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Simple Summary: The usefulness of metronidazole for acute diarrhea treatment in dogs is discussed.
The role of Clostridium perfringens and Escherichia coli as enteropathogens in acute uncomplicated
diarrhea (AD) in dogs is controversial, whereas some beneficial bacteria, such as Clostridium hiranonis,
are important members of the normal intestinal microbiota. In this study, the effects of metronidazole
and a synbiotic on the clinical course and core intestinal microbiota in dogs with acute diarrhea
were compared. No significant benefit of metronidazole was observed regarding the clinical course.
Metronidazole had no effect on C. perfringens concentration but resulted in significant increased
concentration of E. coli, an increased Dysbiosis Index, and a reduction in C. hiranonis concentration.
In conclusion, in contrast to synbiotic treatment, metronidazole treatment negatively impacts the
microbiome without affecting clinical outcomes.

Abstract: The usefulness of antibiotics in dogs with acute diarrhea (AD) is controversial. It is also
unclear what effect metronidazole has on potential enteropathogens such as Clostridium perfringens
and Escherichia coli. Thus, the aim of this study was to evaluate the effect of metronidazole vs. a
synbiotic on the clinical course and core intestinal bacteria of dogs with AD. Twenty-seven dogs
with AD were enrolled in this prospective, randomized, blinded clinical trial and treated with either
metronidazole (METg) or a synbiotic (SYNg; E. faecium DSM 10663; NCIMB 10415/4b170). The
Canine Acute Diarrhea Severity (CADS) index was recorded daily for eleven days. Bacteria were
quantified using qPCR. Data were analyzed using mixed models with repeated measures. A higher
concentration of E. coli was observed in the METg group vs. the SYNg group on Day 6 (p < 0.0001)
and Day 30 (p = 0.01). Metronidazole had no effect on C. perfringens. C. hiranonis was significantly
lower in the METg group than in the SYNg group on Days 6 and 30 (p < 0.0001; p = 0.0015). No
significant differences were observed in CADS index, fecal consistency, or defecation frequency be-
tween treatment groups (except for the CADS index on one single day). In conclusion, metronidazole
negatively impacts the microbiome without affecting clinical outcomes. Thus, synbiotics might be a
preferred treatment option for dogs with AD.

Keywords: antibiotic; C. perfringens; C. hiranonis; E. coli; E. faecium; probiotic; intestinal microbiome;

clinical improvement; canine

1. Introduction

Acute uncomplicated diarrhea in dogs (AD) is a common reason for veterinary
consultations [1,2]. AD can be differentiated from acute hemorrhagic diarrhea syndrome
(AHDS), as dehydration and bacterial translocation can lead to a complicated course [3].
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Typically, most cases of AD are mild and dogs can usually be treated as outpatients,
requiring no specific treatment [4-7]. AD occurs suddenly and persists for fewer than
7 days.

The causes of AD are usually unknown. Dietary indiscretion, inappropriate diet,
abrupt dietary changes, dietary intolerance and hypersensitivities, stress, and medications
irritating the gastrointestinal tract (e.g., non-steroidal anti-inflammatory drugs) are among
the non-infectious risk factors [8-10]. Transient self-limiting gastrointestinal infections are
another potential cause of AD in dogs. In this context, Clostridium perfringens (C. perfrin-
gens) and Escherichia coli (E. coli) are frequently mentioned as potential enteropathogens.
However, bacterial infections are generally rare in dogs and previous studies have shown
that C. perfringens and E. coli can also be detected in healthy dogs [11,12]. Nevertheless,
the identification of these bacteria in fecal samples of dogs with AD is often used as an
indication for antibiotic treatment [10], which is initiated in 49 to 71% of dogs presenting
with AD [13-15].

The most frequently prescribed antimicrobial agent in dogs with AD is metron-
idazole, which comprised 47% of all antimicrobial prescriptions in a study from the
United Kingdom [13]. Metronidazole is a 5-nitroimidazole drug and is used in the man-
agement of a variety of infectious diseases, especially for infections with anaerobic bacteria
and protozoa [3,16,17]. Metronidazole is a concentration-dependent bactericidal drug and
is widely distributed throughout the body [3]. The activation of this prodrug includes
a reduction of the nitro group within the target cell. The reductases of anaerobic or mi-
croaerophilic microorganisms explains the selectivity of metronidazole. The interaction of
generated metabolites with the DNA leads to cell death of bacteria and protozoa [17].

On the World Small Animal Veterinary Association’s (WSAVA) list of essential medicines,
metronidazole is listed as an antibiotic that satisfies primary health care and welfare of
cats and dogs and is recommended for management of selected bacterial and protozoal
enteric infections [18]. However, there is a routine prescription of metronidazole in AD.
The efficacy of metronidazole in the treatment of AD is highly controversial, especially
considering the development of resistant bacterial strains and potential negative effects
on the intestinal microbiome (e.g., severe dysbiosis due to its anaerobic spectrum) [19-22].
In detail, a significant reduction in Clostridium hiranonis (C. hiranonis) concentration after
the administration of metronidazole has already been demonstrated [19]. C. hiranonis has
been reported to be beneficial in dogs due to its conversion of primary to secondary bile
acids, which is important in the regulation of C. difficile and C. perfringens in both dogs
and humans [23,24].

Synbiotics have probiotic and prebiotic properties. The World Health Organization
(WHO) defined them as live strains of strictly selected microorganisms that, when adminis-
tered in adequate amounts, confer a healthy benefit on the host. Prebiotics are nondigestible
food ingredients that beneficially affect the host by selectively stimulating growth and/or
activity of one or a limited number of bacteria to improve host health [25,26]. The purpose
of synbiotics is to overcome some possible difficulties in the survival of probiotics in the
gastrointestinal tract. A combination of both components in a single product should ensure
a superior effect compared to the activity of the probiotic or prebiotic alone [27,28]. The
purpose of synbiotic treatment in AD treatment is to support self-limiting characteristics
via positive modulation of the intestinal microbiome; therefore, synbiotics are useful al-
ternatives to antibiotic treatment. However, the results of different studies comparing
metronidazole to probiotics/synbiotics and a placebo are inconsistent. One clinical trial
suggested that metronidazole treatment, compared to a placebo, can shorten the duration
of AD in dogs (mean 2.1 versus 3.6 days) [6], while other clinical trials failed to show a
faster clinical improvement in response to metronidazole compared to probiotic, placebo,
or nutraceutical treatment [4,7].

