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Abstract

Clostridioides difficile infection is a global health threat and remains the primary cause of

hospital-acquired infections worldwide. The burgeoning incidence and severity of infections

coupled with high rates of recurrence have created an urgent need for novel therapeutics.

Here, we report a novel natural product scaffold as a potential anticlostridial lead with anti-

virulence properties and potent activity both in vitro and in vivo. A whole cell phenotypic

screening of 1,000 purified natural products identified 6 compounds with potent activity

against C. difficile (minimum inhibitory concentration (MIC) range from 0.03 to 2 μg/ml). All

these 6 compounds were non-toxic to human colorectal cells. The natural product com-

pounds also inhibited the production of key toxins, TcdA and TcdB, the key virulence deter-

minants of C. difficile infection pathology. Additionally, the compounds exhibited rapid

bactericidal activity and were superior to the standard-of-care antibiotic vancomycin, in

reducing a high inoculum of C. difficile in vitro. Furthermore, a murine model of C. difficile

infection revealed that compound NP-003875 conferred 100% protection to the infected

mice from clinical manifestations of the disease. Collectively, the current study lays the foun-

dation for further investigation of the natural product NP-003875 as a potential therapeutic

choice for C. difficile infection.

1. Introduction

Clostridioides (Clostridium) difficile is an opportunistic, Gram-positive, obligatory anaerobic,

pathogenic bacillus that causes debilitating diarrhea and potentially life-threatening intestinal

inflammation [1, 2]. In 2017 alone, this pathogen was responsible for approximately 223,900

hospitalizations that resulted in over 12,800 deaths in the United States, thus imposing a sub-

stantial health burden [3].

A healthy intestinal microbiome can provide colonization resistance to C. difficile. How-

ever, broad-spectrum antibiotics cause structural and functional alteration of the gut
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microbiota, thereby, generating an environment conducive to C. difficile spore germination

and vegetative cell outgrowth [4, 5]. Inside the large intestine, the metabolically active cells

secrete the two key virulence determinants of C. difficile infection (CDI), toxin A (TcdA) and

toxin B (TcdB), the clinical sequelae of which ranges from mild or moderate diarrhea to severe

complications characterized by fulminant colitis, toxic megacolon, sepsis, and even death [6,

7]. These pathogenic exotoxins cause GI inflammation to persist which favors an optimal

niche for continued survival of the pathogen [8, 9]. Indeed, epidemiological and laboratory

findings corroborate that only toxinogenic strains of C. difficile, typically producing both

TcdA and TcdB, cause disease [10–12].

The therapeutic armamentarium for treating C. difficile infection (CDI) includes the antibi-

otics vancomycin and fidaxomicin. Metronidazole can be used for treating non-severe cases

only in settings with limited access to vancomycin and fidaxomicin [13]. However, antibiotic

intervention is not always successful as about 40–60% of the patients with prior infection expe-

rience recurrence within 3 weeks following the discontinuation of antibiotics [14]. Further-

more, neither vancomycin nor metronidazole has an inhibitory effect on toxin production by

C. difficile [15]. With the impending loss of effective therapeutic options that can promote a

sustained clinical resolution, new antimicrobial agents that can counteract the pathogen and

its virulence factors are urgently needed.

Despite the dwindling interest of the pharmaceutical industry in natural product research

over the past two decades, natural products continue to be a major source of lead compound

identification for drug discovery [16]. Of the 1,881 new drugs that received approval by the U.

S Food and Drug Administration (FDA) between 1981 and 2019, 546 drugs are either natural

products or natural product derivatives [17]. Natural products remain an invaluable source of

drug design because of their highly diversified and biologically relevant pharmacophore pat-

terns that are particularly relevant in treating infectious diseases [18, 19]. Our aim in this study

was to screen a repertoire of natural chemotypes to identify a novel scaffold with the potential

to treat C. difficile infections. Herein, we utilized a whole cell, phenotypic, high-throughput

screening (HTS) technology to screen the AnalytiCon MEGx library which consists of 1,000

natural products derived from plants and microorganisms. Our screening assay identified 9

molecules that possess potent anti C. difficile activity. In vitro susceptibility of the pathogen

along with the killing kinetics, anti-toxin activity, and cytotoxic potential of the compounds

were determined. The natural products were further evaluated in an acute-phase infection

model of CDI in mice.

