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biota perturbations are also reviewed.

Antibiotics have become a mainstay of healthcare in the past century due to their activity against pathogens. This
manuscript reviews the impact of antibiotic use on the intestinal microbiota in the context of mass drug administra-
tion (MDA). The importance of the gut microbiota to human metabolism and physiology is now well established, and
antibiotic exposure may impact host health via collateral effects on the microbiota and its functions. To gain further
insight into how gut microbiota respond to antibiotic perturbation and the implications for public health, factors
that influence the impact of antibiotic exposure on the microbiota, potential health outcomes of antibiotic-induced
microbiota alterations, and strategies that have the potential to ameliorate these wider antibiotic-associated micro-
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Background
Greater accessibility to antimicrobials has contributed to
an estimated 65% increase in human antibiotic consump-
tion from 2000 to 2015 [1]. The clearest consequence
is greater selection for antibiotic resistance, which has
made common infections difficult to treat in recent
years [2]. Antibiotic use can also have off-target effects,
meaning that the concentrations at which antibiotics are
administered elicit antimicrobial effects beyond elimina-
tion of pathogenic bacteria that impact the composition
and function of the microbiome [3, 4]. Next-generation
and targeted sequencing have demonstrated that antibi-
otics induce a reduction in gut bacterial biomass, taxo-
nomic diversity, and functional diversity [5].

Virtually every niche of the human body harbors
diverse microbial communities [6], even sites once
thought as sterile, such as the bladder [7] and lungs
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[8]. The gastrointestinal tract is home to the greatest
microbial biomass and biodiversity in the human body.
Advances in DNA and RNA sequencing technology
have revolutionized our ability to quantify and explore
the dynamics of the gut microbiome, which elicits wide
reaching effects on physiologic development, immune
function, homeostasis, nutrient acquisition, and pro-
tection against infections [9, 10]. A causal role of the
gut microbiome in development of celiac disease [11],
inflammatory bowel disease [12], obesity [13, 14], under-
nutrition [15, 16], metabolic syndrome [17], asthma [18],
and brain and nervous system development [19], have
been clearly demonstrated using animal models. How-
ever, microbiome signatures associated with disease in
clinical studies have been inconsistent across studies and
outcomes [20]. Absence of clear evidence in human stud-
ies has even been demonstrated for disease conditions
where the role of the microbiome is widely accepted,
such as celiac disease [21] and IBD [22], due to heteroge-
neity in study designs [21], study procedures [21] or dis-
ease subtypes [22].
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The prevailing view holds that microbial colonization
of the gastrointestinal tract begins at birth in full-term
infants, after which the microbiome progresses through
a succession of identifiable shifts in composition [23].
Immediately after birth, the infant gut is predominantly
colonized by facultative anaerobic Enterobacteriaceae
[24]. Over the next few days, microbiota composition
shifts to predominantly anaerobic bacteria [24]. In pre-
term neonates, however, gut colonization by anaerobes
is delayed, likely due to delayed gut and immune system
maturation, greater exposure to the hospital environ-
ment, and greater exposure to antibiotics [25].

The major initial sources of bacteria for colonization
of the infant gut are the mother’s vaginal, fecal, and skin
microbiota and the immediate environment [24, 26, 27].
In vaginally delivered newborns, the gut microbiota is
more similar to the mothers’ vaginal microbiota [28]. The
maternal gut microbiota is also transferred to the infant
during vaginal delivery [29-31]. By contrast to vaginal
delivery, cesarean delivered newborns’ gut microbiota
more closely resembles the mothers’ skin and the envi-
ronmental microbiota the infant is exposed to.

After birth, infant diet largely determines the compo-
sition of the gut microbiota. In breastfed infants, Bifido-
bacterium spp. are the most abundant bacteria [23, 32].
Human breast milk is rich in oligosaccharides, which
Bifidobacterium spp. preferentially consume [33]. Wean-
ing induces the next major shift in composition. A wider
variety of nutrients in solid foods and reduced availability
of milk oligosaccharides correspond with an increase in
diversity and a decrease in Bifidobacterium. In the sub-
sequent period, the infant microbiota develops a more
adult-like composition, with greater bacterial diversity
and evenness by 2-3 years of age [24, 26, 27, 34]. Com-
position and function may continue to develop through
childhood and early adolescence [35, 36]. Geography also
plays an important role. Infant microbiota composition
differs between high-income versus low- and middle-
income populations [23, 37, 38], likely driven by differ-
ences in diet, sanitation, and human genetics [25, 39].
Variations in the genetic potential for human lactase pro-
duction, for example, explain Bifidobacterium abundance
[40]. Diet and antibiotic exposure are also key factors that
continue to influence this ongoing process [41, 42].

While the on-target effects of antibiotic exposure on
pathogen clearance are beneficial to host health, the off-
target effects of antibiotic exposure on gut microbiome
composition and function can result in either detrimen-
tal or beneficial effects on host health, depending on the
initial composition and function of the autochthonous
microbial community. This is particularly relevant given
recent increased interest in mass drug administration
(MDA) with antibiotics—empirically administering drugs
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to an entire at-risk community or population to suppress
pathogen growth—in view of, for example, global targets
to reduce neonatal and under-5 mortality by 2030 [43],
global targets for elimination of trachoma [44] and yaws
[45], guidelines for cotrimoxazole prophylaxis among
persons living with HIV [46], and recommendations for
prevention of maternal and newborn peripartum infec-
tions by Group B Streptococcus (GBS) [47, 48]. Recent
interest in MDA with antibiotics has also gained trac-
tion due to concerns about emergence of more difficult to
treat enteric [49] and non-enteric [49, 50] infections and
potential transmission of resistant pathogens to more
vulnerable populations [49, 51]. The need to balance
these risks with the demonstrated benefits of MDA with
antibiotics [52, 53] is of particular relevance.

