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Abstract

Objectives

The use of broad-spectrum cephalosporins is associated with induction of Clostridioides difficile
infection (CDI). Recent knowledge on the importance of the healthy microbiota in preventing
pathogen colonization/outgrowth highlights the caution needed when prescribing broad-spectrum
antibiotics. The use of historical narrow-spectrum antibiotics, such as first-generation cephalosporins,
is gaining increased attention once more as they have a reduced impact on the microbiota whilst
treating infections. Here, the effects of two first-generation cephalosporins, compared with a third-
generation cephalosporin, on the human microbiota were investigated and their propensity to induce
simulated CDI.

Methods

Three in vitro chemostat models, which simulate the physiochemical conditions of the human colon,
were seeded with a human faecal slurry and instilled with either narrow-spectrum cephalosporins,
cefalexin and cefradine, or a broad-spectrum cephalosporin, ceftriaxone, at concentrations reflective of

colonic levels.
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Results

Instillation of cefalexin was associated with reduced recoveries of Bifidobacterium and
Enterobacteriaceae; however, Clostridium spp. recoveries remained unaffected. Cefradine exposure
was associated with decreased recoveries of Bifidobacterium  spp., Bacteroides spp. and
Enterobacteriaceae. These changes were not associated with induction of CDI, as we observed a lack
of C. difficile spore germination/proliferation, thus no toxin was detected. This is in contrast to a

model exposed to ceftriaxone, where CDI was observed.

Conclusions

These model data suggest that the minimal impact of first-generation cephalosporins, namely cefalexin

and cefradine, on the intestinal microbiota results in a low propensity to induce CDI.

Introduction

The intestinal microbiota exists in a symbiotic relationship with humans, where the microbiota aids
digestion of foodstuffs, immune system regulation and protection from pathogenic organisms—a term
called colonization resistance. There exists a balance in clinical practices between the need to treat
patients with potentially unknown microbial infections and the need to reduce the impact of those
antibiotics on the resident microbiota. Antibiotics are life-saving drugs; however, their use is associated
with risks, such as consequences of healthcare-associated infections and antibiotic resistance. Whilst
broad-spectrum antibiotics target a wide range of pathogenic bacteria, their use impacts upon the

commensal gut microbiota. 1=3 The reduction in microbial diversity, even if temporary, can increase the
4,5

carriage of pathogenic microorganisms or those harbouring antibiotic-resistance determinants.
Clostridioides difficile infection (CDI) is the leading cause of antibiotic-associated diarrhoea and
causes significant morbidity and mortality worldwide. CDI is highly associated with the use of
antibiotics, where the antimicrobial action depletes the intestinal microbiota, which allows germination
and outgrowth of ingested C. difficile spores. The financial burden of CDI cases on healthcare
systems is estimated to be €3 billion in Europe and $4.8 billion in the USA.6-8 Broad-spectrum
antibiotics, such as amoxicillin, are the most highly prescribed antibiotics and are highly associated with
induction of CDIL.3? Indeed, the use of second-, third- and fourth-generation cephalosporins is
associated with a significantly increased risk of developing CDI; however, there is a low risk reported
with first-generation cephalosporin prescriptions.lo The use of narrow-spectrum antibiotics has gained
attention in recent years, where they have reduced impact on the microbiota, already have approval

for human medical use and are inexpensive.
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Cefalexin and cefradine are first-generation cephalosporins used to treat respiratory or urinary tract
infections, with activity mostly against Gram-positive cocci and some Gram-negative organisms,
including Streptococcus spp., Escherichia coli and Proteus spp.11 Like all cephalosporins, cefalexin
and cefradine bind and inactivate the bacterial penicillin-binding proteins (P BPs). Inhibition of PBPs
prevents the cross-linking of the peptidoglycan layer, which results in weakened bacterial cell walls
and, ultimately, cell lysis. However, these antibiotics are susceptible to different p-lactamases. We
have previously shown, using an iz vitro human gut model, that ceftriaxone affects the indigenous
microbiota, specifically the recoveries of Lactobacillus spp., Clostridium spp. and Enterococcus spp.,
which provides a niche for the onset of simulated CDI.3 Here, using this in vitro human gut model,
we assessed the impact of cefalexin and cefradine on a healthy microbiota and the propensity to
induce CDI, alongside a comparator antibiotic, ceftriaxone.3 This model consists of three chemostat
vessels arranged in a weir cascade fashion, where each vessel mimics the physiological conditions of

the proximal to distal colon. 12

Materials and methods

Gut model

Setup

Three triple-staged gut models were assembled to simulate CDI induction, as previously described. 121