2. Materials and methods

2.1. Bacterial strains, reagents, and cell line

Bacterial strains were obtained from the same sources mentioned in a previous study (S2

Table) [20]. The bacterial strains were grown in supplemented brain heart infusion broth

(BHIS) or agar at 37˚C in an anaerobic chamber (Coy Laboratories) [20]. The Caco-2 cell line

(American Type Culture Collection [ATCC], phosphate-buffered saline (PBS), Dulbecco’s

modified Eagle’s medium (DMEM), fetal bovine serum (FBS), non-essential amino acids

(NEAA), penicillin/ streptomycin, and MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-

methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) were all obtained from commercial

vendors.

2.2. Whole cell phenotypic HTS assay

The MEGx library (AnalytiCon Discovery, Postdam, Germany) consisting of 1,000 natural

products was screened as described before [20]. Briefly, the library was screened (screening
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concentration-3 μM) by dispensing 180 nL of a 1 mM stock solution into 384-well plates using

an Echo acoustic dispenser. Vancomycin (Gold Biotechnology, Olivette, MO), metronidazole

(Alfa Aesar), and fidaxomicin (Cayman Chemicals, Ann Arbor, MI) (screening concentration-

10 μM) were used as positive controls along with DMSO at the same concentration which

served as the negative control. Data were recorded as mentioned previously [20]. The Z’ value

for the assay was calculated as per the equation Z’ = 1-[(3σp+ 3σn)/(μp- μn)], where σ is the stan-

dard deviation, μ is the mean, p is the antibiotic-treated control, and n indicates the DMSO

negative control. The plates with Z’<0.5 were repeated [21]. The inhibition of C. difficile
ATCC BAA 1870 growth (%) was plotted using GraphPad Prism software version 8.0.

2.3. In vitro susceptibility assay

Natural products that exhibited�95% inhibition of C. difficile were purchased in a larger

quantity from AnalytiCon Discovery. The minimum inhibitory concentration (MIC) values of

natural products and antibiotics (fidaxomicin and vancomycin) were assessed as described

before [22–26]. The MIC50 and MIC90 values reported are the lowest concentration of each

natural product/control antibiotic that could inhibit bacterial growth by 50% and 90%,

respectively.

2.4. Minimum bactericidal concentration (MBC) assay

The MBC values of the natural products were determined. After determining the MIC, ali-

quots were taken from each well in the plate that showed no visible growth and were plated on

BHIS agar and incubated anaerobically to determine the MBC. The highest dilution of the

compound that showed no growth was categorized as the MBC [24, 27].

2.5. Time-kill kinetics study

Pre-reduced BHIS medium was inoculated with C. difficile ATCC BAA 1870. Following an

overnight incubation period, cultures were diluted 1:50 into fresh BHIS broth (~106 CFU/ml)

and added to tubes containing either DMSO, one of the natural product compounds

(5 × MIC), or the control antibiotics vancomycin or fidaxomicin (5 × MIC). Viable counts of

bacterial colonies were determined by taking aliquots at 0, 2-, 4-, 8-, 12-, and 24-hours post

inoculation, serially diluting, and plating on BHIS agar [28, 29]. The plates were incubated

overnight and CFU count for different time points were recorded the following day.

2.6. Toxin inhibition assay

The ability of the natural products to inhibit toxin production by the pathogen was evaluated

as described before [22–24]. Briefly, (~106 CFU/ml) C. difficile ATCC BAA 1870 was incubated

overnight with 0.5 × MIC and 0.25 × MIC of the natural product compounds or control antibi-

otics. After incubation, the suspension was evaluated for the bacterial count as well as the pres-

ence of toxins (tcdA and tcdB) using an enzyme- linked immunosorbent assay (ELISA) kit

(tgc BIOMICS). The OD450 was measured using a BioTek Gen 5 spectrophotometer.

