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Abstract: Clostridium difficile is an anaerobic, Gram-positive pathogen that causes C. difficile infection, which results in
significant morbidity and mortality. The incidence of C. difficile infection in developed countries has become increasingly
high due to the emergence of newer epidemic strains, a growing elderly population, extensive use of broad spectrum anti-
biotics, and limited therapies for this diarrheal disease. Because treatment options currently available for C. difficile infec-
tion have some drawbacks, including cost, promotion of resistance, and selectivity problems, new agents are urgently
needed to address these challenges. This review article focuses on two parts: the first part summarizes current clinical
treatment strategies and agents under clinical development for C. difficile infection; the second part reviews newly re-
ported anti-difficile agents that have been evaluated or reevaluated in the last five years and are in the early stages of drug
discovery and development. Antibiotics are divided into natural product inspired and synthetic small molecule compounds
that may have the potential to be more efficacious than currently approved treatments. This includes potency, selectivity,
reduced cytotoxicity, and novel modes of action to prevent resistance.
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1. INTRODUCTION

Clostridium difficile (C. difficile) is a Gram-positive,
spore-forming, anaerobic bacterium that was coined “diffi-
cile” based on the initial difficulty to culture it in the labora-
tory [1, 2]. Although originally described in 1935 as a com-
mensal organism, by the late 1970s it was recognized as the
main cause of pseudomembranous colitis (PMC), a severe
gastrointestinal (GI) disease [3]. Acquisition of C. difficile
occurs by ingestion of the acid-resistant spores [2] and after
passing through the stomach, the spores germinate in the
small bowel and inhabit the colon. In order for C. difficile to
over-populate the colon, there must be a disruption of the
normal bacterial flora, which provides colonization resis-
tance to opportunistic pathogens [4, 5]. If C. difficile is able
to colonize, it then reproduces in the intestinal crypts, and
releases enterotoxin (toxin A) and cytotoxin (toxin B) [6-8].
Toxins A and B cause inflammation, attract neutrophils and
monocytes, and degrade the colonic epithelial cells, leading
to the clinical symptoms associated with C. difficile infection
(CDI) [7, 9-12]. In contrast, there are asymptomatic carriers
of C. difficile who do not exhibit any symptoms even though
the organism is present in their stools. A review by Kachri-
manidou and Malisiovas reported that about 5% of healthy
adults and 50% of neonates carry the C. difficile bacteria
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with no symptoms of diarrhea [13]. Also, it is estimated that
up to 57% of long term care facility (LTCF) residents carry
C. difficile with no symptoms [14].

In the healthcare environment, C. difficile can easily be
transferred from patient to patient via the hands of healthcare
workers or from exposure to spores in the patient’s milieu
[15]. Furthermore, exposure to clindamycin and broad spec-
trum antibiotics (e.g., 2" and 3™ generation cephalosporins,
broad spectrum penicillins and fluoroquinolones), which
disrupt the natural gut microbiota promote the overgrowth of
toxigenic C. difficile from spores that survive drug exposure
or colonize patients following drug treatment [15]. Other risk
factors associated with the development of CDI include age
>65 years, being a resident of a nursing home or LTCF, im-
munosuppression, previous episodes of CDI, leukocytosis,
hypoalbuminemia, exposure to chemotherapeutic agents both
inpatient and in the community, GI surgery, inflammatory
bowel disease and probably the use of proton pump inhibi-
tors (PPIs) [16-19]. Also, since 2000, there has been an in-
crease in the number of outbreaks of CDI in hospitals fol-
lowing the emergence of seemingly more virulent strains that
are more refractory to treatments [20]. However, CDI is no
longer strictly a hospital-associated disease as its incidence
has now increased in community settings and in many cases,
patients are not displaying traditional risk factors such as
recent antibiotic use [21] and age. These changes appear to
be correlated with the changes in the epidemiology of C.
difficile strains. Indeed, the emergence of the fluoroqui-
nolone resistant hypervirulent C. difficile strain, designated
as NAP1/B1/027 [15] in North America (U.S. and Canada)
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and Europe, has increased the frequency and severity of CDI.
Hypervirulence in NAP1/B1/027 is thought to result from the
enhanced production of C. difficile toxins A and B and the
carriage of a binary toxin whose function is currently un-
known [13, 22]. The enhanced production of spores that are
inherently resistant to antibiotics and most chemicals is also
thought to contribute to the success of ribotype 027 [23], but
this property does not appear to be exhibited by all isolates
of this ribotype [24]. However, ribotype 027 is not the only
C. difficile lineage responsible for outbreaks and severe dis-
eases in North America and Europe, emphasizing the need
for efforts to understand differences in the pathogenicity of
C. difficile strains [25-27]. Other clinically relevant ribotypes
of C. difficile have been identified in North America and
Europe over the last decade, including the PCR ribotype 078,
which has been found in food animals [28], affects younger
patients [29], and has caused outbreaks in hospitals and nurs-
ing homes [30], ribotypes 001 and 106 [31], and the fluoro-
quinolone resistant PCR ribotype 018 [32]. A 2013 case
study reported the isolation of a NAP12/ribotype 087 C. dif-
ficile strain in a fatal case of community-acquired (CA)-CDI
(presumptive PMC) in a young 22-year-old female who con-
tracted CDI after receiving clindamycin post tooth extraction
due to an abscess [33].

The severity of CDI ranges from mild diarrhea to PMC
and even death [34]. Diagnosis of CDI requires the detection
of toxins A and B, with enzyme immunoassays (EIA) being
a widely used technique [35]. Although the EIA testing
yields rapid results, its use is limited by having lower sensi-
tivity compared to cell cytotoxin assay, which also uses the
stool to detect toxin activity [36]. However, alternative ap-
proaches have been developed and were recently reviewed
by Burnham and Carroll [37]. In a study by Mushner and
Stager [38], it was found that out of 122 specimens tested for
C. difficile, only 13% were positive using an EIA while all
samples were positive using PCR technology. The presence
of toxin-producing C. difficile was then confirmed by culture
in the samples that were shown to be positive using PCR.
This indicated that C. difficile may be undetected by EIA and
PCR may be a better diagnostic tool [38]. Additional meth-
ods of detecting C. difficile include culturing the unformed
stool [36], nucleic acid amplification test [36], and detection
of glutamate dehydrogenase enzyme (screening) produced
by both toxic and nontoxic C. difficile [36, 39]. C. difficile
stool culture is slow to yield results and is of limited diag-
nostic value since only toxigenic C. difficile causes the diar-
rhea associated with CDI [14].

According to the Centers for Disease Control and Pre-
vention (CDC), the incidence, recurrence, and mortality from
CDI have increased substantially in the U.S. over the last
decade and the major risk factor was healthcare exposure
[40]. Annually, C. difficile is linked to at least 400,000 infec-
tions and 14,000 deaths in the U.S. alone, with the risk of
mortality being the highest in the elderly [41]. Previous re-
search in the early 2000s had also shown that C. difficile
resulted in $1.1 billion in health care costs annually in the
U.S. [42]. Over the last decade in which the hypervirulent
strains have become increasingly associated with more CDIs,
the financial burden of managing the disease has almost tri-
pled, with the average total cost for a single inpatient stay
with CDI totaling more than $35,000, resulting in $3 billion

Current Topics in Medicinal Chemistry, 2014, Vol. 14, No. 1 153

in healthcare costs annually [43]. Similarly, in the European
Union, substantial amount of money is spent on treating pa-
tients with CDI and the estimated annual cost (per 2006 data)
was 3 billion euros [44].

2. CLINICAL TREATMENT STRATEGIES

There are several pharmacologic options for the man-
agement of CDI [36]. Supportive care [14, 45] is crucial in
replacing the fluid, electrolytes, and nutrition lost through
diarrhea. To avoid unnecessary treatment of CDI and prema-
ture interruption of a suspected offending antimicrobial
agent, appropriate diagnosis of CDI should precede treat-
ment [36]. In addition, appropriate environmental control
measures of CDI need to be implemented (e.g., hand wash-
ing with soap and water, gloving, gowning, and using deter-
gents that can kill C. difficile spores) to minimize the spread
of CDI [15]. Although metronidazole (MTZ) is the conven-
tionally accepted agent for treating the first episode (primary
infection) of CDI, it is not one of the two medications ap-
proved by the U.S. Food and Drug Administration (FDA) for
the treatment of CDI. The approved agents for the treatment
of CDI are vancomycin (VAN) (oral or rectal retention en-
ema) and oral fidaxomicin (FDX) [36, 45] (Fig. 1).

After each episode, the risk of recurrence of CDI in-
creases [46]. About 15%-30% [46-48] of patients get another
infection after their first CDI and about 40%-60% after a
second episode of the infection [13, 49, 50]. In cases of se-
vere CDI (defined as white cell counts >15,000 cells/uL’, or
serum creatinine >50% above baseline) [49] or recurrent
infection, VAN is the agent of choice [36, 45]. An alterna-
tive agent for cases refractory to VAN is FDX [45]. For mul-
tiple recurrent CDIs, adjunctive treatment options that may
be used in addition to VAN, include cholestyramine (an an-
ion exchange resin), nitazoxanide (NTZ), rifaximin, intrave-
nous immunoglobulin (IVIG), and probiotics. When all
agents fail, fecal microbiota transplant may be considered as
the treatment of last resort [36, 45]. Finally, in patients who
develop ileus or toxic megacolon, surgical management via
partial or total colectomy is the most effective treatment
strategy to reduce the risk of mortality [36]. Surgery is also
considered in cases of fulminant or refractory CDI when
patients satisfy one of the following: peritonitis, megacolon
and/or worsening abdominal distension or pain, new onset
ventilatory failure, new or increasing vasopressor require-
ment, mental status changes, inexplicable clinical deteriora-
tion, elevated serum (> 5 mmol/L) and leukocytosis (WBC
>20,000/uL) or leucopenia (WBC < 3,000/uL) [51]. The
Society for Healthcare Epidemiology of America/Infectious
Diseases Society of America (SHEA/IDSA) recommended
treatment for CDI is described in Table 1. We will briefly
review the evidence behind the use of each of the treatment
options mentioned, and why certain interventions may be
preferred over others in managing CDI in specific points of
the disease progression.

2.1. Metronidazole

Metronidazole is a nitroaromatic prodrug that is active
against protozoans as well as bacteria [53]. In order for MTZ
to become cytotoxic to bacterial cells, reduction of the 5-
nitro group of the imidazole ring needs to occur [54]. Due to
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its low molecular weight, MTZ diffuses across the cellular
membrane of bacteria. In the absence of MTZ, the pyru-
vate:ferredoxin oxidoreductase (PFOR) generates ATP when
it oxidatively decarboxylates pyruvate. When MTZ is pre-
sent within the cytoplasm, the nitro group captures electrons
that are usually transferred to hydrogen ions. The reduced
MTZ then creates a concentration gradient, driving the up-
take of more MTZ [53, 55]. The nitroso free radical then
interacts with DNA, resulting in DNA breakage and destabi-
lization of the DNA helix [56-58].