Therefore, the aim of this study was to evaluate the impact of metronidazole compared
to that of the administration of a synbiotic on the clinical course as well as the abundances
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of specific bacterial species, such as C. perfringens, E. coli, and C. hiranonis, and the intestinal
microbiome in general in dogs with AD.

2. Materials and Methods

This study was designed as a prospective, blinded, randomized clinical trial and was
approved by the ethical committee of the Centre for Clinical Veterinary Medicine Ludwig-
Maximilians University, Munich (reference 205-06-03-2020). Dogs were recruited from two
small animal clinics in Munich, Germany, between October 2020 and January 2023.

Twenty-seven dogs with acute diarrhea < 5 days in duration, a fecal consistency score
of at least 2 on the Canine Acute Diarrhea Severity index (CADS index; Table 1, [29]), a
bodyweight between 5 and 50 kg, and a minimum age of 9 months were enrolled.

Table 1. Scoring system for the Canine Acute Diarrhea Severity index (CADS index, maximum
15 points). The severity levels were as follows: nonsignificant (0-3); mild (4-5); moderate (6-8); and
severe (>9).

Points
Parameters 0 1 2 3
Activity normal mildly decreased =~ moderately decreased  severely decreased
Appetite normal mildly decreased ~ moderately decreased severely decreased
Vomiting (times/day) 0 1 2-3 >3
Fecal consistency normal moist, shaped pasty watery diarrhea
Defecation frequency (times/day) 1 2-3 4-5 >5

Dogs with a history of chronic or recurrent gastrointestinal signs or treated with
antibiotics or probiotics within 30 days or anti-inflammatory drugs within 7 days before
presentation were excluded. Dogs that met any of the following criteria indicating a compli-
cated form of acute gastrointestinal disease were also excluded: hemorrhagic diarrhea, signs
of systemic inflammation or sepsis (Table 2), severe illness (e.g., depressed mental status,
moderate to severe abdominal pain), or significant dehydration prompting hospitalization
(Table 2).

Table 2. Clinical signs of systemic inflammation, sepsis, or dehydration.

Parameter Reference Range
Rectal temperature <37.0 and >39.0 °C [<98.6 °F and >102.2 °F]
Heart rate >140/min
Hematocrit >58%
WBC <5 x 10°/L or >20 x 10°/L
Banded neutrophils >1.5 x 10°/L

Relevant information regarding the medical history, such as any past diarrheic episodes,
other diseases or chronic illnesses, vaccination and deworming routine, exact description
of the current AD episode, additional clinical signs (e.g., vomiting), previous drug adminis-
tration, intake of foreign material or snow, presence of stress-related factors, and diet or
dietary changes, was gathered in a standardized fashion.

The minimal database for diagnostic work included a fecal examination for endopara-
sites using fecal flotation and antigen testing for Giardia (SNAP Giardia Test, Idexx GmbH,
Kornwestheim, Germany), and a complete blood cell count (ProCyte Dx, Idexx GmbH,
Kornwestheim, Germany) was performed.

Dogs of both groups received the same standardized treatment, including maropitant
(Prevomax, Dechra Veterinary Products Deutschland GmbH, Aulendorf, Germany) as
an antiemetic (1 mg/kg given once subcutaneously) and metamizole (Novaminsulfon,
Ratiopharm, Ulm, Germany) as an analgesic (30 mg/kg per os q8h for 2 days), and were fed
the same high-fiber gastrointestinal diet (Gastrointestinal Biome dry, Hill’s Pet Nutrition
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GmbH, Hamburg, Germany) for 7 days. Owners were instructed to feed only the prescribed
diet and not to feed treats and table scraps during study period.

Additionally, depending on their randomization (list created by an online research ran-
domizer: www.graphpad.com/quickcalcs/randomizel.cfm, accessed on 1 September 2020),
dogs of the metronidazole treatment group (METg) received metronidazole (Metrobactin,
Dechra Veterinary Products Deutschland GmbH, Aulendorf, Germany) per os at 10 to
20 mg/kg BW q12h for 7 days, and dogs of the synbiotic treatment group (SYNg) received
a synbiotic agent (NutraPro®K9, E. faecium DSM 10,663 NCIMB 10415 /4b1707, dextrose,
mannan-oligosaccharides, brewer’s yeast, inulin, minerals, and hydrolyzed poultry liver,
NutraPet Systems Deutschland GmbH, Schlaitdorf, Germany) per os at 108 CFU/kg BW
q12h for 7 days. For blinding, identical capsules containing either metronidazole or the
synbiotic were used, and every dog received the same number of capsules according to its
predefined weight group.

At presentation, the attending veterinarian assessed the clinical disease activity by
using information from the patient’s history and physical examination (CADS index day 0).
During the following 10 days (day 1 to day 10), the owner evaluated the disease activ-
ity score at home. The CADS index includes 5 parameters (activity, appetite, vomiting
times/day, fecal consistency, defecation frequency times/day) with 0 to 3 points for each
parameter, and for a maximum possible value of 15 points. The severity levels of the
CADS index were defined as nonsignificant (0-3), mild (4-5), moderate (6-8), or severe
(=9). To obtain more objective data on the parameter fecal consistency (FC) of the CADS
index, the Purina Fecal Scoring Chart was used (PFS; https:/ /freedomservicedogs.org/
wp-content/uploads /2022 /04 /Purina-Fecal-Scoring-Chart.pdf, accessed on 1 September
2020), whereas PFS 2-3 = CADS index FC 0; PFS 4-5 = CADS index FC 1; PFS 6 = CADS
index FC 2; and PFS 7 = CADS index FC 3 were defined. For dogs that defecated more than
once per day, the FC score was calculated as the average of all defecations that day.

Natural, passed fecal samples were collected from each dog on day 0 before starting
treatment and on day 6 and day 30. Aliquots for analysis were frozen at —80 °C within a
few hours following collection (<6 h) and were subsequently sent as batches on dry ice to
the Gastrointestinal Laboratory at Texas A&M University.