This narrative review describes studies that used high-
throughput 16S rRNA gene amplicon sequencing or next
generation whole genome shotgun sequencing (WGS) to
investigate the impact of antibiotic use on gut microbi-
ome composition and function in the context of MDA.

Main text

Methods

Data for this review were initially identified through a
search of PubMed up to March 2021 using the search
terms “mass drug administration’; “antibiotic*’; and
“microbiome” or “microbiota”. This search provided an
initial set of studies relevant to the topic. References
from the initially identified studies were also searched
and included in this review if relevant. Publications were
included if they (i) reported the impact of antibiotic use
on gut microbiome composition or function in the con-
text of MDA and (ii) used high-throughput methods to
survey the gut microbiome because those methods pro-
vide a more comprehensive catalogue of microbiome
composition and antibiotic-associated alterations. Only
articles published in English were included. The search
period was not restricted. Included studies are sum-
marized in Tables 1, 2, 3. To gain further insight into
the findings of these MDA studies, other studies that
investigated the factors which determine the impact of
antibiotic use on the gut microbiome and its recovery,
strategies to ameliorate these effects, and potential health
outcomes are also discussed.

Impact of MDA on gut microbiota

Prophylaxis in the general population

Azithromycin is an integral part of the World Health
Organization (WHO) strategy to eliminate trachoma [54]
and yaws [45]. Five randomized controlled trials (RCT)
investigated the impact on the gut microbiota of MDA
with azithromycin for prophylaxis in the general popu-
lation. The gut microbiome was characterized primarily
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in terms of a-diversity, which quantifies the number of
different bacterial taxa in an individual microbiota and
the uniformity of their abundances (Table 1). One RCT
investigated impacts on the microbiota after repeated
biannual treatment over a follow-up period of 48-months
(long-term use), and four RCTs investigated impacts in
the period immediately following a single dose or course
of treatment (short-term use). All five RCTs were con-
ducted in low- and middle-income countries (LMICs).

The impact of long-term use was reported in three
studies representing data from a single cluster-RCT.
MDA comprised of one dose of azithromycin given bian-
nually to every child 1-60 months of age in participating
communities in Niger. A 16%—-22% decrease in micro-
biota o-diversity was reported after 12 months [55].
However, longer follow-up at 24 months found reduced
abundance of Campylobacter upsaliensis and Campy-
lobacter hominis with azithromycin treatment, as well
as reduced abundance of bacterial metabolic pathways
predominantly geared toward microbial survival, growth
and inflammation, which may partly explain the reported
benefits to child mortality [56]. C. upsaliensis is a well-
recognized food-borne enteric pathogen in high-income
settings, particularly among children in rural popula-
tions [57]; while C. hominis has been associated with
gut inflammation and bacteremia [58]. By contrast, after
48 months of treatment, there was greater abundance of
bacterial genetic determinants for macrolide resistance in
the gut [59]. Azithromycin also selected for determinants
of non-macrolide resistance, including beta-lactam, tet-
racycline and fluoroquinolone antibiotic resistance genes
[59]. Other RCTs of MDA with azithromycin have not
reported on changes in antibiotic resistance gene car-
riage by the fecal microbiome.

The impact of short-term use was reported in four
RCTs, in three countries (Table 1). Two RCTs (India
[60] and Burkina Faso [61]) allocated children up to
60 months of age to a single multi-day course of anti-
biotics. Azithromycin treatment reduced microbiota
a-diversity by up to 32% relative to placebo. Reductions
in Akkermansia muciniphila and Proteobacteria were
also reported [60]. The latter group of bacteria includes
common pathogens such as E. coli and Campylobacter
spp. [60] Furthermore, acquisition of enteric infections by
E. coli pathotypes and Campylobacter spp. during the 2
week study period was reduced, and clearance of baseline
infections with these enteric pathogens was increased
among azithromycin-treated infants, as confirmed by
polymerase chain reaction (PCR). [60] Two RCTs of sin-
gle dose azithromycin (Niger [62] and Burkina Faso [63])
conducted in a comparable age group, also found a 27%—
31% reduction in a-diversity [62], or a decrease in C.
jejuni, C. ureolyticus, and C. hominis with azithromycin
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treatment [63]. However, a-diversity in children treated
with amoxicillin or cotrimoxazole was not significantly
altered [61].

Together, these studies show a clear reduction in
a-diversity caused by azithromycin alongside a reduc-
tion in pathogens of the Enterobacteriaceae family. MDA
trials of amoxicillin or cotrimoxazole did not report any
such effects.

Prophylaxis in persons-living with HIV

For immunocompromised individuals living with HIV
who have limited access to rapid bedside diagnostic test-
ing, the widespread use of prophylactic antibiotics has
become essential to treat and prevent infections. Cot-
rimoxazole is recommended long-term for people liv-
ing with HIV in areas where malaria or severe bacterial
infections are highly prevalent [64], due to demonstrated
reductions in morbidity and mortality among HIV-posi-
tive adults and children [65-67]. The WHO also recom-
mends cotrimoxazole for all HIV-exposed infants from 4
to 6 weeks of age until determination of the infant’s HIV-
negative status [64]. Two RCTs investigated the impact
on the gut microbiota of MDA with cotrimoxazole for
prophylaxis in persons-living with HIV (Table 2). These
RCTs were conducted in children or newborns, both in
sub-Saharan Africa. One reported the impact of daily
cotrimoxazole after four years of use (long-term use), and
one reported the impact over the first 6 months of after
birth (short-term use).

