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Abstract

Purpose of Review In this review, we summarize current evidence on the association between antibiotics and the subsequent
development of obesity through modulation of the gut microbiome. Particular emphasis is given on (i) animal and human studies
and their limitations; (ii) the reservoir of antibiotics in animal feed, emerging antibiotic resistance, gut dysbiosis, and obesity; (iii)
the role of infections, specifically viral infections, as a cause of obesity; and (iv) the potential therapeutic approaches other than
antibiotics to modulate gut microbiome.

Recent Findings Overall, the majority of animal studies and meta-analyses of human studies on the association between antibi-
otics and subsequent development of obesity are suggestive of a link between exposure to antibiotics, particularly early exposure
in life, and the development of subsequent obesity as a result of alterations in the diversity of gut microbiota. The evidence is
strong in animal models whereas evidence in humans is inconclusive requiring well-designed, long-term longitudinal studies to
examine this association. Based on recent meta-analyses and epidemiologic studies in healthy children, factors, such as the
administration of antibiotics during the first 6 months of life, repeated exposure to antibiotics for > 3 courses, treatment with
broad-spectrum antibiotics, and male gender have been associated with increased odds of overweight/obesity.

Early antibiotic exposure in animal models has shown that reductions in the population size of specific microbiota, such as
Lactobacillus, Allobaculum, Rikenellaceae, and Candidatus Arthromitus, are related to subsequent adiposity. These data suggest
that the loss of diversity of the gut microbiome, especially early in life, may have potential long-term detrimental effects on the
adult host gut microbiome and metabolic health. Genetic, environmental, and age-related factors influence the gut microbiome
throughout the lifetime. More large-scale, longer-term, longitudinal studies are needed to determine whether changes that occur
in the microbiome after exposure to antibiotics, particularly early exposure, are causal of subsequent weight gain or consequent of
weight gain in humans.

Summary Further well-designed, large-scale RCTs in humans are required to evaluate the effects of administration of antibiotics,
particularly early administration, and the subsequent development of overweight/obesity. Therapeutic interventions, such as
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bacteriophage treatment or the use of probiotics, especially genetically engineered ones, need to be evaluated in terms of

prevention and management of obesity.

Keywords Antibiotic - Diet - Gut - Infection - Intestine - Metabolic syndrome - Microbiome - Microbiota - Obesity - Prebiotic -

Probiotic - Virus

Introduction

Overweight, defined as BMI > 25 kg/mz, and obesity, defined
as BMI > 30 kg/m?, pose a major public health problem world-
wide. Specifically, obesity has nearly tripled since 1975. In
2016, more than 1.9 billion adults, aged 18 years and older,
were overweight. Of these, individuals with obesity were more
than 650 million. In particular, 39% of adults aged 18 years and
above were classified in the group of overweight while 13%
were classified in the group of obesity [1]. Furthermore, recent
data from the National Health and Nutrition Examination
Survey have indicated that the age-adjusted prevalence of obe-
sity among US adults was 42.4% in 2017-2018 [2]. Regarding
childhood obesity, which is still on the rise, 38 million children
under the age of 5 belonged to the group of overweight and
obesity in 2019 [3]. Over 340 million children and adolescents
aged 5-19 years old belonged to the group of overweight and
obesity in 2016 [4]. Notably, most of the world’s population
live in countries where overweight and obesity affect more
people than underweight [3].

Microbial communities are scattered all over and inside
human body, i.e., skin, vagina, intestine, and oral cavity.
The abundance, diversity, and features of microorganisms’
genes are collectively known as the human microbiome, a
seemingly ‘new actor on stage’, due to its numerous roles in
health and disease [5]. However, the majority of microorgan-
isms harbor the gastrointestinal tract. The intestinal microbiota
is an ever-changing ecosystem containing more than 105 bil-
lion microorganisms that outnumber human cells and includes
bacteria, archaea, protozoans, viruses, and fungi [6]. The hu-
man adult gut is characterized by six dominant phyla includ-
ing Firmicutes, Bacteroides, Proteobacteria, Actinobacteria,
Fusobacteria, and Verrucomicrobia, with the first two
representing more than 90% [7].

Colonization of the gastrointestinal tract has been demon-
strated to begin in utero, and subsequently evolves and
reaches maturity within the first years of life [8-10]. Other
determinants, such as host genetic factors, oral antibiotic use
carly in life, diet, smoking, and infections, are fundamental in
shaping gut microbiota [11-14].

