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Preclinical Studies of Amixicile, a Systemic Therapeutic Developed for
Treatment of Clostridium difficile Infections That Also Shows Efficacy
against Helicobacter pylori
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Amixicile shows efficacy in the treatment of Clostridium difficile infections (CDI) in a mouse model, with no recurrence of CDI.
Since amixicile selectively inhibits the action of a B vitamin (thiamine pyrophosphate) cofactor of pyruvate:ferredoxin oxi-
doreductase (PFOR), it may both escape mutation-based drug resistance and spare beneficial probiotic gut bacteria that do not
express this enzyme. Amicxicile is a water-soluble derivative of nitazoxanide (NTZ), an antiparasitic therapeutic that also shows
efficacy against CDI in humans. In comparative studies, amixicile showed no toxicity to hepatocytes at 200 pM (NTZ was toxic
above 10 uM); was not metabolized by human, dog, or rat liver microsomes; showed equivalence or superiority to NTZ in cyto-
chrome P450 assays; and did not activate efflux pumps (breast cancer resistance protein, P glycoprotein). A maximum dose (300
mg/kg) of amixicile given by the oral or intraperitoneal route was well tolerated by mice and rats. Plasma exposure (rats) based
on the area under the plasma concentration-time curve was 79.3 h - pg/ml (30 mg/kg dose) to 328 h - pg/ml (100 mg/kg dose), the
maximum concentration of the drug in serum was 20 pg/ml, the time to the maximum concentration of the drug in serum was
0.5 to 1 h, and the half-life was 5.6 h. Amixicile did not concentrate in mouse feces or adversely affect gut populations of Bacte-
roides species, Firmicutes, segmented filamentous bacteria, or Lactobacillus species. Systemic bioavailability was demonstrated
through eradication of Helicobacter pylori in a mouse infection model. In summary, the efficacy of amixicile in treating CDI and
other infections, together with low toxicity, an absence of mutation-based drug resistance, and excellent drug metabolism and
pharmacokinetic metrics, suggests a potential for broad application in the treatment of infections caused by PFOR-expressing

microbial pathogens in addition to CDI.

lostridium difficile, a Gram-positive, spore-forming obligate
anaerobe present in the intestinal microflora of most humans
and animals, is an important cause of antibiotic-associated infec-
tious diarrhea and pseudomembranous colitis. C. difficile infec-
tion (CDI) is the leading cause of health care-associated infectious
diarrhea, which is attributed to the emergence of hypervirulent,
binary-toxin-producing strains such as North American pulsed-
field type 1 (NAP1/BI1/027) (1-4). Antibiotic interventions with
oral vancomycin and metronidazole (MTZ) are effective treat-
ments for severe and mild forms of the disease, respectively (5, 6);
but recurrence rates of 25% or higher are common and the risk of
chronic CDI episodes increases to 60% (2). Whether recurrence is
the result of eradication failure or reinfection, it is generally be-
lieved that susceptibility to CDI is a function of the species diver-
sity and type of resident gut microflora, which serve as a protective
barrier to colonization (7). Even standard CDI therapies with
MTZ, vancomycin, and fidaxomicin impair intestinal flora and
thereby contribute to continued susceptibility to and recurrence
of CDI (6, 8,9). The importance of fecal microflora is underscored
by the success rates of 80 to 90% achieved with fecal transplants
from healthy volunteers (10) and with the implementation of pro-
biotic preventive measures that lower the incidence of recurrence
by 66% (11). Among the attributes believed to be important in the
development of newer therapeutics to treat CD], selectivity for C.
difficile and retention of the drug within the intestine are empha-
sized.
We initially developed amixicile, a bioavailable derivative of

August 2014 Volume 58 Number 8

Antimicrobial Agents and Chemotherapy p. 4703-4712

nitazoxanide (NTZ), to treat systemic infections caused by strictly
anaerobic bacteria or anaerobic parasites and gastrointestinal in-
fections caused by Helicobacter pylori and Campylobacter jejuni, all
of which express pyruvate:ferredoxin oxidoreductase (PFOR) and
related enzymes (12—15). NTZ shows good in vitro efficacy against
these microorganisms but is limited clinically to the treatment of
intestinal infections caused by Cryptosporidium parvum and Giar-
dia lamblia (16). However, since NTZ was found to be noninferior
to MTZ in the treatment of CDI in a randomized, double-blind,
prospective patient trial (8, 17), we evaluated the efficacy of amixi-
cile in a mouse CDI model (15). In this model, infected mice
develop diarrhea, lose weight, and succumb on days 2 to 6 after
oral inoculation with 10* to 10° CFU of C. difficile (6, 15). Amixi-
cile proved superior to NTZ in this model. In an optimized CDI
mouse model, amixicile showed equivalence to vancomycin and
fidaxomicin at day 5 and superiority by day 12 (15). Recurrence
was common in mice treated with vancomycin or fidaxomicin,
whereas no recurrence was observed in mice receiving amixicile
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FIG 1 Chemical structures of amixicile, NTZ, VPC16al011, and
VPC16b2031.

(6, 15). In fact, in all of our studies with mice treated with NTZ or
tested analogues of NTZ, none of the surviving animals relapsed
(6,15). We concluded that gut repopulation with beneficial (non-
PFOR) bacteria, considered essential for protection against CDI,
rebounds much sooner with amixicile therapy than with vanco-
mycin or fidaxomicin (15). McVay and Rolfe reported that NTZ
was active against CDI in a hamster model and noted that unlike
vancomycin and MTZ, pretreatment of hamsters with NTZ did
not induce CDI, which suggested that NTZ did not suppress pro-
tective resident flora (18). This conclusion is supported by several
MIC-based comparative studies showing that NTZ is not inhibi-
tory to various species of Lactobacillus, Propionibacterium, and
Bifidobacterium that lack the PFOR target (19, 20). In contrast,
many of these bacteria are susceptible to fidaxomicin and vanco-
mycin (21). Several studies found a greater abundance of mem-
bers of the genus Bifidobacterium in the feces of individuals con-
sidered resistant to CDI infection than in the feces of those
susceptible to recurrence (22, 23). Many of these human micro-
biome studies of CDI and controls reveal substantial changes in
the complex gut microflora but have yet to correlate these changes
with specific antibiotic therapy.