One RCT conducted in Zimbabwe, reported the
impact of long-term cotrimoxazole use on the gut micro-
biome. HIV-positive children on ART who were taking
once daily cotrimoxazole for an average of two years were
randomized to continue or stop cotrimoxazole prophy-
laxis and followed-up for an additional two year period
[67]. In accordance with the short-term 5-day course
tested in children in the general population of Burkina
Faso [61], long-term daily cotrimoxazole did not alter
gut microbiota diversity. By contrast, cotrimoxazole sup-
pressed gut-resident viridans group streptococci spe-
cies that were associated with gut inflammation, but did
not impact clinical illness, HIV progression, nutritional
status, or abundance of Enterobacteriaceae [68]. These
changes corresponded with reductions in systemic and
gut inflammatory markers of mortality risk, providing
a possible explanation for the beneficial effects of cotri-
moxazole on mortality in persons living with HIV. How-
ever, continued use resulted in increased carriage of the
dfrA1 genetic determinant of resistance to trimethoprim
after 2 years [69]. In contrast, other genes that confer
resistance to cotrimoxazole were not affected [69].

Another RCT investigated the impact of short-term
once daily cotrimoxazole use on the microbiota of



Gough Infectious Diseases of Poverty (2022) 11:76

HIV-exposed uninfected newborns in South Africa [70].
Consistent with long-term use in HIV-infected children
in Zimbabwe, cotrimoxazole use in this HIV-exposed
infant population did not significantly affect taxonomic
or functional diversity [70]. However, the abundance and
a-diversity of total antibiotic and cotrimoxazole resist-
ance genes were greater in the cotrimoxazole-treated
group, and these differences grew larger after 4 months of
use [70]. Furthermore, there were significant differences
in microbiota composition between groups as measured
by B-diversity indices, which quantify the loss or gain (i.e.
turnover) of bacterial taxa across an exposure gradient.
Within the treated group, microbiome taxonomic, func-
tional and resistance gene compositions became more
similar over one year (i.e. reduced B-diversity), indicating
that the selective pressure of cotrimoxazole shaped the
microbiomes of the treated infants in a consistent way
[70].

From these RCTs, cotrimoxazole does not seem to
influence a-diversity but is associated with profound
microbiome changes and an increase in antibiotic
resistance genes during the initial period of antibiotic
exposure.

Intrapartum antibiotic prophylaxis

Globally, the use of intrapartum antibiotic prophylaxis
(IAP) is the most common strategy for preventing peri-
partum infections and associated adverse pregnancy out-
comes [47]. IAP involves administering broad spectrum
antibiotics that are effective against the microorgan-
isms most likely to cause infections in at risk mothers,
predominantly GBS [71]. IAP is recommended before
incision in caesarean sections; during labor when the
mother is culture positive for GBS or at risk of invasive
GBS infection; or immediately after birth to reduce risk
of infections associated with manual removal of the
placenta, excessive intrauterine manipulations or lac-
erations of the genital tract [47, 48, 72, 73]. Seven obser-
vational studies and one RCT investigated the association
between MDA for IAP and the gut microbiota, primar-
ily in terms of a-diversity and p-diversity (Table 3). Three
observational studies reported on infant gut microbiota
composition and diversity during the neonatal period,
while five observational studies and the RCT reported
post-neonatal gut microbiota outcomes.

Two cross-sectional studies and one prospective
cohort study conducted in three high-income countries
reported the association between IAP and gut micro-
biota composition during the neonatal period (Table 3).
Microbiota a-diversity at 6—7 days of age was reduced in
infants born to IAP-treated mothers [63]. Exposure to
IAP was also associated with greater similarity in micro-
biota composition (i.e. reduced B-diversity), suggesting
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that the selective pressure of maternal antibiotic expo-
sure had a congenerous effect on early infant microbiota
composition across infants [62]. The IAP group was also
dominated by Enterobacteriaceae, and depleted in Bifido-
bacterium spp. [63]. Finally, a prospective cohort study
found a significant reduction in the relative abundance
of the Actinobacteria phylum at 10 days of age (which
includes Bifidobacterium) and a significant increase in
the Firmicutes phylum (which includes some notable
pathogenic groups, including Staphylococcus, Listeria
and Streptococcus, as well as probiotic groups, including
Lactobacillus) [64].

Five prospective cohort studies conducted in four high-
income countries reported the association of IAP and the
post-neonatal gut microbiota (Table 3). A reduction in
microbiota a-diversity at age 2—3 months in IAP-exposed
infants was reported in three North American cohorts
[74-76]. Infants exposed to IAP had a more phylogeneti-
cally similar microbiota composition at 6 weeks of age
(reduced P-diversity) as measured by UniFrac indices in
one study [66], suggesting a consistent effect of maternal
antibiotic exposure on the loss or gain of specific, phylo-
genetically-related subsets of gut bacteria. Changes in the
relative abundance of bacterial taxa associated with IAP-
exposure included increased Proteobacteria (a phylum
that includes several enteric pathogens) [74], Escherichia
spp. [75] and Enterobacteriaceae [77] at 1-3 months of
age in three countries. IAP-exposure was also associated
at age 3 months with decreased Bifidobacterium spp. [75,
77] in two cohorts, and an increase in the Firmicutes
phylum [78]. Longer term changes included a reduction
in the Bacteroidetes phylum [74, 76] and Bifidobacterium
spp. at 1 year of age [74].