3 Briefly, each model was composed of three chemostat vessels and maintained at physiological
conditions; vessel 1 (pH 5.5+0.1, 280 mL; proximal colon), vessel 2 (pH 6.2+ 0.1, 300 mL; medial
colon) and vessel 3 (pH 6.7+0.1, 300 mL; distal colon). An anaerobic environment was maintained by
sparging each vessel with nitrogen, and a complex growth medium connected to vessel 1 at a
preestablished rate of 0.015 L/h.13

Faecal samples from five healthy donors (aged >60 years old with no history of antimicrobial usage in
the previous 6 months) were individually screened for the presence of glutamine dehydrogenase
(GDH), a constitutively expressed C. difficile-specific protein, as determined by the EIA C. DIFF
CHEK™ _ 60 test (TECHLAB Inc., USA). The ages of participants who provided faecal donations
were chosen to represent a common risk factor for CDI. 14 Each donor faecal sample was screened as
negative for C. difficile by EIA C. DIFF CHEK™, Following this, faecal samples were diluted 1:10
with pre-reduced PBS. This slurry was filtered to remove large particulate matter. Each vessel, of
each model, was seeded with ~160 mL of this slurry to start the experiment. A small aliquot of faecal
slurry was kept anaerobically at 37°C and the bacterial populations were enumerated (as described

below).

IST: 2021-09-15: 2:18:15 AM This track pdf was created fromthe KGL online application for reference purposes only. Page 4 0f 16



Title: The use of first-generation cephalosporin antibiotics, cefalexin and cefradine, is ...

Ethics

The collection and use of human faeces in our gut model has been approved by the School of
Medicine Research Ethics Committee, University of Leeds (MREC 15-070; Investigation of the
Interplay between Commensal Intestinal Organisms and Pathogenic Bacteria). Participants were
provided with a ‘Participant Information Sheet’ (PIS) detailing a lay summary of the i n vitro gut
model and the scientific work they are contributing to by providing a faecal donation. Within this PIS,
it is explained that by providing the sample the participant is giving informed consent for that sample to

be used in the gut model.
Experimental design

The experimental timeline for these models is depicted in Figure 1a. After addition of the faecal slurry,
microbial populations were monitored for 14 days, without further intervention, to ensure the
populations reached steady state. A 1 mL aliquot of C. difficile spores (107 spores/mL) of strain 210
[BI/NAP 1/PCR ribotype (RT) 027/toxinotype III]15 was added to vessel 1 of each model. This was
done to establish that the microbiota had formed colonization resistance against C. difficile
germination. One week later, another dose of C. difficile spores was added to the model and each
model was instilled with either cefalexin (15 mg/L, four times daily for 7 days), cefradine (15 mg/L,
four times daily for 7 days) or ceftriaxone (150 mg/L, once daily for 7 days) and the microbial
populations monitored for 2 weeks after the last dose. These antibiotic concentrations are reflective of
the concentration found in the human colon.>11® Bacterial populations, including C. difficile, were

monitored daily throughout the experiment using selective and non-selective agars, as outlined

previously.12 Only those counts from vessel 3 are shown.
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Figure 1. Schematic timeline of the in vitro triple-stage chemostat gut model and experimental design
for each model (a). C. difficile (CD) spores were added to each model (black arrows) before addition
of antibiotics (blue arrow). Microbial populations were monitored after exposure to either cefalexin
(b), cefradine (c) or ceftriaxone (d). The total obligate anaerobic bacteria (black lines), Bacteroides

spp. (red lines), Bifidobacterium spp. (blue lines), Clostridium spp. (green lines) and lactose-

fermenting (LF) Enterobacteriaceae (orange lines) are shown as mean logjg cfu/mL from three

technical replicates. Limit of detection for this assay is 1.2 logjo cfu/mL. Ti]
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Preparation of C. difficile RT027 strain 210 spores