The Dysbiosis Index (DI) is a mathematical model used to quantify intestinal dysbiosis
in fecal samples from dogs. To calculate the DI, an individual qPCR assay was performed for
7 bacterial taxa (Faecalibacterium spp., Turicibacter spp., Streptococcus spp., E. coli, Blautia spp.,
Fusobacterium spp., and C. hiranonis) and the total bacteria as described previously [30].
The DI is a single numeric value, and a reference interval from —9.1 to 9.3 had been
previously established based on 116 healthy dogs. A DI < 0 was defined as no shift in
the overall diversity. If individual bacterial groups were outside the reference interval,
this was suggestive of minor changes. Values between 0 and 2 were defined as a mildly
increased DI, suggesting a mild to moderate shift in the overall diversity. A DI > 2 was
defined as significantly increased, consistent with a major shift in overall diversity [5].
This classification has been shown to accurately predict microbiome shifts, as assessed by
DNA shotgun sequencing [31]. Another study demonstrated that when the abundance of
C. hiranonis (in 1og10) is >4.5, essentially all primary bile acids are converted to secondary
bile acids [32].

The abundances of the C. perfringens 165 rRNA gene, C. perfringens enterotoxin gene,
and C. perfringens NetF gene in feces were analyzed via qPCR assays as previously de-
scribed [5,11]. The reference intervals for healthy dogs had been established previously
based on data from 120 healthy dogs. The reference interval of C. perfringens was defined
from 1.1 to 6.5, and of C. perfringens enterotoxin from 1.8 to 5.1. C. perfringens toxin NetF
and Clostridium difficile were considered negative. The qPCR results were expressed as the
log amount of DNA (fg) for each bacterial group per 10 ng of isolated total DNA.

Power analysis indicated that at least 8 dogs per group needed to be included in the
study to detect a difference of 2 points in the CADS index between treatments (estimated
SD of 1.5, power of 80% and p < 0.05). Statistical analyses were performed using Graph-
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Pad Prism (GraphPad Prism ¢9.0, GraphPad Software, San Diego, CA, USA). Data were
evaluated for normality by the Anderson-Darling test.

Differences between the groups in terms of sex, age, bodyweight, and breed were
evaluated with the Mann-Whitney U test. The course of the CADS index and those of
individual variables, the DI, and individual bacteria were analyzed by mixed effect analysis
with multiple comparisons for comparison between the METg and the SYNg.

(The significance level chosen for determining statistical significance was p < 0.05).

3. Results
3.1. Study Population
A total of 27 dogs were included in the study (METg, n = 15; SYNg, n = 12). There was

no significant difference between the groups at baseline in age, sex, bodyweight, or breed
distribution (Tables 3 and 4).

Table 3. Sex and breed distribution at baseline in dogs with AD; abbreviations: METg: metronidazole
treatment group; SYNg: synbiotic treatment group.

METg (n =15) SYNg (n =12) p Value

Sex 7 male, 8 female 4 male, 8 female 0.69

Mixed breed (3), Miniature
Australian Shepherd (1), Giant Mixed breed (5), Vizsla
Schnauzer (1), Maltese dog (1), (2), Golden Retriever (1),
Poodle (1), Pug (2), American Chihuahua (1),
Bulldog (1), Bichon Frise (1), Australian Shepherd (1),
Border Collie (1), Labrador (1), Shi Tzu (1), Yorkshire
Yorkshire Terrier (1), French Terrier (1)
Bulldog (1)

Breeds 0.27

Table 4. Bodyweight and age distribution at baseline in dogs with AD; abbreviations: METg;:
metronidazole treatment group; SYNg: synbiotic treatment group.

METg (n =15) SYNg (n=12)
- - p Value
Median (Range) Median (Range)
Bodyweight (kg) 12.7 (5-36.3) 17.2 (5-35.5) 0.31
Age (years) 4.7 (1-13) 5.2 (2-12) 0.81

Dogs presented with a median duration of diarrhea of 1 day (METg range 1-5 days;
SYNg range 1-4.5 days). Thirteen (48%) dogs experienced vomiting in addition to diarrhea.
Nineteen (73%) of the owners reported that their dog might have ingested an inadequate
substance or that they had observed an intake. A stressful experience in the last few days
before presentation leading up to AD was reported by 5 owners (19%). Twenty-six dogs
were fed a commercial diet, and one dog was fed a commercial vegan diet. Treats and table
scraps were given to 17 dogs (63%). Eleven (41%) dogs were dewormed regularly, with
the last deworming occurring a median of 3.2 months ago (range 1-24 months). Sixteen
(59%) dogs were irregularly dewormed. No dog suffered from another acute disease in the
last 30 days. In 10 (37%) dogs, a chronic nongastrointestinal condition was documented.
Medication in the last 30 days was given to 8 (27%) dogs, and 3 (11%) dogs were receiving
long-term medication. Nineteen (70%) owners reported several previous episodes of
diarrhea, and the median gap to the last episode of AD was 4.2 months (range 2-8).

3.2. Treatment Efficacy

None of the dogs in either group required an additional medical treatment or a dietary
adjustment during the study time or follow-up period.
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The median CADS index on day 0 was 6.5 (range 4-15). No statistically significant
difference in the CADS index was observed between the METg and the SYNg on any
of the days except day 3 (p = 0.02; Figure 1). On day 3, more dogs in the SYNg had
reduced appetite and activity. There was no significant difference on any day during the
study period between the METg and the SYNg regarding diarrhea-specific parameters FC
(Figure 2a) and defecation frequency (DF) (Figure 2b).
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Figure 1. Clinical evaluation of clinical signs according to the Canine Acute Diarrhea Severity (CADS)
index. The indices included the variables activity, appetite, vomiting (times/day), fecal consistency,
and frequency of defecation (times/day). Each variable is scored from 0 to 3, and the sum of the
scores yields a total cumulative score. Dots show the median, and error bars show the range. No
statistically significant difference was observed between the METg and SYNg on any of the days
except day 3 (red box; p = 0.02).
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Figure 2. (a) Clinical evaluation of the parameter fecal consistency (FC) of the CADS index using the
Purina Fecal Scoring Chart (PFS). The CADS index (FC) was scored from 0 to 3, with PFS 2-3 = CADS
index FC 0; PFS 4-5 = CADS index FC 1; PFS 6 = CADS index FC 2; and PFS 7 = CADS index FC
3. Dots show the median, and error bars show the range. No significant difference in the CADS
index FC was observed between the metronidazole and synbiotic treatment groups. (b) Clinical
evaluation of the parameter defecation frequency (DF) according to the CADS index. The scores
ranged from 0 to 3, with 0 = 1; 1 =2-3; 2 = 4-5; and 3 = >5 times/day. The dots show the means, and
the error bars show the SDs. No significant difference in the CADS index DF was observed between
the metronidazole and synbiotic treatment groups.

