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PERSPECTIVE

Antibiotic use and its consequences
for the normal microbiome
Martin J. Blaser1,2,3

Anti-infectives, including antibiotics, are essentially different from all other drugs; they

not only affect the individual to whom they are given but also the entire community,

through selection for resistance to their own action. Thus, their use resides at the

intersection of personal and public health. Antibiotics can be likened to a four-edged

sword against bacteria. The first two edges of the antibiotic sword were identified

immediately after their discovery and deployment in that they not only benefit an

individual in treating their infection but also benefit the community in preventing the

spread of that infectious agent. The third edge was already recognized by Alexander

Fleming in 1945 in his Nobel acceptance speech, which warned about the cost to the

community of antibiotic resistance that would inevitably evolve and be selected for

during clinical practice. We have seen this cost mount up, as resistance curtails or

precludes the activities of some of our most effective drugs for clinically important

infections. But the fourth edge of the antibiotic sword remained unappreciated until

recently, i.e., the cost that an antibiotic exerts on an individual’s own health via the

collateral damage of the drug on bacteria that normally live on or in healthy humans:

our microbiota. These organisms, their genes, metabolites, and interactions with one

another, as well as with their host collectively, represent our microbiome. Our

relationship with these symbiotic bacteria is especially important during the early years

of life, when the adult microbiome has not yet formed.

F
or 70 years, antibiotics have been a pillar of

medicine and are being used worldwide on

an enormous scale. In many countries, anti-

biotic use exceeds one course per capita per

year. In 2010, the top seven antibiotic classes

were consumed in an estimated 70 billion individ-

ual doses,which equates to about 10 pills, capsules,

or teaspoons for everyman,woman, and child on

earth (1), an annual rate that appears to be rising.

This magnitude of use is based at least in part on

the perception, among both health professionals

and the public, that antibiotics are completely safe.

We all are aware of mild, self-limited problems,

such as rashes and drug reactions, and doctors

know about serious but very rare side effects, yet

at a functional level, most of us consider these

risks so close to zero that they do not usually fac-

tor into the equation about use. There also is the

cost of antibiotic resistance, but because it pre-

dominantly affects the community rather than

the treated individual, its avoidance does not

usually affect clinical judgments about whether

or not treatment should be given. Parents would

rather have their ill child treated with a drug they

see as safe and effective than worry about the im-

pact of that single course on the future of human-

kind, and their doctors generally agree.

However, this construct of essentially complete

personal safety is illusory. Shortly after antibiotics

began to be used to treat ill people and animals,

farmers discovered that adding low doses of anti-

biotics to the foodorwater of their livestockwould

promote their growth; the earlier in life the expo-

sure began, themore profound the effect (2). This

observation alone provides an important clue that

antibiotic exposure affectsmetabolic development.

Antibiotic use has been widespread because it

leads togrowthpromotionand, therefore, increased

profit for farmers. But does this massive decades-

long worldwide “experiment” on the farm teach

us anything about human health? Is it possible

that the antibiotics that we give our children ear-

ly in life to treat their infections—whether severe

(uncommon) or mild (very common)—are influ-

encing a critical window in the development of

their own metabolism?

In recent years, scientists have been exploring

this question, with mostly consistent results. Ob-

servational, clinical, and epidemiologic studies

focused on young children are providing a growing

body of evidence that antibiotic exposure is asso-

ciatedwith increased risk for a variety of diseases

including obesity, types 1 and 2 diabetes, inflam-

matory bowel diseases, celiac disease, allergies,

and asthma [see (3, 4) for examples]. Experimen-

tal models are providing increasing evidence that

these associations are not just correlative but are

causal. Studies inmice have found that antibiotic

exposure, by disrupting the development of the

early-life microbiome, which often causes loss of

species and strain diversity (i.e., biodiversity loss),

leads to metabolic perturbations that affect adi-

posity and bone growth and alter normal im-

munologic development (5, 6).

A variety of evidence indicates that the risks

appear greatest for young children (7). Paradoxically,
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the perinatal period through the first 2 years of

life is the time when per capita antibiotic usage

is most intensive. An emerging concept to con-

sider is that the effects of antibiotics may be

cumulative in an individual, with both epidemi-

ologic and experimental data supporting that

view (8). One hypothesis is that antibiotic courses

may lead to species loss, especially for taxa that

were low in number at that time, yet which may

have important metabolic functions. The prob-

lemwould bemost important for taxawithunique

functions, although this may not happen in all

patients or with all courses. Because we each in-

herit much of our microbiome from our mother,

a further hypothesis is that environmental im-

pacts on the microbiome (including antibiotic

and dietary exposures) are cumulative across gen-

erations (8, 9) (Fig. 1). We need to carefully as-

sess these hypotheses, because the implications

are substantial.