2.7. Cytotoxicity assay

A cytotoxicity assay against Caco-2 cells was performed to assess the potential toxic effect of

the natural products as described before [20, 30–32]. Caco-2 cells cultured in DMEM media

supplemented with 10% FBS, 1% NEAA, and 1% penicillin/streptomycin were grown at 37˚C

in presence of 5% CO2. Following trypsinization, cells were seeded to 96-well plates and

allowed to grow till cells in each well attained 100% confluence. Hit natural products were
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added to the cells at a starting concentration of 16 μg/ml whereas control wells received

DMSO at the same concentration. The plates were incubated for 24 hrs. after which MTS

reagent was added and absorbance was recorded at 490 nm using a SpectraMax i3Multi-Mode

Microplate Reader. Caco-2 cell survival post treatment with natural products were plotted as

percentage viability of natural product-treated cells in comparison to the DMSO-treated cells

using GraphPad prism v. 8.0.

2.8. Murine model of CDI

Animal experiments were approved by the Purdue Animal Care and Use Committee (Protocol

#: 1704001567) and were conducted in accordance with the National Institutes of Health

Guide for the Care and Use of Laboratory Animals. The weight of each mouse and the devel-

opment of CDI symptoms were monitored every 4 hours following infection and all efforts

were made to minimize their suffering. Briefly, 6-week-old female C57BL/6 mice (The Jackson

Laboratory) were randomly assigned to groups (n = 5). Mice were given autoclaved water and

food. For the C. difficile primary infection model [29, 32–34], mice were provided with antibi-

otic water for 5 days. The antibiotic water consisted of colistin (850 U/ml), kanamycin (0.4

mg/ml), gentamicin (0.035 mg/ml), vancomycin (0.045 mg/ml), and metronidazole (0.215

mg/ml). All mice were subsequently provided with autoclaved water for 2 days. An intraperito-

neal dose of clindamycin (10 mg/kg) was administered 1 day prior to mice being orally

infected with 106 CFU spores of C. difficile (ATCC 43255). Treatment with vehicle (PBS), van-

comycin (10 mg/kg), NP-002327 (5 mg/kg), NP-003875 (5 mg/kg), NP-004604 (5 mg/kg), and

NP-009247 (5 mg/kg) was initiated 2 hours following infection. Animals that ended up losing

>20% of their body weight or became moribund were euthanized.

3. Results

3.1. High-throughput screen of AnalytiCon MEGx library and in vitro
susceptibility of C. difficile isolates to the active natural product

compounds

The AnalytiCon MegX library (1,000 compounds) was screened at 3 μM to identify possible

inhibitors of C. difficile. The screening assay revealed 9 compounds that inhibited the growth

of the pathogen (Fig 1 and S1 Table).

The susceptibility of C. difficile isolates to the natural product compounds in vitro was

determined. As depicted in Table 1, NP-002327, NP-002329, NP-003875, NP-004604, NP-

009247, and NP-013060 displayed potent activity with MIC values that ranged between 0.03 to

2 μg/ml against all tested C. difficile strains. The MIC50 and MIC90 values for NP-003875 were

found to be 0.03 μg/ml respectively. The MIC50 and MIC90 values for NP-004604 and NP-

009247 were found to be 0.5 μg/ml respectively. The MIC50 and MIC90 values for NP-002327

were found to be 1 μg/ml respectively. The MIC50 and MIC90 values for NP-002329 and NP-

013060 were found to be 2 μg/ml respectively. NP-000795 and NP-009072 inhibited bacterial

growth at concentrations that ranged from 4 to>8 μg/ml.

3.2. MBC values and time-kill kinetics

The MBC values for the active compounds against each C. difficile strain are shown in Table 2.

