatment for mild-to-moderate Clostridium difficile
infection (CDI). Since direct comparisons of the three major classes of nitroheterocyclic drugs (i.e.
nitroimidazole, nitazoxanide and nitrofurans) and nitrosating agents against C. difficile are under-
examined, in this study their actions against C. difficile were compared. Results show that whilst
transient resistance occurs to metronidazole and nitazoxanide, stable resistance arises to
nitrofurans upon serial passage. All compounds killed C. difficile at high concentrations in
addition to the host defence nitrosating agent S-nitrosoglutathione (GSNO). This suggests that
GSNO killing of C. difficile contributes to its efficacy in murine CDI. Although nitric oxide
production could not be detected for the nitroheterocyclic drugs, the cellular response to
metronidazole and nitrofurans has some overlap with the response to GSNO, causing significant
upregulation of the hybrid-cluster protein Hcp that responds to nitrosative stress. These findings
provide new insights into the action of nitroheterocyclic drugs against C. difficile.
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1. Introduction

Clostridium difficile is the main cause of hospital-acquired diarrhoea in developed countries
such as the USA and Europe. Each year in the USA aloneg, there are >400 000 cases of C.
difficile infection (CDI), with >14 000 deaths [1]. Since the 1980s, metronidazole, a 5-
nitroimidazole prodrug, has been established as a first-line therapy for mild-to-moderate
CDI [2]. Despite its long history of use for treating CDI, the cellular action of metronidazole
against C. difficile is not well characterised [3]. However, based on studies in other
organisms, metronidazole is bioreductively activated by cellular oxidoreductases (e.g.
nitroreductases), whereby its nitro group is reduced by an electron to produce a highly
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reactive and unstable nitroimidazole anion that can have several fates [4]. The unstable
nitroimidazole anion may be further reduced to nitroso and hydroxylamine intermediates or
may undergo decomposition yielding additional reactive species in the form of an imidazole
radical and a nitrite anion from which nitric oxide (NO) is derived [4]. These nitroimidazole
reactive derivatives and NO cause damage to cellular targets, namely proteins and DNA,
leading to cell death [4,5]. If NO is produced upon metronidazole bioreduction in C.
difficile, this might indicate that it imposes nitrosative stress in C. difficile in a manner
similar to the innate immune system [6]. However, the genetic response of C. difficile both
to nitroheterocyclic drugs, including metronidazole, and host-derived NO-generating
molecules such as S-nitrosoglutathione (GSNO) is relatively undercharacterised [7].

Interestingly, there are only a few reports of metronidazole resistance in C. difficile [3,8].
This extremely low incidence of metronidazole resistance in C. difficile is confounded by
the instability of the metronidazole-resistant phenotype, with resistance being lost during
freezer storage or following brief passage in microbiological media [3,9]. The rarity of
metronidazole resistance in C. difficile is unusual considering that resistance to
metronidazole occurs by several different mechanisms in other bacteria [10]. This prompted
us to question whether the lack of metronidazole resistance in C. difficile is also displayed
by other nitroheterocyclic drugs. Besides metronidazole, other members of the
nitroheterocyclic drug class are also important treatments for other anaerobic infections,
namely the 5-nitrofuran and nitrothiazolyl drugs [11,12].

Furthermore, the nitrothiazolyl nitazoxanide is considered an alternate treatment for CDI
and has been successfully modified to produce improved analogues [12]. A key difference in
these three nitroheterocyclic drug types arises from their redox potential, which dictates the
spectrum of activity, mechanism of bioreduction and cellular effects [13]. Interestingly,
nitazoxanide acts as a non-competitive inhibitor of pyruvate:ferredoxin oxidoreductase
(PFOR) in anaerobes (e.g. C. difficile), protozoa and Helicobacter pylori, which is distinct to
the cellular action of 5-nitroimidazoles and 5-nitrofurans, involving the formation of
reactive species and inhibition of multiple targets [10].

In this study, we sought to better understand the action of these three subclasses of
nitroheterocyclic drugs against C. difficile by directly comparing their effects on cell
viability, propensity to select for stable resistance, and the cellular responses of DNA
damage and nitrosative stress. The results suggest that all three nitroheterocyclic subclasses
show characteristic mode of action profiles, with nitroimidazoles and nitrofurans bearing
some resemblance to GSNO. We also report for the first time that C. difficile is rapidly
killed by GSNO, which now provides an additional basis for the observed efficacy of this
molecule in mice with CDI [6].