Even though the composition of the gut microbiota is in-
fluenced by factors listed above, as well as gender, geographic
location, and race/ethnicity, the delivery mode appears to be
the most crucial factor for the acquisition of neonatal

microbiota [15, 16]. Newborns are coated by the maternal
vaginal and gut microbiota, which are mainly dominated by
Lactobacillus, accounting for > 50% of the total microbiota
[16, 17]. After birth, newborns acquire their secondary
microbiome from their families as well as the surrounding
ecosystem. Vaginally delivered newborns acquire a bacterial
composition resembling their mother’s vaginal microbiota,
dominated by Lactobacillus, Prevotella, or Sneathis [18]. In
sharp contrast to vaginal delivery, newborns delivered by ce-
sarean section acquire bacteria, which resemble those present
on the skin, such as Staphylococcus, Corynebacterium, and
Propionibacterium. These bacteria are not maternally derived,
but are acquired from the hospital staff, with whom the new-
borns have had contact [16]. The period of microbiota acqui-
sition and the development of a child’s immune system are
interconnected as they take place at the same time, thus
influencing each other strongly [19, 20].

Microbial colonization during neonatal development is char-
acterized by a considerable degree of dynamic variation in its
composition, which evolves toward an adult-like configuration
within 3 years after birth [19]. Colonization by commensals is
related with and required for the maturation of host immunity,
leading to an immunometabolic homeostasis of the host [19].
Administration of antibiotics is linked to alterations in the gut
microbiota that could lead to alterations in immunometabolic
function if they occur in windows of opportunity [19].

Based on recent advances in sequencing technology and bio-
informatics analyses summarized in [18], it has been shown that
(1) the composition of the gut microbiota may change during life
modified by diet, genetics, and the environment; (2) the course of
early development of the gut microbiota is highly unstable and
idiosyncratic. There is a rapid increase in the diversity of gut
microbiota in early childhood with shifts in response to diet
and disease. Nevertheless, the reason for this increase in diversity
is unknown; (3) there is a difference in the composition of gut
microbiota amid children from different countries.

Although very difficult to perform, more age- and region-
specific longitudinal studies over a long time period (more
than 5-10 years) are necessary to study the composition of
gut microbiota throughout the lifespan [18].

Maintaining the variety and balance of gut microbiota are
the key points for promoting human health throughout the life
cycle. Alterations in the diversity or structure of gut microbi-
ota known as dysbiosis may affect metabolic activities,
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resulting in metabolic disorders, such as obesity, metabolic
syndrome, and diabetes mellitus [21, 22¢¢]. In particular, the
gut microbiome can disrupt the gut mucosal barrier, resulting
in an increased exposure of the host’s immune system to bac-
terial products, such as membrane lipopolysaccharides (LPS),
a condition known as metabolic endotoxemia. Endotoxemia
in conjunction with an increased gut permeability are related
to inflammation, which, in turn, may result in weight gain,
hyperglycemia, and hyperinsulinemia [23¢].

The aim of this review is to present summarize current
evidence on the association between antibiotics and the sub-
sequent development of obesity through modulation of the gut
microbiome. Particular emphasis is given on (i) animal and
human studies and their limitations; (ii) the reservoir of anti-
biotics in animal feed, emerging antibiotic resistance, gut
dysbiosis, and obesity; (iii) the role of infections, specifically
viral infections, as a cause of obesity; and (iv) potential ther-
apeutic approaches other than antibiotics to modulate gut
microbiome.

Alterations of the Gut Microbiome as a Cause
of Obesity

There is mounting evidence highlighting the significance of a
well-balanced microbiome in human health [24e, 25].
Disruptions in the diversity and/or structure of the intestinal
microbial community could lead from eubiosis to dysbiosis, a
condition of imbalance between commensals and pathogenic
microbes. Dysbiosis is responsible for numerous alterations in
several metabolic pathways leading to metabolic disorders as
well as numerous non-communicable diseases [21].

