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ABSTRACT
Objective: Clostridium difficile is a major cause of
nosocomial infectious diarrhoea. Treatment of
C. difficile infection (CDI) depends on disease severity.
A combination of vancomycin and metronidazole is
often recommended in severe cases. The aim of this
study was to examine, in a murine model of CDI, if
mice treated with a combination of vancomycin and
metronidazole had a better clinical outcome than mice
treated with vancomycin or metronidazole alone.
Design: C57BL/6J mice pretreated with an
antimicrobial mixture were challenged with C. difficile
VPI 10463 or phosphate-buffered saline by oral gavage.
After the challenge, the mice were treated with placebo,
vancomycin, metronidazole or a combination of
vancomycin and metronidazole for 10 days. The mice
were monitored for 20 days with weight and a clinical
score. Stool samples were examined for C. difficile
spore load and presence of C. difficile toxins.
Results: None of the mice in the vancomycin-treated
group died during the treatment phase compared to a
mortality of 17%, 33% and 55% in the combination,
metronidazole and infected control group, respectively.
Mice treated with vancomycin alone or in combination
with metronidazole recovered from CDI faster than mice
treated with metronidazole alone. However, after
discontinuation of treatment, vancomycin-treated and
combination-treated mice succumbed to clinical and
bacteriological relapse.
Conclusions: Mice treated with vancomycin alone had
a better clinical outcome in the treatment phase of CDI
than mice treated with metronidazole alone. A
combination of vancomycin and metronidazole did not
improve the clinical outcome when compared to
treatment with vancomycin alone.
Trial registration number: The trial registration
number from the Danish Experimental Animal
Inspectorate is J number 2012-15-2934-00422.

INTRODUCTION
Clostridium difficile is the major cause of noso-
comial infectious diarrhoea.1 Treatment of

C. difficile infection (CDI) is complicated and
depends on several factors including disease
severity. The main antimicrobial agents for
treatment of CDI are metronidazole and
vancomycin. Metronidazole has long been
the first-line agent in treating CDI, as two
randomised trials conducted in the 1980s
and 1990s demonstrated equal efficacy of
metronidazole and vancomycin in the treat-
ment of CDI.2 3 Furthermore, metronidazole
has a lower cost than vancomycin and a pre-
sumed lower potential for selection of

Summary box

What is already known about this subject?
▸ Clostridium difficile is the major cause of noso-

comial infectious diarrhoea.
▸ The main antimicrobial agents for treatment of

C. difficile infection (CDI) are metronidazole and
vancomycin.

▸ A combination of vancomycin and metronidazole
is often used in the treatment of severe, compli-
cated CDI.

What are the new findings?
▸ Vancomycin is more effective than metronida-

zole in the treatment of a first episode of CDI in
mice.

▸ A combination of vancomycin and metronidazole
is less effective than vancomycin alone in the
treatment of a first episode of CDI in mice.

▸ Vancomycin treatment is associated with relapse
of CDI in mice.

How might it impact on clinical practice in
the foreseeable future?
▸ If our findings could be reproduced in a clinical

setting, this new knowledge could lead to a
reduction in the use of a combination of vanco-
mycin and metronidazole for the treatment of
severe CDI in humans.
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vancomycin-resistant enterococci.4 However, a decreased
response to metronidazole treatment of CDI has been
reported,5–7 and a prospective, randomised study, strati-
fied on disease severity, found vancomycin to be super-
ior to metronidazole in treating severe CDI.8 Hence, the
current guidelines for antimicrobial treatment of a first
episode of CDI generally recommend metronidazole for
treatment of mild to moderate or non-severe CDI and
vancomycin for treatment of severe CDI.9 10 Despite the
relevant treatment of a first episode of CDI with these
agents, recurrence is common and occurs in up to 25%
of cases.9 11 This has led to the introduction of new anti-
microbial agents in the treatment of CDI, such as fidaxo-
micin,12 13 teicoplanin,14 rifaximin,15 tigecycline16 17 and
nitazoxanide,18 19 but experience with these agents is
still limited and only fidaxomicin has a licensed indica-
tion for the treatment of CDI.
In severe cases of CDI, a combination of oral metro-

nidazole and oral vancomycin is sometimes recom-
mended. This combination, given as intravenous
metronidazole and oral vancomycin, or vancomycin
retention enema, is also recommended in general guide-
lines for treating severe and complicated CDI.9 10 20

However, there is no evidence to support a combination
of vancomycin and metronidazole.21–25 In fact, in a
retrospective cohort study, it was noted that patients
treated at once with a combination of metronidazole
and vancomycin did worse than their counterparts
treated with either drug by itself.22

Antimicrobial therapy is one of the most dominant
risk factors for CDI, and treatment of CDI with metro-
nidazole and vancomycin in combination may further
disrupt the already abnormal intestinal flora. Hence, it is
highly important to ensure only the necessary antimicro-
bial therapy for CDI. Therefore, using a murine model
of CDI, we compared the effects of vancomycin and
metronidazole alone and in combination in treated
mice versus controls, with respect to clinical disease
(weight and survival) and microbiological outcome
(faecal C. difficile spore load and presence of C. difficile
toxin). Furthermore, we evaluated the colonic pathology
and inflammation with a histological score and myelo-
peroxidase (MPO), respectively.