C. difficile spores for gut model inoculation were prepared as previously described.!” Briefly, C.
difficile RT027 was grown in brain heart infusion (BHI) broth anaerobically at 37°C for 6 days and

removed from the incubator and incubated aerobically at room temperature overnight to further induce
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sporulation. Growth was harvested by centrifugation and incubated with PBS supplemented with 10
mg/mL lysozyme at 37°C overnight. Samples were separated using a sucrose gradient and spores
were treated with PBS supplemented with 20 ng/mL protease K and 200 nM EDTA. Spores were

then separated using a sucrose gradient and washed with PBS twice before a final resuspension in 30

mL. These were enumerated and diluted to approximately 1 x 107 spores/mL for use in the models. 18
Enumeration of endogenous bacteria and quantification of C. difficile toxin

Gut microbiota populations were monitored using viable enumeration on selective and non-selective
agars, as described previously. 12 Microbial colonies were enumerated and identified, based on colony
morphology and MALDI-TOF identification. Each bacterial population was measured in triplicate
(three technical replicates of a single biological replicate) in vessels 2 and 3. C. difficile total viable
counts (TVCs) and spore counts were measured from all vessels; spore counts were obtained through
plating serial dilutions of model fluid after alcohol shock. The limits of detection for TVCs or spore

counts were 1.2 or 1.5 logjq cfu/mL, respectively.

C. difficile cytotoxin was monitored using a semi-quantitative Vero cell cytotoxicity assay as

previously described.!2 Cytotoxin titre was expressed as logjq relative units (RU) at the highest
dilution with >70% cell rounding, i.e. 10°, 1 RU; 101, 2 RU etc.

Antibiotic bioassays

The concentration of ceftriaxone in each vessel was determined by antibiotic bioassay, as previously
described; E. coli ATCC 25922 was inoculated onto Mueller—Hinton agar (Oxoid, UK).3 Cefalexin
and cefradine concentrations were determined by antibiotic bioassay, as before except the E. coli
ATCC 25922 indicator strain was incorporated into Iso-Sensitest agar (Oxoid, UK) and either
cefalexin or cefradine calibrator curve concentrations (range between 128 and 0.5 mg/L) were added
randomly to each plate. The limits of detection were 0.05 mg/L for cefalexin and cefradine, and 1

mg/L for ceftriaxone.

Results

Formation of colonization resistance against C. difficile spores

Upon inoculation, the microbial populations were allowed to equilibrate for 2 weeks prior to further
intervention; during this time, microbial growth patterns settled. To determine whether the established
microbiota within each model conferred colonization resistance against C. difficile spore germination,
we exposed each model to 107 spores/mL and monitored for germination and outgrowth. Once added

to the model, C. difficile cells remained in spore form, where no evidence of germination was seen.
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Formation of colonization resistance against C. difficile spore germination in the models ensures that
any post-antibiotic induction of CDI would be directly related to the effects of the different antibiotics
rather than microbiota stability within the model.

Antibiotic-induced changes to gut microbiota populations

Cefalexin

Cefalexin instillation caused declines to the Bifidobacterium spp. (2.4 logjo cfu/mL) and lactose-
fermenting Enterobacteriaceae (1.0 logjo cfu/mL) recoveries, where Bifidobacterium spp. failed to

recover to pre-antibiotic levels, whilst lactose-fermenting Enterobacteriaceae recovered to levels
approximately 1 logjy cfu/mL higher than pre-antibiotic levels (Figure 1b). Cefalexin promoted an

initial decline in Bacteroides spp.; however, this population soon recovered to approximately 1 logy
cfu/mL higher than pre-antibiotic levels. Lactobacillus spp. also declined by 1.2 log;o cfu/mL after

exposure to cefalexin but recovered after withdrawal of the antibiotic. There was no change in

Enterococcus spp., and Clostridium spp. remained unchanged throughout the experiment.
Cefradine

Cefradine instillation caused similar declines to the Bifidobacterium spp. (2.0 logjg cfu/mL) and
lactose-fermenting Enterobacteriaceae (1.1 logjg cfu/mL) populations compared with pre-antibiotic

levels (Figure 1c). These bacterial populations recovered to pre-antibiotic levels by Day 46.
Interestingly, Bacteroides spp. and Clostridium spp. remained unaffected by the antibiotic levels.