3.3. Microbiome Analysis

There was no significant difference in the fecal DI on day 0 between the two groups.
Most of the dogs had a normal DI (DI < 0) or minor changes (DI < 0) on the day of presen-
tation (Figure 3b). There was a significant difference in the DI between the two groups on
day 6 (METg mean of 5.3 (2.63); SYNg mean of —3.1 (—2.02); p < 0.0001) and day 30 (METg
mean of 1.3 (4.69); SYNg mean of —3.7 (—1.15); p = 0.0004; Figure 3a). On the last recorded
day, 33% of the dogs in the METg still had an increased DI, while all dogs in the SYNg had
a DI < 0, with 58% of these dogs showing minor changes on day 30.
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Figure 3. (a) The DI over time. The dots show the means, and the error bars show the SDs (a,c).
A DI < 0 indicates a normal microbiome ((b) black dots) or minor changes ((b) gray dots; when at
least one bacterial taxon is outside the reference interval), a DI of 0 to 2 indicates mild to moderate
changes ((a,b) brown dots), whereas a DI > 2 indicates significant changes ((a,b) red dots). There was
a significant difference in the DI on day 6 (p < 0.0001) and day 30 (p = 0.0004) between the two groups.
(b) The DI on day 0. Most of the dogs had a normal DI or minor changes (gray dots) on the day of
presentation. (c) Concentration of C. hiranonis over time. The y-axis represents the log DNA /g feces;
the gray area shows the reference interval of the individual bacterial strains. Although there was no
difference on day 0, a significant difference in C. hiranonis abundance was observed on day 6 and
day 30 (red boxes; p < 0.0001; p = 0.0015).

No significant difference in C. hiranonis abundance was observed on day 0 between the
two groups. On day 0, 78% of all dogs had C. hiranonis within the reference range. There
was a significant difference in C. hiranonis abundance between the metronidazole treatment
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group and the synbiotic treatment group on day 6 and day 30 (day 6, METg mean 1.6 log
DNA /g feces (SD 1.68); SYNg mean 6.2 log DNA /g feces (SD 0.64), p < 0.0001; day 30,
METg mean 3.4 log DNA /g feces (SD 3.05); SYNg mean 6.4 log DNA /g feces (SD 0.37),
p =0.0015). C. hiranonis was <4.5 log DNA /g feces on day 6 in 93% of the dogs and on day
30 in 42% of the dogs in the METg (Figure 3c).

Three bacterial taxa, quantified by PCR, Turicibacter spp., Bifidobacterium spp., and
Streptococcus spp., were not significantly affected by metronidazole compared to synbi-
otic treatment, while a significant decrease in the abundances of Faecalibacterium spp.
(p = 0.0015), Fusobacterium spp. (p = 0.0048), and Blautia spp. (p = 0.02) was observed due to
metronidazole during the study.

In 9% of all dogs, the concentration E. coli was increased (>8 log DNA /g feces) on
day 0. No statistically significant difference in the abundance of E. coli was observed on
day 0 between the two groups. There was a significant difference between the METg and
SYNg regarding the concentration of E. coli on day 6 (METg mean 7.1 log DNA /g feces
(0.84); SYNg mean 3.6 log DNA /g feces (1.92); p < 0.0001) and day 30 (METg mean 6.4 log
DNA /g feces (1.78); SYNg mean 4.1 log DNA /g feces (2.46); p = 0.01; Figure 4a).
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Figure 4. Abundance of E. coli (a), C. perfringens (b), and C. perfringens strains encoding enterotoxin (c)
on days 0, 6, and 30. Dots show the mean, error bars show the SD, the y-axis represents log DNA /g
feces, and the gray area shows the reference interval for the individual bacteria. (a) There was a
significant difference in the concentration of E. coli between the METg and SYNg on day 6 (p < 0.0001)
and day 30 (red boxes; p = 0.01). (b,c) There was no significant difference in the abundance of
C. perfringens or C. perfringens strains encoding enterotoxin on any of the recorded days.

On the day of inclusion, concentration of C. perfringens was increased in 35% of all dogs
above the reference interval (>6.5 log DNA /g feces). There was no statistically significant
difference between the groups in terms of the abundance of C. perfringens quantified by
gPCR on days 0, 6, or 30. The concentration of C. perfringens returned to the reference
interval (<6.5 log DNA /g feces) in all dogs in the study on day 6 and in 78% of the dogs on
day 30 (Figure 4b) regardless of treatment.
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On day 0, in 25% of the dogs in both groups, the abundance of C. perfringens strains
encoding enterotoxin was increased (>5.1 log DNA /g feces). There was no statistically sig-
nificant difference in the abundance of C. perfringens strains encoding enterotoxin between
the two groups on days 0, 6, and 30 (Figure 4c).

On day 0, 3 dogs (13%) were positive for the abundance of C. perfringens strains
encoding the toxin NetF. No dog was positive for Clostridioides difficile (C. difficile) on day 0.

4. Discussion

The results of this prospective, blinded clinical trial showed that, in comparison to
a synbiotic, metronidazole had no effect on C. perfringens concentration but resulted in a
significantly increased concentration of E. coli, an increased Dysbiosis Index, and a reduction
in C. hiranonis concentration. No significant difference could be seen regarding the clinical
improvement. Thus, metronidazole had a negative effect on the core microbiome without
affecting clinical outcomes.

A recent survey among veterinarians showed that the clinical management of id-
iopathic acute diarrhea is not consistent with evidence-based recommendations [13,15].
This proportion underscores the continued need for evidence-based recommendations
and promotes the dissemination of new information [15]. The present study revealed that
for dogs with AD, routine use of metronidazole does not improve the clinical course but
has a negative impact on the intestinal microbiome, while synbiotics have similar clinical
outcomes but aid in the recovery of the microbiome.