Table1l. The Recommended Treatments for CDI [36, 52].

C. difficile severity and

L Recommended treatment
definition

Initial episode, mild or moderate
(WBC count <15000 cells/uL and
SCr<1.5 times premorbid level)

MTZ 500 mg by mouth tid for
10-14d

VAN 500 mg by mouth or

.. . . nasogastric tube qid plus MTZ
Initial episode, severe, compli- . .
L 500 mg intravenously tid. If
cated (shock or hypotension, ileus, . . .
complete ileus consider adding

rectal instillation of VAN
500 mg qid.

megacolon)

First recurrence (i.e., second CDI Same as initial episode or VAN

episode) 125 mg by mouth qid x 10-14 d

VAN in a tapered and/pulsed
regimen [52]
125 mg po qid x 10-14 d, then

S d i.e., third CDI .
econd recurrence (i.e., thir 125 mg po bid per day x 1 week,

isod
episode) then 125 mg po once daily x 1

week, then 125 mg po every 2 or 3

day for 2-8 week

Abbreviations: qid = four times a day; SCr = serum creatinine; WBC = white blood
cells.

For mild to moderate cases of CDI, oral MTZ is preferred
and is as effective as oral VAN [14, 36, 45]. The conven-
tional adoption of MTZ as an agent of choice in the first case
of CDI was bolstered by the U.S. CDC’s caution in 1994 that
the use of oral VAN could potentially induce enterococci
resistance [52]. Potential properties of oral MTZ that may
have contributed to its reduced effectiveness against the
NAPIstrains of C. difficile include the significantly lower
concentration of MTZ reached in the colon due to extensive
systemic absorption (>80%) compared to orally administered
VAN (mean + standard deviation, 9.3 £ 7.5 pg/g and 520 +
197 ng/g, respectively) [59, 60]. In patients with no diarrhea,
MTZ is not detected in their feces, suggesting higher absorp-
tion in this setting [61]. Compared to VAN, MTZ is associ-
ated with poorer clinical outcomes in severe infections of C.
difficile [62]. Another concern with the use of MTZ is the
possibility of inducing vancomycin resistant enterococcus
(VRE), and this association has already been reported in
case-control studies [59]. Al-Nassir et al. reported that MTZ
promoted a transient overgrowth of VRE during CDI treat-
ment in patients who had VRE stool colonization at baseline.
However the VRE overgrowth dropped significantly within
two weeks post CDI treatment [59]. Finally, MTZ may be
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ineffective against other clinically relevant C. difficile ribo-
types as a recent study reported high MIC values for PCR
ribotypes 001 and 010 [63]. Nevertheless, a high MIC of
MTZ against toxigenic C. difficile may be not just due to the
presence of specific genes, but rather due to multifactorial
genetic mechanisms not fully understood [64]. One advan-
tage of MTZ over oral VAN and the recently approved FDX
is its very low cost [49].

2.2. Nitazoxanide

Similar to MTZ, NTZ (Fig. 1) is a synthetic nitroaromatic
antiparasitic drug bearing a nitrothiazolyl-salicylamide mo-
tif. However, its mode of action appears to be distinct from
MTZ and is thought to be inhibiting PFOR, which is essen-
tial to anaerobic energy metabolism [65]. This is reflected by
NTZ retaining activity against C. difficile that exhibits re-
duced susceptibility to MTZ [66]. Nitazoxanide is used for
the treatment of parasitic intestinal infections, but it shows
promise in the treatment of CDI (MIC = 0.06-0.125 mg/L)
[66, 67]. A recent small prospective randomized study (N =
50) that compared NTZ 500 mg bid with oral VAN 125 mg
qid could not determine non-inferiority of NTZ to VAN after
10 days of treatment. However, the results suggested that
NTZ may be as effective as VAN for the treatment of CDI
[68]. Prior to this study which compared NTZ to VAN, an-
other small single center study (N = 35) evaluated the use of
NTZ 500 mg twice daily for 10 days in patients with CDI
who had failed MTZ and exhibited persistent symptoms of
colitis. NTZ therapy cured 66% (composite cure) of the pa-
tients who had previously all failed MTZ and some cases
also failed VAN [69].

2.3. Vancomycin

Vancomycin is a hydrophilic and rigid glycopeptide anti-
biotic, which consists of a glycosylated hexapeptide chain
and cross linked aromatic rings by aryl ether bonds [70].
Notably, VAN has poor absorption in the GI tract and is not
orally bioavailable; therefore, it can be used as an oral anti-
biotic for the treatment of CDI [71, 72]. Its mechanism of
action involves tight binding to the D-Ala-D-Ala subunit of
the precursor UDP-N-acetylmuramylpentapeptide of pepti-
doglycan, forming a complex via hydrogen bonds. This re-
sults in inhibition of the biosynthesis of peptidoglycan, an
essential component of the bacterial cell wall envelope. Due
to its large and rigid structure, VAN prevents the transglyco-
sylase and transpeptidase enzymes from aligning correctly,
therefore preventing peptidoglycan biosynthesis [73, 74].
Although resistance to VAN has emerged in other Entero-
cocci and Staphylococci, there are currently no clinical re-
ports of vancomycin-resistant C. difficile. Nonetheless,
Leeds et al. recently showed that mutations in MurG, which
converts lipid I to lipid II during peptidoglycan biosynthesis,
confers in vitro resistance to VAN in C. difficile [75].

Oral VAN is effective for the treatment of CDI even
though there is existing concern of selecting for VRE during
treatment [52], which was reported in 8% of patients in one
study [59]. Favorable properties of oral VAN include limited
gut absorption, high fecal concentrations, and no evidence of
C. difficile resistance. The main limitation is the high cost of
oral VAN. A single center randomized controlled trial that
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Fig. (1). Chemical structures of clinically used agents and adjunctive antibiotics for CDI.

compared oral VAN (125 mg qid) and oral MTZ (250 mg
qid) for 10 days reported no difference in clinical cure (98%
and 90%, respectively) for mild cases, but VAN was supe-
rior in curing severe cases (97% and 76%, respectively) [76].
Zar et al. supports the recommendations to use oral MTZ or
oral VAN for mild CDI and to use oral VAN for severe CDI
[36, 45]. In very severe CDI manifesting in ileus or toxic
megacolon, high dose VAN (500 mg qid) is administered
rectally in conjunction with IV MTZ [36, 45, 77].

2.4. Fidaxomicin

Fidaxomicin is a naturally occurring 18-membered mac-
rocyclic antibiotic and it represents the first-in-class of new
macrocyclic narrow spectrum antibiotics [78-80]. It was ap-
proved in 2011 by the U.S. FDA for the treatment of C. diffi-
cile-associated diarrhea (CDAD) [72]. Mechanistically, FDX
inhibits bacterial RNA polymerase and subsequent RNA
synthesis [81] by adopting a mechanism that appears differ-
ent to rifamycins. There are multiple processes in the tran-
scription of DNA to produce RNA, representing different
points for compounds to inhibit transcription. In a study by
Artsimovitch et al. [82], it was found that FDX binding to
RNA polymerase occurred before the initial separation of the
DNA strands, which happens before the synthesis of RNA
begins. Notably, FDX’s mechanism of action is different
from other RNA synthesis inhibitors including rifamycins
and streptolydigin, which are inhibitors of the initiation and
elongation synthetic steps [82]. Interestingly, FDX retains
activity against rifamycin-resistant strains and mutations
causing resistance to FDX arises in RpoB gene at distinct
loci to that causing resistance to rifamycins [83].

FDX has been used in clinical practice for treating CDI
in the general population since 2011 and available data from
several studies show it is more effective than oral VAN in

reducing the second recurrence (i.e., a third episode) of CDI
caused by non-NAP1 strains within four weeks of post
treatment [84, 85], while both agents exhibit similar safety
profiles [86]. In a well conducted prospective, randomized
double-blind phase 3 trial evaluated by the U.S. FDA for
approval of FDX, non-inferiority of FDX to VAN was dem-
onstrated in the clinical cure of CDI following 10 days of
treatment with FDX 200 mg twice a day or VAN 125 mg qid
[48]. The cure rate of FDX was superior to VAN (90% and
74.9%, respectively) in a pooled analysis of two prospective,
randomized double-blind non-inferiority studies, each evalu-
ating the management of CDI in patients who simultaneously
received antibiotics for an underlying infection [87]. A po-
tential advantage of FDX over VAN is its minimal impact on
the composition of indigenous fecal microbiota, in particular
Bacteroides species [88] relative to VAN [89], while attain-
ing a high local concentration in the gut [90] and feces [91].
Louie et al. reported mean fecal concentration of FDX of
1225.1 pg/g after 10 days of therapy and this concentration
was about 4900 times the MICy, [48]. The major limitation
to the use of FDX as an alternative to VAN is cost, with a
10-day C. difficile treatment regimen of over $2,000 [14,
92], which is about twice the cost of using the oral VAN
formulation. Furthermore, since FDX has a single target
(RNA polymerase), resistance has already arisen during
clinical use [93].

2.5. Rifaximin

Rifaximin (Fig. 1) is a semisynthetic rifamycin derivative
bearing a 25-membered macrolactam ring, which is linked
by an aliphatic chain and a naphthalenic aromatic moiety
[70]. Tt shows anti-difficile activity with a MIC value of
0.015 pg/mL [94] and is primarily used for the treatment of
traveler’s diarrhea caused by noninvasive strains of Es-
cherichia coli [72, 95, 96]. Rifaximin exerts its antibacterial
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activity by binding to the B-subunit of DNA-dependent RNA
polymerase and thus inhibiting subsequent RNA synthesis
[97, 98]. Because rifaximin is non-absorbed and shows po-
tent activity against C. difficile, it is used as an adjunctive
antibiotic for the treatment of CDI, in particular for patients
with a history of multiple CDI recurrence [99]. It may have a
potential role in managing CDIs in cases of recurrent CDI. In
a small study, eight patients with recurrent CDI (4-8 epi-
sodes) were treated with a regular course of VAN, and im-
mediately followed with rifaximin 400-800 mg daily for two
weeks. There were no recurrent infections in seven of the
eight patients [100]. However, the efficacy of rifaximin in
preventing recurrent CDI may be limited by the
BI/NAPI/027 hypervirulent strain of C. difficile, as a retro-
spective study by Mattila et al. reported higher MIC values
(using rifampicin’s susceptibility) for the BI/NAPI/027
strains (mean MIC 0.46 pg/mL) compared to the non-
BI/NAPI/027 strains (MIC >0.002 pg/mL) [99]. However,
like other rifamycins, resistance to rifaximin readily arises
and is already found in the clinic [52, 101]. Resistance arises
from point mutations in the drug target—the [-subunit of
RNA polymerase [102]. Interestingly, commonly occurring
rifamycin resistance alleles (e.g., ArgsosLys) do not impose a
biological fitness cost in C. difficile [102], which may enable
these strains to further spread and cause CDI [103].