In spite of this evidence, it is challenging to separate
the impact of maternal antibiotic exposure on the infant
gut microbiota from the impact of the indications for
IAP, such as cesarean delivery or GBS infection, in obser-
vational studies. One RCT tested the impact of IAP for
cesarean section on infant microbiota a-diversity in
Denmark (Table 3) [79]. Forty-four mothers were allo-
cated to receive a single intravenous dose of cefuroxime
either before or after umbilical cord clamping. Micro-
biota a-diversity was greater at 9 months in infants born
to mothers who received IAP after cord-clamping, sug-
gesting that later administration may ameliorate the
duration of diminished infant microbiota a-diversity [79].
IAP after cord-clamping was also associated with greater
abundance of Bifidobacterium spp. at 10 days. Although
this difference was not statistically significant, this asso-
ciation may still hold biological significance since Bifi-
dobacterium are essential members of the breastfed
infant gut microbiota that may drive ongoing micro-
biota development [80] through symbiotic cross-feeding
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interactions with other important gut bacteria such as
Lactobacilli [81].

Overall, these studies suggest reduced a-diversity in
infant microbiota associated with maternal exposure to
IAP and consistent compositional changes, including
a higher relative abundance of Enterobacteriaceae and
lower abundance of Bifidobacterium.

Drivers of antibiotic effects on the gut microbiota
Recent reviews reported few studies that investigated fac-
tors which determine the impact of antibiotic exposure
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on microbiota composition [3, 82, 83]. However, to gain
deeper insight into potential determinants of how gut
microbiota respond to perturbation by antibiotics, stud-
ies that aimed to explore these factors are discussed in
this section around the following common themes: anti-
biotic class, bacterial clades, starting microbiota compo-
sition and long-term recovery dynamics (Fig. 1).

Antibiotic class and bacterial clade
A recent review of 55 human studies summa-
rized changes in microbiota composition that were

Antibiotic class

Determinants — - — —
of Impact Starting composition (e.g. Clade susceptibility,
Bacteroides spp. abundance, pathogen carriage, complex carbohydrate degradation capacity)
_ Antibiotic
Microbiome perturbation <+<— resistance gene
l prevalence
Reduced Bifidobacterium spp.
Increased Enterobacteriaceae
. . Reduced pro-inflammatory bacteria
Microbiome _|
changes
Reduced a-diversity
Reduced B-diversity
!

Increased antibiotic resistance carriage

l

Recovery to baseline

Amelioration

Prebiotics
Exogenous sources for recolonization & Probiotics

strategies Narrow-spectrum antibiotics or drug combinations
L Autochthonous Fecal Microbiome Transplantation
— Birth Ambulation School Age Adulthood
Conception Breast feeding Weaning Puberty
Exposure B 1 1 1 / 1 1
. 1 1 1 7 1 Vd 1
timing

Reduced infectious disease morbidity
and mortality

’ Increased asthma, allergy, atopy risk ‘

’ Increased weight gain and obesity risk ‘

| Health
impacts

Increased colorectal
cancer risk

Fig. 1 Antibiotic impacts on human gut microbiota and associated health impacts. The horizontal, black arrow represents the time axis along
which key life events associated with gut microbiome development occur. Horizontal, gray, solid lines represent antibiotic exposure periods.
Vertical, gray dashed lines link exposure periods to associated health outcomes. The position and length of each box relative to the time axis
represents the timing and duration of microbiome changes and health effects
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significantly associated with 68 different antibiotics
grouped into 22 antibiotic classes [5]. It revealed that
each antibiotic most strongly affects bacteria belong-
ing to a restricted set of genera. Furthermore, the num-
ber of affected genera varied both between and within
antibiotic classes [5]. For example, azithromycin was
associated with changes in the abundance of 3 gen-
era (Bacteroides, Bifidobacterium, Clostridium), while
other macrolides were associated with altered abun-
dance of 2-6 genera (including the former three, as well
as Faecalibacterium, Prevotella, Ruminococcus, Strep-
tococcus, Enterococcus, Haemophilus or Pseudomonas).
Beta-lactams, such as ampicillin and cephalosporin for
example, were associated with changes in abundance of
8 and 12 genera, respectively, spanning a phylogeneti-
cally diverse range of phyla (Actinobacteria, Firmicutes,
Proteobacteria, Verrucomicrobia) that differed from
other beta-lactams [5].

These taxon-specific effects of different antibiotics are
corroborated by culture experiments. For example, met-
ronidazole strongly reduced the growth of Bacteroides
spp. and Bifidobacterium spp. grown in anaerobic culture
[84], while ampicillin significantly reduced Bacteroides
spp. and Clostridium perfringens, but its effect on Bifido-
bacterium spp. depended on bacterial growth rates [84].
A more comprehensive assessment of a larger number of
antibiotics tested on single species in anaerobic culture
confirmed the wide ranging effects on habitual colonic
bacteria [85]. For instance, aminoglycosides and sulfona-
mides had little effect on the bacteria tested [85]. Mac-
rolides uniformly had bacteriostatic effects (but did not
kill) all bacterial species tested, except for Clostridium
difficile, on which they had no impact [85]. However, the
effect of beta-lactams was strain specific and differed by
the specific antibiotic used [85]. The impact of antibiotics
on the microbiota, therefore, depends on the antibiotic
used, as well as which and how bacterial clades respond.