Here we report results of preclinical studies that showed that
amixicile was not cytotoxic or metabolized by liver microsome
fractions and that both dose range findings and pharmacokinetic
(PK) studies with rats indicated that amixicile was safe and well
tolerated and achieved levels in serum well in excess of the MIC for
C. difficile. Therapeutic bioavailability was further demonstrated
by successful eradication of H. pylori infection in a mouse model.
Our studies challenge the conventional wisdom that a pathogen-
specific therapeutic that concentrates in the gut is the most effec-
tive strategy for developing new CDI therapeutics. In contrast, we
suggest that a systemic therapeutic like amixicile, by concentrating
in areas of mucosal inflammation caused by C. difficile or H. pylori,
would actlocally and spare susceptible flora that are not associated
with disease. Such therapeutics might prove beneficial when ad-
ministered together with probiotic or fecal transplant treatments.

MATERIALS AND METHODS

Scale-up synthesis of amixicile. Scale-up synthesis of amixicile-related
derivatives has been previously described (13, 14). The chemical struc-
tures of amixicile and the other analogues used in this study are depicted
in Fig. 1. NTZ was purchased commercially from Waterstone Technology
(Carmel, IN). The purity of all of the compounds used in these studies was
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assessed by spectrophotometry, nuclear magnetic resonance, and mass
spectrometry (MS) protocols (12, 14, 15).

Bacterial strains. H. pylori strains were grown on brucella-based me-
dium supplemented with 7.5% newborn serum and grown in a mi-
croaerobic environment as previously described (12). The MICs for H.
pylori strains SS1 and 26695 were determined by microdilution in brain
heart infusion broth (14, 15).

Metabolic stability. Metabolic stability was determined at 1 and 10
M final concentrations of compounds incubated with pooled human
and rat and dog liver microsomes (0.5 mg protein/ml) containing appro-
priate cofactors (2.5 mM NADPH and 3.3 mM MgCl,) in 0.1 M phos-
phate buffer, pH 7.4, in a 37°C water bath. The incubation mixture con-
tained a final organic solvent concentration of 0.1% dimethyl sulfoxide
(DMSO). Reactions were started with the addition of microsomes and
stopped by removing 100-pl aliquots at selected times (0, 15, 30, and 60
min) and mixing them with 200 .l of acetonitrile containing an internal
standard. Samples were transferred to a 96-well plate for further dilution,
followed by liquid chromatography-tandem MS (LC-MS/MS) analysis.
Controls for metabolism included 10 wM midazolam, a known substrate
of cytochrome P450 3A4 (CYP3A4), and incubation of test compounds
and midazolam with heat-inactivated microsomes for 0 and 60 min, as a
negative control. All samples were assayed in triplicate.

In vitro CYP inhibition. Pooled human liver microsomes (0.5 mg/ml)
and cofactors (2.5 mM NADPH and 3.3 mM MgCl,) were incubated with
test compounds (1 and 10 wM) and a cocktail of seven different CYP
probe substrates in 0.1 M phosphate buffer, pH 7.4 (final volume, 200 l).
The substrates used included 25 pM phenacetin (CYP1A2), 25 uM bu-
propion (CYP2B6), 10 M diclofenac (CYP2C9), 20 M mephenytoin
(CYP2C19), 10 M bufuralol (CYP2D6), 50 M testosterone (CYP3A4),
and 4 nM midazolam (CYP3A4). Specific inhibitor control samples were
incubated and analyzed in the same manner as test compounds but con-
tained the following inhibitors in place of the test compound: 10 puM
furafylline (CYP1A2), 10 puM TEPA (CYP2B6), 3 uM sulfaphenazole
(CYP2C9), 10 pM nootkatone (CYP2C19), 2 uM quinidine (CYP2D6),
and 5 uM ketoconazole (CYP3A4). Reactions were started with the addi-
tion of microsomes and terminated after 20 min of incubation at 37°C by
the addition of 200 pl of ice-cold acetonitrile containing 2 wM dextror-
phan (internal standard). Samples were centrifuged at 1,500 rpm for 20
min at 10°C and supernatants were collected and analyzed by LC-MS/MS
with positive-ion electrospray ionization. The percentage of CYP activity
in test compounds or specific inhibitor samples relative to the control
samples not containing the test compound or controls was calculated as
follows: [substrate metabolite response (peak area ratio, PAR) in the pres-
ence of inhibitor or test compound/substrate metabolite mean PAR in
control] X 100. CYP enzyme activity in the presence of the test compound
that was less than 70% of the control activity was considered significant
inhibition in this assay.

In vitro bidirectional permeability of Caco-2 cells. CacoReady HTS
Transwell-24 plates consisting of differentiated Caco-2 cells plated on
microporous polycarbonate filters (6.5-mm diameter, 0.33-cm® growth
area, 0.4-mm pore size) were obtained from ADMEcell, Inc. (Emeryville,
CA). The cells were prepared for assay according to the manufacturer’s
instructions, the transport medium was replaced with Dulbecco’s modi-
fied Eagle medium, and the cells were incubated for 72 h prior to incuba-
tion with test compounds. The integrity of the monolayer was assessed by
measuring the transepithelial electrical resistance (TEER) with an epithe-
lial volt-ohm meter (EVOM Instrument; World Precision Instruments;
Sarasota, FL). A TEER value of >1,000 {}/cm? indicated that the barrier
system was acceptable. For apical-to-basal (A-B) permeability determina-
tion, test and control compound solutions were prepared in HBSS
(Hanks’ balanced salt solution) at pH 6.0 or 7.4 and added to the apical
side of the cell monolayer. For basal-to-apical (B-A) permeability deter-
mination, test and control compound solutions were prepared in HBSS at
pH 7.4 and added to the basal side of the cell monolayer. Permeability was
measured by testing aliquots from the receiving compartment. Samples in
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acetonitrile were stored at —80°C and analyzed by LC-MS/MS in multi-
ple-reaction-monitoring mode with positive- or negative-ion electros-
pray ionization. All assays were done in triplicate, and results are pre-
sented as means and standard deviations (SDs).