Although the CADS index was lower in the metronidazole group on day 3, there was
no significant difference in the diarrhea-specific parameters FC and DF on this day. On
all other days, no significant differences were found between the treatment groups. Thus,
the results confirmed the findings of previous studies that there is no relevant difference
between metronidazole and synbiotic treatment in terms of clinical improvement in dogs
with AD [4,7,22].

In addition to the clinical course, the results of the present study showed that AD
does not lead to major alterations in the core intestinal microbiota, which was also not
observed in other studies evaluating acute diarrhea, including AHDS, in dogs [5,33]. The
mild increase in the DI could be related to minor alterations in core microbiota and the
increase in C. perfringens and E. coli. In contrast, major alterations in the core intestinal
microbiota and a lack of C. hiranonis can be observed in a subset of dogs with chronic
enteropathies (CEs) [30,34]. C. hiranonis plays a major role in maintaining a normal in-
testinal microbiome due to its ability to convert primary bile acids to secondary bile acids
through 7-x-dehydroxylation [14,19]. A study demonstrated that when the abundance of
C. hiranonis (in log10) is >4.5, essentially all primary bile acids are converted to secondary
bile acids [32]. Secondary bile acids are thought to protect against the growth of several
pathogens, including C. difficile [32]. Intestinal dysbiosis is linked to CE and often a lower
abundance of C. hiranonis [30,35]. The presence of C. difficile in turn is strongly linked to
decreased C. hiranonis [35]. In the present study, one dog showed an increased DI with
a severely decreased abundance of C. hiranonis on the day of presentation, which could
suggest dysbiosis associated with subclinical CE [5]. This dog presented 24 months later
with chronic gastrointestinal signs and moderate to severe chronic gastritis according to
pathohistological findings. In contrast, on day 0, all the other dogs with acute diarrhea had
C. hiranonis within or slightly below the reference interval, and C. difficile was not detected
in any of the dogs.

As observed previously, metronidazole administration resulted in a significant de-
crease in C. hiranonis and a significant increase in the DI [19,20,22,36], which was still
detectable 3 weeks after the end of treatment in 33% of the dogs. Results indicate that
the microbiota tends to return to normal in most dogs; however, the return to pretreat-
ment conditions appears to be individualized. This result supports findings of other
studies that also revealed an individual trend toward a return after withdrawal of antibiotic
treatment [19,37-39]. Therefore, metronidazole has acute and long-lasting effects on the
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intestinal microbiome in some dogs. Although all dogs in the synbiotic group had a DI <0
on day 30, 58% of those dogs still showed minor changes on day 30. Thus, while the effect
of AD on the intestinal microbiome seems to be mild, minor changes must be assumed at
least up to one month after a period of AD.

In contrast to the beneficial bacterium C. hiranonis, certain bacterial species, such as
E. coli and Clostridium perfringens, are repeatedly mentioned as potential causes of AD.
The results of the present study revealed a self-limiting increase in C. perfringens in AD.
This finding supports the hypothesis that the increase in C. perfringens in AD represents
a transient part of mild intestinal dysbiosis [11]. Moreover, no difference in abundance
was observed between metronidazole and synbiotic treatment over time; therefore, specific
treatment for C. perfringens is not needed. Similarly, an increased abundance of C. perfringens
strains encoding enterotoxin was observed in AD; however, this change also appears to
be part of transient intestinal dysbiosis [11]. The pore-forming toxin NetF of C. perfringens
seems to play no major role in dogs with uncomplicated AD, as it was detected in only
a few dogs on the day of presentation. Previous studies have shown that NetF is more
strongly associated with AHDS in dogs, as more than 50% of these dogs harbor these
toxigenic NetF strains at presentation [33,40,41].

The increase in E. coli in the METg can be interpreted as a result of a shift in the
bacterial composition due to the effect of metronidazole against anaerobic bacteria, as
demonstrated previously [19]. Although E. coli is a normal inhabitant of the intestine
and most strains are nonpathogenic in most dogs, some strains can be involved in the
pathogenesis of gastrointestinal diseases, e.g., histiocytic ulcerative colitis (HUC) in dogs
or extragastrointestinal infections in the urinary tract or wounds [42]. The results of the
present study showed that in the synbiotic group, the presence of E. coli was self-limiting,
while metronidazole led to a dysbiosis pattern with increased E. coli.

This study has several limitations. First, the owners provided treatments and diet at
home. Although the owners were trained in capsule administration, it is possible that the
treatments or the diet were not fully administered. Additionally, the owners themselves
scored the parameters of the CADS index. Although several variables can be objectively
assessed (e.g., defecation frequency and fecal consistency based on the Purina Fecal Scoring
Chart), others (e.g., activity) are relatively subjective. The clinical impression also varies
based on the time spent with the dog, which differs among owners. A notable limitation
of this study is the absence of a placebo group, which prevents comparison with a single
supportive treatment. Another limitation lies in the relatively small sample size of dogs
within both treatment groups. Nevertheless, the discernible impact of metronidazole on
the intestinal microbiome was evident and consistent with prior research. Consequently, it
appears improbable that the outcomes would have undergone substantial alteration even
with a larger participant pool.

5. Conclusions

In conclusion, the results of this prospective, blinded clinical trial comparing metron-
idazole and a synbiotic in dogs with AD shows that metronidazole causes significant
changes on the intestinal microbiome, especially on C. hiranonis. This underlines the
thoughtful use of metronidazole. Furthermore, the increase in specific bacteria strains,
referred to as potential enteropathogens, such as C. perfringens and E. coli, are self-limiting
and normalize simultaneously with clinical improvement and without antibiotic treatment.
The synbiotic was not inferior to metronidazole in terms of clinical improvement and
should therefore be considered as an antibiotic sparing alternative. These agents can posi-
tively influence the self-limiting character of AD via beneficial modulation of the intestinal
microbiome and have been safely used for several years However, due to the small number
of patients and the lack of a placebo group, further studies are necessary.



Vet. Sci. 2024, 11,197 110f13

Author Contributions: Investigation, data curation, writing—original draft preparation, writing—
review and editing, visualization, project administration, H.S.; conceptualization, supervision,
writing—original draft preparation, J.S.S.; investigation, A.R.; conceptualization, M.W.; concep-
tualization, K.H.; conceptualization, supervision, writing—original draft preparation, S.U.; conceptu-
alization, supervision, writing—original draft preparation, K.B. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by NutraPet Systems Deutschland GmbH (Schlaitdorf, Germany).