Nevertheless, suppression of microbes that are sus-
ceptible to an antibiotic’s mechanism of action can dis-
rupt colonization resistance and open an ecological
niche for opportunistic pathogenic bacteria, increasing
the host’s susceptibility to post-antibiotic infection [86,
87]. Alternatively, antibiotic use can also produce an
increase in antibiotic-tolerant commensal bacteria, that
have potential benefits to the host [84, 88]. Factors that
influence these effects include the pharmacokinetics of
different antibiotics [89, 90], the degradation and resist-
ance mechanisms different bacteria utilize against each
antibiotic [91-94], the indirect effects of these degrada-
tion and resistance mechanisms on other bacteria that
do not actively perform these functions [95], and the
local or regional prevalence of specific resistance deter-
minants [96, 97]. Overall, these studies suggest that both
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antibiotic class and bacterial clade specificities determine
the impact of antibiotics on the microbiota.

Starting composition of gut microbiota

Considering the variation in antibiotic effects by antibi-
otic class and bacterial clade, the initial composition of
the microbiota may also determine the short and long-
term effects of antibiotics. Analyses of data from five
adult cohorts determined that the abundance of specific
species with an increased functional capacity to degrade
complex carbohydrates, particularly host mucins, accu-
rately predicted microbiota recovery from antibiotic-
associated reductions in o-diversity [98]. The baseline
abundance of these bacteria could identify participants
whose diminished «-diversity recovered after antibiotic
use with 70% accuracy [98]. They proposed that capacity
for mucin degradation may confer an advantage for these
bacteria to repopulate the gut. Furthermore, degradation
of these complex carbohydrates may produce second-
ary metabolites that can in turn be utilized as a nutri-
ent source by other bacteria to support their regrowth.
Recovery-associated bacteria included several species
from the genus Bacteroides.

This finding in humans is supported by evidence from
germ-free mice. Two groups were colonized with either
a Prevotella and Faecalibacterium enriched or a Bac-
teroides and Parabacteroides enriched human fecal
microbiome, and both were treated with a 7-day course
of amoxicillin-clavulanate [99]. a-Diversity in the Bac-
teroides group was more resilient to antibiotic exposure
after 18 days [99]. However, mucin foraging by Bacte-
roides spp. can facilitate enteric infection, which has been
demonstrated for C. difficile, C. rodentium, and S. typh-
imurium in mouse models, and further community-level
investigation in different age groups is required to trans-
late the findings to human populations [86, 87, 100].

Long-term recovery dynamics

Two comprehensive analyses provide further insights
into the temporal dynamics of microbiota response and
recovery from antibiotic exposure [101, 102]. Both anal-
yses used data from adults collected longitudinally dur-
ing a 10-month period that included two 5-day courses
of ciprofloxacin [101, 102]. One analysis determined
that the time needed for the microbiota to reach a new
stable configuration varied from 2 to 42 days for differ-
ent subsets of bacteria. One bacterial subset in the genus
Bacteroides established a new equilibrium at the same or
higher relative abundance within 2 weeks [102]. How-
ever, other bacteria in the Bacteroides genus and a sub-
set of bacteria belonging to the family Lachnospiraceae
increased during treatment and required 42 days to
return to pre-antibiotic levels. By contrast, a group of



Gough Infectious Diseases of Poverty (2022) 11:76

bacteria in the family Ruminococcaceae was reduced
to undetectable levels after a single treatment with no
recovery after ten months [102]. This analysis is consist-
ent with the aforementioned review which found bacte-
rial clade specificities determine the impact of antibiotics
on the microbiota [5]. A second analysis of the same data
suggested that shorter recovery time may result from
greater exposure to environmental sources of bacteria
that can recolonize the perturbed microbiome [101].

Although these studies included very few individuals,
and may represent inter-individual heterogeneity at best,
they explored a richly sampled time-series of microbi-
ota abundance data, and their findings are supported by
experimental work. In one such experiment, two groups
of mice were assigned to either specific-pathogen free
conditions or general animal conditions with exposure
to soil, and both were treated with a 2-week course of
vancomycin and streptomycin [103]. Soil-exposed mice
showed greater a-diversity and stability after treatment
and recovered their pre-treatment o-diversity more
quickly after antibiotic withdrawal [103]. These studies
suggest that a more controlled exogenous source of bac-
teria, such as a complex probiotic mixture, may mitigate
the impact of antibiotic exposure on the microbiome.

A third analysis used a separate dataset from a small,
randomized perturbation experiment of adults to quan-
tify the recovery time of the gut microbiota over a one-
year period after exposure to different antibiotics [104].
Recovery was defined as the time from exposure to a sta-
ble microbiota configuration. The recovery time varied
with the antibiotic used. The gut microbiota transitioned
to a new stable configuration 4—6 months after treatment
with clindamycin and ciprofloxacin [104]. By contrast,
the composition of microbiota exposed to minocycline or
amoxicillin was unchanged [104].

Long-term effects of antibiotic exposure have also been
investigated in infants [105, 106]. Reduced a-diversity
was associated with treatment immediately after birth,
but recovered during the first postpartum year [106].
The reduction in a-diversity was driven by suppression of
Lachnospiraceae and Enterobacteriaceae [106). While the
clinical significance of Lachnospiraceae is not clear, the
presence of members of this family in the early gut micro-
biota has been associated with reduced risk of asthma
[18], and Enterobacteriaceae are the first colonizers of the
infant gut. Although microbiota a-diversity did largely
recover by one year of age, the impact on host health
of reductions in these early colonizers due to neonatal
exposure to antibiotics requires careful investigation.

In another study, infants treated with antibiotics from
birth to three years had lower species a-diversity com-
pared to infants who had no antibiotic-exposure during
that time, but the reduction in a-diversity was modest
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and was only evident for year one [105]. At the bacte-
rial strain level, however, differences between antibiotic
exposed and unexposed infants were greater [105]. Fur-
thermore, bacterial strains were identified that only
colonized the gut once. Such strains were eliminated
by antibiotic-exposure but persisted in the untreated
infants. By contrast, other strains were identified that
recolonized the gut multiple times during follow-up.
Such strains were more likely to persist in both exposed
and unexposed infants, providing further support for the
notion that recolonization is a driving force in microbiota
recovery after antibiotic use [105].