MATERIALS AND METHODS
Murine model and ethics statement
The model used in this study was based on the model
developed by Chen et al.26 Figure 1 illustrates the experi-
mental scheme. The course of infection in
C. difficile-infected mice can be divided into two phases:
the treatment phase, with an acute course of disease
within the first 3 days after challenge, and the post-
treatment phase, in which some mice developed relapse
of CDI. The Danish Experimental Animal Inspectorate
approved the experimental protocol for this study
( J number 2012-15-2934-00422). All applicable national
guidelines for the care and use of animals were followed.

Animals with a weight loss above 20% or judged to be in
a moribund state based on a clinical score were eutha-
nised (see online supplementary material).

C. difficile strain and growth conditions
Infection of mice was performed with C. difficile VPI
10463 (ATCC 43255). This strain produces both C. difficile
toxins, A and B, but not the binary toxin. The strain was
stored in preservation broth (infusion broth with 10%
glycerol) at −80°C and subcultured on 5% blood agar
plates in an anaerobic atmosphere (10% H2, 10% CO2,
80% N2) at 37°C for 24 h. For C. difficile challenge a sus-
pension of C. difficile was freshly prepared and bacterial
enumeration was performed at the time of challenge to
ensure that the correct dose of C. difficile cells was
administered.

Antimicrobial agents
All antimicrobial agents were purchased from
Sigma-Aldrich (Sigma-Aldrich, St Louis, Missouri, USA).
Stock solutions of all antimicrobial agents were prepared
in sterile water and stored at −80°C. The minimal inhibi-
tory concentration (MIC) of vancomycin and metronida-
zole for VPI 10463 was determined using the broth
microdilution method as described by the Clinical and
Laboratory Standards Institute (CLSI).27

Animals and housing
Female C57BL/6J mice were obtained from M&B
Taconic (Taconic Europe, Ry, Denmark). The mice were
6–8 weeks old, with an initial bodyweight of approxi-
mately 18–19 g. The mice were housed in groups of 3–4
in individually ventilated cages (Techniplast, Buguggiate,
Varese, Italy) with a 12 h light/12 h dark schedule, and
fed autoclaved standard chow (Altromin #1324, Lage,
Germany) and water ad libitum throughout the experi-
ment. The mice were given nesting material, shredded
paper strips and wooden squares as environmental
enrichment. The bedding in the cages was changed
every day during the acute phase of CDI and relapse,
and every second day during the rest of the experiment,
in order to diminish the risk of cross-contamination.
Two mice from the uninfected control group were
excluded. One because it had C. difficile in faecal
samples prior to the C. difficile challenge, and the other
because it got hurt trying to escape from the cage.

Antimicrobial administration and infection with C. difficile
The mice were divided into five groups: an uninfected
(n=7) and infected (n=9) control group treated with
placebo (sterile water) and three infected groups treated
with either vancomycin (n=6, 50 mg/kg/day), metro-
nidazole (n=6, 50 mg/kg/day), or vancomycin and
metronidazole in combination (n=6, 50+50 mg/kg/day),
for 10 days. The group treated with vancomycin and
metronidazole in combination will further on be
referred to as the combination group. In order to estab-
lish CDI, the normal enteric flora was disrupted by
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pretreating the mice with an antimicrobial mixture con-
taining kanamycin (40 mg/kg), gentamycin (3.5 mg/
kg), colistin (4.2 mg/kg), metronidazole (21.5 mg/kg)
and vancomycin (4.5 mg/kg). The concentration of the
antimicrobial mixture was calculated based on the
average weight of the mice and their expected water
consumption. The antimicrobial mixture was adminis-
tered for 3 days in the drinking water (figure 1). On day
3, the mice were switched back to regular drinking
water. One day prior to infection, the mice received a
single dose of clindamycin (10 mg/kg) intraperitoneal.
On day 0, the mice were challenged with approximately
2×105 colony-forming units (CFU) C. difficile by oral
gavage. The uninfected control group received
phosphate-buffered saline (PBS). From 1 day post-
infection, the mice were treated with placebo, vanco-
mycin, metronidazole and the combination, for 10 days
(figure 1). All antimicrobial agents and placebo were
given by oral gavage. The mice were followed for a total
of 20 days. A clinical scoring system based on weight
loss, activity level and appearance of eyes and fur was
used daily. Faecal samples were collected from each
mouse at various time points throughout the experiment
and immediately stored at −80°C. At the end of the
20-day observation period, the surviving mice were
euthanised.

C. difficile spore load in faecal samples
Faecal samples were thawed, dissolved and incubated in
0.5 mL 70% alcohol. After 1 h, the samples were 10-fold
diluted and plated on cycloserine-cefoxitin fructose agar.
After incubation in an anaerobic atmosphere for 48 h,
the colonies were counted. The detection limit was 100
CFU/g of faeces. To confirm C. difficile (VPI 10463), iso-
lates were examined with PCR for toxin genes and
in-frame deletions in tcdC (negative toxin regulator).28

Faecal cytotoxicity
Faecal cytotoxicity of toxin A and B was measured with a
cell cytotoxicity assay.29 30 Each faecal sample was
weighed and dissolved in PBS containing protease

inhibitor (Roche Diagnostica, Mannheim, Germany).
The amount of diluent per sample was normalised to
provide the same stool mass-to-diluent ratio. Samples
were vortexed and centrifuged at 3000 rpm (SX4750A in
Allegra X-15R) for 10 min. Supernatants were filtered
through a 0.22 μm membrane (Merck Millipore,
Darmstadt, Germany) and stored at −80°C. To measure
toxin-mediated cytotoxicity, filtrates were 10-fold diluted
in PBS and added in duplicate to a confluent monolayer
of Vero cells (CCL-81; American Type Culture
Collection), grown in Dulbecco’s Modified Eagle
Medium (DMEM) with 10% fetal bovine serum and gen-
tamicin (0.1 mg/mL), and prepared in 96-well flat
bottom microtitre plates (7.5×103 cells per well). These
plates were incubated in a humidified incubator with
5% CO2 at 37°C. The cytotoxic effect of the filtrates was
determined after 24 h by measuring cell rounding
under a phase-contrast microscope. Toxin titres were
defined as the highest dilution to cause 100% cell
rounding. A control well for each sample was included,
containing both the antitoxin and sample (TechLabs,
Blacksburg, Virginia, USA).