Plasma protein binding studies. Plasma and phosphate-buffered sa-
line (PBS) calibration standards were prepared with blank human, rat, or
dog plasma and PBS. Spiking solutions were prepared by diluting the test
compound amixicile (10 mg/ml) or VPC16a1011 (5 mg/ml) DMSO stock
to give spiking standards of 3, 5, 10, 30, 100, 300, 500, 800, 1,000, 1,200,
and 1,500 pg/ml of DMSO. Five microliters of each spiking standard was
used to spike 495 .l of plasma (or PBS) to give calibration standards of
0.03, 0.05, 0.1, 0.3, 1, 3, 5, 8, 10, 12, and 15 pg/ml. The lower limit of
quantification for amixicile analysis was 0.05 pg/ml. Amixicile plasma
samples for the dialysis experiments were prepared by using the spiking
solutions, and 10 pl of each spiking solution (0.1, 1.0, or 10 mg/ml) was
added to 990 pl of plasma (human, dog, or rat) to give samples of 1, 10,
and 100 pg/ml. The samples were dialyzed against PBS at pH 7.4 with a
Thermo Scientific rapid equilibrium dialysis plate system with a cutoff of
8,000 Da. The chambers were incubated at 37°C for 4 h. Upon comple-
tion, 50 pl of dialyzed plasma was diluted with an equal volume of PBS
prior to protein precipitation. As a control for nonspecific binding to the
filter, amixicile was tested in PBS in the absence of serum. Samples were
prepared for quantification of amixicile in dialysis samples (100 pl) to
which 300 pl of acetonitrile containing 10 wg/ml methyl nicotinate was
added to precipitate plasma proteins. The supernatants following centrif-
ugation were diluted in formic acid and analyzed by LC-MS/MS. A cali-
bration standard curve was used to determine the concentrations of
amixicile in the chambers, and they were compared as buffer chamber/
sample chamber. The percent amixicile bound to plasma protein was deter-
mined as the % bound = 100 — (100 X [test compound],,fer chamber/
mean value f,g uitibrium/ [test compound] i chamber)> and the mean and SD
were calculated by using Microsoft Excel software.

Induced mutation. Escherichia coli tester strain CC103 [araA(lac
proB)/F" lacI lacZ proAB™)] (24) was grown for 6 h in the presence of test
compounds, and then decimal dilutions were prepared in PBS and spread
plated onto LB medium supplemented with 50 pg/ml of rifampin or onto
LB medium without antibiotics (24). Two independent experiments, per-
formed in triplicate, were averaged. The mutation frequency was deter-
mined as the number of rifampin-resistant CFU/total CFU and is pre-
sented as the number of mutations per 108 CFU.

Dose range studies with Sprague-Dawley rats. Male Sprague-Dawley
rats (350 to 376 g) were obtained from Charles River (Hollister, CA).
Animals were randomly distributed into groups of three based on weight
and on day 1 were given the indicated dose of amixicile (20, 100, 200, or
300 mg/kg in 1% methylcellulose) by oral gavage. Animals were moni-
tored immediately and at 24 and 48 h, and all surviving animals were
euthanized after 48 h. General procedures for animal care and housing
were in accordance with the National Research Council Guide for the
Care and Use of Laboratory Animals.

Plasma PK studies. Jugular-vein-catheterized Sprague-Dawley rats
(300 to 350 g) were purchased from Charles River. Plasma amixicile levels
in the rats (three per group) following a single oral dose (30 or 100 mg/kg
in 1% methylcellulose in sterile water) were determined. Predose and
postdose blood samples (50 1) were collected at 5, 15, and 30 min and 1,
2,4, 8, 12, and 24 h (50 ml) by jugular vein catheter, and plasma was
prepared within 30 min of collection. All plasma samples were stored at
—70°C until analyzed. Calibration standards of amixicile were prepared in
rat plasma from a 1-mg/ml stock solution in DMSO over a range of 0 to
2,500 ng/ml. Rat plasma protein (sample volume, 50 1) was precipitated
with 200 pl of acetonitrile containing 1,000 ng of VPC16b2031.
VPC16b2031 is a dinitrothiophene derivative used as an internal standard
(Fig. 1). The suspensions were clarified by centrifugation, and 150 pl of
each was used for LC-MS/MS analysis. The calibration standard curve
for amixicile was prepared by performing weighted 1/x* linear regres-
sion of the peak area (PA) of amixicile as the dependent variable (y
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axis) and concentration as the independent variable (x axis) as follows:
PA = m X [amixicile] + b, where m is the slope and b is the y intercept.
The goodness of fit of this standard curve is indicated by the coefficient of
determination (R?) obtained by quadratic regression, with a perfect fit
yielding an R? value of 1.000.

A noncompartmental model based on extravascular administration
(oral gavage) was performed with WinNonlin (ver. 5.2) by using uniform
weighting. The dosages were entered as mg/kg so that no adjustment for
body weight was needed. The data collected included the maximum drug
concentration in plasma (C,,,,), the time at C, . (T,,.)> the mean area
under the plasma concentration-time curve (AUC) up to the last measur-
able time point (AUC,,,) or to infinity (AUC, ), the terminal elimination
half-life (t,,,), the apparent volume of distribution after oral administra-
tion (V/F), and the total clearance after oral administration (CL/F). Bio-
availability was not determined since there was no intravenous dose used
in this study. Terminal-phase parameters (t,,,, AUC; , and CL/F) were
reported only when the goodness-of-fit (R?) value of the best-fit line in the
terminal elimination phase was =0.85.