Altogether, these analyses suggest that microbiota
recovery from antibiotic-exposure may depend on the
antibiotic used, the initial microbiota composition and
the specific bacterial taxa affected by the drug. Fur-
thermore, longitudinal observational studies provide
additional evidence that recolonization of the gut may
potentially play a critical role in microbiome recovery
from antibiotic-exposure. However, more studies are
needed which are designed to test the specific hypotheses
suggested by these few studies.

Associated health impacts

It is important to note that recovery alone may not pro-
tect the host from potential long-term effects of antibiotic
perturbations to the microbiome (Fig. 1). Epidemiologic
studies have established associations between antibiotic
use and obesity; asthma, allergy, atopy; and colorectal
cancer, among other health disorders. Antibiotic dis-
ruption of the gut microbiome has been proposed as an
important mechanism underlying these associations [4,
83, 107]. However, most studies have investigated the
relationships between antibiotic use, gut microbiome
composition or function, and health outcomes separately.
Recent reviews have reported little to no studies that
assessed and reported antibiotic use, microbiota compo-
sition and host health outcomes in the same study popu-
lation to demonstrate a direct link between antibiotic
modulation of the gut microbiota and effects on health,
or the specific antibiotic-induced changes to the micro-
biome that may be involved [4, 83, 107]. To gain further
insight into the health implications of microbiome per-
turbation by MDA with antibiotics, I discuss such studies
in this section, with reference to the findings of the MDA
studies.

Infectious morbidity

Fifty percent or more of infants in LMICS carry at least
one enteric pathogen by age 3 months and experience at
least one diarrheal episode by age 24 months [108]. The
most common causes of moderate-to-severe diarrhea are
viral (rotavirus, sapovirus, norovirus) or bacterial (E. coli



Gough Infectious Diseases of Poverty (2022) 11:76

pathotypes, Shigella, Campylobacter spp.), but the preva-
lence of specific pathogens varies by country [109, 110].
Mortality [110] and severity [109] of diarrhea episodes
also vary by country as well as by pathogen. The broad
goal of MDA with antibiotics is to reduce the burden and
impact of pathogenic bacteria on host health. The results
of RCTs of MDA with azithromycin in LMICS suggest
that suppression of Campylobacter spp. and pro-inflam-
matory microbiome metabolic pathways may partly
explain the sustained reductions in child mortality due to
diarrhea and dysentery observed in those settings [111—
113]. Gut microbiota composition is associated with both
increased and reduced severity of enteric infections [114].
Limited evidence suggest that better or worse enteric
infection outcomes may vary by microbiota composition
and pathogen [114]. For example, mixed diarrheagenic E.
coli and viral infections in children were associated with
increased Bifidobacterium spp. and more severe illness
[115], but Bifidobacterium longum inhibited rotavirus
isolates from pediatric cases and reduced the duration of
viral gastroenteritis in another study [116].

Additional evidence comes from murine models. For
example, mucin foraging by Bacteroides spp. after anti-
biotic perturbation of the gut microbiome can facili-
tate enteric infection, which has been demonstrated for
C. difficile, C. rodentium, and S. typhimurium. (86, 87]
Alternatively, gut microbiome perturbation with anti-
biotics has been shown to delay rotavirus infection and
prevent norovirus infection in mice [117, 118]. Neverthe-
less, more careful elucidation of the specific microbiome
components that may moderate enteric pathogen viru-
lence is still required, particularly in human populations
using well-designed, adequately powered, longitudinal
studies.

Furthermore, the increase in antibiotic resistance gene
carriage by the gut microbiome that can result from
MDA suggests the potential for the beneficial effects to
become limited by decreased susceptibility of patho-
genic bacteria. Once resistance in pathogenic organisms
develop, efficacy may reverse, as has been observed for
other antibiotics in high-income settings [119]. In con-
trast, long-term use of Cotrimoxazole among children
living with HIV still suppressed inflammatory viridans
Streptococci after 4 years and the associated systemic
inflammation that increases morality risk in this popula-
tion [68]. More evidence is needed from LMICs where
the availability of antibiotics [120], and treatment needs
may be context specific.

Overweight and obesity

Antibiotic use is associated with an increased risk of
obesity. The association is greater with earlier (prior to
6 months of age) and with greater frequency of exposure

Page 13 of 20

[121-123]. Lower gut microbiota a-diversity is also asso-
ciated with obesity [14, 124]. By contrast, antibiotics
can promote weight gain in undernourished children,
although effects are heterogenous and are likely driven by
antibiotic class as well as variable prevalence of growth-
restricting comorbidities such as HIV and severe acute
malnutrition in different populations [125]. Causal effects
of microbiome composition on weight gain have also
been demonstrated in germ free mice [13].