2. Materials and methods

2.1. Chemicals, bacterial strains and growth conditions

Clostridium difficile strains CD196 (a historic NAP1 strain) and R20291 (a contemporary
NAP1 strain) were kindly provided by Dr A.L. Sonenshein (Tufts University, Medford,
MA\) and strain BAA-1875 (NAP7) was obtained from ATCC (Manassas, VA). All strains
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were routinely grown in pre-reduced BHITY broth [brain—heart infusion, tryptone (1% w/v)
and yeast extract (0.5% wi/v)] at 37 °C in a Whitley A35 anaerobic workstation (Don
Whitley Scientific, Shipley, UK). Antibiotics were obtained from the following sources:
metronidazole, vancomycin, fusidic acid, rifaximin and nitazoxanide were from Sigma-
Aldrich (St Louis, MO); ornidazole was from Alfa Aesar (Ward Hill, MA); nitrofurazone
was from TCIl America (Portland, OR); nifuroxazide and furazolidone were from MP
Biomedicals (Santa Ana, CA); and nitrofurantoin was from Acros Organics (Fair Lawn, NJ).
GSNO was from Enzo Life Sciences (Farmingdale, NY) and was prepared fresh in culture
medium adjusted to pH 6.5 and was tested in medium of pH 6.5. Stock solutions of other
compounds were stored at —80 °C in dimethyl sulphoxide (DMSO) at 10 mg/mL.

2.2. Determination of minimum inhibitory concentrations (MICs)

MICs of compounds were determined in 24-well plates, or in 96-well round-bottom
microtitre plates (Thermo Scientific, Waltham, MA) for freeze-thawed cultures from serial
passage experiments [14]. In 24-well plates, compounds were first two-fold serially diluted
in 500 pL of BHITY broth, followed by the addition of 500 pL of 108 CFU/mL of C.
difficile, with test concentrations ranging from 0.06-64 pg/mL. Plates were incubated
anaerobically at 37 °C for 24 h. MICs were similarly determined in 96-well microtitre plates
but using antibiotic dilution volumes of 50 puL with a final volume of 100 uL after addition
of the inoculum. There was no difference in the MICs determined in 96-well microtitre
plates or 24-well plates.

2.3. Determination of minimum bactericidal concentrations (MBCs)

MBCs were determined against log-phase cells in 24-well plates as described previously
[14]. Briefly, 900 uL of mid-logarithmic cells [optical density at 600 nm (ODgqg) ~ —0.3]
was added to 100 pL of two-fold serially diluted compounds. After 24 h of incubation,
viable counts were enumerated on BHITY agar containing 20% w/v activated charcoal [14].
MBCs were determined at least twice and were defined as the lowest concentration of
compound killing =3 log of the initial inoculum (ca. =107 CFU/mL).

2.4, Time—kill assay

Time-kill assay experiments were performed as described previously [14]. Mid-logarithmic
phase cultures (ODggg &~ 0.3) were exposed to metronidazole and nitazoxanide at their
MBC, nitrofurantoin at 8x and 16x its MIC and S-nitrosoglutathione (GSNO) at its MIC.
Total viable counts were performed on samples recovered at different points. All
experiments were performed at least twice.

2.5. Selection of nitroheterocyclic-resistant mutants

To compare the potential for emergence of de novo resistance in C. difficile, methods for
plating of concentrated cultures or serial passage in the presence of subinhibitory
concentrations of drug were adopted as described below.

2.5.1. Mutant selection on agar—Overnight cultures in BHITY broth (10 mL) were
concentrated 10-fold resulting in 10° CFU/mL. The entire 1 mL of sample was plated (100
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pL per plate) onto BHITY agars containing antibiotic at 4x MIC. Following incubation for
48 h, the mutation frequency was obtained from the total number of colonies on selection
plates divided by the total number of viable cells.