2.6. Intravenous Immunoglobulin (IVIG)

In response to C. difficile toxins A and B, the immune
system makes antibodies against these toxins [104]. There-
fore, the premise behind the use of IVIG in refractory CDI is
to passively provide antibodies to neutralize the C. difficile
toxins, primarily toxin A [104]. This may help reduce the
severity of CDI’s clinical manifestations and duration since
it has been documented that patients with CDI mount a weak
immune response by producing low levels of antibodies to C.
difficile toxins A and B [104, 105]. A 2009 systematic re-
view by O'Horo and Safdar [106] on the use of IVIG in the
treatment of CDI examined literature from 1970-2008. The
review could not make recommendations on the role of IVIG
(dose range used in studies 150-400 mg/kg) in CDI man-
agement due to major limitations in available studies, such as
small sample size, lack of control groups, or absence of ran-
domization [106]. Respective clinical practice guidelines by
Cohen et al. [36] and Wilcox et al. [45] suggest that IVIG
(150-400 mg/kg) could potentially be used for severe or re-
current CDI.

2.7. Vaccine

Kyne et al. demonstrated that asymptomatic carriers of
C. difficile mounted a strong immune response to the C. dif-
ficile toxin, as depicted by high serum concentrations of im-
munoglobulin G (IgG) antibodies against the toxin [10].
Also, there is scientific evidence of protection from CDI by
high serum concentrations of IgG antibodies against C. diffi-
cile toxin A [107]. Furthermore, other studies have reported
that the parenteral administration of C. difficile toxoid vac-
cine in humans or mice can induce high concentrations of
serum anti-toxin A antibodies; based on results of some stud-
ies these antibodies should protect against CDI [10, 108,
109]. Sanofi Pasteur’s novel C. difficile vaccine containing
inactivated toxoids A and B demonstrated acceptable immu-
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nogenicity and safety in phase 1 study. It was also effica-
cious in the primary prevention of CDI and secondary pre-
vention of recurrent CDI in two phase 2 studies [110]. In
August 2013, Sanofi Pasteur announced it was commencing
a phase 3 randomized controlled multi-national study of its
experimental C. difficile vaccine. The study dubbed Cdiff-
ense seeks to enroll subjects at least 50 years old with one of
the following: an impending hospitalization or hospitaliza-
tion at least two times in the preceeding one year where sys-
temic antibiotics were administered. The purpose of Cdiff-
ense is to evaluate the safety, immunogenicity and efficacy
of the novel C. difficile vaccine in preventing the first epi-
sode of CDI [111].

2.8. Monoclonal Antibodies

The use of human monoclonal antibodies against C. diffi-
cile toxin is in the early clinical stages [39]. A phase 2 ran-
domized, double-blind, placebo-controlled study evaluated
the effect of a single infusion of human monoclononal anti-
bodies against C. difficile toxins A and B in symptomatic
CDI patients receiving treatment with MTZ or VAN. The
addition of the monoclonal antibodies significantly reduced
the recurrence of CDI caused by non-BI/NAP1/027 C. diffi-
cile strains within 84 days post administration of the antibod-
ies [112]. Merck is currently recruiting patients for a phase 3
study to investigate the efficacy of a single infusion of hu-
man monoclonal antibodies against C. difficile toxin A, toxin
B, and toxins A and B, respectively for preventing CDI re-
currence in patients receiving antibiotics for CDI [113].

2.9. Probiotics

Probiotics are live microorganisms (bacteria or yeast)
which may be consumed to aid in restoring the balance of
indigenous GI microbiota that may be altered using antibiot-
ics that are known to cause diarrhea [114]. Proposed mecha-
nisms of probiotics to restore the normal flora or help pre-
vent colonization by C. difficile include competing for nutri-
ents, stimulating host’s immune function, and inhibiting and
maintaining integrity of GI mucosa by preventing adhesion
and invasion by other pathogenic microbial flora [115, 116].
Data on the use of probiotics for prevention or treatment of
CDI are variable. Both Cohen et al. [36] and Wilcox et al.
[45] could not recommend the use of probiotics clinically for
prevention of CDI due to lack of robust data. Large prospec-
tive randomized controlled trials of probiotics may be
needed to determine the effectiveness of probiotics for pre-
vention or treatment of CDI since meta-analyses of small
and moderate sized randomized trials reported that probiotics
of Lactobacillus, Saccharomyces, and Bifidobacterium spe-
cies may be effective in preventing CDI [114, 117-119]. The
use of the probiotic Saccharomyces boulardii has been asso-
ciated with isolated cases of systemic fungal infections in
patients with central venous catheters [120] and critically ill
patients [121]. Therefore, it may be prudent to avoid Sac-
charomyces boulardii in these patients.

2.10. Fecal Microbiota Transplant

This is a treatment of last resort following multiple recur-
rent CDI (refractory), but turns out to be highly effective,
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cheap, and safe. Fecal transplant involves replenishing of the
gut flora with donated feces from a screened healthy donor
such as close family members or spouse [122]. After prepa-
ration of the donated fecal material, it is delivered into the GI
tract via nasogastric tube or rectal retention enema or
colonoscopy [122]. According to a pooled review, both the
nasogastric and rectal administrations of fecal microbiota
appear to be safe and effective [123]. Landy et al. reviewed
22 studies of fecal transplantation and reported a response
rate of 87% [124]. Similarly, Gough et al. [125] reviewed 27
case series and reports of intestinal microbiota transplanta-
tion and reported recurrent CDI cure rate of 92% after the
transplantation. Of the 317 patients with recurrent CDI, only
11% required more than one intestinal microbiota transplan-
tation to achieve resolution of symptoms. Finally, a small
randomized study in the Netherlands comparing intestinal
fecal transplantation with oral VAN had to be terminated
prematurely due to significantly better outcomes in the fecal
transplantation group [126]. The main drawbacks to the use
of fecal transplantation are concerns of potential transmis-
sion of an unscreened transmittable infectious disease from
the donor to the recipient [127] and the cost a patient incurs
if the procedure is not paid for by insurance.

2.11. The Need for Newer Agents to Combat Resistance,
Hypervirulence, and Recurrence of C. difficile

Only two pharmacologic agents (VAN and FDX) are ap-
proved by the U.S. FDA for the treatment of CDI and their
use is limited by high cost. In addition, due to the increasing
incidence, emergence of resistant and hypervirulent C. diffi-
cile strains, and the high rate of recurrence of CDI after
treatment with the conventional agent for initial episode (i.e.,
MTZ), there is an urgent need to develop new therapies.
Gastroenterologists have resorted to the use of fecal micro-
biota transplant as last resort to treat refractory CDI (= 3
recurrences) in order to avoid surgical intervention that typi-
cally removes part or the whole colon. Antibiotics to be used
against C. difficile should meet several characteristics, which
make drug discovery and development for these agents chal-
lenging. First, from medicinal chemistry point of view, the
anti-difficile agents must often possess unique physiochemi-
cal chemical properties (e.g., high molecular weight, low
solubility, high polarity, low permeability and absorption)
and they should not function as substrates for efflux pumps
[128]. Second, newer agents need to have a narrow spectrum
of activity in order to avoid disruption of the normal gut
flora. Third, they should have novel targets/mechanisms of
action to prevent the emergence of resistance and recurrence.
Fourth, they should be superior or at least comparable to the
currently available treatments, including efficacy, tolerabil-
ity, and achieve a high concentration at the site of action
(decreased permeability).

There are currently several new antibiotics in clinical de-
velopment for the treatment of CDI (Table 2 and Fig. 2).
Some of these clinical candidates have been previously re-
viewed by Johnson [129], Zucca et al. [115], Koo et al. [96],
Sun et al. [130], Shah et al. [131], van Nispen tot Pannerden
et al. [132], and Joseph et al. [133]. Here we review and
highlight the chemistry, microbiology, and clinical relevance
of these advanced agents for CDI.
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2.12. Ramoplanin

Ramoplanin (Fig. 2) is an oral lipoglycodepsipeptide an-
tibiotic that has showed therapeutic potential for CDI [151,
152]. Ramoplanin exhibited good in vitro bactericidal activ-
ity against a broad panel of C. difficile clinical isolates
(MICyy = 0.5 pg/mL) [135] and showed comparable or supe-
rior in vivo efficacy compared to VAN in the hamster model
of clindamycin-induced CDI [153]. Following oral admini-
stration, this agent is not absorbed from the GI tract and thus
exerts its antibacterial activity locally in the gut with a favor-
able safety profile and minimal systemic side effects [134].
Ramoplanin works by inhibiting peptidoglycan biosynthesis
[136].

2.13. Surotomycin (CB-183,315)

Surotomycin is a novel oral cyclic lipopeptide, which is
currently under phase 3 clinical development by Cubist
Pharmaceuticals [138]. Surotomycin is a structural analog of
daptomycin. Mechanistically, surotomycin works by disrupt-
ing membrane potential [138]. The favorable microbiolog-
ical and pharmacokinetic profiles of surotomycin include
potent in vitro activity against C. difficile (MICyy = 0.5
pg/mL) with good selectivity [154], a bactericidal property,
low resistance development, in vivo efficacy in the hamster
infection model, and low oral bioavailability (<1%) [137,
138]. In addition, surotomycin exhibited good antibacterial
activity against a panel of C. difficile isolates (MICs < 1
pg/mL) and showed greater activity than VAN and MTZ
[155].

2.14. LFF571

LFF571 is a macrocyclic semisynthetic thiopeptide anti-
biotic, which possessed desirable physiochemical properties
and exhibited potent in vitro activity (MICs < 0.5 pg/mL)
against C. difficile [156]. It had potent, relatively narrow
spectrum anti-difficile activity with good selectivity [157]. In
addition, LFF571 demonstrated more potent in vivo efficacy
in the hamster model of CDI at a lower dose and with fewer
recurrences compared to VAN [158]. From the phase 1 clini-
cal trial, following an oral dose, LFF571 was generally safe
with limited systemic exposure and it possessed favorable
PK profiles including minimal serum and high fecal concen-
trations, which warrant further development toward the
treatment of CDI [159]. LFF571 exerts its anti-difficile ac-
tivity by specifically binding C. difficile translation elonga-
tion factor Tu and subsequently blocking protein synthesis
[140].