Without a clear understanding of the causal mecha-
nisms that link changes in microbiota composition
to health outcomes, microbiota composition is often
defined as “dysbiotic” based on associations with disease
relative to healthy controls [20]. In high-income adult
populations, a decrease in a-diversity is a common fea-
ture of “dysbiosis” defined in terms of associations with
disease. In this setting, reduced a-diversity is indicative
of increased risk for obesity [126] and associated meta-
bolic disorders such as type I [127] and II [128] diabetes.
This may be particularly relevant to reduced a-diversity
associated with a high-fat, low-fiber diet rich in refined-
sugar [129]. By contrast, in exclusively breastfed infants
the gut microbiome is dominated by Bifidobacterium spp.
[32] due to the high concentrations of oligosaccharides
present in human milk, resulting in lower a-diversity
compared to mixed [32] or formula fed [32, 76] infants.
Greater a-diversity is associated with earlier introduction
of complementary foods [130] and increased risk of over-
weight in adolescence [131]. As such, greater microbiota
a-diversity in early infancy may be indicative of “dys-
biosis” due to inadequate early infant nutrition, thus the
health implications of antibiotic-associated reductions
a-diversity may be context-specific as well.

The timing of antibiotic exposure may provide further
insight into context-specific effects. In a cohort of 12,422
full-term newborns in Finland, neonatal antibiotic-expo-
sure (predominantly intravenous benzylpenicillin and
gentamicin) was associated with impaired length growth
among boys in the first 6 years of life. The association
with growth in boys was confirmed in an independent
cohort of 1707 newborns from Germany [132]. Con-
versely, the number of antibiotic courses received after
the neonatal period, was associated with increased body
mass index (BMI) at age 6 in both sexes [132]. In a sub-
set of the Finish cohort, neonatal antibiotic-exposure was
associated with decreased abundance of the genus Bifido-
bacterium, as well as reduced a-diversity at 1 month, but
greater a-diversity beyond age 12 months [132]. Notwith-
standing the later increase in overall a-diversity, diversity
within the Bifidobacterium genus remained decreased at
24 months [132].

In the same study, when germ-free mice were col-
onized with fecal microbiomes from 1-month old
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antibiotic-exposed infants, male mice experienced
reduced weight gain compared to mice colonized with
an antibiotic-unexposed infant microbiome. However,
female mice did not, corroborating the observational
findings in the human cohorts [132]. The results of
this study show that the timing of antibiotic exposure
in infancy, and sex-related host differences, can have
a profound impact on the early microbiota and infant
development.

While a causal effect of early-life antibiotic exposure on
obesity is yet to be confirmed [122], and the mechanism
is unclear, some Bacteroides spp. associated with micro-
biota recovery (B. caccae, B. intestinalis, B. uniformis)
are also associated with reduced BMI. This may be due
to their increased capacity to degrade complex carbo-
hydrates [98]. By contrast, upregulation of microbiome
metabolic pathways involved in biosynthesis of simpler
sugars via degradation of more complex, host-derived
polysaccharides is also associated with increased BMI
and insulin resistance [133]. Forty percent of the BMI-
associated and insulin resistance-associated sugar metab-
olism pathways in this study were upregulated after
beta-lactam treatment. [133]

A recent study in mice demonstrated that low-dose
penicillin delivered from birth elicited an increase in
adiposity and exacerbated the effect of a high fat diet
on increased body weight. The growth phenotype was
induced in germ-free inoculated with fecal microbiota
from antibiotic treated mice, showing that the altered
microbiota plays a causal role [134]. Antibiotic exposed
gut microbiota were characterized by reduced abundance
of Lactobacillus spp., Allobaculum spp., Rikenellaceae
spp., and Candidatus arthromitus [134]. The increased
adiposity induced by neonatal antibiotic exposure in
these mice is consistent with the increased BMI associ-
ated with post-neonatal exposure previously described
[132]. However, more research is needed to character-
ize and confirm the components of the microbiome that
promote recovery from antibiotic exposure, those that
may be required for healthy metabolism, and to translate
these mechanism to human health.

Asthma and atopy

Earlier [135, 136] and more frequent antibiotic prescrip-
tion is also associated with increased risk of childhood
asthma [137-139]. Lower gut microbiota a-diversity
is associated with eczema and allergic sensitization in
infancy and childhood as well [18, 140, 141]. A direct link
between microbiota alterations by infant antibiotic use
and asthma risk at age 5 years was recently demonstrated
[142]. Infants exposed to antibiotics in the first year of
life were two times as likely to develop asthma by age 5.
An estimated 25% of this association was attributable to
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antibiotic-induced reductions in o-diversity or antibi-
otic-associated changes in the abundance of specific taxa
[142]. Although there is tremendous variability in the gut
microbiome through infancy, a meaningful fraction of
the infancy microbiome is acquired just after birth from
the maternal gut [31] and is retained up to 3 years [127].
Maternal exposure to antibiotics, such as with IAP, may,
therefore, also alter microbial species transmission to
the infant during delivery and impact early colonization.
Antibiotic exposures that impact neonatal microbiome
composition may have long-term consequences for child
development. Several studies using animal models have
shown that the neonatal period is critical for immune
system maturation, a process that is dependent on micro-
biome colonization of the neonatal gut [18, 138, 139,
143-145] and disrupted by antibiotic ablation of the gut
microbiome [143, 145].