PK analyses of serum and feces from C57BL/6 male mice receiving a
single oral dose of 200 mg/kg of amixicile were also performed. A spec-
trophotometric assay was developed on the basis of the absorbance at 413
nm of amixicile (€ = 20 mM ™' cm ™) (12, 15). Serum samples prepared
from collected blood (15 min to 4 h and 24 h) were mixed with equal
volumes of methanol to precipitate proteins. Following centrifugation,
supernatants were diluted to 50% in PBS (pH 7.4) and the concentration
of amixicile was determined spectrophotometrically. Standard-curve de-
termination and limit-of-detection assays were done by spiking mouse
serum samples with a range of amixicile concentrations. The limit of
detection in this assay was 0.1 pg/ml. Fecal samples were suspended in
PBS and similarly treated with equal volumes of methanol. Supernatants
were assayed for amixicile. The mean and SD of three samples, each ob-
tained from two mice per time point, are reported.

Animal studies. C57BL/6] mice were challenged with 3 doses of 5 X
107 CFU of the H. pylori SS1 wild-type strain in brucella broth on days 1,
3,and 5 as previously described (25, 26). At 2 weeks postinfection, groups
of five mice each were treated by gavage with amixicile or MTZ at 20
mg/kg as previously described (15, 27). For amixicile-treated mice, a sec-
ond group received two doses of 20 mg/kg each day. At 1 week posttreat-
ment, mice were sacrificed, their stomachs were removed and homoge-
nized, and CFU counts were determined by plate counting (25). Briefly,
weighted gastric specimens were homogenized in PBS and plated in trip-
licate onto Columbia agar plates with the selective antibiotics vancomycin
(10 pg/ml), trimethoprim (1 wg/ml), amphotericin B (5 wg/ml), and
polymyxin B (5 pg/ml). Plates were incubated for 4 days at 37°C under
microaerobic conditions (25, 27). Bacterial numbers are reported as the
mean and SD of the number of CFU/g of stomach tissue. Statistically
significant differences were determined by using the Student ¢ test, with P
values of <0.05 considered significant.

Microbiota qPCR. C57BL/6 mice (5- to 8-week-old males and fe-
males) received 30 mg/kg (~600 g/100 Wl in PBS) of amixicile (eight
mice) or PBS (seven mice) once daily for 3 days by oral gavage. The mice
were sacrificed on day 4, and the intestines were collected for quantitative
real-time reverse transcription (RT)-PCR (qPCR) analysis for selected
microbial flora (28). Gene expression in the terminal ileum was measured
by real-time PCR with Sybr green and phylum and species level-specific
primers as previously described (28, 29). Data were normalized to a con-
served eubacterial 16S rRNA gene (EUB). The sequences of the EUB prim-
ers used are as follows: EUB forward, 5'-ACTCCTACGGGAGGCAGCA
GT-3'; EUB reverse, 5'-ATTACCGCGGCTGCTGGC-3'. The sequences
of the primers based on the segmented filamentous bacterial 16S rRNA
gene are as follows: SFB forward, 5'-GACGCTGAGGCATGAGAGCAT-
3'; SFB reverse, 5'-GACGGCACGGATTGTTATTCA-3'. The sequences
of the primers based on the Lactobacillus 16S rRNA gene are as follows:
Lactobacillus sp. F, 5'-AGCAGTAGGGAATCTTCCA-3'; Lactobacillus sp.
R, 5'-CACCGCTACACATGGAG-3'". The sequences of the primers based
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TABLE 1 Liver microsome fraction drug metabolism”

Mean % of amixicile remaining * SD

Human Rat Dog
Time (min) 1M 10 pM 1 M 10 pM 1M 10 pM
15 96.3 £ 4.3 96.5 £ 3.1 942 * 1.8 98.6 = 1.7 97.7* 1.1 102.6 = 1.8
30 94.5 £ 1.7 101 £5.5 92.4 £ 3.5 98.1 = 1.8 96.1 £ 1.1 101.2 £ 0.8
60 83.7 = 8.8 99.9 £5.2 88.0 = 0.4 96.5 * 1.8 91.2 £3.6 97.7 £ 2.4
60 (HI)® 96.1 £ 3.0 99.2 + 3.5 100.5 £ 1.2 99.1 * 1.6 96.3 £ 4.4 100.6 = 3.4

“ Human, rat, and dog liver microsome fractions were prepared as detailed in the text. Amixicile was added at the concentrations indicated, and the percentages of the compound

remaining and any metabolic products were determined by MS.
b HI, heat-inactivated control.

on the Bacteroides 16S rRNA gene are as follows: Bacteroides F, 5'-GGTT
CTGAGAGGAGGTCCC-3'; Bacteroides R, 5'-GCTGCCTCCCGTAGGA
GT-3". The sequences of the primers based on the Firmicutes 16S rRNA
gene are as follows: Firmicutes F, 5'-GGAGYATGTGGTTTAATTCGAA
GCA-3'; Firmicutes R, 5'-AGCTGACGACAACCATGCAC-3'. The 16S
rRNA results were normalized to the total bacteria.

RESULTS

Drug metabolism. The results of tests of the metabolic stability of
amixicile incubated with human, rat, and dog liver microsome
fractions are presented in Table 1. After 1 h, the remaining amixi-
cile (10 wM) was 99% = 5.2% for human liver microsomes,
96.5% * 1.8% for rat liver microsomes, and 97.7% = 2.4% for
dog liver microsomes. These results were comparable to those of
heat-inactivated microsome controls, indicating that amixicile is
not appreciably metabolized by liver microsome fractions. In this
assay, NTZ was deacetylated to the phenol (tizoxanide) as previ-
ously reported (16, 30, 31). In CYP inhibition assays (data not
presented), amixicile showed inhibitory activities equivalent to or
lower than those of NTZ against CYP1A2, CYP2B6, CYP2C9,
CYP2C19, CYP2D6, and CYP3A4. The potential for induction of
CYPs was determined by gPCR over a concentration range of 0.6
to 200 WM for amixicile but was limited to 10 wM for NTZ because
of toxicity. At 10 wM, neither NTZ nor amixicile showed any
potential to activate CYPs. Amixicile was tested at higher concen-
trations, and at the highest (200 wM), a wide variation was ob-
served among the three sources of hepatocytes for CYP1A2 and
CYP3A4, as one source was consistently high (up to 102-fold ver-
sus 10-fold for the other two sources). It is noteworthy that the
absence of appreciable amixicile metabolism by liver microsome
fractions is consistent with previous studies showing that the 5-ni-

TABLE 2 Toxicity to human hepatocytes

Treatment Concn (M) Mean % viability = SD*
DMSO 0 100 = 6
NTZ 10 98 + 8
NTZ 25 1+0
Amicxicile 10 82+ 14
Amixicile 25 81+ 38
Amixicile 50 85+ 10
Amicxicile 100 85+ 7
Amixicile 200 91+ 7
VPCl16al011 5 55*2
VPCl16al1011 10 4+1
VPCl16al011 20 0

tro group of amixicile and NTZ is not susceptible to nitroreduc-
tion (15, 32). These findings support previous conclusions indi-
cating that NTZ and amixicile were not substrates of the NsfB
nitroreductase of E. coli (15).