Necropsy, histopathological analysis and MPO
The mice were euthanised by cervical dislocation.
Caecum and the proximal 2/3 of colon were placed dir-
ectly in liquid nitrogen and stored at −80°C. The
remaining 1/3 of colonic tissue was fixed in neutral 10%
buffered formalin and stored at room temperature until
placed in 10% ethanol. Samples were coded and rando-
mised. Tissue from each mouse was placed in separate
tissue cassettes, then processed and paraffin embedded.
Slides with two levels of sections from each paraffin
block were routine-stained with H&E. The histological
severity of enteritis was graded using a scoring system
reported previously26 31 32 and adapted by Reeves et al.33

It was used to determine epithelial damage (score 0–4),
oedema (score 0–4) and cellular infiltration (score 0–4),
and assigned a total score between 0 and 12. An experi-
enced histopathologist, blinded to treatment, evaluated
all slides and all tissue on slides.

Figure 1 Experimental scheme

of this study with key events

marked on the timeline.
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Colonic tissue from the proximal part of the colon
adjacent to the caecum was used for examination of the
presence of MPO. Tissue was homogenised with a tissue-
lyser II (Qiagen, Venlo, Limburg, The Netherlands).
Samples were diluted (in a range from 1:4, 1:10, 1:20,
1:30, 1:60 to 1:100) and MPO levels in colonic tissue
were tested in duplicate with a mouse MPO ELISA-kit
(Hycolt Biotech, Uden, The Netherlands).

Statistical analysis
Results were analysed using STATA/IC 13 (Statacorp,
College Station, Texas, USA). Results are presented as
dot plots or mean values. For normally distributed data
mean values are expressed as mean ±SE of mean (SEM).
Differences between experimental groups at a given
time point were analysed with one-way analysis of vari-
ance. Differences between two groups at a given time
point were analysed with Student t test or Mann-Whitney
U test. Mortality between the different treatment groups
was compared with the log-rank test for equality of sur-
vivor functions and presented as Kaplan-Meier survival
curves.

RESULTS
Treatment phase of CDI in mice
After the C. difficile challenge, the infected mice showed
signs of clinical illness with weight loss, hunched posture,
loose stools or diarrhoea. Some mice developed severe
illness and were euthanised. At day 10, we found a signifi-
cantly higher survival in the uninfected control group
compared with the infected control group (the log-rank
test, p=0.023). The vancomycin and combination-treated
mice were clinically least affected in the treatment phase
of CDI. None of the mice in the vancomycin-treated
group died during their treatment for CDI compared to
a mortality of 17%, 33% and 55% at day 10 in the com-
bination, metronidazole and infected control group,
respectively (figure 2 and table 1).
The only treatment group with significantly better sur-

vival than the infected control was the vancomycin
group (p=0.034); however, there was only a tendency
towards better survival in the vancomycin group when
compared to the metronidazole group (p=0.138).
Figure 3 illustrates the mean relative weight for all the

surviving mice (until time of death) in the five groups.
Infected mice showed maximum weight loss at days 2–3,
and all the infected groups had significant weight loss at
days 2–3 when compared to the uninfected control
(Student t test, infected control: p<0.001, mean differ-
ence: 20.88%, SEM: ±2.66; vancomycin: p=0.024, 10.82%
±3.77; metronidazole: p=0.004; 16.49% ±3.85; combin-
ation: p<0.001, 11.0% ±1.07) (figure 3). The metronida-
zole group had the most pronounced weight loss;
however, there was no significant difference in weight
loss between the three treatment groups on days 2–3.
After days 3 and 4, the surviving mice began to gain
weight. Mice in the vancomycin, infected control and

combination groups returned to normal weight by days
5–8. However, mice in the metronidazole group did not
return to their normal weight until approximately day
16. In the treatment phase, from day 4 and through 10,
we found significantly lower mean relative weights in the
metronidazole group than in the vancomycin group
(p=0.004). We found no significant difference between
the relative weights in the vancomycin and the combin-
ation group (p=0.584).

Post-treatment phase of CDI—relapse
All the infected mice that survived the acute phase of
CDI regained their normal weight at approximately the
end of the first week except for the mice in the metro-
nidazole group, which displayed a slow clinical recovery
with respect to the mean relative weight (figure 3).
However, five of six mice in the vancomycin-treated
group and five of five mice in the combination group
developed clinical symptoms of CDI, with weight loss
and diarrhoea at around day 15, 5 days after the treat-
ment was discontinued. The mean relative weight of the
two groups treated with vancomycin was significantly
lower than that of the surviving mice in the infected
control group at day 16 (vancomycin: p=0.009; combin-
ation: p=0.018) and the metronidazole group at day 16
(vancomycin: p=0.024; combination: p=0.055, border sig-
nificant). Three mice in the vancomycin group and one
mouse in the combination group died during relapse
(figure 2). None of the mice in the vancomycin-treated
group died during the acute CDI, but after relapse there
was a mortality of 50% in this group and, when com-
pared to the infected control group at day 20 post-
infection with the log-rank test, there was no longer a
significant difference between the two groups (p=0.42).
No additional deaths occurred in the infected control or
metronidazole groups after the treatment was discontin-
ued; furthermore, they did not have any clinical symp-
toms of CDI.