A plethora of animal studies have documented that the
decreased diversity and reduced richness in the species and
genes of the gut microbiome are correlated with an elevated
risk for obesity [11, 12, 23-27]. In 2004, Backhed et al. have
shown that germ-free (GF) mice were leaner than the conven-
tional models. In this landmark study, after transplantation of
the gut microbiota from conventionally raised mice, GF mice
presented an increase in body fat mass despite the reduced
food consumption [28]. Notably, in 2006, Turnbaugh et al.
have demonstrated that gut microbiota transplantation from
obese to GF mice led to fat mass augmentation three times
more than the respective transplantation from lean mice [29,
30]. In addition, gavage of mice with B. thetaiotaomicron has
been suggested to protect against obesity [31].

Experimental studies in animal models as well as in humans
have shown that obesity is associated with a decrease in the
abundance of Bacteroidetes and an increase in the number of
Firmicutes [31, 32]. Figure 1 depicts key gut microbiota, me-
tabolite, and functional characteristics associated with obesity.
Overall, there is lower microbial richness and diversity as well
as lower microbial gene count in obesity compared to
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individuals of normal weight. A plethora of studies has impli-
cated certain microbial species, metabolic, and functional char-
acteristics in obesity; nevertheless, findings differ between stud-
ies. At the species level, several studies have documented the
abundance of short chain fatty acids (SCFA) producing-mi-
crobes, such as Eubacterium ventriosum and Roseburia
intestinalis, which have been linked to obesity [33]. In a
metagenome-wide study of lean individuals and individuals
with obesity, Bacteroides thetaiotaomicron, a glutamate-
fermenting commensal, was reported to be reduced among pa-
tients with obesity, being also inversely associated with serum
glutamate levels [31]. Noteworthy, diet-induced weight loss is
associated with increased gut bacterial gene richness and a re-
duced subclinical chronic systemic inflammation. When sub-
jects with obesity were either on a carbohydrate-restricted or a
fat-restricted low-calorie diet, a decrease in Firmicutes and an
increase of Bacteroidetes were documented [29, 34-38].

Microbial metabolites such as bile acids, SCFAs, mainly
butyrate, acetate and propionate, branched chain amino acids
(BCAAS), aromatic amino acids, and trimethyl-amin-N-oxide
(TMAO), play a pivotal role in the metabolic pathways impli-
cated in obesity [22, 39, 40]. Secondary bile acids, mainly
derived from the effect of Lactobacilli and Clostridium species
on the primary bile acids in the small intestine, seem to modu-
late glucose homeostasis and energy expenditure [39—42].
SCFA:s, as the end products of polysaccharide fermentation in
the proximal colon, could serve as an energy warehouse, affect-
ing body weight. Butyrate is a significant player for the integrity
of tissue barrier function and for immune regulation [43, 44]. A
bulk of evidence, mostly from experimental studies and only
one human study examining propionate, has highlighted that
SCFAs, through the regulation of appetite, the increase of en-
ergy expenditure and the level of anorexic hormones, may in-
fluence body weight and prevent the development of obesity
[22¢, 45-47]. However, experimental in vitro and animal stud-
ies may not translate into the human condition. Moreover, hu-
man studies are limited by difficulties in determining SCFA
production, by differences in the mode of administration and/
or the site of production, by the variation in diet composition
and metabolic phenotype between subjects [46]. More well-
controlled longer-term human SCFA intervention studies are
needed to explore SCFA actions in metabolic health [45, 46].
BCAAs and aromatic amino acids are associated with obesity,
insulin resistance, and type 2 diabetes mellitus (T2DM).
Finally, animal studies have also highlighted the role of
TMAQO, as a product of the microbial metabolism and food
sources, in cardiovascular risk and obesity; however, human
studies have yielded conflicting outcomes [22¢¢].

During dysbiosis, the imbalanced gut microflora has the
ability to alter the intestinal permeability, leading to amplified
exposure of the host’s immune system to microbial metabo-
lites. One of the consequences is metabolic endotoxemia
caused by the high levels of LPS, known as endotoxin, of
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Fig. 1 Key gut microbiota, metabolite, and functional characteristics
associated with obesity. Overall, there is lower microbial richness and
diversity as well as lower microbial gene count in obesity compared to
normal weight individuals. A plethora of studies has implicated certain
microbial species, metabolic and functional characteristics in obesity;
nevertheless, findings differ between studies. This list is not complete

microbial membranes of Gram negative bacteria. There is now
compelling evidence that this intestinal leakage contributes to
the chronic, low-grade inflammation, which characterizes
obesity, by activating the innate immune system with pro-
inflammatory molecules and cells [48-51]. Recently, gut
microbiome dysbiosis and endotoxemia have been suggested
as possible physiological mechanisms for the increased
COVID-19 severity in individuals with obesity [52].

