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Abstract

Background—Antibiotics have profound and lasting effects on the lower intestinal (gut)
microbiome that can both promote resistance and increase susceptibility to colonization and
infection; knowledge of these changes is important to the prevention and treatment of traveler’s
diarrhea.

Methods—Recent data from epidemiologic and modern metagenomics studies were reviewed in
regard to how such findings could inform the prevention and treatment of traveler’s diarrhea.

Results—Although it is well recognized that antibiotics increase the risk for Clostridium difficile
infection, it is less recognized how they predispose patients to typically foodborne pathogens such
as Salmonella or Camplyobacter spp. While these pathogens account for only a fraction of
traveler’s diarrhea, such predisposition reflects how antibiotic exposure that precedes or occurs
during travel may increase the risk for infection with other more common pathogens, even
possibly enterotoxigenic E£schericia coli, especially in the setting of acquired resistance. Even
short antibiotic exposures disrupt the gut microbiome up to a year or more and repeated exposures
appear to attenuate recovery from ever occurring. One bacterial phylum that commonly increases
in the gut following antibiotics are the proteobacteria including Enterobacteriacea; these are pro-
inflammatory and often carry antibiotic resistance genes, the number and diversity of these genes
(i.e. the resistome) commonly expands following antibiotics. The gut resistome among healthy
community-dwelling adults reflects geographic variability in antibiotic use practices in both
humans and food-producing animals as well as possibly the transmission of antibiotic resistance
genes through the food supply.

Conclusions—Because antibiotic use among travelers will influence the resistome and thereby
promote geographic spread of resistance, it is important that antibiotic use recommendations for
travelers be guided by resistance surveillance data as well as a careful assessment of the risks and
benefits to both the individual and society.

Introduction

Of over one billion international travelers a year, about 300 million travel from relatively
industrialized regions with high levels of sanitation to less industrialized regions where
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travelers’ diarrhea occurs in 20-50% [1-3], Among patients with traveler’s diarrhea,
anywhere from 5% to 62% may take antibiotics despite most cases being mild to moderate
in severity.Antibiotics deplete bacterial diversity in the lower intestine (or gut), alter gene
expression, select for intrinsically resistant bacteria, and select for new mutations and gene
transfers conferring resistance [4]. The depletion of bacterial diversity has attracted probably
the most attention in the medical and lay literature as it is associated in animal models with
chronic conditions such as compromised immune homeostasis and atopy, as well as
deregulated metabolism, obesity, metabolic syndrome, and diabetes. The role of shifts in
bacterial diversity and composition in increasing susceptibility to infection and the
accumulation of antibiotic resistance is probably less widely understood. The poster-child of
an infection with both intrinsic and acquired antibiotic resistance that is widely-accepted to
be “caused’ by antibiotics is Clostridium difficile infection (CDI). Indeed, the recurrent form
of CDI is now frequently managed through microbiome restoration in the form of fecal
microbiota transplantation (FMT).

Colonization Resistance and Infection by Pathobionts

Like C. difficile, there are a number of other bacterial pathogens that similarly can either
only cause disease, or are much more likely to cause disease, after the human or animal host
has received antibiotics that disrupt the gut microbiome. Such bacteria can be considered
pathobionts: a symbiont that does not normally elicit an inflammatory response but under
particular environmentally induced conditions (e.g. factors that disrupt the gut microbiome)
has the potential to cause dysregulated inflammation leading to disease [5]. These
opportunists stand in contrast to the vast number of true commensal members of the gut
microbiota, mostly obligate anaerobes, that are thoroughly avirulent, even in the presence of
a severely disrupted microbiome. In addition to C. diifficile, pathobionts include the typically
food-borne pathogens identified in a minority of cases of traveler’s diarrhea, for example
non-typhoid Sal/monella spp. [6] and Camplylobacter spp.[7]. However, early data suggest
that even the much more common bacterial cause of traveler’s diarrhea, Enterotoxigenic
Escherichia coli (ETEC), may also function as a pathobiont, in that there may be unique
individual or collective sets of commensal bacteria that protect some humans from disease
following challenge [8] and animal models suggest a role for probiotics in the prevention of
ETEC diarrhea [9].

The important role of prior treatment with antibiotics, in this case a large dose of
streptomycin, in increasing the susceptibility of mice to intestinal infection with Sa/monella
enteriditis was first recognized in 1964—an effect thought mediated by elimination of
certain anaerobes [10]. More recently, in a large combined case-control and source
attribution analysis of human salmonellosis cases, Muchinini-Gras et al. showed that recent
use of antibiotics had a population attributable risk similar to that of eating raw or
undercooked eggs [11]. In a one-year nested case-control study in Denmark the weekly odds
ratio (OR) of having received antibiotics prior to onset of salmonella infection, after
controlling for Charlson comorbidity index, was about 1.5 for receipt between 13 and 52
weeks, with a sharp increase in odds to above 2.0 over the 2—-12 weeks before illness [12]. In
another case-control study from Denmark during an era when campylobacter resistance to
fluoroquinolones was 21.7%, and to macrolides was 2.3%, Koningstein et al. found the OR
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of exposure up to one-year before infection to be 1.48 (95% Confidence Interval [95%CI]
1.38-1.59) for macrolides and 2.42 (95%CI 1.96-2.98) for fluoroquinolones [13].
Interestingly, in contrast to fluoroquinolones, the macrolides appeared protective (OR 0.72
95%CI 0.56-0.92) against campylobacter infection when administered in the month prior to
illness—a finding that likely reflects the lower rate of acquired macrolide resistance, the
prolonged effective half-life of some of the macrolides, and the fact that these shorter
windows of exposure included the ‘acute’ beginning phase of illness among the cases.