Presence of C. difficile spores and toxins in faecal
samples
To determine if the clinical symptoms of CDI were asso-
ciated with increased C. difficile presence, faecal samples
were examined. Figure 4 shows the amount of C. difficile
spores from all the surviving mice (until time of death)
in the four infected groups. In the acute course of CDI,
there was a high amount of C. difficile spores among all
infected groups. However, at day 2 post C. difficile chal-
lenge, the spore load in the vancomycin-treated group
was significantly lower when compared to the infected
control group (p=0.018). At day 3 post-infection, all
treated groups had significantly lower spore counts
when compared to the infected control (vancomycin:
p=0.008, metronidazole: p=0.046 and combination:
p=0.011). At the acute course of CDI, there was no sig-
nificant difference between the three treatment groups
(day 1: p=0.536, day 2: p=0.185). However, the groups
treated with vancomycin and the combination showed
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almost undetectable to completely undetectable spore
counts from day 6 through day 13, whereas the metro-
nidazole group demonstrated spore counts well above
the detection limit throughout the 20-day observation
period. Hence, when the mean spore load from day 6
through day 13 (after the acute course of CDI and
before relapse) was calculated for each mouse, and in
comparison between the three treatment groups, we
found a higher spore load in the metronidazole group
compared to the vancomycin (p=0.006) and combin-
ation (p=0.011) groups, respectively. However, after
relapse in the vancomycin and combination groups, the
mean spore load in both groups increased, and the
mean spore load from each mouse from day 16 through
20 was higher when compared to the metronidazole
group (vancomycin: p=0.031 and combination:
p=0.046).
The faecal samples collected were also examined for

the presence of C. difficile toxins. The toxin titres for all
surviving mice in the four infected groups are illustrated

in figure 4. The peak toxin titres were found on days
1–3, which corresponds with the weight loss of the mice
and the spore load. At day 3 post-infection, all of the
treated groups had significantly lower toxin titres when
compared to the infected control group (vancomycin:
p=0.008, metronidazole: p=0.030 and combination:
p=0.009). Furthermore, when the mean toxin titre from
day 6 through day 13 was calculated for each mouse,
and in comparison between the three treatment groups,
we found a higher toxin titre in the metronidazole
group compared to the vancomycin (p=0.009) and com-
bination (p=0.023) groups, respectively. There was a very
strong positive association between the C. difficile spore
load and the toxin titres (p<0.001; R2=0.83).

Histopathological changes and MPO level in colonic tissue
To confirm that all the mice that died from CDI also
had evidence of colonic infection characteristic of CDI,
we examined colonic tissue for histopathological
changes (figure 5). In all the infected mice that died
from CDI and the uninfected control we found a
median histological score of 7 (range: 4–9) and 2
(range: 0–5), respectively. When compared to the unin-
fected control group, all infected groups had a signifi-
cantly higher score (p<0.05) (figure 5C). To assess the
neutrophil infiltration of the gut, we examined the MPO
levels. For all the infected mice that died from CDI and
the uninfected control mice, we found a mean MPO
level of 1906 ng/mL (SEM: ±267) and 32 ng/mL (SEM:
±4.8), respectively. When compared to the uninfected
control group, all infected groups had a significantly
higher MPO level (p<0.05) (figure 5D). These results
support the notion that the mice died from an infection
characteristic of CDI. However, they do not allow us to
determine the severity of infection between the different

Figure 2 Kaplan–Meier survival

plots for the uninfected control

and the four groups challenged

with Clostridium difficile VPI

10463 on day 0. Treatment or

placebo was given from day 1 to

day 10.

Table 1 Per cent survival in each group tabulated at days

2, 3, 4 and 20 post-infection

Per cent survival (N)
Group Day 2 Day 3 Day 4 Day 20

Uninfected

control

100 (7/7) 100 (7/7) 100 (7/7) 100 (7/7)

Infected

control

89 (8/9) 56 (5/9) 44 (4/9) 44 (4/9)

Vancomycin 100 (6/6) 100 (6/6) 100 (6/6) 50 (3/6)

Metronidazole 67 (4/6) 67 (4/6) 67 (4/6) 67 (4/6)

Combination 83 (5/6) 83 (5/6) 83 (5/6) 67 (4/6)

N, number of survivors/group.
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treatment groups, as the mice did not die on the same
time during the course of infection.

DISCUSSION
Treatment of CDI and recurrent disease is complicated
and has posed a significant challenge to clinicians.
Using a mouse model of CDI, we have demonstrated

that mice treated with oral vancomycin had a better clin-
ical outcome, in relation to mean relative weight, and a
better microbiological outcome, in relation to the faecal
bacterial load and toxin titre, in the treatment phase of
CDI after the acute course of disease than mice treated
with oral metronidazole. A combination of metronida-
zole and vancomycin did not improve the clinical or
microbiological outcome. However, mice that received

Figure 3 Mean relative weight

(%) for all the surviving mice until

time of death in the five groups.

Treatment or placebo was given

from day 1 to day 10.