There is much interest regarding the potential beneficial
effects of functional foods, including probiotics, prebiotics,
synbiotics, and postbiotics, in the prevention and treatment
of obesity. Gut microbiota modulation through the adminis-
tration of probiotics or prebiotic dietary fibers seems to be a
promising way for obesity prevention and management. In
particular, probiotics, such as Bifidobacterium and
Lactobacillus, exert beneficial results on weight loss, while
reducing inflammation and maintaining glucose control based
on animal studies and meta-analyses of human studies [22,
39]. Next-generation probiotics, such as Faecalibacterium
prausnitzii, Akkermansia muciniphila, or Clostridia strains,
have also demonstrated promising results. However, the use
of prebiotics in obesity has yielded inconsistent results, mainly
due to the limitations in human studies, such as the heteroge-
neity of the studied groups in terms of age, sex, race, and the
paucity of studies. The use of prebiotics and probiotics is
considered safe in immune-competent subjects, while in
immune-compromised patients, there is major skepticism,
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regarding the totality of altered taxonomic, metabolite, and functional
characteristics but represents frequent patterns observed amid studies.
Abbreviation list: BCAA: branched-chain amino acid; LPS:
lipopolysaccharide; SCFA: short-chain fatty acid; TMAO: trimethyl-
amine-N-oxide; | or 1: reduced or increased abundance in obesity
compared to normal-weight individuals

due to many studies confirming infections by probiotics in
this category of patients [22+¢]. Of note, the potential role of
pre- and probiotics as well as other nutritional bioactives were
suggested as potential immune-modulator factors in patients
with COVID-19 and obesity [53].

Further large-scale RCTs in humans are essential for un-
derstanding the contribution of all biotics in the prevention
and therapeutic management of obesity.

Alterations of the Gut Microbiome
by Antibiotics

Antibiotics, as lifesaving medicines for over a century, have
been in the front line for combating infections, preventing var-
ious medical conditions, and promoting animal growth [54ee].
However, they present certain disadvantages including antimi-
crobial resistance (AR) and adverse drug events (ADEs) [55].
As gut microbiota is characterized by multiple shifts from the
endometrial period till the end of life, antibiotics are suggested
to represent one of the most pivotal factors for these alterations
stimulating or promoting various diseases.

Since 1940, it has been known that antimicrobials may
affect the intestinal microbiota. In 1950, terramycin proved
to alter the gut microbiota in patients submitted to bowel sur-
gery [56, 57]. Dysbiosis is closely related to the use of med-
ication, being characterized by (i) the flourishing of the
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pathobionts, i.e., resident microbes with pathogenic potential;
(it) the loss of «-diversity, i.e., the mean species diversity in
the intestinal tract; (iii) the recruitment of inflammatory cells;
(iv) the ‘leaky gut’ syndrome; and (v) the impaired protection
against pathogens [54¢¢]. Figure 2 depicts the main mecha-
nisms interconnecting gut dysbiosis triggered by environmen-
tal exposures such as diet and antibiotics and obesity.

Several studies have demonstrated that the use of antibi-
otics during pregnancy, infancy, and childhood is strongly
correlated to short-term consequences including antibiotic-
related diarrhea, infection from Clostridium difficile, and AR
emergence, while the long-term effects may comprise allergic,
autoimmune, and metabolic disorders [54e¢, 58-64]. The hu-
man intestinal microbiome may also harbor antimicrobial re-
sistance genes (ARGs) as a reservoir undergoing changes in
its resistome, i.e., the ARGs from both pathogenic and non-
pathogenic bacteria after antibiotic treatment [64, 65].
Moreover, a handful of studies have proposed a transitory
dysbiosis, whereas other studies have shown that antibiotics
may cause permanent disturbances of the intestinal microbial
communities [S4¢, 65]. Actually, antibiotics lessen the micro-
bial diversity in short-term usage, while they present a variable
behavior concerning their long-term effects [66°°].