Hepatocyte toxicity. Hepatocyte viability was measured by the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT) method, and the cytotoxicity results are depicted in
Table 2. NTZ was the most toxic, with 99% of the monolayer
destroyed at 25 uM (~8 pg/ml). NTZ was not toxic at 10 pM.
Amixicile exhibited little cytotoxicity over a concentration range
of 10 to 200 wM, which was not considered significant since there
was no dose-dependent increase in toxicity. A second analogue
tested for cytotoxicity was VPC16a1011 in which the benzene pro-
pylamine was replaced with a chlorothiophene group (Fig. 1).
VPC16al011 was toxic to hepatocytes at 5 WM, though in previous
studies, both VPC16a1011 and NTZ were shown to be less toxic to
human foreskin cells (15).

Mutation frequency. We had previously shown that the parent
drug NTZ did not induce mutations in E. coli (32). To ensure that
amixicile was not mutagenic, E. coli strain CC103 was exposed to
32 pg/ml of amixicile (~100 wM) for 6 h and then plated onto
medium containing rifampin (Table 3). We also included NTZ
and MTZ in this study. Nitrofurazone was included as a positive
control, as we had previously shown the drug to induce mutations
in E. coli (24). As a further control, we included VPC16b2031,
which is a dinitrothiophene that showed weak activity in a nitrore-
ductase assay. As shown in Table 3, the frequency of rifampin
mutants was not significantly greater than that of controls upon
exposure to amixicile or NTZ. In this assay, both VPC16b2031
and MTZ produced mutation frequency elevations (ca. 3- and
7-fold, respectively) and the mutation frequency was increased
~20-fold by nitrofurazone. Neither amixicile nor NTZ is a sub-

TABLE 3 Induced mutation to rifampin resistance in E. coli strain
CC103

Avg mutation

Compound Concn (pg/ml) frequency/10® CFU = SD*
Amixicile 32 44 2.7

VPC162031 15 10 = 3.5

NTZ 15 3.8 3.1

MTZ 15 21 £ 1.4

Nitrofurazone 2.5 64 *+ 32

Control 0 29*1.3

“ The percent viability of the monolayer was determined by the MTT assay at 24 h. The
structures of the compounds used are presented in Fig. 1.
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@ Forward mutation to rifampin resistance was determined. Each value is the average of
two independent experiments performed in triplicate.
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TABLE 4 Plasma binding studies”

Mean % bound to plasma * SD

Test compound and

concen (pg/ml) Human Dog Rat
Amixicile

1 95.9 = 0.437 84.3 = 0.473 89.4 = 0.945

10 94.5 * 0.440 86.8 + 0.208 87.5 + 0.529

100 92.1 = 0.640 79.0 = 1.30 80.0 = 0.954
VPCl16al011

1 100 101 100

10 99.4 98.4 = 0.577 99.2

50 99.8 98.8 + 0.577 99.8 £ 0.058

“ Studies employed equilibrium dialysis. VPC16a1011 is a hydrophobic analogue of
amixicile.

strate of nitroreductases, and we conclude that these compounds
are not mutagenic.

Plasma binding studies. Equilibrium dialysis was used to as-
sess the extent of plasma binding by amixicile and VPC16a1011.
As shown in Table 4, amixicile binding to plasma proteins was
highest with human plasma (92% at 100 pwg/ml) and somewhat
less for dog and rat plasma. Relative aqueous solubility did not
appear to be a factor, as the partition coefficient (cLogP) of amixi-
cile is 1.1, while VPC16a1011, which binds plasma at >99%, is
insoluble in water (cLogP, 3.0). The latter result is similar to that
reported for NTZ (cLogP, 2.2), which is 99% bound to plasma
proteins (30, 31), and it is known that high protein concentrations
affect the potency of NTZ (MIC tests) against pathogens (33). We
had previously reported that bovine serum albumin does not af-
fect the MIC of amixicile (15).

Absorption studies. Bidirectional permeability was deter-
mined with established Caco-2 monolayers in Transwell cham-
bers. The ratio of apparent A-B permeability (10" cms™') to B-A
permeability was 3.6 at 1 uM and 3.3 at 10 wM, consistent with the
likelihood that amixicile is subject to efflux. This possibility was
supported by the inclusion of the efflux inhibitor ketoconazole,
which increased A-B uptake. However, we noticed that the pH on
the apical side was acidic at 6.0 and that on the basal side was 7.4.
Since the pK for amixicile is ca. 6.2 (12), we considered the possi-
bility that diffusion of the drug might be influenced by the anionic
status. To test this possibility, the study was repeated with the
apical pH set to 7.4 in HBSS. Under these conditions, the efflux
ratio was 0.979. These studies also evaluated efflux via breast can-
cer resistance protein and P glycoprotein (P-gp) and found efflux
ratios below 2, indicating that amixicile is not a substrate for efflux
in the Caco-2 model. Further studies showed that amixicile is not
asubstrate of OAT1, OAT3, OCT2, OATP1B1, or OATP1B3 (data
not presented). Taken together, these studies suggest that amixi-
cile shows bidirectional permeability and is likely to be absorbed.
These studies do raise the possibility that uptake of amixicile may
be sensitive to changes in the local pH and to possible differences
in absorption between the anion and base.