Figure 4 Mean Clostridium difficile spore load and toxin titre for all the surviving mice until time of death in the four infected

groups. Black bars represent the mean log10 C. difficile spores as colony forming units (CFU) per gram faeces and light grey

bars represent the mean log10 C. difficile toxin titre. The dashed lines represent the detection limits.
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vancomycin or a combination of vancomycin and metro-
nidazole succumbed to clinical and bacteriological
relapse after discontinuation of treatment for CDI.
The current guidelines recommend metronidazole for

the treatment of mild-to-moderate CDI and vancomycin
for the treatment of severe CDI,9 10 based on reports of a
decreased response to metronidazole treatment for
CDI.5–8 In this study, we found that mice in the metro-
nidazole group had a higher mortality of 33% vs 0% and
a significantly slower clinical and bacteriological recovery,
compared to vancomycin, indicating that metronidazole
is less effective than vancomycin in the treatment of CDI
in mice. The reason for this is not clear, but could be
associated with the pharmacokinetics of metronidazole
and vancomycin. When given orally, metronidazole is
highly absorbed and faecal concentrations of metronida-
zole have been found to be undetectable in patients
without diarrhoea, only reaching modest to therapeutic
levels in patients with diarrhoea.34 35 Whereas, when
administered orally, vancomycin does not get readily
absorbed and vancomycin levels in faecal samples from
patients with high stool frequency have been reported to

be consistently 100–1000 times higher than the MIC90.
36

In our study, loose stools and diarrhoea among all the
infected mice stopped at around days 3–4, presumably
causing suboptimal intraluminal concentrations of
metronidazole and thereby possibly slow clinical recovery
and lack of bacteriological cure. This theory is supported
in a recent prospective study of patients with CDI, where
most vancomycin-treated patients were found to maintain
inhibitory concentrations of vancomycin in stool for 4–
5 days after therapy, whereas metronidazole was only
detectable during therapy.37 Furthermore, a retrospective
study by Wilcox and Howe38 showed that symptomatic
response time was significantly shorter in patients treated
with vancomycin compared to those treated with metro-
nidazole (3.0 vs 4.6 days, p<0.01). Furthermore, findings
similar to ours, in relation to weight loss and mortality, of
the response to metronidazole and vancomycin treat-
ment of C. difficile-infected mice, has been reported.26 39

Despite the fact that vancomycin was effective in control-
ling CDI in the treatment phase, vancomycin-treated
mice (both vancomycin alone and in combination with
metronidazole) experienced a relapse at around day 15.

Figure 5 Colonic pathology. The top panels showing representative H&E-stained slides (×200) of (A) normal colonic tissue and

(B) colonic tissue from a mouse that died from Clostridium difficile infection (CDI), illustrating epithelial damage (green/left arrow),

cellular infiltration (blue/middle arrow) and oedema (black/right arrow). (C) The histology score of infected mice that died from CDI

in each of the treatment groups. When compared to the uninfected control, all infected groups had a significantly higher score

(infected control: p=0.014, vancomycin: p=0.015, metronidazole: p=0.036 and combination: p=0.036). (D) The myeloperoxidase

(MPO) level in the proximal colonic tissue. When compared to the uninfected control, all infected groups had a significantly

higher MPO-level (infected control: p=0.005, vancomycin: p=0.017, metronidazole: p=0.040 and combination: p=0.040).
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The disease severity of relapse was severe and resulted in
a mortality rate in the vancomycin group similar to the
mortality rate seen in the infected control during acute
CDI. The reason for the relapse of CDI is not clear but,
of course, it requires the presence of vegetative C. difficile
or C. difficile spores. Furthermore, relapse of CDI in
vancomycin-treated mice has been reported else-
where26 39–41 and it has also been reported in mice after
treatment with fidaxomicin.39 Fidaxomicin, similarly to
vancomycin, is not readily absorbed in the gut and there-
fore generates high intraluminal concentrations in the
colon. On the basis of this and on histopathological find-
ings, Warren et al39 suggested that the relapse seen in
mice after both vancomycin and fidaxomicin treatment
could be due to a tissue injury and may not have the
same mechanism as that underlying relapse or recur-
rence in humans. Furthermore, reducing the dosage and
length of treatment with vancomycin reduces the risk of
relapse.39

A combination of metronidazole and vancomycin is
sometimes recommended in severe cases of CDI. When
the antimicrobial interaction of metronidazole and
vancomycin against C. difficile is investigated in vitro, the
results indicate no difference between the two agents.21

However, in theory, a combination therapy of CDI with
vancomycin and metronidazole could be beneficial
given the differences in the pharmacokinetics of these
two agents. We found that mice treated with a combin-
ation of vancomycin and metronidazole had a fast clin-
ical and microbiological recovery similar to the mice
treated with vancomycin alone. However, we did not
find an improved clinical outcome with the combination
when compared to vancomycin. In fact, there was a mor-
tality of 17% in the combination group compared to 0%
in the vancomycin group during the treatment phase,
indicating that the combination was less effective than
vancomycin. Some clinical studies have reported results
similar to ours. In a study by Pépin et al,22 patients
treated with the combination fared worse than their
counterparts treated with either drug, however, this was
true only for a small number of patients, and with the
risk of severity as a confounding factor. Additionally, in a
retrospective review of CDI in patients with haemato-
logical malignancies, response rates to metronidazole,
vancomycin and the combination were 53.7%, 50% and
38.5%, respectively, though not significant.23 Hence, if
treatment with the combination is not better than treat-
ment with vancomycin alone, a combinational therapy
might not be an advantage in the treatment of CDI, as
this can cause further disruption of the normal enteric
microflora and subsequently facilitate the growth of any
C. difficile organisms still present in the colon or
acquired from an exogenous source.
A limitation to our study was the relatively small