The response of the gut microbiome to antibiotic treatment
is a multifactorial process and depends upon the type and
spectrum of activity, the route of administration, the duration,
the number of doses, the age of subject, the genetic suscepti-
bility and lifestyle, the pharmacological action, and the target
bacteria [54¢¢]. Because of the abovementioned factors, there
are numerous existing patterns of microbiome shifts due to the
use of antibiotics in humans and mouse models as depicted in

Fig. 2 Gut dysbiosis triggered by
environmental exposures such as
diet and antibiotics plays an
important role in disrupting
molecular metabolism and
impacting on obesity outcomes.
In obesity, the adipose tissue is
infiltrated with inflammatory
immune cells that produce high
amounts of proinflammatory
cytokines and chemokines. The
gut barrier is disrupted causing
gut antigens and PAMPs such as
LPS to enter the tissue and
stimulate inflammation. DC:
dendritic cells, GABA: gamma
aminobutyric acid, Mono:

AV AT VN A \‘

GABA Immune cells activation
ISHT N
Peptide YY e o ‘H’ ) %
4 DC PMNs Mono
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Table 1 [81, 82¢¢]. In a recent systematic review, it has been
shown that changes in the gut microbiome from metronida-
zole and clarithromycin lasted the longest (4 years), followed
by clindamycin (2 years), and ciprofloxacin (1 year).
Additionally, antibiotics, particularly macrolides, amoxicillin,
amoxicillin/clavulanate, quinolones, clindamycin,
lipopolyglycopeptides, ketolides, tigecycline, fosfomycin,
and cephalosporins, were associated with elevated numbers
of Enterobacteriaceae other than E. coli (mainly Citrobacter
spp., Enterobacter spp., and Klebsiella spp.) [82¢°].
Noteworthy, different classes of antibiotics have variable ef-
fects on gut microbiota; for example, (3-lactams decrease the
abundance of Actinobacteria and Firmicutes and increase
Proteobacteria and Bacteroidetes [68, 83]. Elevated abun-
dance of Enterococcus spp. is promoted by amoxicillin, piper-
acillin and ticarcillin, carbapenems, lipoglycopeptides, and
cephalosporins (except fifth generation cephalosporins), while
decreased abundance is stimulated by macrolides and doxy-
cycline. Piperacillin and ticarcillin, carbapenems,
clindamycin, macrolides, and quinolones reduce significantly
the abundance of anaerobic bacteria [65]. There are also stud-
ies demonstrating that the intestinal microbiome is resilient
after short-term exposure to broad-spectrum antibiotics, but
the changes differ among individuals while the restoration of
the diversity and composition varies as well [S4¢e, 65, 79, 84].

Overall, antibiotics lead to microbiome perturbations and
create gut dysbiosis mainly by the increase of the abundance
of Proteobacteria (considered as pathobionts) and the de-
crease of Actinobacteria and Bacteroidetes (considered as
synbionts), with great varieties regarding severity and resil-
ience. To overcome the collateral damage of the antibiotic

Gut‘lcroblota \‘\' Antibiotics
3 ,! Rupture of tlght jun !

‘Ilwl\]

ay
“ r‘ ‘ ‘

monocytes, PYY: peptide YY,
PMNs: polymorphonuclear
neutrophils, Th: T helper cells;
SHT: 5-hydroxytryptamine
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Table 1 Existing patterns of microbiome shifts due to antibiotics in humans

Research/year Antibiotic category Main findings

Dethlefsen L. et al. 2008 [67] Ciprofloxacin Taxonomic richness|
Diversity |
Uniformity |

Jakobsson HE et al. 2010 [68] Clarithromycin Actinobacteria |
Firmicutes |
Bacteroides 1
Proteobacteria 1

Dethlefsen L. et al. 2011 [65] Ciprofloxacin Microbial diversity |

Pérez-Cobas AE et al. 2013 [69]

Greenwood C et al. 2014 [70] Ampicillin
Vrieze A et al. 2014 [71] Vancomycin
Amoxicillin

Panda S et al. 2014 [72]

Stewardson AJ et al. 2015 [73] Ciprofloxacin

Mikkelsen K et al. 2015 [74]