Enterococcus spp. recoveries increased by 1.0 logjg cfu/mL after exposure to cefradine but decreased

to pre-antibiotic levels by Day 46.
Ceftriaxone

Instillation of ceftriaxone caused widespread changes to the microbiota. Lactose-fermenting

Enterobacteriaceae decreased by 3.2 logjy cfu/mL during ceftriaxone instillation; however, post-
antibiotic Enterobacteriaceae increased by 1.4 log;( cfu/mL compared with pre-antibiotic levels (Figure
1d). Bacteroides spp. and Clostridium spp. showed decreases of 1.2 and 1.4 logocfu/mL,

respectively, during ceftriaxone exposure; however, these populations recovered to pre-antibiotic levels
2 weeks after withdrawal. Enterococcus spp. were unaffected by ceftriaxone instillation; however,

there was a 3.9 logjy cfu/mL increase during the dysbiosis created after antibiotic exposure.

Interestingly, Bifidobacterium spp. remained unaffected by ceftriaxone (Figure 1d).

Comparing the effects of each antibiotic on the microbiota showed that cefalexin and cefradine caused

the least disruption to the microbiota compared with ceftriaxone. The disruption caused by cefalexin
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and cefradine was characterized by reductions of —3.5-fold and —3.8-fold, respectively, to the
Enterobacteriaceae population compared with pre-antibiotic levels (Figure 2a and b). Lactobacillus
was also affected during cefalexin and cefradine instillation, showing reductions of —3.2-fold and —1.6-
fold, respectively. However, all microbial populations had recovered to pre-antibiotic levels by the end
of the experiment. Ceftriaxone caused the most disruption to the microbiota, with Lactobacillus,
Enterobacteriaceae and Bacteroides populations showing —6.8-fold, —8.9-fold and —4.5-fold decreases
compared with pre-antibiotic levels. The microbial dysbiosis observed was maintained for at least 2
weeks after withdrawal, with Enterobacteriaceae and Enterococcus spp. 4.6-fold and 8.1-fold higher

than pre-ceftriaxone levels (Figure 2c¢).
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Figure 2. Comparative effects of cefalexin (a), cefradine (b) and ceftriaxone (¢) on the human gut
microbiota. Key bacterial members of the microbiota were enumerated just before antibiotics were
added, when the antibiotic treatment ended and 2 weeks after antibiotic withdrawal. Results shown are
the fold change in bacterial recovery of the end of antibiotic treatment (red bars) and 2 weeks after

antibiotic (green bars) compared with pre-antibiotic levels. T
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Antibiotic disruption of the gut microbiota does not induce CDI

Instillation of cefalexin, cefradine or ceftriaxone reached peak concentrations of 4.8, 5.3 and 39.0
mg/L, respectively, in vessel 1 of each model; antibiotic concentrations were lower in vessels 2 and 3
in each model. These concentrations of cefalexin and cefradine achieved in our gut model did not
cause simulated CDI. There was no divergence between C. difficile TVCs and spore recoveries after
cefalexin exposure and, whilst there was limited germination after cefradine exposure, there was no

toxin detected in these models (Figure 3a and b). The level of ceftriaxone-mediated microbiota
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disruption induced simulated CDI where the TVCs diverged from the spore counts, with peak C.

difficile recoveries occurring 5 days after antibiotic instillation (Day 33; 6.4 log;o cfu/mL), which was

preceded by toxin detection. Peak toxin was detected on Day 35 at 4.5 RU toxin activity (Figure 3c¢).