2.5.2. Selection of stable resistance by serial passage—Serial passage
experiments were conducted in 96-DeepWell plates (Thermo Scientific), essentially as
described previously [15] except for the use of BHITY broth (1 mL) as the growth medium.
Initially, compounds were two-fold serially diluted to yield antibiotic concentrations that
were eight-fold above and four-fold below their MICs. Each well was inoculated with C.
difficile to yield ca. 108 CFU/well. Following incubation for 24 h at 37 °C, the lowest
concentration of compound preventing visible growth was recorded as the MIC. Bacteria
growing one dilution below the MIC were then used to inoculate the subsequent round of
passaging in fresh broth containing antibiotic. This was repeated for a total of 20 passages
and at each stage the MIC obtained was used to define the compound concentration ranges
for the subsequent passage. To isolate individual colonies from populations showing growth
at elevated concentrations, cultures were plated onto agar with antibiotic at 4x MIC. To
determine whether stable resistance to compounds arose during passaging, stocks of bacteria
were first stored at —80 °C. For every fourth passage in the series, frozen stocks were plated
onto non-selective BHITY agar. After overnight growth, the entire plate was scrapped into
fresh broth, incubated overnight and MICs were determined in 96-well microtitre plates.

2.6. Measurement of nitrite and nitric oxide

Two methods were used to detect the production of reactive nitrite or NO in cultures as
described below.

2.6.1. Griess reagent assay—Since the initial experiments revealed quenching of Griess
reagent assay in BHITY, these experiments were performed in TYG broth (1% wi/v tryptone,
0.5% wi/v yeast and 1% w/v glucose). There were no differences in the MICs of compounds
in TYG or BHITY broth. Aliquots (1 mL) of concentrated C. difficile CD196 (ca. 10°
CFU/mL) were exposed to metronidazole and nitrofurantoin at 64 pg/mL (0.37 mM and
0.27 mM, respectively) and to GSNO (50.4 pg/mL; 0.15 mM) for 30 min and 90 min. Cells
were centrifuged and supernatants were retained, whereas cell pellets were lysed by bead
beating. Both the supernatant and cell lysates (50 pL) were assayed for nitrite according to
instructions for the Griess reagent kit from Promega (Madison, WI). Nitrite concentrations
were determined from a standard curve of nitrite at 1.5-200 uM; the limit of detection was
2.5 uM.

2.6.2. B-Galactosidase (B-gal) reporter assay—Escherichia coli strain JOEY426
(MG1655 derivative of JOEY19 [16]) carrying a NO-inducible promoter (ytfE) fused to lacZ
was used as reporter strain in co-cultures with C. difficile CD196; ytfE is specifically
induced by NO. Both cultures were grown separately to ODggg =~ —0.3 in BHITY and
lysogeny broth—Lennox medium, respectively. Cells were centrifuged, washed and re-
suspended in pre-reduced defined medium [17]. Clostridium difficile CD196 and E. coli
JOEY426 were mixed to yield a final ODggg of 2.5 and 0.3, respectively, in 1 mL, and
metronidazole (64 ug/mL; 0.37 mM), nitrofurantoin (64 pug/mL; 0.27 mM) and GSNO (50.4
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pg/mL; 0.15 mM) were added for 30 min and 90 min followed by measuring 3-gal activity
[16].

2.7. Gene expression analysis by quantitative reverse transcription PCR (QRT-PCR)

To compare the effect of compounds and GSNO on gene expression, gRT-PCR was
performed on logarithmic cultures exposed to growth inhibitory concentrations (GICs). The
GIC is considered more relevant than the MIC to probe primary transcriptional responses
[18] since there is a significantly larger population of bacteria compared with what is used
for MIC testing; also, the GIC does not cause cell death, unlike the MBC. GICs were
determined by adding compounds to cultures (ODggg ~ 0.3) followed by optical density
measurements. The concentration of test compound at which no increase in optical density
was observed up to 6 h was designated as the GIC. To probe the transcriptional response to
the GIC, cultures were grown in BHITY to ODgyg ~ 0.3 and compounds were added at their
GICs as follows: 8 pg/mL metronidazole; 16 pg/mL nitazoxanide; 64 pg/mL nitrofurantoin;
and 0.038 mM GSNO. Cultures were then incubated for 20 min at 37 °C and before adding
bacterial RNAprotect™ reagent (QIAGEN, Valencia, CA). Total RNA was isolated using a
SV Total RNA Isolation System (Promega) and 2 pug was converted to cDNA using M-MLV
reverse transcriptase (Promega) with random hexamers. Maxima SYBR Green Master Mix
(Thermo Scientific) and gene-specific primers (Supplementary Table S1) were used to
amplify gene transcripts in an Applied Biosystems 7300 Real Time PCT System (Applied
Biosystems, Grand Island, NY). Results were calculated by the comparative Ct Method
(AACT method) [19] with endogenous 16S rRNA serving as a control to normalise mMRNA
levels.