What begins to emerge from these studies is that prior antibiotic exposure increases the
overall risk for infection regardless of acquired resistance in the organism and, as resistance
to the antibiotic increases in the population, even acute exposure (i.e. that bordering on
treatment) may propel rather than retard the infection. Although treatment with an antibiotic
to which the offending pathogen is resistant has never been demonstrated to worsen or
prolong infection in a randomized controlled study of antibiotics for traveler’s diarrhea,
neither is it the goal of such studies to examine such a role for antibiotics in these studies—
instead special care is taken to study antibiotics in populations where resistance is not a
problem. Nonetheless, such potential interaction between rates of acquired resistance and the
net benefits vs. harms of antibiotics used in prophylaxis and early treatment of diarrhea may
be especially important to consider in travelers’ diarrhea. Recent data from CDC’s Foodnet
and National Antimicrobial Resistance Monitoring Systems suggest a fourfold to 11-fold
higher likelihood of fluoroguinolone resistance in recent traveler vs. non-travel related
diarrhea depending upon the pathogen (Camplyobacter spp., Salmonella spp., Shigella spp.,
and shigella-toxin producing £. coli) (unpublished data and [14-16]). Moreover, rates of
fluoroquinolone resistance in recent travelers range from 11% (Shigella spp.) up to 61%
(Campylobacter spp.).

Epidemiologic data indicating infection risk from antibiotics, in addition to having important
implications for how one approaches the prevention and management of traveler’s diarrhea,
highlight the importance of resistance to colonization and infection afforded by an intact gut
microbiome. The mechanisms for such resistance fall into one or more of four broad
categories [17]. First, the direct inhibition afforded by production of antimicrobial
substances by one or more members of the microbiota against others. Second, the role of the
microbiome in maintaining the mucus and mucosal barrier that prevents mucosal attachment
and invasion where such processes are necessary in pathogenesis. Third, the role of the
microbiome in immune modulation as certain members of the microbiota up- and down-
regulate the host immune system in defense against invasive species. Finally, there is
nutrient utilization, as members of the microbiota out-compete one another in the ecology of
the gut. In addition to these, there may be direct signaling pathways that are maintained by
the intact microbiome in a certain state that inhibits a pathobiont. For example, the
abundance of primary bile acids are an important signal for the germination of C. difficik
from the spore into the actively growing and toxin-producing vegetative form [18].
Meanwhile, secondary bile acids inhibit the growth of vegetative C. difficile and bile salts
normally undergo conjugation from primary to secondary form by anaerobic bacteria found
in the intact gut microbiota. Thus a key metabolic function of the gut microbiome is bile salt
metabolism that normally defends against CDI but is disrupted by antibiotics [18]. There
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may be other similarly specific mechanisms that lie behind the colonization resistance
afforded by the gut microbiome against other pathobionts.

Antibiotic Effects on the Microbiome

Recent advances in next generation sequencing and metagenomics make it possible to build
upon epidemiologic data to understand the impact of antibiotics on the risk of infection and
antibiotic resistance. Using 16S ribosomal DNA amplification and sequencing, Dethlefsen et
al. intensively sampled 3 healthy individuals before, during, and after two 5-day courses of
oral ciprofloxacin separated by six months and found that antibiotics profoundly reduced the
number of different species and/or genus (i.e. ‘Operational Taxonomic Units’ [OTUs]) as
well as the diversity of those remaining [19]. While good recovery was observed in all three
subjects over the six months before and even after the second course, recovery was slower
following the second course and one subject did not recover fully following the second dose
suggesting the microbiome of some patients may become permanently disabled from
repeated antibiotic exposures. Microbiome changes associated with repeated, major shifts in
diets fed to mice also indicate that, despite good resiliency following individual insults, there
may be attenuated recovery of the microbiome following multiple, sequential insults [20].

The longer term (i.e. up to one year) impacts of antibiotics on the gut microbiome were
studied in 30 healthy volunteers including three groups of 10 who were administered a 10-
day course of either placebo, ciprofloxacin or clindamycin [21]. Both 16S and culture were
used to assess microbiome structure. Most pronounced disruptions were noted on day 11
with statistically significant changes from baseline in 15 OTUs following ciprofloxacin and
21 OTUs following clindamycin. Despite receipt of no additional antibiotics over four
months, there remained significant differences from baseline in two different OTUs
following exposure to each antibiotic and at 12 months there was still one OTU that was
significantly different from baseline following exposure to clindamycin. The authors
concluded that it took 4-12 months for the gut microbiome to normalize following either
antibiotic and that clindamycin had a more pronounced effect than ciprofloxacin.