The natural product compounds demonstrated bactericidal activity against C. difficile isolates,

similar to the control antibiotics fidaxomicin and vancomycin.

The comparative killing kinetics of the natural product compounds (NP-002327, NP-002329,

NP-003875, NP-004604, NP-009247, and NP-013060), vancomycin, and fidaxomicin, all tested
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at 5 × MIC, were assessed against C. difficile ATCC BAA 1870 as shown in Fig 2. The starting

inoculum for the time-kill assay was 3.5 × 106 cfu/ml. Fidaxomicin achieved bactericidal activity,

Fig 1. Data from the high-through screening (HTS) of the AnalytiCon MEGx library. The natural products were

screened against C. difficile at 3 μM. The natural product chemotypes that exhibited greater than or equal to 95%

bacterial growth inhibition were deemed as hits. The HTS assay identified 9 hits.

https://doi.org/10.1371/journal.pone.0267859.g001

Table 1. Minimum Inhibitory Concentration (MIC) values of natural products against a panel of clinical and hypervirulent strains of C. difficile.

C. difficile strains NR number MIC (μg/ml)

N
P-
00
07
95

N
P-
00
23
27

N
P-
00
23
29

N
P-
00
38
75

N
P-
00
46
04

N
P-
00
90
72

N
P-
00
92
47

N
P-
01
30
60

V
an
co
m
yc
in

Fi
da
xo
m
ic
in

I2 NR-13428 >8 1 1 0.03 0.5 4 0.25 2 1 0.03

I4 NR-13430 >8 1 2 0.03 0.5 4 0.25 1 1 0.015

I6 NR-13432 >8 2 1 0.03 0.5 >8 0.5 2 0.25 0.06

I13 NR-13553 >8 1 2 0.03 0.5 >8 0.25 2 0.25 0.03

P6 NR-32886 >8 1 1 0.03 0.5 8 0.25 1 0.125 0.03

P7 NR-32887 8 1 1 0.03 0.5 >8 0.25 2 0.5 0.03

P9 NR-32889 >8 2 2 0.015 0.5 >8 0.5 2 1 0.03

P19 NR-32895 >8 2 2 0.015 0.5 8 0.5 2 1 0.03

P30 NR-32904 >8 1 1 0.015 0.5 >8 0.25 1 0.25 0.06

Isolate 20100502 NR-49277 >8 2 2 0.03 0.5 >8 0.5 2 0.25 0.06

Isolate 20100207 NR-49278 >8 1 2 0.03 0.5 >8 0.5 2 0.25 0.125

Isolate 20110999 NR-49286 >8 1 2 0.03 0.5 >8 0.5 2 0.25 0.25

Isolate 20110870 NR-49288 >8 1 2 0.03 0.5 >8 0.5 2 1 0.125

Isolate 20120187 NR-49290 >8 1 2 0.03 0.5 >8 0.5 2 1 0.06

ATCC BAA 1870 >8 1 2 0.03 0.5 >8 0.5 2 1 0.06

ATCC 43255 >8 1 2 0.03 0.5 >8 0.5 2 1 0.06

MIC50 >8 1 2 0.03 0.5 >8 0.5 2 0.5 0.06

MIC90 >8 1 2 0.03 0.5 >8 0.5 2 1 0.125

https://doi.org/10.1371/journal.pone.0267859.t001
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defined as� -3log10 CFU/ml reduction in bacterial viability, within 8 h of exposure. Vancomycin

achieved a ~2.75-log10 CFU/ml reduction in bacterial count by 24 h. NP-002327 and NP-002329

rapidly reduced cell viability below the limit of detection (LOD) within 2 h of exposure while

NP-013060 reduced cell viability below the LOD within 4 h of exposure. NP-003875 and NP-

004604 reduced cell viability below the LOD within 8 and 12 h of exposure respectively. NP-

009247 achieved a ~3.45-log10 CFU/ml reduction in bacterial count by 24 h.

Table 2. Minimum Bactericidal Concentration (MBC) values of natural products against a panel of clinical and hypervirulent strains of C. difficile.