3. Results

3.1. Activities of nitroheterocyclic drugs against Clostridium difficile

A comparative assessment of the activities of the three main subclasses of nitroheterocyclic
drugs against C. difficile, under the same test conditions, is shown in Table 1. As expected,
the nitroimidazoles metronidazole and ornidazole were highly active, inhibiting the growth
of C. difficile at low concentrations (0.25-0.5 ug/mL). Surprisingly, under the test
conditions, nitazoxanide only inhibited growth of the three test strains at high concentrations
of 8-16 pg/mL, which was comparable with nitrofurans that inhibited the growth of C.
difficile at 2-8 pg/mL. Despite nitazoxanide requiring higher concentrations to inhibit
growth, it was found to be as potent as metronidazole in killing logarithmic cultures over a
24-h period (Table 1), as both caused a 3 log reduction in cells at similar test concentrations
(i.e. 16-64 ug/mL). Conversely, all four nitrofurans failed to kill more than 2 log of bacteria
within a 24-h exposure period at 64 pg/mL. Interestingly, the NO donor GSNO was also
bactericidal to all three C. difficile test strains with MBCs (201.8-403.5 pg/mL; 0.6-1.2
mM) that were >4-fold its MIC (Table 1). Since MBC measurements are endpoint assays,
time—Kkill experiments were performed against CD196 to compare the rate of kill with
metronidazole, nitazoxanide, nitrofurantoin and GSNO. As shown in Fig. 1, GSNO at its
MIC (i.e. 50.4 pg/mL; 0.15 mM) was the most rapidly killing agent, since a 1-h exposure
reduced the number of viable cells to <103 CFU/mL (i.e. the detection limit of the assay);
however, by 24 h the surviving cells regrew to ca. 10’ CFU/mL explaining the higher MBCs
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of 4-8-fold above the MIC. Metronidazole and nitazoxanide at 32 pg/mL killed ca. 3 log of
cells in 3 h, but the limit of detection was only reached in 5 h and 7 h, respectively.
Consistent with the endpoint MBCs, nitrofurantoin was entirely bacteriostatic at 64 ug/mL
(Fig. 1), but a 2-fold increase in concentration (128 pg/mL) resulted in rapid bactericidal
activity comparable with metronidazole and nitazoxanide.

3.2. Unlike metronidazole and nitazoxanide, stable resistance to nitrofurans may be
obtained by serial passage

No mutants could be obtained on agar from concentrated stationary-phase cultures (108-10°
CFU/mL) of the three C. difficile strains, suggesting that all three classes of
nitroheterocyclic drugs have a low propensity for first-step resistance. To further examine
the likelihood of resistance development, cultures were serially passaged under increasing
concentrations of antibiotics to enrich the mutant population. During passaging, it was
observed that C. difficile could be grown at concentrations that were above the MIC for each
test compound (Supplementary Table S2) suggesting the presence of subpopulations
exhibiting phenotypic resistance or unstable de novo resistant mutants. None the less, the
presumptive de novo mutants in cultures exposed to metronidazole, ornidazole or
nitazoxanide could not be isolated on agar and the population regained susceptibility after
storage at =80 °C (Fig. 2; Supplementary Table S2). Conversely, stable nitrofuran-resistant
mutants could be isolated from the populations showing reduced susceptibility to the tested
nitrofurans (Fig. 2; Table 2). As shown in Table 2, nitrofuran-resistant mutants were 2—16-
fold more resistant to nitrofurans and typically exhibited cross-resistance only within the
nitrofuran class. As a control, all test strains yielded stable mutants to rifaximin (Fig. 2).

3.3. Metronidazole and other nitroheterocyclics do not appear to produce measureable

nitric oxide

To detect and quantify the production of these nitro radicals, Griess reagent was initially
used. With the control GSNO at 0.15 mM, 12.2 £ 0.1.4 uM and 20.2 £ 2.4 uM of nitrite was
detected after 30 min and 90 min of incubation, respectively. In contrast, both metronidazole
and nitrofurantoin at 64 pg/mL (0.37 mM and 0.27 mM, respectively) failed to generate
detectable signals above the detection limit of 2.5 uM (Supplementary Table S3). Similarly,
no discernable signal above basal levels could be detected for metronidazole and
nitrofurantoin using JOEY426, the NO-responsive [3-gal reporter strain (Supplementary
Table S4). However, B-gal production was induced in the presence of GSNO even at a low
concentration of 0.0015 mM.