Figure 3. Recovery of C. difficile populations in vessel 3 after instillation of either cefalexin (a),
cefradine (b) or ceftriaxone (c). The C. difficile TVCs (black lines) and spore populations (grey lines)
are shown as mean logjg cfu/mL from three technical replicates. Toxin production (arrows) was

measured by cell toxicity assay—toxin activity was only detected after exposure to ceftriaxone (c);

thus, no arrow is visible in (a) and (b). Limits of detection for this assay are 1.2 and 2.5 log;o cfu/mL

for total viable and spores counts, respectively. [i]
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Discussion

The toxicity and tolerability profiles of cephalosporins make them ideal treatment options for a wide
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variety of infections; however, cephalosporin-resistant pathogens can exploit this and cause serious
complications. C. difficile is one such pathogen, where the use of second- to fourth-generation
cephalosporins is associated with a high OR of inducing CDI (OR between 3.2 and 2.14), whilst the
use of first-generation cephalosporins has a lower OR of 1.36.19 The lower risk of developing

subsequent CDI after first-generation cephalosporin use is likely due to the narrow spectrum of

activity against bacterial populations.11 In our study, we showed that cefalexin and cefradine
temporarily reduced the Enterobacteriaceae and Lactobacillus populations, which recovered to pre-
antibiotic levels soon after withdrawal. In contrast, ceftriaxone caused more disruption to the
microbiota, where, 2 weeks after antibiotic withdrawal, overgrowth of opportunistic pathogens
Enterobacteriaceae and Enferococcus spp. was seen, and lower levels of Lactobacillus spp.,
compared with pre-antibiotic levels. The observed effects of ceftriaxone on the microbiota were
similar to those previously reported by our group and in clinical trials.>!” This level of ceftriaxone-
induced dysbiosis created a niche that allowed C. difficile spore germination and the onset of

simulated CDI, whereas cefalexin and cefradine did not induce CDI.

Environmental metabolites, such as primary bile acids and some amino acids, act as cues for disease
initiation during CDI, whereas other metabolites, such as ethanolamine and succinate, are utilized
during vegetative growth.Z(L22 Antibiotic depletion of some Clostridium spp., such as Clostridium
scindens, can result in accumulation of primary bile acids, which are a known germination signal for
C. difficile spores, thus initiating disease.2> However, Clostridium spp. recoveries before, during and
after first-generation cephalosporin exposure remained unchanged, suggesting that the capacity to
metabolize primary bile acids may have been preserved after exposure to either first-generation
cephalosporin tested. In contrast, Clostridium spp. were reduced by ceftriaxone, which could have
caused increased concentrations of spore germinants in our system. A reduction in Clostridium spp.
and Bifidobacterium spp. was seen with other cephalosporins (ceftaroline/cefotaxime), which induced
simulated CDI in our model system.3’13 Upon germination, C. difficile still must compete with the
microbiota for nutrients to grow. Interestingly, we did observe limited germination and outgrowth after
cefradine instillation; however, there appeared to be sufficient microbial competition that prevented
sufficient vegetative growth, with no toxin being detected. It has been shown that some Clostridium
spp., such as Clostridium bifermentans, can actively compete with C. difficile by utilizing the
bioavailable amino acid pool, thus preventing CDL2* Thus, the differential effect of
cefalexin/cefradine versus ceftriaxone on the Clostridium spp. could impact C. difficile growth and
the different propensities to induce simulated CDI. The number of different classes of antimicrobials

that are high risk for inducing CDI suggests that C. difficile can metabolically adapt to different

niches created during antibiotic-mediated disruption of the microbiota.?

Whilst treating the primary infection, some classes of antibiotics can subsequently lead to life-

threatening complications, such as CDI. There exists a need to determine the effect of different
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antibiotics upon the intestinal microbiota, as preservation of a patient’s microbiota should be
incorporated in the multifaceted decision-making process when choosing a treatment option. Here, we
show that two narrow-spectrum cephalosporins, cefalexin and cefradine, have a limited effect on the

human microbiota and this disruption represents a low risk for subsequently developing simulated

CDI. Our in vitro data support the clinical findings previously reported by Slimings and Riley. 10
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