C. difficile strains NR number MBC (μg/ml)

N
P-
00
23
27

N
P-
00
23
29

N
P-
00
38
75

N
P-
00
46
04

N
P-
00
92
47

N
P-
01
30
60

V
an
co
m
yc
in

Fi
da
xo
m
ic
in

I2 NR-13428 1 1 0.03 0.5 0.25 2 1 0.03

I4 NR-13430 1 2 0.03 0.5 0.25 1 1 0.015

I6 NR-13432 2 1 0.03 0.5 0.5 2 0.25 0.06

I13 NR-13553 1 2 0.03 0.5 0.25 2 0.25 0.03

P6 NR-32886 1 1 0.03 0.5 0.25 1 0.125 0.03

P7 NR-32887 1 1 0.03 0.5 0.25 2 0.5 0.03

P9 NR-32889 2 2 0.015 0.5 0.5 2 1 0.03

P19 NR-32895 2 2 0.015 1 0.5 2 2 0.125

P30 NR-32904 1 1 0.015 0.5 0.25 1 0.25 0.06

Isolate 20100502 NR-49277 2 2 0.03 0.5 0.5 2 0.25 0.06

Isolate 20100207 NR-49278 1 4 0.06 0.5 1 2 0.5 0.125

Isolate 20110999 NR-49286 1 2 0.03 0.5 0.5 2 0.25 0.25

Isolate 20110870 NR-49288 1 2 0.03 1 0.5 2 1 0.125

Isolate 20120187 NR-49290 1 2 0.03 0.5 0.5 2 1 0.06

ATCC BAA 1870 2 2 0.03 0.5 0.5 2 4 0.125

ATCC 43255 1 2 0.03 0.5 0.5 2 1 0.06

https://doi.org/10.1371/journal.pone.0267859.t002

Fig 2. Killing kinetics of hit natural products, vancomycin, and fidaxomicin (5X MIC) against C. difficile. The standard

deviation values for the triplicate samples of each natural product/control antibiotic have been represented by error bars.

https://doi.org/10.1371/journal.pone.0267859.g002
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3.3. Toxin inhibition assay

As depicted in Fig 3, addition of subinhibitory concentrations (0.25 × MIC and 0.5 × MIC) of

the natural product compounds did not affect bacterial cell viability but demonstrated an

inhibitory effect on toxin production. Toxin production was reduced by approximately 10%

(at 0.25 × MIC) and 20% (at 0.5 × MIC) by NP-002327, by 15% (at 0.25 × MIC) and 40% (at

0.5 × MIC) by NP-002329, by 29% (at 0.25 × MIC) and 40% (at 0.5 × MIC) by NP-003875, by

6% (at 0.25 × MIC) and 22% (at 0.5 × MIC) by NP-004604, by 22% (at 0.25 × MIC) and 38%

(at 0.5 × MIC) by NP-009247, and by 20% (at 0.25 × MIC) and 34% (at 0.5 × MIC) by NP-

013060. Of the control antibiotics, vancomycin did not reduce toxin production whereas fidax-

omicin demonstrated an approximate 36% (at 0.25 × MIC) and 57% (at 0.5 × MIC) reduction

in toxin production.

3.4. Cytotoxicity assay

The cytotoxic effect of the compounds was evaluated against Caco-2 cells using an MTS assay.

Fig 4 presents the results of the cytotoxicity assay. All 6 natural product compounds evaluated

(NP-002327, NP-002329, NP-003875, NP-004604, NP-009247, and NP-013060) did not

exhibit toxicity to Caco-2 cells at a concentration up to 16 μg/ml.