3.4. Transcriptional response to nitroheterocyclic drugs and S-nitrosoglutathione

To further understand the cellular action of nitroheterocyclics and GSNO, the expression of
genes known to respond to DNA damage [recombinase A (recA)] [20], nitrosative stress
[hybrid-cluster protein (hcp), nitric oxide reductase flavorubredoxin (norV) and putative
hydrosulphide/nitrite transporter (nirC)] [21] and general stress [Hsp70 molecular chaperone
(dnaK)] was analysed. These results are summarised in Fig. 3, with a >2.5-fold change in
gene expression considered as significant. Exposure to GSNO, metronidazole and
nitrofurantoin dramatically increased expression of the hybrid-cluster protein gene hcp by
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112.6 + 36-, 249.3 *+ 49- and 35 + 8-fold, respectively. However, we were surprised to find
such high induction of hcp by metronidazole and nitrofurantoin, as NO/nitrite could not be
detected or appear to be produced in only low amounts compared with GSNO
(Supplementary Table S3). Consistent with nitazoxanide targeting the activity of PFOR and
not undergoing reduction to form reactive species [10], hcp was only induced by three-fold,
possibly due to cellular redox changes. With respect to metronidazole, other genes involved
in nitrogen metabolism (norV and nirC) were also upregulated by 2.5 + 0.3-fold and 5.2 £
0.9-fold, respectively. Induction of recA (4.4 + 0.9-fold) by only metronidazole is consistent
with it triggering the SOS response in C. difficile owing to DNA strand breaks [5]. The test
control vancomycin did not affect expression of the studied genes (data not shown).

4. Discussion

Despite being used for more than 30 years to treat CDI, the mode of action of metronidazole
in C. difficileis still underexplored, in contrast to other pathogens such as H. pylori and
protozoans [10,22]. Thus, we explored the action of metronidazole against C. difficile,
comparing it with other clinically relevant nitroheterocyclic drugs. This study advances
present knowledge on the potential for de novo resistance and the cellular response of C.
difficile not only to metronidazole but to other subclasses of nitroheterocyclic drugs. We
also demonstrate that C. difficile is highly sensitive to GSNO, which is found in the
gastrointestinal tract [6]. It is therefore likely that the bactericidal activity of GSNO
contributes to its efficacy in the murine model of CDI [6]. This observation also adds to the
existing literature that C. difficile and its spores are highly sensitive to acidified nitrite [23].

The inability to select spontaneous mutants exhibiting stable resistance to metronidazole
might reflect the presence of multiple nitroreductases that can activate metronidazole, the
possibility that the nitroreductase(s) is essential (e.g. PFOR), or the likelihood that mutations
causing resistance also impose biological fitness costs in C. difficile [3]. Consequently, we
were unable to obtain stable mutants showing resistance to metronidazole and the related
nitroimidazole ornidazole. These findings are consistent with prior studies which showed
that metronidazole-heteroresistant subpopulations obtained through serial passage revert
back to wild-type susceptibilities upon freezer storage and thaw [9]. Similarly, we show that
spontaneous mutants are also not readily selected with nitazoxanide, even though temporal
decreases in the susceptibility of cultures occur during serial passage. This may be due to the
distinct mode of action of nitazoxanide, involving inhibition of PFOR by abstracting a
proton from the substrate cofactor thiamine pyrophosphate (TPP) [10,12]; thus mutations in
PFOR may not be an avenue for nitazoxanide resistance [10]. In contrast, stable resistant
mutants were enriched during serial exposure to nitrofurans. Since these nitrofuran-resistant
mutants were not cross-resistant to metronidazole or nitazoxanide, this suggests that the use
of nitrofurans for other disease indications, including gastrointestinal infections, may not act
as a conduit for the emergence of resistance to metronidazole and nitazoxanide in C.
difficile. Furthermore, since nitazoxanide retains activity against clinical C. difficile
exhibiting resistance to metronidazole [24], it is possible that all three nitroheterocyclic
classes could play roles in treating CDI.

Int J Antimicrob Agents. Author manuscript; available in PMC 2015 October 01.