number of mice. Hence, at relapse, several mice had
died during the initial course of infection and this
resulted in low power for the comparison of groups at
relapse. Furthermore, we were not able to examine the

concentration of metronidazole and vancomycin in the
faecal samples, as the collected samples were used for
the measurement of faecal spore load and cytotoxicity.
Also, this study uses the mouse model of CDI developed
by Chen et al26 and, because treatment is started at day 1
after the C. difficile challenge, one may argue that this
was a prevention of infection/death model as opposed
to treatment of infection, and all mice within the
respective groups were treated equally despite the fact
that not all mice became equally ill. Overall, the limita-
tion of data from a mouse model means that our study
alone cannot influence clinical decision-making, but
supports further investigation in humans.
In conclusion, using an in vivo mouse model, we

found that treatment of CDI with vancomycin alone is as
effective as treatment with vancomycin and metronida-
zole in combination. We believe that this is an important
finding and, if possible, it should be tested in a clinical
setting. Antimicrobial therapy is one of the most domin-
ant risk factors for CDI, and if there is no advantage in
using combinational therapy, patients with severe CDI
may benefit from alternative options instead of add-
itional antimicrobial therapy. If our findings could be
reproduced in a clinical setting, this new knowledge
could lead to a reduction in the use of a combination of
vancomycin and metronidazole for the treatment of
severe CDI in humans.

Acknowledgements The authors would like to thank Pfizer R&D’s
Investigator-Initiated Research programme and the Scandinavian Society for
Antimicrobial Chemotherapy for supporting this work. Preliminary results
were presented as poster P-027 at NSCMID 2013 in Aarhus, Denmark.

Contributors LTE, FD-H, BK, KEPO and KF were responsible for conception,
design and overall supervision of the study. LTE, MA, RH-M and KEPO were
involved in collection and analysis of samples. LTE, BK, KEPO and KF
participated in analysis and interpretation of data and drafting of manuscript.
LTE, FD-H, RH-M, KEPO and KF were responsible for provision of materials
and services. All the authors were involved in critical revision of manuscript.

Competing interests None declared.

Provenance and peer review Not commissioned; externally peer reviewed.

Data sharing statement No additional data are available.

Open Access This is an Open Access article distributed in accordance with
the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this work non-
commercially, and license their derivative works on different terms, provided
the original work is properly cited and the use is non-commercial. See: http://
creativecommons.org/licenses/by-nc/4.0/

REFERENCES
1. Kelly CP, Pothoulakis C, LaMont JT. Clostridium difficile colitis.

N Engl J Med 1994;330:257–62.
2. Teasley DG, Gerding DN, Olson MM, et al. Prospective randomised

trial of metronidazole versus vancomycin for
Clostridium-difficile-associated diarrhoea and colitis. Lancet
1983;2:1043–6.

3. Wenisch C, Parschalk B, Hasenhündl M, et al. Comparison of
vancomycin, teicoplanin, metronidazole, and fusidic acid for the
treatment of Clostridium difficile-associated diarrhea. Clin Infect Dis
1996;22:813–18.

4. Gerding DN. Is there a relationship between vancomycin-resistant
enterococcal infection and clostridium difficile infection? Clin Infect
Dis 1997;25:S206–10.

8 Erikstrup LT, Aarup M, Hagemann-Madsen R, et al. BMJ Open Gastro 2015;2:e000038. doi:10.1136/bmjgast-2015-000038

Open Access
copyright.

 on M
ay 19, 2023 by guest. P

rotected by
http://bm

jopengastro.bm
j.com

/
B

M
J O

pen G
astroenterol: first published as 10.1136/bm

jgast-2015-000038 on 31 D
ecem

ber 2015. D
ow

nloaded from
 

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1056/NEJM199401273300406
http://dx.doi.org/10.1016/S0140-6736(83)91036-X
http://dx.doi.org/10.1093/clinids/22.5.813
http://dx.doi.org/10.1086/516247
http://dx.doi.org/10.1086/516247
http://bmjopengastro.bmj.com/


5. Lagrotteria D, Holmes S, Smieja M, et al. Prospective, randomized
inpatient study of oral metronidazole versus oral metronidazole and
rifampin for treatment of primary episode of clostridium difficile—
associated diarrhea. Clin Infect Dis 2006;43:547–52.

6. Musher DM, Aslam S, Logan N, et al. Relatively poor outcome after
treatment of Clostridium difficile colitis with metronidazole. Clin Infect
Dis 2005;40:1586–90.

7. Pépin J, Alary ME, Valiquette L, et al. Increasing risk of relapse after
treatment of clostridium difficile Colitis in Quebec, Canada. Clin
Infect Dis 2005;40:1591–7.

8. Zar FA, Bakkanagari SR, Moorthi KM, et al. A comparison of
vancomycin and metronidazole for the treatment of Clostridium
difficile-associated diarrhea, stratified by disease severity. Clin Infect
Dis 2007;45:302–7.

9. Cohen SH, Gerding DN, Johnson S, et al. Clinical practice
guidelines for Clostridium difficile infection in adults: 2010 update by
the society for healthcare epidemiology of America (SHEA) and the
infectious diseases society of America (IDSA). Infect Control Hosp
Epidemiol 2010;31:431–55.