Dose range studies. Previous dose range studies with mice had
shown that amixicile was well tolerated when administered by the
oral and intraperitoneal (i.p.) routes at 200 mg/kg (15). We noted
in previous studies that many of the NTZ analogues, including
NTZ, were lethal when injected by the i.p. route (34). To further
evaluate the safety of amixicile, dose range studies were performed
with rats. Amixicile was well tolerated at the highest concentra-
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tions (300 mg/kg) administered by oral gavage. The animals were
observed for 48 h, and there were no changes in animal behavior
or activity compared to that of controls.

PKs of amixicile in rats and mice. Plasma PKs were deter-
mined in rats following a single dose of amixicile (30 or 100 mg/
kg) by oral gavage (Fig. 2A). The T,,,, was 30 min to 1 h, and
amixicile was quantifiable at 24 h postadministration. Plasma
drug levels after the 100-mg/kg dose remained high throughout
the study (Fig. 2A, open circles). The mean C,,,,, values for the two
doses were 15.5 and 19.7 pg/ml, respectively, and were not statis-
tically significantly different (Table 5). However, the two drug
concentrations showed 3-fold differences in AUC values (79.2
versus 328 h - pg/ml) and t,,, values (1.5 versus 5.6 h). These
results may suggest that amixicile absorption decreases with the
drug concentration or elimination might be slowed by saturation
of clearance mechanisms. When similar plasma PKs were deter-
mined in mice receiving a single dose of 200 mg/kg in PBS, we
noted that amixicile was more efficiently absorbed, with a C,,,, of
179 pg/ml within 15 min, followed by a steady level between 40
and 60 pg/ml for 4 h (Fig. 2B). Since amixicile was suspended in
1% methylcellulose for oral gavage in the rat studies, we believe
that the 100-mg/kg drug dose in the rat likely limited absorption
by creating a time-release profile that was not seen in the mouse
study in the absence of a carrier. In both studies, the high plasma
drug levels are consistent with good absorption of amixicile and
when the C,,,,/MIC ratios are computed for the various suscepti-
ble pathogens, ratios above 150 would be predictive of clinical
success. Consistent with good amixicile absorption metrics, the
level of amixicile in the feces of mice receiving 200 mg/kg was
below the limit of detection (~0.1 pg/ml) compared to a standard
curve produced with amixicile-spiked fecal samples. Routes of
excretion were not investigated in this study.

Therapeutic bioavailability. To test whether plasma protein
binding might affect the bioavailability and therefore the thera-
peutic efficacy of amixicile, we used a mouse model of H. pylori
infection where plasma drug levels above the MIC are required for
eradication. Both human and animal studies have established that
NTZ is not an effective therapy for H. pylori infections, despite
excellent in vitro efficacy (15, 35). In contrast, MTZ is an effective
therapeutic for eradication of H. pyloriinfection in mice but not as
a monotherapy in humans or when strains are resistant to MTZ
(27, 36). As shown in Fig. 3, a single 20-mg/kg dose of amixicile
was sufficient to produce a >2-log decrease in bacterial numbers
(CFU/g of stomach tissue), in comparison with a similar dose of
MTZ, which produced a nearly 3-log decrease in bacterial num-
bers. Our studies showed that two 20-mg/kg doses of amixicile
was nearly equivalent to the single dose of MTZ. These results
show that plasma protein binding noted for amixicile does not
appear to affect bioavailability or potency against H. pylori in the
mouse model. On the basis of the C,,,,, determined in mice receiv-
ing amixicile at 200 mg/kg (179 wg/ml), the estimated levels in
serum after a 20-mg/kg dose of amixicile (>17 pg/ml) would be in
excess of the MIC for the SS1 strain of H. pylori (<1.0 pg/ml) and
for C. difficile determined previously (15). We conclude that
plasma protein binding does not affect the bioavailability or ther-
apeutic efficacy of amixicile.

Effect of amixicile on resident mouse flora. In vitro studies
have shown that NTZ exhibits broad-spectrum inhibitory activity
against strictly anaerobic bacteria, and our previous studies have
shown that amixicile was particularly potent against Bacteroides
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FIG 2 Time course of plasma amixicile concentrations following a single oral dose. (A) Male rats received amixicile at 30 or 100 mg/kg in methylcellulose by
gavage. Each datum point represents the mean plasma amixicile concentration of up to three rats = the SD. (B) Male mice received amixicile at 200 mg/kg in PBS
by oral gavage, and at each time point, five mice were sacrificed for blood collection. The mean and SD are presented. The data collected were used to generate

the PK information presented in Table 5.

fragilis in vitro (15). To evaluate the potential that amixicile might
disrupt resident anaerobic flora, we randomized 15 mice of vari-
ous ages into two groups, one group receiving amixicile at 30
mg/kg/day and one receiving PBS for 3 days. On day 4, the Bacte-
roides, segmented filamentous bacterium, firmicutes, and lactoba-
cillus populations were analyzed by qPCR. As shown in Fig. 4,
there were no significant changes in these gut microflora popula-
tions over controls. These findings are consistent with our find-
ings that amixicile does not accumulate in detectable concentra-
tions in the feces of mice (<0.1 pg/ml).

DISCUSSION

Amicxicile, a water-soluble derivative of NTZ, selectively interferes
with the biological function of thiamine pyrophosphate (TPP),
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the vitamin B, cofactor of PFOR and related a-ketoacid:ferre-
doxin oxidoreductases (12). These essential enzymes are ubiqui-
tous in obligate anaerobic bacteria, human intestinal parasites,
archaea, and members of the epsilonproteobacteria (12, 13).
Other TPP-containing enzymes, such as pyruvate dehydrogenase,
are not inhibited by amixicile. Conceptually, drugs that target the
function of vitamins, themselves small molecules, are unlikely to
cause mutation to drug resistance without losing biological func-
tion. Such therapeutics might revolutionize treatment strategies
for chronic infections that often require extended periods of anti-
microbial intervention.