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

1duosnuely Joyny vd-HIN

Kumar et al.

Page 8

The nitroimidazole or nitrofuranyl anion formed upon reduction may either undergo
decomposition to produce NO or become further reduced to nitroso and hydroxylamine
intermediates [4]. In the present studies, the levels of free NO were either absent or too low
to be detected, which leads us to speculate that in C. difficile the nitroheterocyclic anions of
metronidazole and nitrofurantoin do not undergo decomposition. However, we cannot
negate that even if NO is produced it may react with target proteins, making it unavailable
for detection in our assays involving the Griess reagent and an E. coli reporter strain that are
only capable of detecting micromolar levels of NO. Hence, more sensitive analytical
methods will be required to confirm the current findings and to elucidate the fate of
activated nitroheterocyclic drugs in C. difficile.

Interestingly, dramatic induction of the hybrid cluster protein hcp occurred upon exposure to
metronidazole, nitrofurantoin and GSNO. Induction of hcp by GSNO is not surprising since
it is known to respond to nitrosative stress, where it was originally proposed to act as a
hydroxylamine reductase, protecting bacteria from reactive species generated during nitrite
or NO reduction [21]. However, we are unaware of reports demonstrating that hcp responds
to nitroimidazole and nitrofuran drugs. We believe this suggests that there are some
intersections in the types of cellular damage caused or proteins targeted by nitroimidazoles,
nitrofurans and nitrosating agents [25]. We speculate this overlap primarily occurs at the
proteome level, resulting from their respective reactive species either forming adducts or
causing damage to similar cellular proteins [25]. Therefore, Hcp appears to have a broader
role in responding to cellular damage caused by reactive species and not just in the
detoxification of hydroxylamine radicals. This might support the recent hypothesis by Cole
[25] that Hcp may be involved in repairing damaged metalloproteins. Furthermore, low
induction of hcp by nitazoxanide supports its distinct mode of action as an inhibitor of
PFOR activity, which does not involve reduction to reactive species that occur with other
nitroheterocyclic drugs. Hcp may represent a marker for differentiating the actions of future
nitroheterocyclic agents, e.g. nitroimidazole versus nitrothiazolyl analogues. This study
suggests that activated metronidazole also causes DNA strand breaks in C. difficileas in
other bacteria, resulting in the triggering of the SOS response, but this is not the primary
mechanism of action for nitazoxanide and nitrofurantoin, which is also evident in H. pylori
[13].

Further studies will be needed in C. difficile to determine the cellular mechanism(s) of
activation of metronidazole and indeed proteins modified by both metronidazole and GSNO,
as this could identify new cellular targets to discover treatments for CDI. This study also
provided further insight to the actions of nitroheterocyclic drugs against C. difficile. It also
indicates that C. difficile is highly sensitive to GSNO and provides a framework for new
hypotheses to probe the action of these agents to control CDI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Time-kill kinetics against log-phase Clostridium difficile CD196. Data are shown for

metronidazole (MTZ) and nitazoxanide (NTZ) at their minimum bactericidal concentration
(MBC), nitrofurantoin (NFT) at 8x and 16x its minimum inhibitory concentration (MIC)
and S-nitrosoglutathione (GSNO) at its MIC. Data are the mean of at least two independent
experiments, with error bars showing the standard error of the mean.
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Fig. 2.

Changes in the susceptibility of Clostridium difficile strains to nitroheterocyclic drugs during
serial passage for 20 days. Values represent the mean of three independent experiments,
with error bars showing the standard error of the mean. MTZ, metronidazole; OND,
ornidazole; NTZ, nitazoxanide; NFT, nitrofurantoin; NFZ, nitrofurazone; NIF, nifuroxazide;
FzD, furazolidone; RFX, rifaximin. Mean starting minimum inhibitory concentrations
(MICs) against CD196, BAA-1875 and R20291 were 0.01, 0.005 and 0.03 pg/mL,

respectively.
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Fig. 3.
Gene expression analysis in response to metronidazole (MTZ), nitrofurantoin (NFT),

nitazoxanide (NTZ) and S-nitrosoglutathione (GSNO). The bar depicts the relative
quantities of mMRNA for respective genes, measured by quantitative reverse transcription
PCR and normalised against the 16S rRNA gene. The mean of three independent
experiments is shown, with error bars showing the standard error of the mean.
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