10. Debast SB, Bauer MP, Kuijper EJ, et al. European Society of
Clinical Microbiology and Infectious Diseases: update of the
treatment guidance document for Clostridium difficile infection. Clin
Microbiol Infect 2014;20(Suppl 2):1–26.

11. Bartlett JG. Treatment of antibiotic-associated pseudomembranous
Colitis. Rev Infect Dis 1984;6:S235–41.

12. Louie TJ, Miller MA, Mullane KM, et al. Fidaxomicin versus
vancomycin for Clostridium difficile infection. N Engl J Med
2011;364:422–31.

13. Cornely OA, Crook DW, Esposito R, et al. Fidaxomicin versus
vancomycin for infection with Clostridium difficile in Europe, Canada,
and the USA: a double-blind, non-inferiority, randomised controlled
trial. Lancet Infect Dis 2012;12:281–9.

14. de Lalla F, Nicolin R, Rinaldi E, et al. Prospective study of oral
teicoplanin versus oral vancomycin for therapy of
pseudomembranous colitis and Clostridium difficile-associated
diarrhea. Antimicrob Agents Chemother 1992;36:2192–6.

15. Garey KW, Jiang ZD, Bellard A, et al. Rifaximin in treatment of
recurrent Clostridium difficile-associated diarrhea: an uncontrolled
pilot study. J Clin Gastroenterol 2009;43:91–2.

16. Larson KC, Belliveau PP, Spooner LM. Tigecycline for the treatment
of severe Clostridium difficile infection. Ann Pharmacother
2011;45:1005–10.

17. Herpers BL, Vlaminckx B, Burkhardt O, et al. Intravenous tigecycline
as adjunctive or alternative therapy for severe refractory Clostridium
difficile Infection. Clin Infect Dis 2009;48:1732–5.

18. Musher DM, Logan N, Hamill RJ, et al. Nitazoxanide for the
treatment of Clostridium difficile Colitis. Clin Infect Dis
2006;43:421–7.

19. Musher DM, Logan N, Bressler AM, et al. Nitazoxanide versus
vancomycin in Clostridium difficile infection: a randomized,
double-blind study. Clin Infect Dis 2009;48:e41–6.

20. Surawicz CM, Brandt LJ, Binion DG, et al. Guidelines for diagnosis,
treatment, and prevention of Clostridium difficile infections. Am J
Gastroenterol 2013;108:478–98.

21. Hames A, Perry JD, Gould FK. In vitro effect of metronidazole and
vancomycin in combination on Clostridium difficile. J Antimicrob
Chemother 2009;63:1076.

22. Pépin J, Valiquette L, Gagnon S, et al. Outcomes of Clostridium
difficile-associated disease treated with metronidazole or
vancomycin before and after the emergence of NAP1/027. Am J
Gastroenterol 2007;102:2781–8.

23. Parmar SR, Bhatt V, Yang J, et al. A retrospective review of
metronidazole and vancomycin in the management of Clostridium
difficile infection in patients with hematologic malignancies. J Oncol
Pharm Pract 2014;20:172–82.

24. Bingley PJ, Harding GM. Clostridium dificile colitis folowing treatment
with metronidazole and vancomycin. Postgrad Med J 1987;63:993–4.

25. Wolslegel C. Schwaiger E, Zaidi S, et al. Does Vancomycin Dose or
Combination with Metronidazole Influence the Clinical Outcomes in
Patients with Clostridium Difficile Infection (CDI)? [abstract/poster]
ICAAC 2013. K-156. http://www.icaaconline.com/php/
icaac2014abstracts/data/index.htm

26. Chen X, Katchar K, Goldsmith JD, et al. A mouse model of
Clostridium difficile-associated disease. Gastroenterology
2008;135:1984–92.

27. Clinical and Laboratory Standards Institute (CLSI). Methods for
antimicrobial susceptibility testing of anaerobic bacteria; approved
standard. 7th edn. CLSI document M11-A7. Wayne, PA: Clinical and
Laboratory Standards Institute; 2007.

28. Persson S, Jensen JN, Olsen KE. Multiplex PCR method for detection
of Clostridium difficile tcdA, tcdB, cdtA, and cdtB and Internal In-Frame
Deletion of tcdC. J Clin Microbiol 2011;49:4299–300.

29. Chang TW, Gorbach SL, Bartlett JB. Neutralization of Clostridium
difficile toxin by Clostridium sordellii antitoxins. Infect Immun
1978;22:418–22.

30. Planche T, Wilcox M. Reference assays for Clostridium difficile
infection: one or two gold standards? J Clin Pathol 2011;64:1–5.

31. Kelly CP, Becker S, Linevsky JK, et al. Neutrophil recruitment in
Clostridium difficile toxin A enteritis in the rabbit. J Clin Invest
1994;93:1257–65.

32. Hing TC, Ho S, Shih DQ, et al. The antimicrobial peptide cathelicidin
modulates Clostridium difficile-associated colitis and toxin
A-mediated enteritis in mice. Gut 2013;62:1295–305.

33. Reeves AE, Theriot CM, Bergin IL, et al. The interplay between
microbiome dynamics and pathogen dynamics in a murine model of
Clostridium difficile Infection. Gut Microbes 2014;2:145–58.

34. Bolton RP, Culshaw MA. Faecal metronidazole concentrations
during oral and intravenous therapy for antibiotic associated colitis
due to Clostridium difficile. GUT 1986;27:1169–72.