2.15. Oritavancin

Oritavancin is a novel structural analog of VAN, which
belongs to the lipoglycopeptide antibiotic family [160]. Al-
though the major indication of oritavancin in completed
phase 3 trials was not for the treatment of CDI, recent studies
demonstrated high therapeutic potential of oritavancin as a
novel anti-difficile agent. Oritavancin showed good in vitro
and in vivo antibacterial activity against C. difficile with
<0.1% bioavailability following oral dosing in hamsters
[161]. Compared with VAN, oritavancin showed higher
therapeutic potential in an in vitro human gut model to re-
duce sporulation and prevent associated symptomatic
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Table 2.  An Overview of Clinical Pipeline Agents for CDI.
Drug candidate Chemical class Company Status MICqy Mechanism
Bacterial cell wall bi thesi
Ramoplanin Lipoglycodepsipeptide Nanotherapeutics, Inc. Phase 3 [134] 0.5 pg/mL [135] ac erla‘ ce‘ ,Wa Losynthests
inhibitor [136]
Surotomycin . . . . Disruption of membrane poten-
Lipopeptide Cubist Pharmaceuticals Phase 3 [137] 0.5 pg/mL [138] .
(CB-183,315) tial [138]
. L . . <0.5 pg/mL . .
LFF571 Semisynthetic thiopeptide Novartis Phase 2 [139] [140] Protein synthesis inhibitor [140]
Phase 3 (i tiga-
Semisvntheti :,lse | ;mvelst 1lga Disruption of membrane poten-
Oritavancin i errilsyn etl.z The Medicines Co. b lor(liab Osgl a 1 pg/mL [141] tial; peptidoglycan biosynthesis
ipoglycopeptide ase rola ‘ s;?ec- inhibitor [141]
trum antibiotic)
Quinolonyl idi Actelion Ph " 0.064-0.5 me/L Protein synthesis inhibitor (pri-
Cadazolid umo‘ony.-oxaz.o.l ?none clelion PRAfmaceuti | ppase 2 completed 0700 e mary); DNA synthesis inhibitor
chimeric antibiotic cals Ltd. [142]
[143]
CRS3123 Thienopyrimidone-
REP3123 tetrahydrochroman via a Crestone, Inc. Phase 1 [144] 1 mg/L [145] Protein synthesis inhibitor [146]
( ) propanediamine linker
SMT19969 . FIJIS(4-‘ . Summit PLC th?se 2 (expected 0.125 pg/mL DNA synthesis inhibitor by
pyridyl)bibenzimidazole in Q1 2014) [147] binding to DNA [148, 149]
Tvoe B lanthioni N ta Bi . Bacterial cell wall biosynthesis
¢ B lanthionine- ovacta Biosystems
NVB302 ype s nine Y Phase 1 completed | 1 mg/L [150] inhibitor by binding lipid T
containing lantibiotic Ltd. [150]

recurrence [162]. In 2012, Chilton et al. showed oritavancin
was effective to treat simulated CDI following a 4 day
course treatment with less observed recurrence than VAN in
the human gut model [163]. Very recently, Chilton et al.
evaluated oritavancin against C. difficile spore germination,
outgrowth, and recovery; compared with VAN, oritavancin
demonstrated higher potential for leading to early inhibition
of germinated cells by adhering to spores, inhibiting subse-
quent vegetative outgrowth and spore recovery, and prevent-
ing recurrences of CDI [164]. Furthermore, in a recent com-
parative study with VAN, Freeman et al. showed that ori-
tavancin exposure did not cause CDI in hamsters or a human
gut model, which further supports the development of ori-
tavancin as a potential treatment for CDI [165]. Mechanisti-
cally, oritavancin has dual modes of action, inhibiting cell
wall peptidoglycan biosynthesis and disrupting membrane
potential of Gram-positive bacteria, the latter of which is
caused by the lipophilic N-alkyl-p-chlorophenylbenzyl side
tail [141, 160].

2.16. Cadazolid (CDZ, ACT-179811)

Cadazolid (Fig. 2) is a novel hybrid antibiotic of the oxa-
zolidinone and fluoroquinolone antibacterial classes, which
is covalently linked by a 4-methoxypiperidin-1-yl moiety
[143]. Cadazolid has demonstrated excellent anti-difficile
bactericidal activity (MICs = 0.03-0.25 mg/L) with a limited
impact on the gut flora [166, 167]. In addition, cadazolid
exhibited potent in vitro activity (MICs = 0.064-0.5 mg/L)
against 133 C. difficile clinical strains isolated from primary
and recurrent CDIs in Stockholm, Sweden [142]. Oral doses

of cadazolid were well tolerated in phase 1 clinical trial with
low absorption and minimal systemic exposure, and the ma-
jority of the dose was excreted from feces, leading to high
concentrations in the colon [168]. Cadazolid primarily inhib-
its bacterial protein synthesis with DNA synthesis as a sec-
ondary effect [143].

2.17. CRS3123 (REP3123)

CRS3123 (formerly known as REP3123) is a diaryldia-
mine derivative with a narrow spectrum antibacterial activity
(MICyy = 1 mg/L) against C. difficile with high selectivity
and specificity [145, 146]. Compared with VAN, CRS3123
demonstrated superior in vivo efficacy in the CDI hamster
model, possibly resulting from its ability to inhibit both toxin
production and spore formation [169]. CRS3123 targets me-
thionyl-tRNA synthetase (MetRS) in C. difficile protein bio-
synthesis [146]. A homology model was recently constructed
and used in computational docking studies to identify the
key binding interactions and guide future design and synthe-
sis of advanced MetRS inhibitors [170]. Resistance to
CRS3123 arises from mutations in the MetRS target, but
reduced the catalytic efficiency of the enzyme and the mi-
crobiological fitness of C. difficile [146]. CRS3123 is cur-
rently under phase 1 clinical trial as an oral nonabsorbable
agent for the treatment of CDI. This study is being con-
ducted by the Division of Microbiology and Infectious Dis-
case (DMID) at NIAID/NIH [144].

2.18. SMT19969

SMT19969 is a novel oral, nonabsorbable small molecule
antibiotic with a bis(4-pyridyl)bibenzimidazole scaffold,
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Fig. (2). Chemical structures of antibiotics under clinical development for the treatment of CDI.

which exhibited potent in vitro anti-difficile activity (MICqo
= 0.125 pg/mL; ranges 0.06-0.25 pg/mL) with favorable
bactericidal, GI restricted, and narrow spectrum profiles
[147, 171]. In addition, SMT19969 demonstrated greater in
vivo efficacy than VAN in the hamster model of C. difficile
with high concentrations in the GI tract and no exposure in
plasma [172, 173]. In a 2013 comparative study, Goldstein et
al. showed that SMT19969 was one-fold more active in vitro
against a variety of C. difficile ribotype isolates than FDX
[174]. Specifically, SMT19969 had a MICy, of 0.25 pg/mL
(ranges 0.125-0.5 pg/mL), while FDX had a MICy, of 0.5
pg/mL (ranges 0.06-1 pg/mL). Moreover, SMT19969 out-
performed MTZ and VAN against C. difficile, which dis-
played MICy, values of 2 and 4 pg/mL, respectively. This
agent further demonstrated high selectivity and specificity
for C. difficle with limited impact on other Gram-positive
and -negative anaerobes [174]. The completed phase 1 clini-

cal trial showed that SMT19969 was well tolerated at thera-
peutically relevant doses in healthy volunteers [175].

2.19. NVB302

NVB302 (Fig. 2), a semisynthetic peptide derivative
(19AA) of deoxyactagardine B [176], is a novel, nonabsorb-
able type B lantibiotic with therapeutic potential for CDI.
This agent showed good anti-difficile activity including the
problematic 027 hypervirulent strain (MIC = 1 mg/L) with
high selectivity over the normal gut flora, reaching high con-
centrations in the GI tract [150, 177]. From an in vitro gut
model study, NVB302 showed non-inferiority to VAN in
treating simulated CDI, leading to inhibition of cytotoxin
production without affecting spore formation [150]. The
completed phase 1 clinical trials revealed that NVB302 was
safe and well tolerated in healthy volunteers at therapeuti-
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cally relevant doses with minimal systemic absorption and
high concentrations of the drug excreted in the feces [177].

3. NEWER AGENTS FOR CDI
3.1. Natural Product or Natural Product Inspired

These antibiotics are of natural origin, e.g., from bacterial
sources or plant extracts. Although bacteria and fungi are
currently the leading sources of antimicrobials, plants and
extracts from plant materials have been used in traditional
medicine worldwide and represent an underexploited re-
source for novel antibacterial therapeutics [178]. These natu-
rally occurring compounds are often part of the plant defense
towards attacks by pathogens. Commonly, these compounds
are classified as phytoalexins, while other products termed
phytoanticipins are inactive [179]. Some common classes of
phytochemicals include flavonoids, alkaloids, lactones, and
polyphenols which have been reported to show antibacterial
activity [178, 180-183]. Due to the rising number of studies
that showed activity of plants and their extracts, and the his-
tory of efficacy of traditional medicine, these sources may be
able to provide a new generation of anti-difficile agents
[181]. The antibiotics in Fig. 3 include natural products and
natural product analogs with improved anti-difficile activity
and/or more desirable physicochemical properties.

3.1.1. Solithromycin (CEM-101)

CEM-101 (Fig. 3) is a novel macrolide fluoroketolide in
the late stage of clinical development for the treatment of
community-acquired pneumonia (CAP) [184]. In 2010, Put-
nam et al. [184] reported their results after testing CEM-101
against an expanded panel of bacterial pathogens, including
anaerobes. CEM-101 displayed a MICsy of 0.12 pg/mL
against C. difficile and 0.06 pg/mL against other Clostridia
species [184]. Although CEM-101 exhibited good potency
against C. difficile, this agent lacks specificity, also being
potent against Staphylococcus and Enterococcus spp. [185].

Although it is not a narrow spectrum agent, CEM-101 is
promising because it is effective against various bacteria that
are resistant to other antibiotics in its class [184]. It has been
reported that CEM-101 has a higher activity compared to
other macrolide-lincosamide-streptogramin B (MLSg) com-
pounds due to a higher binding affinity to bacterial ribo-
somes. It is suggested that the 11,12-cyclic carbamate-n-
butyl-[1°,2°,3’]-triazolyl-aminophenyl side chain plays an
important role in enhancing its binding affinity with its ribo-
some target [186]. Similar to other ketolides, it was con-
firmed in a study by Rodgers et al. that CEM-101 exerts its
antibacterial activity by impairing bacterial ribosome subunit
formation [187]. This mode of action was examined in
strains of Streptococcus pneumoniae, S. aureus,
and Haemophilus influenza; it was found that the large 50S
ribosomal subunit formation was reduced in all three test
organisms, with ICsy values similar to those for solithromy-
cin to inhibit cell viability, protein synthesis, and growth rate
(7.5, 40, and 125 ng/mL for Streptococcus pneumoniae, S.
aureus, and Haemophilus influenzae, respectively) [187].