Yet antibiotics are vital for health care. It is

difficult to imagine optimal health without an

umbrella of antibiotics to use when needed. Never-

theless, practitioners have not been taking the

biologic cost of antibiotic use into account suf-

ficiently in making treatment decisions. Differ-

ences in perceptions about how risk-free antibiotic

treatment is may in part account for the enor-

mous variation in rates of their use from prac-

titioner to practitioner, between localities and

across countries (10). The emergence of aware-

ness of the biologic costs of a treatment surely

requiresmodulation of its usage.Wemust clearly

understand the real costs, including the differ-

ences between particular antimicrobial agents

in their effects on the microbiome (11) and, thus,

the consequent sequelae on child development

(12).

Rather than carpet-bombing germs into sub-

mission with broad-spectrum antibiotics, we

will need more laserlike approaches to develop

drugs against specific pathogens, minimize dam-

age to essential symbiotic microbial species, and

preserve community structure and function in

the healthy (and developing) microbiome. Fu-

ture research, based on our extensive and grow-

ing knowledge of bacterial genes and genomes,

should aim to develop truly narrow-spectrum

agents, each ideally targeting a single pathogen.

This strategy also requires new diagnostic tests

that accurately and economically differentiate

between bacterial and viral infections, among

specific bacteria, and also distinguish between

colonization and infection. Host-specific, indeed

individual, differences may require more per-

sonalized approaches to antibacterial therapies.

Shortening treatment courses is another approach

that needs more research, as do the complex

trade-offs that arise between emergence of re-

sistance and collateral damage.

There alwayswill be instances inwhich children

must be treated with an antibiotic, but the collat-

eral effects could be mitigated. Should we bank

every healthy child’s fecal specimen, so we can

chase each antibiotic course with a dose of their

own pretreatment microbiota? Or by studying mi-

crobiota before and after antibiotic treatment,

can we identify a few key organisms to replace in

that child and then prescribe well-characterized

pharmaceutical-grade standard strains, the pro-

biotics of the future, to be administered in the ap-

propriate vehicle?

We also are learning that other drugs are af-

fecting the microbiome in ways that were not

anticipated. For example, metformin, widely used

in the treatment of type 2 diabetes, has important

effects on microbial populations. It may be that

metformin’s antimicrobial actions, which in turn

affect short-chain fatty acidmetabolism, determine

the efficacy of the drug, rather than its direct ef-

fects on tissues (13). However, no drugs are as im-

portant as antibiotics because of their usage in

virtually all children worldwide and because their

activities, specifically targeted to bacteria, strongly

select and shapemicrobial community structure.

Even later in life, antibiotic exposures may have

consequences in terms of risks for metabolic (14)

and neoplastic diseases and for acquisition of re-

sistant organisms.

The third and fourth edges of the antibiotic

sword—cost to the community and to a person’s

future health—are both being driven by anti-

biotic overuse. First, we must control those ex-

cesses, but mitigation will only stabilize the

situation not reverse the deterioration that like-

ly has progressively occurred with socioeconomic

development (15). Ultimately, we may need to

recover the biodiversity lost as a result of these

generations of antibiotic use (and other insults).

The goal should be to restore the status quo ante,

using probiotics, perhaps with accompanying

prebiotics, to replace vital missing and/or extinct

species and strains that modulate crucial devel-

opmental pathways. This critically important next

scientific frontier in human health will require

much research.
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Fig. 1. Models of microbiota change in different societies. The decline in microbiota diversity in

the United States happened simultaneously with the early introduction of sanitation, including

filtered and chlorinated drinking water, and early antibiotic use. The scale is arbitrary and reflects the

aggregate of species and strain losses. The numbers shown represent the generations since the

earliest population-wide microbiota species and strain losses and show progressive and cumulative

loss of diversity. Each line represents an average; within every generation, there is variation in individual

positions, based on their founding populations, exposures, and timing. In a country with late mod-

ernization, the diversity loss occurred later, but generation times are shorter, and the steps more

irregular and increasing, which reflects the effects of the accelerated pace of modernization in recent

years on human microbiota biodiversity loss in developing countries. For the future, three trajectories are

shown for the developed country.
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