One antibiotic-induced bacterial shift associated with an expansion of clinically important
forms of antibiotic resistance in the gut is a ‘bloom’ of the gammaproteobacteria; especially
of the family enterobacteriaceae that normally make up less than 1-3% of the gut
microbiome [19, 21-24]. In a recent study of the effects of FMT on the resistome, FMT was
associated with a reduction in the number of different categories of resistance as well as the
number of individual determinants [23]. This contraction in the resistome was associated
with an increase in the genus- and species-level diversity of the microbiota overall and a
decrease in enterobacteriaceae, reflecting what is likely an increased concentration of
antibiotic resistance determinants in this family of organisms. In addition to their role in
antibiotic resistance, increases in enterobacteriaceae in the microbiome are associated with
inflammation and metabolic syndrome [25]. Thus it is of some import to understand and
possibly predict how antibiotic exposures will promote increases in the enterobacteriaceae.

Raymond et al. studied exactly this in 18 healthy subjects, including six controls, who were
administered a 7-day course of cefprozil and had their microbiome assessed using deep
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sequencing at 0, 7, and 90 days [22]. At baseline (day 0) the subjects were found to broadly
fit into four clusters that appeared to be a variation on three previously described enterotypes
[26]. Interestingly, all 6 subjects who started out in a single one of these enterotypes had an
expansion of Enterobacter cloacae complex—a frequent cause of healthcare-associated
infections. Meanwhile, there was a decrease in 6 bacterial families across all antibiotic-
treated subjects, an increase in Lachnoclostridium bolteae among 16 subjects, and an overall
expansion of the resistome, especially beta-lactamases that confer important forms of
clinically relevant antibiotic resistance.

The ‘Perfect Storm’ of Antibiotics and Travel

The ability to measure the Gl resistome across a sample of subjects from different global
geographic regions has shed light on possibly why travelers returning from various regions
are at increased risk of colonization with clinically important forms of emerging resistance.
Forslund et al showed how country-specific antibiotic use practices impact the human gut
resistome by studying the resistome of individuals across several countries; among residents
from the United States, Denmark, and Spain specifically they showed higher ‘resistance
potential’ in the gut microbiome based upon a measure of the resistome was associated with
more permissive antibiotic use practices in both humans and animals [27]. By combining
these data with data from France and Italy, they showed differences in resistance among
bacterial isolates collected from meat slaughterhouses were associated with differences in
the human gut resistome, suggesting the food supply is an important source of such
resistance. These same factors interplay in travelers, with antibiotic use adding to the
dysbiosis that is caused by travel itself [28], making them susceptible to expansion of an
endogenous and acquired resistome, acquisition of specific resistant bacteria phenotypes,
and infection caused by specific diarrhea-causing pathobionts [29].

In conclusion, antibiotic-induced dysbiosis can last up to one year and repeated insults may
attenuate its recovery. These antibiotic effects on the microbiome include a decrease in
diversity, expansion of the resistome, loss of keystone species that support complex
ecologies, loss of protective species against specific pathogens, promotion of colonization by
pathobionts, and promotion of dominance that can be a driver for some types of infection
and transmission. Given observations that antibiotic exposures can increase risk of infection
by foodborne pathogens, especially in the setting of resistance to a given antibiotic, there is
likely to be some proportion of all travelers’ diarrhea days of illness that are currently being
contributed to, rather than prevented by, either prophylaxis or treatment of traveler’s diarrhea
with antibiotics. Meanwhile, as demonstrated in studies of antibiotics for traveler’s diarrhea,
there are clearly days of illness that are currently being prevented, either through effective
prophylaxis in high-risk persons or early self-treatment that shortens the course of diarrhea
[30]. However, there are other adverse events related to antibiotics that must also be
considered, including community-associated C. difficile infection that has been reported in
antibiotic-exposed travelers [31], as well as other adverse drug events [32]. Focusing just on
traveler’s diarrhea, the shift from overall benefit to harm caused by antibiotics may be
dependent upon both the timing of antibiotic exposure in relation to exposure to the
pathobiont (i.e. prior antibiotic exposures appear to uniformly increase risk, except possibly
for drugs with effectively prolonged half-life, such as azithromycin) and increased
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prevalence of acquired resistance in the pathobionts responsible for travelers’ diarrhea (i.e.

posure to an antibiotic to which the pathobiont is resistant is likely to result in net harm

regardless of timing before or during acute illness). It is therefore imperative, to both prevent

rrent harm and preserve future antibiotic activity for generations to come, that antibiotic

treatment recommendations be guided by surveillance data for resistance as well as careful
individual and societal risk-benefit analyses. In addition to the need for ongoing real time

rveillance to inform such recommendations, there is a need for additional research into

how to better harness our growing understanding of the microbiome to prevent of travelers’
diarrhea while simultaneously reducing the development and spread of resistance.
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