3.1.2. RBx 14255

RBx 14255 is a novel ketolide antibiotic and it was re-
ported by Kumar et al. to have potent anti-difficile activity in
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2012 [188]. It displayed activity against 28 C. difficile strains
including erythromycin- and clarithromycin-resistant and
hypervirulent strains with MICs of 4 ug/mL (ranges 0.125-8
pg/mL). This observed MIC was 2-fold higher than MTZ
and 2-fold lower than VAN. RBx 14255 also displayed a
more narrow spectrum activity, inhibiting Gram-negative
anaerobes B. fragilis and F. nucleatum at higher MIC ranges
of 2-8 ng/mL and 8-16 pg/mL, respectively [188].

The in vitro time-kill kinetic study demonstrated that
RBx 14255 was bactericidal against C. difficile at 4 x MIC
and above and the two test C. difficile strains did not show
any regrowth at the MIC level. In a hamster model of CDI,
RBx 14255 treatment was able to extend the animal’s sur-
vival more than MTZ or VAN treatment [188]. The mode of
action of RBx 14255 was consistent with that of other ketol-
ides, inhibiting protein synthesis by 70% at 6 h of incubation
[188]. The activity of RBx 14255 against resistant C. difficile
strains and its favorable in vitro activity and bactericidal
property make this ketolide promising as an anti-difficile
agent [188].

3.1.3. Rifalazil

Rifalazil is a poorly absorbed member of the notable ri-
famycin antibiotics family with a benzoxazinopiperazine
side chain. This agent showed potent in vitro anti-difficile
activity with the MICy, values ranging from 0.004 to 0.03
pg/mL against a broad panel of C. difficile isolates [94, 189].
Rifalazil also demonstrated superior in vivo efficacy in a
hamster animal model compared with VAN for the preven-
tion of recurrent CDI [189] and has the therapeutic potential
to treat CDI [189, 190], however it currently has fewer clini-
cal data available [131]. Similar to the other rifamycin de-
rivatives, rifalazil functions as bacterial RNA polymerase
inhibitor [191] and may be rendered inactive by existing
rifamycin-resistant strains found in the clinic [101].

3.1.4. Nosiheptide (Multhiomycin)

Nosiheptide, known as multhiomycin, was originally iso-
lated in 1970 [192] and identified from an anti-MRSA screen
of marine-derived actinomycete extract libraries by Haste et
al. in 2012 [193]. Structurally, this compound is similar to
the oral cyclic thiopeptide LFF571, a phase 2 clinical candi-
date for the treatment of moderate CDI [139]. Nosiheptide
demonstrated extremely potent in vitro activity against a
panel of contemporary and clinically significant bacterial
strains, including the hypervirulent C. difficile BI/NAP1/027
strain with a MIC value of 0.008 mg/L [193]. Furthermore,
nosiheptide was strongly active against MRSA and MSSA
strains tested, remaining potent against strains that developed
resistance to front-line antibiotics.

In addition to impressive MICs, nosiheptide exhibited fa-
vorable time-kill kinetics, being rapidly bactericidal against
MRSA in a time- and concentration-dependent manner.
Nosiheptide also displayed prolonged post-antibiotic effects
(PAEs), a lack of cytotoxicity against the human cervical
carcinoma HeLa cell line at up to 128 mg/L (about 1000-fold
MIC against MRSA), and in vivo efficacy in a murine model
of MRSA infection following intraperitoneal (IP) administra-
tion of nosiheptide [193]. The mode of action of nosiheptide
was studied extensively by Cundliffe and Thompson [194]
and it was found to inhibit bacterial protein synthesis.
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Specifically, nosiheptide binds to the large 50S ribosomal
subunit, blocking the domain of the A site into which elon-
gation factors Tu and G bind during protein synthesis [194].
Because of its potent in vitro activity against C. difficile, the
lack of cytotoxicity against mammalian cells, and inactivity
against most Gram-negative bacteria tested, nosiheptide may
serve as a promising lead compound to be further developed
for the treatment of CDI.

3.1.5. Thiomuracin A Analogs

Thiomuracin A (Fig. 3), produced from a rare actinomy-
cete bacterium Nonomuraea species, is a member of a novel
family of bacterial secondary metabolites and macrocyclic
thiazolyl peptide antibiotics [195]. In 2012, LaMarche et al.
[196, 197] reported the synthesis and optimization of a series
of thiomuracin A derivatives. This work led to the identifica-
tion of a structurally simplified lead compound of thiomu-
racin A with retained antibacterial potency, improved chemi-
cal stability, and enhanced physicochemical properties. No-

tably, the structural simplicity and improved organic solubil-
ity of the thiomuracin A derivatives facilitated the isolation
process and subsequent material supply and thus expedited
drug discovery process. The semisynthetic strategies of
thiomuracin A included protection of hydroxyl and acid
functional groups and acid/base-mediated reactions, e.g., the
removal of the C2-C7 side chain, derivatization of the C84
epoxide region, and the N70-84 cyclization of the pyr-
rolidine ring. The lead compound had a MIC of <0.008
pg/mL against C. difficile and a MIC range of 0.25-1 pg/mL
against E. faecalis, E. faecium, S. aureus, and S. pyogenes
[196]. This emerging lead also demonstrated in vivo efficacy
in a mouse systemic model of E. faecalis and S. aureus.

The C2 esterified and hydroxyl protected thiomuracin
analogs lost significant antibacterial activity with MICs
ranging from 1 to >32 png/mL, suggesting the importance of
the two hydroxyl groups and the carboxylic acid functional-
ity toward the antibacterial activity. In contrast, the chloro-
hydrins and epoxy analogs with the C2-C10 side chain re-
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moved retained potent antibacterial activity against all test
organisms (MICs = 0.03-0.5 pg/mL) except S. pyogenes
(MIC = 2 pg/mL) [196]. Compared to the chlorohydrin de-
rivative, the amino and hydroxyl derivatives of the epoxide
had increased MICs. Notably, the thiomuracin lead com-
pound with the cyclic pyrrolidine ring retained potent anti-
bacterial activity against all five organisms tested (MICs =
<0.008-1 pg/mL). Mechanistically, this class of thiopeptide
antibiotics targets bacterial elongation factor Tu (EF-Tu) and
blocks subsequent protein synthesis [198].

3.1.6. N-Substituted Demethylvancomycin

In 2012, a series of 17 novel N-substituted demethylvan-
comycin derivatives were synthesized and evaluated in vitro
against C. difficile by Zhang et al. [199]. Structurally, de-
methylvancomycin differs from VAN by the replacement of
a methyl group by a hydrogen atom of the N-terminal amino
group and it demonstrated similar activity as VAN against
Gram-positive pathogens [200]. Another structural modifica-
tion of this glycopeptide is the introduction of a lipophilic
side chain on the NH, group of the amino sugar moiety such
as in telavancin, oritavancin, and dalbavancin [199]. These
aforementioned agents have been reported to show greater
activity against C. difficile than VAN [201, 202]. Based on
these observations, a focused chemical library of semisyn-
thetic demethylvancomycin derivatives bearing N-substituted
arylmethylene and aliphatic motifs was synthesized and
tested. Biological evaluation revealed that three N-
substituted arylmethylene derivatives with structural similar-
ity to oritavancin demonstrated more potent activity against
four C. difficile strains than VAN or demethylvancomycin
with MICs of 0.25, 0.125-0.25, and 0.25-0.5 pg/mL, respec-
tively [199]. This class of glycopeptide antibiotics interacts
with the bacterial membrane, dissipates membrane potential,
and inhibits peptidoglycan biosynthesis [203].

Semisynthetic derivatives were produced using demeth-
ylvancomycin as a starting material following three steps
(Fmoc protection, reductive amination, and Fmoc deprotec-
tion), with overall yields ranging from 3.2%-23.9%. In the
preliminary SAR, semisynthetic derivatives with arylmethyl-
ene side chains showed more potent antibacterial activity
against C. difficile than those with aliphatic side chains. The
activity of compounds with benzyl groups improved when
reducing the inductive effect of the halogen at the para posi-
tion (Br>CI>F). Derivatives with heterocyclic ring motifs
had higher MICs against the ATCC 43255 strain (0.5-1
pg/mL) while fused aromatic analogs exhibited lower MICs
(0.25 pg/mL). In general, the aliphatic derivatives of de-
methylvancomycin did not exhibit significant activity against
C. difficile and the antibacterial activity was inversely related
to side chain length [199].

3.1.7. Tigecycline

Tigecycline (Fig. 3), an intravenous analog of mino-
cycline, is the first glycylcycline antibiotic with glycylamido
functionality at the 9 position [131]. It has been used suc-
cessfully in conjunction with standard therapy in case reports
as a salvage for severe refractory CDI [204-207]. Although
tigecycline is a broad spectrum antibiotic with both Gram-
positive and -negative aerobic and anaerobic bacteria cover-
age [52, 208], Wilcox et al. demonstrated that tigecycline
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use at regular doses (100 mg IV loading dose followed by 50
mg IV every 12 h) does not increase the growth of epidemic
C. difficile bacteria or C. difficile toxin production [209]. In
addition, tigecycline suppresses numerous C. difficile strains
including the PCR ribotype 027 strain with low MICs of
0.06 mg/L, thereby making it an effective potential alterna-
tive agent for refractory CDI [209]. Tigecycline also sup-
presses other species of Clostridium such as Clostridium
tertium, Clostridium clostridioforme, Clostridium perfrin-
gens, Clostridium bifermentans, Clostridium butyricum,
Clostridium hastiforme, Clostridium innocuum, and Clos-
tridium sphenoides with potent MICs of 0.25 pg/mL [210].
Another property of tigecycline which may contribute to its
effectiveness against C. difficile is the high fecal concentra-
tion (mean of 6 mg/kg) at steady state in healthy individuals
[211]. It should be noted, however, that an unsuccessful use
of tigecycline in treating severe CDI has been reported by
Kopterides et al. [212]. The fatal case involved an immuno-
compromised elderly patient with severe CDI who received
tigecycline in combination with MTZ, VAN, and IVIG for
about three weeks, ended up with two drug resistant Gram-
negative bacteria, and eventually died of sepsis [212]. In July
2013, a small prospective, non-comparative, interventional,
observational pilot study evaluating the safety and efficacy
of TV tigecycline in conjunction with standard therapy was
completed [213]. This trial enrolled 10 patients with known
mild to severe confirmed CDAD [213]. However, the out-
come of this study is not available yet.

Taken together, since all the clinical evidence of tigecy-
cline use to treat CDI are from case reports, a large random-
ized controlled study is needed to determine the therapeutic
potential of tigecycline for the treatment of CDI, as it is a
broad spectrum antibiotic capable of disrupting the normal
ecology of the human gut flora. Mechanistically, tigecycline
inhibits bacterial protein synthesis by binding to the 30S
ribosomal subunit and subsequently blocking entry of
amino-acyl tRNA into the A site of the ribosome [214].