3.5. Murine model of CDI

For a more clinically relevant test of the potency of the compounds, the in vivo effect of 4 natu-

ral product compounds with the lowest MIC values in vitro (NP-002327, NP-003875, NP-

004604, and NP-009247) were investigated in a murine model of an acute-phase model of CDI

(Fig 5). Mice infected with C. difficile spores were treated with vehicle, one of the natural prod-

uct compounds, or vancomycin (10 mg/kg). Of the 4 natural products, NP-003875 was found

to confer protection to 100% of the mice at 5 mg/kg dose, similar to that of the control antibi-

otic vancomycin which was administered at a 10 mg/kg dose. NP-009247 protected 60% of the

mice whereas NP-002327 and NP-004604 failed to confer any protection at all.

Fig 3. C. difficile toxin inhibition by natural products and control antibiotics (vancomycin and fidaxomicin). C. difficile was incubated with subinhibitory

concentrations of drugs for 12 hours. Viable cells (log10 CFU/ml, bars) in each sample were determined by plating and the amount of toxin in each supernatant (OD450-

OD620, lines) was assessed using ELISA. The data represents the mean and standard deviation for triplicate samples of each treatment. Asterisk (�) indicates a statically

significant difference in the toxin content of the supernatant between the fidaxomicin- or natural product-treated samples and the untreated control.

https://doi.org/10.1371/journal.pone.0267859.g003

PLOS ONE Novel natural product inhibitor of Clostridioides difficile

PLOS ONE | https://doi.org/10.1371/journal.pone.0267859 August 8, 2022 7 / 13

https://doi.org/10.1371/journal.pone.0267859.g003
https://doi.org/10.1371/journal.pone.0267859


4. Discussion

C. difficile is an enteric pathogen that continues to affect patients in hospitals and communities

globally. The opportunistic pathogen exploits a reduction in gut microflora following the use

of broad-spectrum antibiotics and causes life-threatening colitis [35]. The current treatment

regimen for CDI consists of two antibiotics, vancomycin and fidaxomicin. These standard-of-

care antibiotics fail to achieve a complete clinical cure and recurrence of infection is of com-

mon occurrence in CDI patients [36]. In the face of the significant drawbacks associated with

the current pharmaceutical armamentarium, alternative options for treating CDI are urgently

needed.

Natural products have been played a pivotal role in drug discovery. The natural product

pool is rich in bioactive compounds characterized by diversified scaffolds unlike libraries con-

sisting of conventional synthetic molecules [37]. Here, our aim was to identify anticlostridial

leads from a library of extracts from natural sources (plants and microorganisms). Conse-

quently, we conducted a whole cell phenotypic HTS of the AnalytiCon MEGx library (1,000

natural products) and initially identified 9 natural compounds that could inhibit the growth of

C. difficile at a concentration of 3 μM. Our next step was to determine the lowest concentration

that the natural products could inhibit growth of this pathogen. We conducted an assay that

found 6 natural products possessed MIC values that ranged from 0.03 to 2 μg/ml. Of these 6

hits, one compound (NP-003875) exhibited a 3-fold lower MIC90 value compared to that of

fidaxomicin and 3 other hits (NP-002327, NP-004604, and NP-009247) were found to be as

potent as that of vancomycin in inhibiting the growth of the pathogen. NP-002329 and NP-

013060 possessed MIC values that were only one-fold higher than vancomycin.

In addition to potent growth inhibition, all 6 natural products (NP-002327, NP-002329,

NP-003875, NP-004604, NP-009247, and NP-013060) exhibited bactericidal activity against C.

difficile. Based on the data from the time-kill kinetic studies against C. difficile ATCC BAA

1870, all 6 hit natural product compounds exhibited more rapid bactericidal activity compared

to vancomycin. Furthermore, one natural product (NP-003875) exhibited killing kinetics

Fig 4. Cytotoxicity assay of natural products against Caco-2 cell line. The percentage of viable Caco-2 cells was measured as

the ratio of average absorbance of each sample relative to the negative control (DMSO). The absorbance values represent the

mean of three samples of each natural product compound with error bars representing standard deviation values for the

absorbance.

https://doi.org/10.1371/journal.pone.0267859.g004
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comparable to that of fidaxomicin. Three compounds (NP-002327, NP-002329, and NP-

013060) exhibited more rapid bactericidal activity compared to fidaxomicin. This rapid bacte-

ricidal activity can be of potential importance clinically as it can reduce the emergence of resis-

tant bacterial strains and can rapidly resolve infection and associated clinical signs [38].