Amixicile demonstrated improved selectivity for the PFOR
drug target and had lost many of the off-target activities attributed
to NTZ, including inhibition of chaperone-usher pilin biogenesis
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TABLE 5 PK data from rat single-dose experiments®
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Amixicile dose (mg/kg)

and rat no. or parameter  C, .. (ng/ml) T, (h) AUC, (h-pg/ml)  AUC,(h-pg/ml) 1, (h) VIFE (liters/kg) ~ CL/F (ml/h/kg)
30

15 20.4 0.50 107 107 1.54 0.621 279

16 14.8 0.50 70.6 70.6 1.65 1.01 425

17 11.2 1.00 59.6 59.8 1.39 1.00 501
Mean *= SD 155 * 4.6 0.67 = 0.29 79.2 £ 25.0 79.3 =249 1.53 £ 0.13 0.879 £ 0.224 402 £ 113
100

18 18.7 8.0 298 331 6.50 2.84 303

19 21.8 1.00 323 323 2.04 0.91 309

20 18.6 0.50 283 330 8.25 3.62 303
Mean * SD 19.7 1.8 3.17 = 4.19 301 £ 20 328 x4 5.60 = 3.22 2.45 * 1.39 305+ 4

“ Single doses of amixicile (30 and 100 mg/kg) were administered to male rats. The results for individual rats are depicted with the means and SDs.

by E. coli and biofilm production by Staphylococcus epidermidis
(15, 37, 38). Perhaps most importantly, amixicile had lost the
intrinsic cytotoxicity to immortalized cell lines noted for NTZ (14,
39). Studies presented herein indicate that amixicile was well tol-
erated by mice and rats receiving maximum doses (200 or 300
mg/kg, respectively) and that in vitro assays revealed no cytotox-
icity to hepatocytes or measurable metabolism by human, dog, or
rat liver microsome fractions. Amixicile did not increase the mu-
tation frequency in E. coli, as determined by forward mutation to
rifampin resistance. Bidirectional permeability studies with
Caco-2 cell monolayers showed amixicile to be readily translo-
cated in both directions, though a low pH (6.0 versus 7.4) ap-
peared to affect apical uptake. Our studies showed that amixicile
was not a substrate or an inhibitor of OAT1, OCT2,and OATP1B3
or breast cancer resistance protein and P-gp transporters. CYP
induction studies suggested that amixicile might induce CYP1A2
and CYP3A4 at the highest concentrations tested and showed little
inhibitory activity against these enzymes. Our concerns that
plasma protein binding might also affect the biological activity of
amixicile (a noted problem with NTZ) seemed to be mitigated by
MIC-based studies where additions of bovine serum albumin to
MIC assays had no effect (15) and by demonstrating therapeutic
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FIG 3 Therapeutic efficacy of amixicile in mice. Mice were infected with the
SS1 strain of H. pylori, and following 2 weeks to enable the infection to mani-
fest itself, mice were divided into groups with one serving as an untreated
control and the other receiving one or two doses of amixicile or MTZ of 20
mg/kg/day. One week later, animals were sacrificed and stomach material was
collected for bacterial enumeration. The data are reported as CFU/g of stom-
ach material. The mean and SD from five animals are presented. Asterisks
indicate statistical significance (P < 0.001).
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efficacy against H. pylori in a mouse infection model. Consistent
with efficient uptake of amixicile, fecal drug levels were below the
level of detectability (<0.1 pg/ml). Finally, the administration of
amixicile to healthy mice did not alter the levels of selected gut
bacterial species, including Bacteroides species, which MIC tests
had shown to be highly susceptible to this group of therapeutics
(15,19, 20). Taken together, the preclinical studies found no mit-
igating safety or toxicological concerns about amixicile that might
preclude further development.

With the exception of MTZ, most of the therapeutics used to
treat CDI are minimally absorbed, including vancomycin, fidax-
omicin, NTZ, and experimental drugs like LFF571 (6, 40). This
has led to the notion that therapeutics that concentrate in the gut
and retain potency should be much more efficacious than sys-
temic therapeutics. Presumably, systemic therapeutics require
higher doses to achieve similar luminal concentrations. However,
in a mouse acute CDI model, systemic amixicile showed equiva-
lence to vancomycin and fidaxomicin and superiority to NTZ at 5
days and superiority to all by day 14 postinfection (15). Impor-
tantly, with amixicile and NTZ, there was no relapse of CDI in any
of the surviving treated animals, whereas recurrence was observed
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FIG 4 Effect of amixicile on mouse gut microflora. Eight mice per group
received either PBS or amixicile at 30 mg/kg/day by oral gavage. Primers for
Firmicutes, Bacteroides species, Lactobacillus species, and segmented filamen-
tous bacteria (SFB) were quantified by 16S rRNA expression that had been
normalized to the total bacteria. The mean and SD are presented.
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in 70 to 80% of the animals receiving similar doses of fidaxomicin
or vancomycin, respectively (6, 15). The apparent equivalence of a
systemic therapeutic to minimally absorbed therapeutics raises
more fundamental questions regarding the nature of an infection,
its location, and the biological action of the therapeutic at that site
(i.e., luminal or mucosal). Our studies suggest that C. difficile col-
onizes the intestinal mucosa and promotes local inflammation
and that elimination of these organisms by treatment with amixi-
cile leads to resolution of disease. This view is compatible with the
notion that repopulation of the site by resident flora, naturally or
through probiotics or fecal transplants, protects against reinfec-
tion (10, 11, 23).