3.1.8. Tomopenem

Tomopenem (CS-023/R04908463) is a carbapenem that
has been previously shown to have broad spectrum activity
against Gram-positive and -negative anaerobic organisms
[215]. Tanaka et al. [216] investigated this agent against
anaerobic bacteria, reporting their findings in 2009. To-
mopenem had a MICsy of 1 ug/mL and a MICy, of 2 pg/mL
against C. difficile [216].

Several studies have recently demonstrated that carbap-
enems with a longer side chain than commercially available
B-lactams have a higher affinity to penicillin-binding protein
2a (PBP 2a). It is suggested that the longer side chain in-
creases the interactions with the active site groove of PBP
2a. Although not studied in C. difficile extensively, the anti-
MRSA activity of tomopenem is indicated to be related to its
structural features, such as a 2-guanidoacetylamino pyr-
rolidine moiety. The presence of this moiety yields a mole-
cule that could have better positioning within the groove,
thereby allowing more rapidly acylation as compared to car-
bapenems currently available. This makes tomopenem more
attractive as an antibacterial agent as the major resistance
mechanism of B-lactams in MRSA is the low binding affinity
to PBP 2a[215, 217].
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3.1.9. Catechols

In 2009, Jeong et al. [218] isolated several catechol com-
pounds from the roots of Diospyros kaki, which has been
used in traditional Korean medicine to treat several ailments
and for antioxidant purposes. The compounds were evalu-
ated against harmful intestinal bacteria, including C. difficile
using the paper disc agar diffusion method. At a concentra-
tion of 5.0 mg/disc, 4-chlorocatechol, 4-methylcatechol, 4-t-
butyl-catechol, and tetrabromocatechol strongly inhibited the
growth of C. difficile with a zone of inhibition of 21-30 mm
[218].

Although the mechanism of action of the catechol com-
pounds was not investigated in this study, because of its
structural similarity to phenol, the compounds may have a
similar mechanism of action. It has been agreed upon in the
majority of the literature that phenols act on the membrane
by destroying its permeability characteristics or by acting as
uncouplers and increasing permeability of protons [219].
However, further studies are needed to confirm the mecha-
nism of action of the catechol compounds as well as to
evaluate and optimize the activity of these promising agents.

The preliminary SAR showed that the 3-substituted
catechol compounds were generally less effective toward
inhibiting the growth of intestinal bacteria than the 4-
substituted catechols. The substitutions that led to the most
selective growth-inhibiting activities at low concentrations
were 4-nitro and tert-butyl functionalities [218]. Studies of
the SARs of these catechols are still warranted as the 4-
substituted compounds contained different functional groups
compared with the 3- substituted catechols. Therefore it
needs to be clarified as to whether the increased activity was
due to position or functional group. Additionally, the mode
of action of catechols need to be defined, determining
whether these compounds cause membrane pore formation
which would be an undesirable effect resulting in the leakage
of intracellular toxins A and B.

3.1.10. Phenethyl Isothiocyanate

Phenethyl isothiocyanate was isolated from the seeds of
Sinapis alba L. (white mustard), which has been used as a
spice and in traditional medicine [220]. In 2009, Kim and
Lee reported the activity of this compound and its deriva-
tives against C. difficile [220]. The paper disc agar diffusion
method was used to determine the growth inhibiting proper-
ties of the compounds; biological evaluation showed that
phenethyl and benzyl isothiocyanates produced strong inhi-
bition against C. difficile at 2 mg/disc with an inhibitory
zone diameter of >30 mm [220]. In general, aromatic iso-
thiocyanates produced greater inhibition of clostridia than
aliphatic derivatives [220]. In a 2004 study by Hideki et al.
[221], it was suggested that isothiocyanate compounds ex-
hibit their antimicrobial effects by inhibiting the cell cycle
and inducing apoptosis. However, the mode of action of
phenethyl isothiocyanate was recently reported to arise from
disturbance of membrane function, resulting in a loss of
membrane integrity and cell death [222].

3.1.11. Leptospermone

In 2009, Jeong et al. [223] reported on the anti-difficile
properties of leptospermone, a cyclic triketone that was iso-
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lated from the essential oil of Leptospermum scoparium
seeds. L. scoparium is a medicinal plant that has been tradi-
tionally used by the Maori tribes of New Zealand to treat
pain and fevers [223]. When tested against C. difficile using
the paper disc agar diffusion method, leptospermone pro-
duced strong inhibition at 1.0 mg/disc and potent inhibitory
effects at 5.0 mg/disc, corresponding to a zone of inhibition
of 21-30 mm and >30 mm, respectively [223]. Four related
compounds not isolated from L. scoparium were also tested
against intestinal bacteria and 1,2,3-cyclohexanetrione-1,3-
dioxime was found to strongly inhibit the growth of C. diffi-
cile but at higher concentrations of 5.0 and 2.0 mg/disc
[223].

This work reported that leptospermone and 1,2,3-
cyclohexanetrione-1,3-dioxime, containing cyclohexane con-
jugated trihydroxyl ketones, showed more inhibitory activity
against C. difficile and C. perfringens. In contrast, 1,3-
cyclohexanedione, 2-acetyl-1,3-cyclohexanedione, and 5,5-
dimethyl-1,3-cyclohexanedione did not inhibit the growth of
C. difficile to any significant extent. From these findings it
was then concluded that the 1,3-dihydroxyl ketone motif
played an important role in the antibacterial properties of
these triketone compounds [223], which may function as
ionophores. Based on the preliminary data, leptospermone
may have the potential to serve as an anti-difficile natural
product lead but further studies and optimization are cur-
rently warranted, including the improvement of antimicro-
bial stability as well as potency.

The mode of action of leptospermone and 1,2,3.-
cyclohexanetrione-1,3-dioxime was not reported in this
study but it has been suggested that triketones act on the cy-
toplasmic membrane. This would provide explanation as to
why these compounds are generally more selective for
Gram-positive bacteria, as Gram-negative bacteria have an
outer membrane [224]. However, the mode of action of these
particular triketones still warrants investigation.

3.1.12. Reutericyclin

Reutericyclin (Fig. 3) is a naturally occurring tetramic
acid that is produced by strains of Lactobacillus reuteri
[225]. It is a small nonpeptide antibiotic that has a narrow
spectrum activity against Gram-positive bacteria. Reutericy-
clin and several related analogs were explored by Hurdle et
al. [225] for anti-difficile properties and the results were
reported in 2011. Interestingly, the reutericyclins demon-
strated concentration-dependent killing and were bactericidal
against both logarithmic and stationary phase cells at con-
centrations of 0.09-2 mg/L [225]. While MTZ had some ac-
tivity at elevated concentrations (>8 mg/L), reutericyclins
were superior to VAN, which lacked activity against station-
ary phase C. difficile [225].

For synthetic reutericyclin analogs, the predicted intesti-
nal absorption varied significantly from absorbed to non-
absorbed when examined in the Caco-2 permeability model.
In this model, reutericyclin’s predicted permeability was
comparable to that of VAN. However, the replacement of the
o, P-unsaturated group in reutericyclin with a bicyclic
myrtenyl motif showed an increased absorption, while a long
alkyl chain substituent made the analog relatively non-
absorbed. It is suggested that the non-absorption of the latter
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analog resulted from efflux pumps, which may be desirable
to retain the drug at the site of action in the colon [225].
Nonetheless, the high lipophilicity and poor solubility of
these compounds hindered their in vivo efficacy in the ham-
ster model of CDI [226].

Although the mechanism of action of the reutericyclin
analogs was not reconfirmed in this study, reutericyclin’s
mechanism of action has been previously shown to result
from dissipation of the bacterial transmembrane potential
[227]. This has been identified as an advantageous mecha-
nism of action for treating CDI, since toxins A and B are
produced by slow and non-growing cells that are refractory
to antibiotic killing [226].

3.1.13. Mammea A/AA

Mammea A/AA (4-phenyl-5,7-dihydroxy-6-(3-methyl-
butanoyl)-8-(3-methyl-2-butenyl)-2H-1-benzopyran-2-one)
is a naturally occurring coumarin that was isolated from the
stem bark of Mammea Africana, a plant used traditionally in
Africa for its medicinal properties [228]. Canning et al. iso-
lated this 4-phenylcoumarin and reported its antimicrobial
activity against clinically significant bacteria in 2013 [228].
It was found that the pure mammea A/AA had an inhibitory
effect on C. difficile that was comparable to MTZ, with a
MIC of 0.25 pg/mL (crude extract: MIC = 1 ug/mL) [228].
Under the specified experimental conditions, the MIC was
superior to that of VAN (MIC = 0.5 pg/mL). These results
were promising as the C. difficile strain used in this study
was resistant to ciprofloxacin (fluoroquinolone) but was still
strongly inhibited by the isolated coumarin compound [228§].

The mechanism of action of mammea A/AA and related
coumarins was not elucidated in this study, but it has been
agreed upon in numerous reports that the coumarins are a
family of inhibitors of DNA gyrase B, inhibiting the ATPase
activity of the B subunit [229-233]. Specifically, the coumar-
ins and ATP bind competitively to gyrase. The amino acid
side chains Asp73 and Thr165 are suggested to play key in-
teractions between the target protein and the ligands. An-
other class for this binding site is the cyclothialidines, and
although the binding sites for these two families of inhibitors
overlap to some extent, the binding pockets/ interactions are
not identical. Therefore, novel coumarin derivatives such as
mammea A/AA may take advantage of these different inter-
actions, which may aid in preventing drug resistance [231].
Although this compound displayed good potency and its
mechanism may be able to overcome resistance, cell line
treatment revealed that mammea A/AA was also cytotoxic
against normal mammalian cells tested [228]. Future re-
search should therefore be focused on the modification of
these coumarins to maintain potency against bacteria while
reducing toxicity.

3.1.14. Olympicin A Analogs

Flavonoids are a large family of polyphenol phytochemi-
cals and they have been shown to mediate diverse activities
[234]. In 2013, the anti-difficile activity of naturally occur-
ring flavonoid compounds was reported by Wu et al. [235].
Synthetic olympicin A (Fig. 3) displayed MICs of 1-2 mg/L
against two genetically distinct strains of C. difficile. Four
chemically related flavonoid analogs (three with a chalcone
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motif and one 4-chromanone analog) retained activity
against C. difficile with MICs of 0.5-4 mg/L [235].