Extensive epidemiological and experimental evidence support the role of C. difficile toxins

in driving disease pathogenesis. Isogeneic knockout studies have shown that either of TcdA or

TcdB alone can cause fulminant colitis in hamsters [39, 40]. Of the clinically used antibiotics,

fidaxomicin is the only drug that can inhibit toxin production by the pathogen [41]. This pau-

city of drugs with antitoxin activity has fueled efforts to identify molecules that can inhibit C.

difficile toxins. Therefore, we investigated the ability of our natural product compounds as a

potential antivirulence therapeutic agent. The 6 natural products, at 0.5 × MIC, reduced toxin

production by C. difficile ATCC BAA 1870 unlike vancomycin which had no inhibitory effect

on toxin production. Fidaxomicin, on the other hand, demonstrated a 57% reduction in C. dif-
ficile toxin production at 0.5 × MIC.

Fig 5. Murine model of CDI. (A) Schematic of mice model. 6-week-old female mice were randomly divided into groups (n = 5 per group). Mice were given antibiotic

water consisting of kanamycin (0.4 mg/ml), colistin (850 U/ml), gentamicin (0.035 mg/ml), vancomycin (0.045 mg/ml), and metronidazole (0.215 mg/ml) for 5 days.

Clindamycin (10 mg/kg) was injected intraperitoneally a day before infection. C. difficile spores were administered via oral gavage on Day 0. Treatment was initiated on

Day 0 and continued for 5 days. A single dose of each drug was administered via oral gavage daily. (B) The Kaplan-Meier survival curve was analyzed using a log-rank

(Mantel-Cox) test. Significant difference was noted between the survival curves of the mice treated with NP-003875 vs. untreated control (100% vs. 20%; p = 0.0144).

https://doi.org/10.1371/journal.pone.0267859.g005
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In vitro cytotoxicity testing is a pivotal step for consideration of compounds in drug discov-

ery [42]. The cytotoxicity assay of the 6 active natural products against Caco-2 cells revealed

no detrimental effects on the human colorectal cells when treated at a concentration of 16 μg/

ml for 24 hours.

To further elucidate the potency of the compounds and determine their clinical relevance

in the treatment of CDI, we sought to test the efficacy of the natural products in an acute-

phase model of CDI infection in mice. Interestingly, 1 natural product (NP-003875) protected

100% of mice from the clinical manifestations of CDI similar to the standard-of-care antibiotic

vancomycin.

In conclusion, we identified a novel lead compound, NP-003875, with potent in vitro and in
vivo anticlostridial activity. Structural interpretation of NP-003875 led to its identification as

chromomycin A2, a member of the aureolic acid family of bacterial natural products isolated

from Streptomyces sp. Like its previously studied structural analogue mithramycin [22], chro-

momycin A2 harbors potent anticlostridial activity inhibiting C. difficile in vitro at a concen-

tration of 0.03 μg/ml, is bactericidal, and exhibits time-kill kinetics similar to that of

fidaxomicin. The mode of action of the members of the aureolic acid family involves interac-

tion with the DNA helix minor groove causing a DNA-dependent inhibition of RNA synthesis

[43]. As observed with mithramycin, chromomycin A2 can also inhibit C. difficile toxins, hint-

ing towards a potential similar mechanism of action based on their structural similarities. In

addition, chromomycin A2/NP-003875 was found to be non-toxic to Caco-2 cells and was

determined to be as efficacious as vancomycin in protecting mice infected with C. difficile. Fur-

ther studies, including validating its mechanism of action, investigating NP-003875’s ability to

inhibit spore formation by C. difficile and determining its efficacy in a recurrent infection

model of the pathogen will be needed to evaluate the potency of this compound in ameliorat-

ing the symptoms of CDI.
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