Institutional Review Board Statement: The animal study protocol was approved by the ethical
committee of the Centre for Clinical Veterinary Medicine Ludwig-Maximilians University, Munich
(reference 205-06-03-2020).

Informed Consent Statement: Informed consent was obtained from the owner of the subject involved
in the study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest. The funder had no role in the design
of the study; in the collection, analyses, or interpretation of the data; in the writing of the manuscript;
or in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

Pugh, C.A.; Bronsvoort, B.M.C.; Handel, I.G.; Querry, D.; Rose, E.; Summers, K.M.; Clements, D.N. Incidence rates and risk factor
analyses for owner reported vomiting and diarrhoea in Labrador Retrievers—Findings from the Dogslife Cohort. Prev. Vet. Med.
2017, 140, 19-29. [CrossRef] [PubMed]

Hubbard, K.; Skelly, B.].; McKelvie, J.; Wood, J.L. Risk of vomiting and diarrhoea in dogs. Vet. Rec. 2007, 161, 755-757. [CrossRef]
[PubMed]

Ellis, C.; Odunayo, A.; Tolbert, M.K. The use of metronidazole in acute diarrhea in dogs: A narrative review. Top. Companion
Anim. Med. 2023, 56-57,100824. [CrossRef] [PubMed]

Shmalberg, J.; Montalbano, C.; Morelli, G.; Buckley, G.J. A Randomized Double Blinded Placebo-Controlled Clinical Trial of a
Probiotic or Metronidazole for Acute Canine Diarrhea. Front. Vet. Sci. 2019, 6, 163. [CrossRef] [PubMed]

Werner, M.; Suchodolski, ].S.; Straubinger, R K.; Wolf, G.; Steiner, ].M.; Lidbury, J.A.; Neuerer, F.; Hartmann, K.; Unterer, S. Effect
of amoxicillin-clavulanic acid on clinical scores, intestinal microbiome, and amoxicillin-resistant Escherichia coli in dogs with
uncomplicated acute diarrhea. J. Vet. Intern. Med. 2020, 34, 1166-1176. [CrossRef] [PubMed]

Langlois, D.K.; Koenigshof, A.M.; Mani, R. Metronidazole treatment of acute diarrhea in dogs: A randomized double blinded
placebo-controlled clinical trial. J. Vet. Intern. Med. 2020, 34, 98-104. [CrossRef] [PubMed]

Pignataro, G.; Di Prinzio, R.; Crisi, PE.; Bela, B.; Fusaro, I; Trevisan, C.; De Acetis, L.; Gramenzi, A. Comparison of the Therapeutic
Effect of Treatment with Antibiotics or Nutraceuticals on Clinical Activity and the Fecal Microbiome of Dogs with Acute Diarrhea.
Animals 2021, 11, 1484. [CrossRef] [PubMed]

Stavisky, ].; Radford, A.D.; Gaskell, R.; Dawson, S.; German, A.; Parsons, B.; Clegg, S.; Newman, J.; Pinchbeck, G. A case-control
study of pathogen and lifestyle risk factors for diarrhoea in dogs. Prev. Vet. Med. 2011, 99, 185-192. [CrossRef]

Saevik, B.K,; Skancke, E.M.; Trangerud, C. A longitudinal study on diarrhoea and vomiting in young dogs of four large breeds.
Acta Vet. Scand. 2012, 54, 8. [CrossRef]

Gomez-Gallego, C.; Junnila, J.; Mannikko, S.; Hameenoja, P; Valtonen, E.; Salminen, S.; Beasley, S. A canine-specific probiotic
product in treating acute or intermittent diarrhea in dogs: A double-blind placebo-controlled efficacy study. Vet. Microbiol. 2016,
197, 122-128. [CrossRef]

Minamoto, Y.; Dhanani, N.; Markel, M.E.; Steiner, ].M.; Suchodolski, J.S. Prevalence of Clostridium perfringens, Clostridium
perfringens enterotoxin and dysbiosis in fecal samples of dogs with diarrhea. Vet. Microbiol. 2014, 174, 463-473. [CrossRef]
[PubMed]

Moon, B.Y.; Ali, M.S.; Kwon, D.H.; Heo, Y.E.; Hwang, Y.J.; Kim, J.I,; Lee, Y.J.; Yoon, S.S.; Moon, D.C.; Lim, S.K. Antimicrobial
Resistance in Escherichia coli Isolated from Healthy Dogs and Cats in South Korea, 2020-2022. Antibiotics 2023, 13, 27. [CrossRef]
[PubMed]

Singleton, D.A.; Noble, PJ.M.; Sanchez-Vizcaino, F.; Dawson, S.; Pinchbeck, G.L.; Williams, N.J.; Radford, A.D.; Jones, P.H.
Pharmaceutical Prescription in Canine Acute Diarrhoea: A Longitudinal Electronic Health Record Analysis of First Opinion
Veterinary Practices. Front. Vet. Sci. 2019, 6, 218. [CrossRef] [PubMed]

German, A.J.; Halladay, L.J.; Noble, PJ. First-choice therapy for dogs presenting with diarrhoea in clinical practice. Vet. Rec. 2010,
167, 810-814. [CrossRef]

Francillon, W.B.; Winston, J.A.; Schreeg, M.E,; Lilly, M.L.; Parker, V.J.; Rudinsky, A.]. Clinician prescribing practices for managing
canine idiopathic acute diarrhea are not evidence based. J. Am. Vet. Med. Assoc. 2023, 261, 1-9. [CrossRef] [PubMed]


https://doi.org/10.1016/j.prevetmed.2017.02.014
https://www.ncbi.nlm.nih.gov/pubmed/28460746
https://doi.org/10.1136/vr.161.22.755
https://www.ncbi.nlm.nih.gov/pubmed/18056013
https://doi.org/10.1016/j.tcam.2023.100824
https://www.ncbi.nlm.nih.gov/pubmed/37884173
https://doi.org/10.3389/fvets.2019.00163
https://www.ncbi.nlm.nih.gov/pubmed/31275948
https://doi.org/10.1111/jvim.15775
https://www.ncbi.nlm.nih.gov/pubmed/32324947
https://doi.org/10.1111/jvim.15664
https://www.ncbi.nlm.nih.gov/pubmed/31742807
https://doi.org/10.3390/ani11061484
https://www.ncbi.nlm.nih.gov/pubmed/34063855
https://doi.org/10.1016/j.prevetmed.2011.02.009
https://doi.org/10.1186/1751-0147-54-8
https://doi.org/10.1016/j.vetmic.2016.11.015
https://doi.org/10.1016/j.vetmic.2014.10.005
https://www.ncbi.nlm.nih.gov/pubmed/25458422
https://doi.org/10.3390/antibiotics13010027
https://www.ncbi.nlm.nih.gov/pubmed/38247586
https://doi.org/10.3389/fvets.2019.00218
https://www.ncbi.nlm.nih.gov/pubmed/31334254
https://doi.org/10.1136/vr.c4090
https://doi.org/10.2460/javma.23.06.0313
https://www.ncbi.nlm.nih.gov/pubmed/37669749