Out of the 22 naturally occurring flavonoids that were
examined in this study, the majority displayed poor or no
activity against C. difficile. Partially active compounds, with
MICs in the range of 16-64 mg/L, included flavanone, 2’-
hydroxyflavanone, 6-hydroxyflavanone, naringenin, hes-
peretin, taxifolin, and 6-aminoflavone. The most potent ac-
tivity of this series of compounds tested was observed in
those that were structurally related to olympicin A, suggest-
ing that it may act as a pharmacophore [235].

Notably, these flavonoid lead compounds demonstrated
concentration dependent killing of both logarithmic and sta-
tionary phase cultures [235]. Furthermore, the compounds
may have the potential to minimize symptoms of CDI due to
their reduction of toxin synthesis and sporulation, especially
in hypervirulent strains that have up-regulated toxin and
spore production. Dissipation of the membrane potential was
observed for cells that were treated with olympicin A, two of
the chalcone analogs and the 4-chromanone analog [235].
However, the analog with a chalcone motif and piperidyl
moiety caused neither depolarization nor hyperpolarization.
Therefore this compound may have a distinct mechanism of
action from the other compounds tested as flavonoid mole-
cules have been recognized to inhibit various targets such as
DNA gyrase and energy metabolism [180].

3.2. Synthetic Small Molecule Antibiotics

Small molecules that are totally synthetic are the second
component of the current antibiotic repository. One such
example, the synthetic fluoroquinolones are a class of highly
effective and broad spectrum antibiotics [236]. However,
recent efforts based on high-throughput screens of novel
targets identified by bacterial genomics to discover and de-
velop new synthetic scaffolds have not yet been as success-
ful as natural products [237, 238]. Despite this conclusion,
synthetic small molecule antibiotics are still alluring to de-
velop due to their structural simplicity and ease of produc-
tion if found to be an effective therapeutic. Furthermore,
advances in novel target identification and screening meth-
odology may prove to find more active synthetic scaffolds in
the future [238, 239]. The recently reported synthetic mole-
cules found to be active against C. difficile are summarized
in Fig. 4.

3.2.1. Thiosemicarbazones

Costello et al. investigated the activity of a series of
thiosemicarbazone derivatives, reporting a thiosemicarba-
zone lead compound (Fig. 4) with promising activity in 2008
[240]. This compound was tested against a panel of clinically
important organisms and showed a MIC of 4-8 pg/mL
against the reference strain NCTC 11204 of C. difficile and
MICs of 0.125-32 pg/mL against over 30 clinical strains
tested. Moreover, it was largely inactive against the Gram-
negative microorganism Acinetobacter spp. or C. albicans
yeast strains [240].

The thiosemicarbazones were synthesized in two steps
with yields of 59-93% for the nitrofuranyl compounds and
27-57% for the furanyl compounds [240]. Three other
thiosemicarbazone compounds with noticeable antimicrobial
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Fig. (4). Chemical structures of synthetic small molecule anti-difficile agents.

activity all share the 5-nitrofuran heterocyclic moiety. It was
suspected that the observed SAR may be due to the differ-
ences in specific target interactions instead of the differences
in cellular penetrations as the LogP values for the inactive
thiosemicarbazones were very similar to that of the identified
lead compound. The mechanism of action of this compound
was not investigated in the study and currently warrants fur-
ther investigation [240]. However, it can be speculated that
the antibacterial property of this thiosemicarbazone lead
compound is at least in part attributed to its nitroheterocyclic
component. Compounds containing 5- and 2-nitroimidazoles
and S-nitrofurans have been clinically used in a variety of
therapeutic agents to treat bacterial and parasitic infections
[241]. A compound with a similar component, nifurtimox,
leads to cellular damage by the formation of free radicals
which then interact with macromolecules to cause DNA
damage [241].

3.2.2. XF-73

Reported in 2010 by Farrell et al. [242], XF-73 is a dica-
tionic porphyrin derivative that has been investigated against
a broad panel of antibiotic resistant bacterial pathogens. Irre-
spective of the antibiotic resistance profile of the test iso-
lates, XF-73 was active against all Gram-positive bacteria
tested. The MIC against C. difficile specifically was 1.0
mg/L [242]. Furthermore, XF-73 demonstrated excellent
bactericidal activity against all Gram-positive strains tested
(MICs = 0.25-4 mg/L). Antibacterial activity against Gram-
negative species was lower than for Gram-positive, with
MICs ranging from 1 mg/L to >64 mg/L [242].

Although the mode of action of XF-73 is not fully under-
stood, the mechanistic studies of XF-73 against S. aureus
showed that the compound exhibits a rapid cell membrane-
perturbing activity [242]. The drug may exhibit its action by
rapidly disturbing the cell membrane, thereby inhibiting
macromolecular synthesis [243]. Gram-negative bacteria are
more difficult to penetrate due to their outer cell membrane
[244], therefore, the less permeable outer cell wall of Gram-
negative bacteria may prevent accumulation of XF-73 at the
cytoplasmic membrane, resulting in a lower killing efficacy
compared to Gram-positive pathogens [242].

3.2.3. MBX-500

MBX-500 is a fluoroquinolone/anilinouracil hybrid anti-
biotic connected by a 4-n-butyl-3-methylpiperazin-1-yl
linker. It was reported to show in vitro and in vivo efficacy
against toxigenic C. difficile in 2012 by Butler et al. [245].
From this study, this compound was evaluated against a
panel of C. difficile strains with varying susceptibilities to
antibiotics. The MICy, against antibiotic-sensitive isolates
was 2 pg/mL and increased to 4 pg/mL against antibiotic-
resistant isolates. MBX-500 also had the same potency
against the NAP1/027 strains that were resistant to the
fluoroquinolone antibiotic, moxifloxacin [245]. These results
were interesting as good potency was maintained against
fluoroquinolone-resistant C. difficile isolates despite the fact
that MBX-500’s activity is partially attributed to the fluoro-
quinolone scaffold [245]. Importantly, MBX-500 exhibited
narrow spectrum activity with good selectivity against other
gut anaerobic bacteria. Furthermore, it demonstrated in vivo
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efficacy in hamster and murine models of CDI without sys-
temic absorption, when administered orally [245]. In addi-
tion, MBX-500 also showed in vivo efficacy in
the gnotobiotic pig model for the treatment of CDI [246].

Mechanistically, due to its hybrid structural feature from
an anilinouracil DNA polymerase inhibitor and a fluoroqui-
nolone DNA gyrase/topoisomerase inhibitor, MBX-500 has
multiple bacterial targets and functions as dual DNA polym-
erase inhibitor and DNA gyrase/topoisomerase inhibitor
[245]. Taken together, this hybrid MBX-500 antibiotic rep-
resents a promising agent for CDI.

3.2.4. MBX 1066 and MBX 1162

Reported in 2010, MBX 1066 and MBX 1162 (Fig. 4)
are two novel bis-indole derivatives that were synthesized
and evaluated by Butler et al. [247] for activity against
Gram-positive and -negative pathogens. MBX 1066 was
identified through a screen campaign of the NCI repository
for activity against Bacillus anthracis. The MICyy for MBX
1066 was 0.12 pg/mL with a range of 0.03-0.25 pg/mL
against 18 isolates of C. difficile [247].

Although the exact molecular target(s) of the compound
is currently unknown, this compound has a relatively rigid
and planar structure, suggesting it may function as a DNA
binding agent [248]. Indeed, Panchal et al. previously dem-
onstrated that MBX 1066 was a potent inhibitor of DNA
synthesis [249]. MBX 1162, an analog of MBX 1066, was
evaluated and it showed enhanced anti-Gram-negative activ-
ity and similar anti-Gram-positive activity to MBX 1066.
The MICyy for MBX 1162 was 0.12 ug/mL with a range of
0.03-0.12 pg/mL against C. difficile strains tested [247].

3.2.5. MGB-BP-3

MGB-BP-3 belongs to a new class of antibacterial agents
reported by Ravic et al. and it was shown to have efficacy in
a hamster CDAD model [250]. C. difficile burdens were
measured before and after a single oral dose of MGB, and
the highest reductions were seen after 2 h in the small intes-
tine and at 2-10 h in the cecum and colon. Furthermore, after
oral delivery of MGB, C,,, for the small intestine was within
15 min, 2-6 h for the cecum and 4-6 h for the colon, showing
that MGB has a favorable PK profile to treat CDI with
minimal systemic exposure [250]. Mechanistically, the MGB
compound functions as a DNA binding agent, binding selec-
tively to the minor groove of DNA and inhibiting DNA syn-
thesis [250].

3.2.6. MorE-DCBG (362E)

Dvoskin et al. developed a series of 7-substituted-N’-
(3,4-dichlorobenzyl)guanines, reporting their results in 2012
[251]. The compound MorE-DCBG (362E) displayed the
most promising anti-difficile activity as well as other desir-
able attributes including marginal GI absorption and no ob-
servable toxicity following oral administration. The MICs
for this compound was 2-4 pg/mL, which was comparable to
that of MTZ and VAN [251]. Although the SAR of this se-
ries of guanine derivatives was not studied extensively, the
linker length between the guanine and morpholinyl group
affected the antibacterial activity. MorE-DCBG (362E) had
the shortest linker with n = 2. When increasing the length by
one methylene group, the MIC value increased to 8 pg/mL.
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At n =4, MIC was 4-16 ng/mL and at n = 5, MIC was 8§
pg/mL [251].

In mode of action studies, it was found that MorE-DCBG
(362E) selectively inhibits C. difficile DNA replication. Spe-
cifically, its mechanism of action is to inhibit the DNA po-
lymerase IIIC [252], which gives this agent high potential to
bypass resistance that C. difficile is likely to develop with
currently used treatments. These findings establish the lead
compound as a potential candidate for continued develop-
ment for the treatment of CDI [251].

3.2.7. RBx 11760

Novel biaryl oxazolidinones have been previously dem-
onstrated to have potent activity against Gram-positive bac-
teria [253]. RBx 11760 is a novel biaryl oxazolidinone com-
pound that was reported by Mathur et al. in 2011 as a poten-
tial anti-difficile agent [254]. The in vitro activity of RBx
11760 was compared to VAN and MTZ, two currently used
treatments, and linezolid, an oxazolidinone that is active
against Gram-positive, anaerobic pathogens [254-257]. RBx
11760 was active against the C. difficile isolates with a
MICsq of 0.5 mg/L and a MICy of 1 mg/L. This activity was
comparable to that of MTZ and VAN, and was more potent
than linezolid under the experimental conditions. Further-
more, it was demonstrated that RBx 11760 was active
against hypervirulent C. difficile strains, displaying high
MICyy (16 mg/L) against Gram-negative anaerobes [254].
Notably, RBx 11760 also demonstrated in vivo efficacy in
the hamster infection model [254].