To explore the nature of antibiotic action further, we tested
amixicile in a mouse model of H. pylori infection. We had previ-
ously determined that amixicile and NTZ were inhibitory to H.
pylori and C. jejuni in the 0.5- to 1-pg/ml range by MIC tests (14,
15). Moreover, we had tested NTZ for efficacy against H. pylori in
a C57BL/6 mouse model and as in human studies, NTZ proved
ineffective at eradicating the infection (35). In the mouse model,
H. pylori resides in the gastric mucosa but does not appreciably
invade gastric epithelial cells, as demonstrated by hematoxylin-
and-eosin staining of stomach tissue (27). All therapeutics active
against H. pylori (e.g., MTZ, amoxicillin, tetracycline, and clari-
thromycin) are systemic and must diffuse through the gastric ep-
ithelium in order to reach the bacteria. In general, minimally ab-
sorbed drugs are ineffective against H. pylori (36). Thus, drugs that
concentrate in areas of inflammation (serum leakage) are likely to
be the most effective against H. pylori, such as MTZ, which also
tends to concentrate in gastric acid (41). Our group and others
have shown that MTZ is the most effective monotherapy for the
treatment of mice colonized by strains of H. pylori that are suscep-
tible to MTZ (42, 43). The remarkable efficacy of amixicile as a
monotherapy was unexpected, since neither amoxicillin nor cla-
rithromycin, a mainline therapeutic used for the treatment of H.
pylori in humans, shows any efficacy as a monotherapy in this
model (42, 43). On the basis of these results, we suggest that amixi-
cile most likely concentrates in areas of inflammation associated
with active infections. By not accumulating in the colon, it avoids
the collateral damage to the resident gut microflora that is
problematic with all minimally absorbed antimicrobials. While
luminal C. difficile might also be spared by systemic therapeutics
like amixicile, both washout and competition with repopulated
gut microflora as suggested previously (15) might mitigate a re-
lapse of CDI.

While amixicile shows good efficacy against H. pylori in the
mouse model, we have previously reported that some MTZ-resis-
tant (MTZ") strains exhibit cross-resistance to NTZ and conse-
quently to amixicile in vitro (32). This includes H. pylori strains
1061rdxAfrxA and G27rdxA (MIC of NTZ, 16 pg/ml), and resis-
tance is not due to mutations of pforGDAB, since PFOR enzyme
activity in cell extracts was essentially wild type and could be in-
hibited by amixicile (unpublished data). These strains lack a func-
tional RdxA NAD(P)H MTZ-reducing nitroreductase that also
exhibits potent NADPH oxidase activity (44). There is accumulat-
ing evidence now to suggest that nitroreductases are potent scav-
engers of cytoplasmic oxygen and are part of a cellular redox sys-
tem that maintains an anoxic cytoplasm (44). Accordingly, loss of
RdxA function contributes to oxidative stress, leading to activa-
tion of compensatory metabolic pathways that appear to be con-
trolled by HsrA, a homeostatic oxidative stress regulator (45).
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While we do not completely understand the underlying mecha-
nisms that render the PFOR drug target less essential, the phe-
nomenon might be uniquely limited to H. pylori, as MTZ" strains
of C. jejuni retain susceptibility to amixicile (14, 15). In general,
MTZ resistance is rare in strictly anaerobic bacteria and parasites.
However, a few reports of resistance in C. difficile have appeared
(46,47), but since the clostridia express multiple a-ketoacid:ferre-
doxin oxidoreductases, resistance would likely require additional
metabolic changes. Similarly, in Bacteroides species, MTZ" strains
often harbor nim genes whose products nitroreduce MTZ to non-
toxic ammonia (48, 49), so cross-resistance with amixicile would
be unlikely since the nitro groups of amixicile and NTZ are not
susceptible to nitroreduction (15, 32). It is important to empha-
size that MTZ is both mutagenic and selective for resistance, not
only to MTZ but to other antimicrobials used therapeutically (24).
While amixicile and NTZ have the same clinical spectrum as MTZ
(8,12,14,15,19,20,31), both their modes of action and their drug
targets are different.

PK studies show that amixicile is readily absorbed and C,,,, s of
15 and 20 pg/ml were obtained in rats receiving 30 and 100 mg/kg,
respectively,and a C,,,,, of 179 ug/ml was obtained in mice receiv-
ing a single dose of 200 mg/kg. As shown in Fig. 2A, rats receiving
100 mg/kg did not show the expected concentration-dependent
3-fold increase in C,,,,, (assuming rapid absorption) but did show
this increase when AUCs were compared. We interpret these re-
sults to suggest that the methylcellulose carrier caused a time re-
lease of amixicile at the higher concentration, which also extended
the t,,,. This was not observed in the mouse study, where the drug
was administered in PBS in the absence of methylcellulose. This
knowledge might be useful in the future when formulations are
optimized for humans. Taken together, the PK studies show that
amixicile is readily absorbed and disseminated. On the basis of
plasma drug levels in both the rat and mouse studies, amixicile
readily achieved levels well in excess of the MIC for C. difficile and
H. pylori. It is also likely that plasma amixicile levels of >20 pg/ml
might show efficacy against MTZ" strains of H. pylori in the mouse
model (MIC, 16 pg/ml). Studies are in progress to test this possi-
bility.

In summary, preclinical studies indicate that amixicile, which
is in development for the treatment of CD], is well tolerated by
both rats and mice, is not appreciably metabolized by liver micro-
some fractions, and is not cytotoxic for hepatocytes or human
foreskin cells (15). PK studies indicate that the drug is efficiently
absorbed and is below detectable levels in feces samples. While
amixicile, like NTZ, shows broad-spectrum action against strictly
anaerobic bacteria, including Bacteroides fragilis in vitro, amixicile
did not affect gut bacterial populations of susceptible anaerobes,
including species of Bacteroides. These studies also confirmed that
bacteria lacking the PFOR drug target (lactobacilli) are also unaf-
fected by amixicile. In this regard, the key component microbes of
probiotics (lactobacilli and bifidobacteria) do not contain the
PFOR drug target and would not be affected by amixicile. While
cross-resistance to MTZ might limit the use of amixicile for the
treatment of H. pylori in humans, further efficacy studies with
resistant strains that include combination therapies and a proton
pump inhibitor might overcome resistance. Finally, our studies
strongly suggest that a focus on minimally absorbed therapeutics
to treat CDI should be reconsidered. Clearly, a systemic therapeu-
tic that concentrates in areas of active infection, spares resident
flora, and resists mutation-based drug resistance has potential ap-
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plication in treatment not only of CDI but for other infections
where anaerobic microorganisms are involved, such as periodon-
tal disease, Crohn’s disease, inflammatory bowel disease, and a
range of parasitic infections caused by C. parvum, G. lamblia, and
Trichomonas vaginalis.
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