Vet. Sci. 2024, 11,197 12 0f13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Alauzet, C.; Lozniewski, A.; Marchandin, H. Metronidazole resistance and nim genes in anaerobes: A review. Anaerobe 2019, 55,
40-53. [CrossRef]

Hernandez Ceruelos, A.; Romero-Quezada, L.C.; Ruvalcaba Ledezma, J.C.; Lopez Contreras, L. Therapeutic uses of metronidazole
and its side effects: An update. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 397-401. [CrossRef] [PubMed]

Steagall, P.V,; Pelligand, L.; Page, S.; Granick, J.L.; Allerton, F.; Beczkowski, PM.; Weese, ].S.; Hrcek, A.K.; Queiroga, F;
Guardabassi, L. The 2023 World Small Animal Veterinary Association (WSAVA): List of essential medicines for cats and dogs. J.
Small Anim. Pract. 2023, 64, 731-748. [CrossRef]

Pilla, R.; Gaschen, F.P; Barr, ].W.; Olson, E.; Honneffer, J.; Guard, B.C.; Blake, A.B.; Villanueva, D.; Khattab, M.R.; AlShawagfeh,
M.K; et al. Effects of metronidazole on the fecal microbiome and metabolome in healthy dogs. J. Vet. Intern. Med. 2020, 34,
1853-1866. [CrossRef]

Chaitman, J.; Ziese, A.L.; Pilla, R.; Minamoto, Y.; Blake, A.B.; Guard, B.C.; Isaiah, A.; Lidbury, ].A.; Steiner, ].M.; Unterer, S.; et al.
Fecal Microbial and Metabolic Profiles in Dogs With Acute Diarrhea Receiving Either Fecal Microbiota Transplantation or Oral
Metronidazole. Front. Vet. Sci. 2020, 7, 192. [CrossRef]

Boekhoud, I.M.; Hornung, B.V.H.; Sevilla, E.; Harmanus, C.; Bos-Sanders, I.; Terveer, E.M.; Bolea, R.; Corver, ].; Kuijper, E.J.; Smits,
W.K. Plasmid-mediated metronidazole resistance in Clostridioides difficile. Nat. Commun. 2020, 11, 598. [CrossRef]

Scahill, K.; Jessen, L.R.; Prior, C.; Singleton, D.; Foroutan, F,; Ferran, A.A.; Arenas, C.; Bjornvad, C.R.; Lavy, E.; Allerton, F,; et al.
Efficacy of antimicrobial and nutraceutical treatment for canine acute diarrhoea: A systematic review and meta-analysis for
European Network for Optimization of Antimicrobial Therapy (ENOVAT) guidelines. Vet. J. 2023, 303, 106054. [CrossRef]
Weingarden, A.R.; Dosa, P1.; DeWinter, E.; Steer, C.J.; Shaughnessy, M.K; Johnson, J.R.; Khoruts, A.; Sadowsky, M.]. Changes
in Colonic Bile Acid Composition following Fecal Microbiota Transplantation Are Sufficient to Control Clostridium difficile
Germination and Growth. PLoS ONE 2016, 11, e0147210. [CrossRef]

Blake, A.B.; Cigarroa, A.; Klein, H.L.; Khattab, M.R.; Keating, T.; Van De Coevering, P; Lidbury, J.A.; Steiner, ].M.; Suchodolski, ].S.
Developmental stages in microbiota, bile acids, and clostridial species in healthy puppies. J. Vet. Intern. Med. 2020, 34, 2345-2356.
[CrossRef]

Gibson, G.R.; Hutkins, R.; Sanders, M.E.; Prescott, S.L.; Reimer, R.A.; Salminen, S.J.; Scott, K.; Stanton, C.; Swanson, K.S.; Cani,
P.D.; et al. Expert consensus document: The International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus
statement on the definition and scope of prebiotics. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 491-502. [CrossRef]

Roberfroid, M.; Gibson, G.R.; Hoyles, L.; McCartney, A.L.; Rastall, R.; Rowland, I.; Wolvers, D.; Watzl, B.; Szajewska, H.; Stahl, B.;
et al. Prebiotic effects: Metabolic and health benefits. Br. J. Nutr. 2010, 104 (Suppl. S2), S51-563. [CrossRef]

Rioux, K.P,; Madsen, K.L.; Fedorak, R.N. The role of enteric microflora in inflammatory bowel disease: Human and animal studies
with probiotics and prebiotics. Gastroenterol. Clin. N. Am. 2005, 34, 465—482. [CrossRef]

Bengmark, S. Bioecologic control of the gastrointestinal tract: The role of flora and supplemented probiotics and synbiotics.
Gastroenterol. Clin. N. Am. 2005, 34, 413-436. [CrossRef]

Mortier, E; Strohmeyer, K.; Hartmann, K.; Unterer, S. Acute haemorrhagic diarrhoea syndrome in dogs: 108 cases. Vet. Rec. 2015,
176, 627. [CrossRef]

AlShawagfeh, M.K.; Wajid, B.; Minamoto, Y.; Markel, M.; Lidbury, J.A.; Steiner, ].M.; Serpedin, E.; Suchodolski, ].S. A dysbiosis
index to assess microbial changes in fecal samples of dogs with chronic inflammatory enteropathy. FEMS Microbiol. Ecol. 2017,
93, £ix136. [CrossRef]