Kinetic studies of RBx 11760 demonstrated concentra-
tion-dependent killing of C. difficile (ATCC 43255) and C.
difficile (6387) up to 2-4 x MIC (1-2 mg/L). Conversely to
VAN, MTZ, and linezolid, RBx 11760 resulted in attenua-
tion of de novo toxin production and sporulation in C. diffi-
cile isolates at low concentrations 0.25-0.5 mg/L. Further-
more, treatments of the C. difficile isolates with VAN and
MTZ may have appeared to promote the formation of spores.
This observation for MTZ and VAN promoting spore forma-
tion is supported by Ochsner et al. [169].

RBx 11760 was evaluated for protein synthesis inhibition
and displayed a more potent inhibition of protein synthesis
even at sub-MIC concentrations relative to linezolid. This
mode of action may offer a possible explanation as to why
RBx 11760 inhibits toxin production and protein coat syn-
thesis, thereby reducing sporulation, which is not seen in
MTZ or VAN. This may offer an advantage as a treatment
option as spores contribute to the spread of infections, and as
they are highly resistant and difficult to eradicate [254].

3.2.8. Ranbezolid

Ranbezolid belongs to an oxazolidinone chemical class
of synthetic antimicrobial agents that have potent activity
against Gram-positive and -negative bacterial pathogens
[258]. Notably, this compound exhibited improved activity
against Gram-negative anaerobes over linezolid, the first-in-
class oxazolidinone antibiotic. Mathur et al. reported the
MIC of ranbezolid against C. difficile (ATCC 700057) to be
0.03 pg/mL in 2013 [258]. The MICs of ranbezolid in this
study were 32-128-fold lower than those of linezolid and 8-
32-fold lower than those of MTZ against the anaerobic
strains tested [258].
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Although the mechanism of action and time-kill kinetics
were not determined for C. difficile, it was studied in B.
fragilis. Protein synthesis was inhibited at 2 h, demonstrating
that ranbezolid is able to quickly impede protein synthesis
even in slow growing bacteria. Furthermore, non-specific
inhibition of cell wall biosynthesis was seen at 6 h after
treatment with ranbezolid [258]. Structurally similar to line-
zolid, ranbezolid’s piperazine ring makes van der Waals con-
tacts with the 50S ribosome sugar residues. Docking studies
showed that the nitrofuran moiety forms additional interac-
tions with the residues of the 50S ribosome and may be one
of the reasons why it functions as a potent protein synthesis
inhibitor of both Gram-negative and -positive pathogens
[259].

3.2.9. Amixicile

Amixicile is a derivative of NTZ, a FDA-approved drug
for the treatment of diarrhea caused by Cryptosporidium
parvum and Giardia lamblia [72, 260]. From a library of
~250 analogs of NTZ, Warren et al. identified lead com-
pounds that displayed increased antibacterial potency, report-
ing their results in 2012 [261]. The selected derivative,
amixicile, had MICs of 0.25-1.0 pg/mL against C. difficile
strains [261].

Previous studies have identified the 2-aminonitrothiazole
head group as being responsible for the antimicrobial activity
of NTZ [262, 263]. Therefore, benzene ring substitutions as
well as couplings of heterocyclic moieties to this head group
were employed as the design strategy to produce derivatives
with favorable physiochemical properties. For example, most
analogs including NTZ had notable solubility issue (<10
pg/mL) while the new derivatives containing ether-linked
aliphatic amines showed improved solubility (~0.4 mg/mL)
with amixicile having the greatest improvement in solubility
(10 mg/mL) [261].

Mechanistically, NTZ targets bacteria expressing PFOR.
Specifically, NTZ inhibits the thiamine pyrophosphate (TPP)
cofactor for PFOR by outcompeting its substrate, pyrvuvate,
by nearly 2 orders of magnitude [261]. In docking simula-
tions with the crystal structure of PFOR, it is shown that 2-
aminonitrothiazole is positioned proximal to TPP, with the
benzene tail group pointing outwards. From the docking
study, it is suggested that amixicile’s 1.5-fold increase in
PFOR inhibition is correlated with a slight enhancement in
binding as compared to NTZ, which may be the result of the
propylamine tail. This tail group aids binding by forming
additional interactions with the PFOR pocket amino acids
[261].

3.2.10. GSK2251052

Goldstein et al. reported that GSK2251052 (Fig. 4), a
novel boron-containing antibacterial agent, showed in vitro
activity against C. difficile [264]. Although this compound is
currently in clinical development for the treatment of Gram-
negative infections, it also shows good activity against an-
aerobic Gram-negative and -positive organisms found in
intra-abdominal infections [264, 265]. Very recently, Gold-
stein et al. determined the in vitro activities of GSK2251052
against 916 strains of clinically important anaerobic organ-
isms and the MICsg90 against C. difficile was found to be 4
pg/mL under the experimental conditions [264]. This com-
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pound and its related benzoxaborole compounds trap tRNA
in the editing domain of leucyl tRNA synthetase, thereby
inhibiting the enzyme [266].

3.2.11. Compound 1771

Compound 1771 [2-oxo0-2-(5-phenyl-1,3,4-oxadiazol-2-
ylamino) ethyl 2-naphtho[2,1-b]furan-1-ylacetate] was iden-
tified by Richter et al. [267] through the screening of small
molecule libraries for compounds that selectively inhibited
the growth of S. aureus. Reporting their findings in 2013, the
MICs of compound 1771 against S. aureus and B. anthracis
were 12.5-50 uM [267]. Its mechanism of action is to inhibit
the biosynthesis of lipoteichoic acid (LTA), a cell wall
polymer of Gram-positive bacteria. Because C. difficile syn-
thesizes LTA with distinct phosphate-polymer structures,
studies of the effects of compound 1771 against C. difficile
are still warranted. In addition, compound 1771 demon-
strated inhibition of growth of antibiotic-resistant Gram-
positive bacteria and demonstrated in vivo efficacy in the
mice model of S. aureus sepsis. Therefore it has the potential
to be developed into a therapeutic agent and/or validates
LTA synthase as an advanced target for antibiotic develop-
ment [267]. A potential benefit to targeting LTA biosynthe-
sis is that teichoic acids are lacking in Gram-negative bacte-
ria making inhibitors such as 1771 narrow spectrum and
suited for controlling Gram-positive C. difficile while spar-
ing the major Gram-negative normal flora.

3.2.12. Azo Prodrug

In 2011, Kennedy et al. [268] reported the synthesis of
azo mutual prodrugs containing 5-aminophenylacetic acid or
S-aminosalicylic acid (5-ASA) with antimicrobial peptides.
The prodrugs were designed to deliver nonsteroidal anti-
inflammatory agents (NSAIDs) with an antimicrobial agent
to treat both the infection and symptoms caused by C. diffi-
cile. The aim was to protect the ammonium terminal of the
antimicrobial peptide by an azo bond with an anilinic anti-
inflammatory agent so that both components are maintained
in an inactive state before reaching its site of action in the
colon. This would potentially increase therapeutic outcomes,
as it would avoid the ulceration side effects of the NSAID
and reduce the disruption of the native microbiota by the
antimicrobial peptide while it passes through the upper GI
tract [268]. An analog of temporin A, L512TA was used as
the antimicrobial peptide portion of the prodrug. It was pre-
viously reported by Wade et al. to have MICs of 2.8-5.2,
10.5, and 5.6 uM against strains of S. aureus, E. faecalis, and
E. faecium, respectively [269]. However, the activity of this
antimicrobial peptide and the produced azo mutual prodrug
still needs to be extensively evaluated against C. difficile
strains.

3.3. Other Miscellaneous Agents

In addition to natural product and small molecule-based
anti-difficile agents, the other miscellaneous agents as poten-
tial treatments for CDI include antimicrobial peptides [115]
(e.g., the peptide thuricin CD antibiotic [270, 271] bearing a
two-component peptide motif with nanomolar anti-difficile
activity and little impact on the commensal flora) and nonan-
timicrobial polymer-based toxin-binding and/or -neutralizing
agents (e.g., cholestyramine, synsorb 90, and tolevamer).
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However, it should be noted that, consistent with poor effi-
cacy in phase 3 clinical trials [272], tolevamer did not show
efficacy in the neutralization of cytotoxin in a human gut
model of CDI [273].

CONCLUSION

CDI is currently on the rise, with the bacterium posing
many challenges to practitioners in the healthcare field and
researchers in drug discovery and development. In the clini-
cal setting, the bacterium is increasingly problematic in over-
crowded hospitals, as the spores are difficult to eradicate and
easily spread through healthcare personnel. Although the
options currently available are able to manage mild-to-
moderate cases of C. difficile, the handling of more severe
cases may require prolonged treatment with conventional
agents or combination of conventional and adjunctive agents
and if not successful, more unorthodox and/or invasive op-
tions, such as fecal transplants and colectomy may be war-
ranted. Therefore, drug discovery and the approval of new
therapeutic agents may alleviate the increase in C. difficile-
associated cases. First, developing more narrow spectrum
antibiotics to be used for common infections can prevent the
onset of CDI. These may serve as a replacement for the
broad spectrum drugs that disrupt the normal gut flora and
leave the host susceptible to C. difficile. Secondly, specific
anti-difficile agents with novel mechanisms of action, in-
creased potency, and enhanced selectivity and specificity
may become superior to FDX, VAN, and MTZ in both cur-
ing of CDI and prevention of subsequent relapses. These
goals achieved singularly or together will greatly improve
the outcomes of those afflicted by C. difficile and its associ-
ated diseases.
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ABBREVIATIONS

5-ASA = 5-aminosalicylic acid

bid = Two times a day

CDC = Centers for Disease Control and Preven-
tion

CDAD = Clostridium difficile-associated diarrhea

C. difficile = Clostridium difficile

CDI = C. difficile infection

CA-CDI = Community-associated CDI

CDZz = Cadazolid

Tsutsumi et al.

DMID = Division of Microbiology and Infectious
Disease

DNA = Deoxyribonucleic acid

EF-Tu = Elongation factor Tu

EIA = Enzyme immunoassay

FDA = Food and Drug Administration

FDX = Fidaxomicin

GI = Qastrointestinal

SHEA/IDSA = Society for Healthcare Epidemiology of
America/Infectious Diseases Society of
America

IgG = Immunoglobulin G

IVIG = Intravenous immunoglobulin

LTA = Lipoteichoic acid

LTCF = Long term care facility

MIC = Minimum inhibitory concentration

MTZ = Metronidazole

NTZ = Nitazoxanide

NSAID = Nonsteroidal anti-inflammatory drug

PBP = Penicillin-binding protein

PCR = Polymerase chain reaction

PFOR = Pyruvate:ferredoxin oxidoreductase

PMC = Pseudomembranous colitis

qid = Four times a day

RNA = Ribonucleic acid

SAR = Structure activity relationship

SCr = Serum creatinine

tid = Three times a day

TPP = Thiamine pyrophosphate

VAN = Vancomycin

VRE = Vancomycin resistant enterococcus

WBC = White blood cells
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