35. Johnson S, Homann SR, Bettin KM, et al. Treatment of
asymptomatic Clostridium difficile carriers (fecal excretors) with
vancomycin or metronidazole. Ann Intern Med 1992;117:297.

36. Gonzales M, Pepin J, Frost EH, et al. Faecal pharmacokinetics of
orally administered vancomycin in patients with suspected
Clostridium difficile infection. BMC Infect Dis 2010;10:363.

37. Abujamel T, Cadnum JL, Jury LA, et al. Defining the vulnerable
period for re-establishment of Clostridium difficile colonization after
treatment of C. difficile infection with oral vancomycin or
metronidazole. PLoS ONE 2013;8:e76269.

38. Wilcox MH, Howe R. Diarrhoea caused by Clostridium difficile:
response time for treatment with metronidazole and vancomycin.
J Antimicrob Chemother 1995;36:673–9.

39. Warren CA, van Opstal EJ, Riggins MS, et al. Vancomycin
treatment’s association with delayed intestinal tissue injury,
Clostridial overgrowth, and recurrence of Clostridium difficile
infection in mice. Antimicrob Agents Chemother 2013;57:689–96.

40. Sun X, Wang H, Zhang Y, et al. Mouse relapse model of Clostridium
difficile infection. Infect Immun 2011;79:2856–64.

41. Warren CA, van Opstal E, Ballard TE, et al. Amixicile, a novel
inhibitor of pyruvate:ferredoxin oxidoreductase, shows efficacy
against Clostridium difficile in a mouse infection model. Antimicrob
Agents Chemother 2012;56:4103–11.

Erikstrup LT, Aarup M, Hagemann-Madsen R, et al. BMJ Open Gastro 2015;2:e000038. doi:10.1136/bmjgast-2015-000038 9

Open Access
copyright.

 on M
ay 19, 2023 by guest. P

rotected by
http://bm

jopengastro.bm
j.com

/
B

M
J O

pen G
astroenterol: first published as 10.1136/bm

jgast-2015-000038 on 31 D
ecem

ber 2015. D
ow

nloaded from
 

http://dx.doi.org/10.1086/506354
http://dx.doi.org/10.1086/430311
http://dx.doi.org/10.1086/430311
http://dx.doi.org/10.1086/430315
http://dx.doi.org/10.1086/430315
http://dx.doi.org/10.1086/519265
http://dx.doi.org/10.1086/519265
http://dx.doi.org/10.1086/651706
http://dx.doi.org/10.1086/651706
http://dx.doi.org/10.1111/1469-0691.12418
http://dx.doi.org/10.1111/1469-0691.12418
http://dx.doi.org/10.1093/clinids/6.Supplement_1.S235
http://dx.doi.org/10.1056/NEJMoa0910812
http://dx.doi.org/10.1016/S1473-3099(11)70374-7
http://dx.doi.org/10.1128/AAC.36.10.2192
http://dx.doi.org/10.1097/MCG.0b013e31814a4e97
http://dx.doi.org/10.1345/aph.1Q080
http://dx.doi.org/10.1086/599224
http://dx.doi.org/10.1086/506351
http://dx.doi.org/10.1086/596552
http://dx.doi.org/10.1038/ajg.2013.4
http://dx.doi.org/10.1038/ajg.2013.4
http://dx.doi.org/10.1093/jac/dkp048
http://dx.doi.org/10.1093/jac/dkp048
http://dx.doi.org/10.1111/j.1572-0241.2007.01539.x
http://dx.doi.org/10.1111/j.1572-0241.2007.01539.x
http://dx.doi.org/10.1177/1078155213490004
http://dx.doi.org/10.1177/1078155213490004
http://dx.doi.org/10.1136/pgmj.63.745.993
http://www.icaaconline.com/php/icaac2014abstracts/data/index.htm
http://www.icaaconline.com/php/icaac2014abstracts/data/index.htm
http://dx.doi.org/10.1053/j.gastro.2008.09.002
http://dx.doi.org/10.1128/JCM.05161-11
http://dx.doi.org/10.1136/jcp.2010.080135
http://dx.doi.org/10.1172/JCI117080
http://dx.doi.org/10.1136/gutjnl-2012-302180
http://dx.doi.org/10.4161/gmic.2.3.16333
http://dx.doi.org/10.1136/gut.27.10.1169
http://dx.doi.org/10.7326/0003-4819-117-4-297
http://dx.doi.org/10.1186/1471-2334-10-363
http://dx.doi.org/10.1371/journal.pone.0076269
http://dx.doi.org/10.1093/jac/36.4.673
http://dx.doi.org/10.1128/AAC.00877-12
http://dx.doi.org/10.1128/IAI.01336-10
http://dx.doi.org/10.1128/AAC.00360-12
http://dx.doi.org/10.1128/AAC.00360-12
http://bmjopengastro.bmj.com/

	Treatment of Clostridium difficile infection in mice with vancomycin alone is as effective as treatment with vancomycin and metronidazole in combination
	Abstract
	Introduction
	Materials and methods
	Murine model and ethics statement
	C. difficile strain and growth conditions
	Antimicrobial agents
	Animals and housing
	Antimicrobial administration and infection with C. difficile
	C. difficile spore load in faecal samples
	Faecal cytotoxicity
	Necropsy, histopathological analysis and MPO
	Statistical analysis

	Results
	Treatment phase of CDI in mice
	Post-treatment phase of CDI—relapse
	Presence of C. difficile spores and toxins in faecal samples
	Histopathological changes and MPO level in colonic tissue

	Discussion
	References