Promising preventive measures to protect the microbiota
A few promising approaches have been suggested to
mitigate the impacts of antibiotic use on the microbiome
(Fig. 1). Co-administration of prebiotics to promote the
growth of commensal bacteria is one such strategy. In
infants, human milk is rich in complex oligosaccharides
that serve as substrates for the growth of Bifidobacte-
rium spp. and facilitate cross-feeding by other species
[81]. Breastfeeding is associated with quicker recovery
of microbiome a-diversity in IAP-exposed infants in one
observational cohort [77]. The benefits of breastfeeding
may also extend beyond its prebiotic content [146]. In
children, co-administration of lactulose with azithromy-
cin helped to restore the relative abundance of Lactoba-
cillus, Enterococcus, Anaerostipes, Blautia and Roseburia
within 18 days of treatment, while azithromycin alone
caused an increase in the abundance of proinflammatory
Streptococci up to 60 days after treatment [147].
Co-administration of probiotics with antibiotics in
adults has also shown some potential to mitigate anti-
biotic selection for genetic determinants of resistance
[148]. However, successful gut colonization by orally
administered probiotic bacteria has shown considerable
variability by person, gut-region and probiotic strain,
explained by host and autochthonous microbiome fea-
tures [149]. Also, absence of resistance to the admin-
istered antibiotic among the probiotic strains could
exacerbate selection for antibiotic resistance in the
microbiome [150], further limiting the potential pro-
tective effects of probiotics. Fecal microbiota trans-
plantation using a self-provided, healthy fecal specimen
collected prior to antibiotic administration may be a
more effective approach to microbiome restoration [151],
although this may be a less practical option for LMICs.
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Another strategy involves use of antibiotic-drug combi-
nations to achieve more targeted species-specific effects
than single antibiotic treatments. For example, one inves-
tigation screened > 1000 drugs to identify candidates that
reduce the broad-spectrum activity of antibiotics without
impairing their activity against relevant pathogens [85].
The anticoagulant drug dicumarol, and two non-steroidal
anti-inflammatory drugs, tolfenamic acid and diflunisal,
emerged as strong inhibitors of the effect of erythro-
mycin on commensal gut bacteria (e.g. Bacteroides
vulgatus and Bacteroides uniformis). However, erythro-
mycin’s impact on pathogenic bacteria (e.g. Staphylococ-
cus aureus, Streptococcus pneumoniae and Enterococcus
faecium) was not impacted [85]. Another investigation
profiled almost 3,000 combinations of antibiotics, drugs,
and food additives to identify candidate compounds that
could mitigate the collateral impacts on the microbiome
without reducing the effect on the pathogens (e.g. Escher-
ichia coli, Salmonella enterica serovar Typhimurium and
Pseudomonas aeruginosa) [152]. More than 70% of the
drug combinations had narrow species-specific effects
and 20% showed strain-specific effects [152].

Identifying narrow-spectrum antibiotic alternatives is
another approach. The microbiome itself may be a source
of such narrow-spectrum compounds. For example,
investigation of 752 bacterial genomes from the human
microbiome project identified a cluster of genes carried
by commensal bacteria that encode thiopeptides [153].
Lactocillin, a thiopeptide encoded by Lactobacillus gas-
seri showed strong inhibitory activity against common
pathogens such as Streptococcus aureus and Gardnerella
vaginalis, but not against commensals [153]. Thuricin-
CD is another such antimicrobial that has been identi-
fied, which is produced by Bacillus thuringiensis [154].
It has been shown to be effective against Clostridium
difficile without impacting microbiota composition in a
fecal-culture system that models the human colon [154].
Development of such interventions will require deeper
understanding of the mechanisms by which MDA with
antibiotics produce health benefits, or undesirable side-
effects, so that narrow-spectrum alternatives can achieve
the desired outcomes while minimizing unwanted risks.

Finally, there may also be important microbial com-
ponents in the environment that may help to prevent
dysbiosis or restore physiologically important subsets of
the gut microbiome during critical developmental peri-
ods [155, 156]. Identification of such components could
guide development and testing of mitigating interven-
tions [157].

Limitations
This is a narrative review restricted to studies of anti-
biotics given as part of a mass drug administration

Page 15 of 20

program or policy to reduce morbidity and mortality
in specific at-risk target populations, rather than treat-
ment for a specific infection. Due to current public
health interest in MDA with antibiotics to reduce child-
hood morbidity and mortality in view of global targets,
and longer-standing interest in trachoma and yaws
elimination programs, I focused on antibiotics admin-
istered in these contexts. I also focused on antibiotic
prophylaxis in persons-living with HIV and intrapar-
tum antibiotic prophylaxis due to the existence of rec-
ommendations and guidelines for those uses. There are
few such publications and they are limited to infants,
children, and pregnant women, reducing generalizabil-
ity to populations outside these risk groups or to other
indications for treatment. Most of these studies only
reported antibiotic impacts on a- and p-diversity met-
rics, precluding more in-depth analysis of antibiotic-
associated taxonomic changes. To gain further insight
into the results of these MDA studies, I also discussed
studies that reported the factors which determine how
gut microbiota respond to antibiotic perturbation and
studies which investigated antibiotic use, gut microbi-
ota, and health outcomes in the same study population.
The number of such studies was also small, limiting
the conclusions that can be drawn. Finally, most stud-
ies reviewed here used 16S amplicon sequencing, and
did not provide any information regarding the func-
tional capability of the microbiome, which could pro-
vide more insight into the effects of antibiotic-induced
alterations on health and the mechanisms involved.

Conclusions

The most consistent reported impact of MDA with anti-
biotics has been a reduction in microbiota a-diversity in
infants and children, in addition to a reduction in Bifi-
dobacterium spp. and an increase in Enterobacteriaceae
with prenatal or neonatal exposure. The microbiome may
not fully return to its initial composition, depending on
the class of antibiotic used, the initial composition of the
microbiome, or the sources and frequency of recoloniza-
tion. The potential impact on host health may depend on
the timing of antibiotic exposure and the specific context.
Interventions to mitigate or monitor the impacts of anti-
biotic use on the microbiome show promise but require
further testing. Microbiome alteration by antibiotics is
a complex process, and more comprehensive studies are
required to fully characterize the potential mechanisms
of antibiotic-induced changes in the human gut micro-
biome and consequences for host health, and to inform
their translation into alternative treatments and public
health strategies.
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