Sung, C.H,; Pilla, R.; Chen, C.C.; Ishii, PE.; Toresson, L.; Allenspach-Jorn, K.; Jergens, A.E.; Summers, S.; Swanson, K.S.; Volk, H,;
et al. Correlation between Targeted qPCR Assays and Untargeted DNA Shotgun Metagenomic Sequencing for Assessing the
Fecal Microbiota in Dogs. Animals 2023, 13, 2597. [CrossRef]

Li, Q.; Larouche-Lebel, E.; Loughran, K.A.; Huh, T.P; Suchodolski, ].S.; Oyama, M.A. Gut Dysbiosis and Its Associations with Gut
Microbiota-Derived Metabolites in Dogs with Myxomatous Mitral Valve Disease. mSystems 2021, 6, €00111-21. [CrossRef]
Ziese, A.L.; Suchodolski, J.S.; Hartmann, K.; Busch, K.; Anderson, A.; Sarwar, E; Sindern, N.; Unterer, S. Effect of probiotic
treatment on the clinical course, intestinal microbiome, and toxigenic Clostridium perfringens in dogs with acute hemorrhagic
diarrhea. PLoS ONE 2018, 13, €0204691. [CrossRef]

Suchodolski, J.S.; Markel, M.E.; Garcia-Mazcorro, J.E,; Unterer, S.; Heilmann, R.M.; Dowd, S.E.; Kachroo, P.; Ivanov, I.; Minamoto,
Y.; Dillman, E.M.; et al. The fecal microbiome in dogs with acute diarrhea and idiopathic inflammatory bowel disease. PLoS ONE
2012, 7, €51907. [CrossRef]

Werner, M.; Ishii, P.E.; Pilla, R.; Lidbury, J.A.; Steiner, ] M.; Busch-Hahn, K.; Unterer, S.; Suchodolski, ].S. Prevalence of Clostridioides
difficile in Canine Feces and Its Association with Intestinal Dysbiosis. Animals 2023, 13, 2441. [CrossRef]

Whittemore, J.C.; Price, ].M.; Moyers, T.; Suchodolski, J.S. Effects of Synbiotics on the Fecal Microbiome and Metabolomic Profiles
of Healthy Research Dogs Administered Antibiotics: A Randomized, Controlled Trial. Front. Vet. Sci. 2021, 8, 665713. [CrossRef]
Gronvold, A.M.; L'Abee-Lund, T.M.; Sorum, H.; Skancke, E.; Yannarell, A.C.; Mackie, R.I. Changes in fecal microbiota of healthy
dogs administered amoxicillin. FEMS Microbiol. Ecol. 2010, 71, 313-326. [CrossRef]

Manchester, A.C.; Webb, C.B.; Blake, A.B.; Sarwar, E,; Lidbury, J.A.; Steiner, ].M.; Suchodolski, J.5. Long-term impact of tylosin on
fecal microbiota and fecal bile acids of healthy dogs. J. Vet. Intern. Med. 2019, 33, 2605-2617. [CrossRef]

Igarashi, H.; Maeda, S.; Ohno, K.; Horigome, A.; Odamaki, T.; Tsujimoto, H. Effect of oral administration of metronidazole or
prednisolone on fecal microbiota in dogs. PLoS ONE 2014, 9, e107909. [CrossRef] [PubMed]


https://doi.org/10.1016/j.anaerobe.2018.10.004
https://doi.org/10.26355/eurrev_201901_16788
https://www.ncbi.nlm.nih.gov/pubmed/30657582
https://doi.org/10.1111/jsap.13673
https://doi.org/10.1111/jvim.15871
https://doi.org/10.3389/fvets.2020.00192
https://doi.org/10.1038/s41467-020-14382-1
https://doi.org/10.1016/j.tvjl.2023.106054
https://doi.org/10.1371/journal.pone.0147210
https://doi.org/10.1111/jvim.15928
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.1017/S0007114510003363
https://doi.org/10.1016/j.gtc.2005.05.005
https://doi.org/10.1016/j.gtc.2005.05.002
https://doi.org/10.1136/vr.103090
https://doi.org/10.1093/femsec/fix136
https://doi.org/10.3390/ani13162597
https://doi.org/10.1128/mSystems.00111-21
https://doi.org/10.1371/journal.pone.0204691
https://doi.org/10.1371/journal.pone.0051907
https://doi.org/10.3390/ani13152441
https://doi.org/10.3389/fvets.2021.665713
https://doi.org/10.1111/j.1574-6941.2009.00808.x
https://doi.org/10.1111/jvim.15635
https://doi.org/10.1371/journal.pone.0107909
https://www.ncbi.nlm.nih.gov/pubmed/25229475

Vet. Sci. 2024, 11,197 13 0f 13

40. Sindern, N.; Suchodolski, ].S.; Leutenegger, C.M.; Mehdizadeh Gohari, L; Prescott, J.E; Proksch, A.L.; Mueller, R.S.; Busch, K,;
Unterer, S. Prevalence of Clostridium perfringens netE and netF toxin genes in the feces of dogs with acute hemorrhagic diarrhea
syndrome. |. Vet. Intern. Med. 2019, 33, 100-105. [CrossRef]

41. Leipig-Rudolph, M.; Busch, K.; Prescott, J.E.; Mehdizadeh Gohari, I.; Leutenegger, C.M.; Hermanns, W.; Wolf, G.; Hartmann,
K.; Verspohl, J.; Unterer, S. Intestinal lesions in dogs with acute hemorrhagic diarrhea syndrome associated with netF-positive
Clostridium perfringens type A. J. Vet. Diagn. Investig. 2018, 30, 495-503. [CrossRef] [PubMed]

42. Marques, C.; Belas, A.; Franco, A.; Aboim, C.; Gama, L.T.; Pomba, C. Increase in antimicrobial resistance and emergence of major
international high-risk clonal lineages in dogs and cats with urinary tract infection: 16 year retrospective study. J. Antimicrob.
Chemother. 2018, 73, 377-384. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/jvim.15361
https://doi.org/10.1177/1040638718766983
https://www.ncbi.nlm.nih.gov/pubmed/29621942
https://doi.org/10.1093/jac/dkx401
https://www.ncbi.nlm.nih.gov/pubmed/29136156

	Introduction 
	Materials and Methods 
	Results 
	Study Population 
	Treatment Efficacy 
	Microbiome Analysis 

	Discussion 
	Conclusions 
	References