Rashid MU et al. 2015 [75] Ciprofloxacin
Rashid MU et al. 2015 [75] Clindamycin
Lichtman J et al. 2016 [76] Streptomycin
Korpela K, et al. 2017 [77] Macrolide
Lankelma JM, et al. 2017 [78] Ciprofloxacin
Vancomycin
Metronidazole
Palleja A, et al. 2018 [79] Meropenem
Gentamicin
Vancomycin
Willmann M, et al. 2019 [80] Ciprofloxacin
Cotrimoxazole

Moxifloxacin, cefazolin, ampicillin/sulbactam,
amoxicillin, penicillin G/clindamycin

Fluoroquinolones and b-lactams

Vancomycin, Gentamicin, Meropenem

Shift in community composition

Fluctuations in biodiversity parameters for total and
growing microbiota

Microbial diversity |

Enterobacter spp. 1

Firmicutes (Clostridium, Lactobacillus) |

Proteobacteria 1

Microbial diversity |

Number of taxa]

Average microbial load?

Bifidobacterium (Actinobacteria) |

Alistipes (Bacteroidetes) |

Firmicutes (Faecalibacterium, Oscillospira,
Ruminococcus and Dialister) |

Gut bacterial population|

Bifidobacterium (Actinobacteria) | Bacteroides 1

Lactobacilli and Bifidobacteria |

Opverall diversity |

Ruminococcaceae?

Bacteroidaceae 1

Bacteroides 1

Proteobacteria 1

Actinobacteria |

Firmicutes |

Total bacteria diversity |

Gut microbiota diversity |

Enterobacteriat

Enterococcus faecalist
Fusobacterium nucleatum?
Bifidobacterium spp.|

Other butyrate species|
Diversity|

Evenness|

Different effects on gut resistome

usage, such as dysbiosis and AR, efforts have focused on
personalized strategies, including understanding of
microbiota-host interactions, rational use of antibiotics, vac-
cines and non-conventional antimicrobial agents, specifically
bacteriophages, antimicrobial peptides, nucleoside-based an-
tibiotics, and monoclonal antibodies [54e¢].

Administration of Antibiotics as a Cause
of Obesity

Antibiotics have been linked to alterations in the gut
microbiome, which, in turn, have been suggested to be related

to the development of obesity. The mechanisms by which
antibiotics may provoke weight gain remain obscure, but sev-
eral hypotheses have been suggested, such as (i) the increased
ability of some gut bacteria to extract energy from indigestible
polysaccharides, (ii) the decrease in bacteria that are known to
be protective against obesity, (iii) changes in hepatic lipogen-
esis, and (iv) the decrease in intestinal defense and in benefi-
cial metabolic and immunity pathways [63¢e, 66°¢].

Evidence from Animal Studies

There is a growing body of evidence from animal models
highlighting the association between the administration of
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low doses of antibiotics and obesity [66, 84-86]. Table 2 de-
picts major studies in animal models demonstrating the asso-
ciation between exposure to various classes of antibiotics in
mice with the development of obesity. Cho et al. have docu-
mented that sub-therapeutic doses of antibiotics resulted in
changes in the gut microbiome as well as in weight gain in
young rodents [85]. Cox et al. confirmed the notion that
around the time of birth, rodents were particularly vulnerable
to low-dose antibiotic exposure. In particular, in male mice
whose mother was administered penicillin before birth and
throughout weaning, there was a significant enhancement in
fat mass and total mass that persisted during adulthood,
whereas male mice receiving antibiotics after weaning and
female mice receiving antibiotics before birth and after
weaning had similar body composition, when compared to
controls [86]. Interestingly, experiments in animal models
have demonstrated that there were reductions in the popula-
tion size of specific microbiota, such as Lactobacillus,
Allobaculum, Rikenellaceae, and Candidatus Arthromitus,
suggesting that the abovementioned bacteria could possess
protective roles in shaping adult metabolism [86].
Noteworthy, Li et al. have documented a significant decrease
in the richness and diversity of the gut microbiota after expo-
sure to antibiotics in mice, a finding which is consistent with
similar results among humans [92].

Since the 1950s, antibiotics have been added to food and
water in pigs, cows, and chickens as an effective method to
improve survival and growth, in particular, weight gain [94].
Notably, early-life exposure to antibiotics in these farm ani-
mals has much greater effects on weight gain, than when ex-
posure occurred in later life [95]. Early antibiotic exposure in
animal models has shown that reductions in the population
size of specific microbiota are related to subsequent adiposity.
These data suggest that the loss of diversity of the gut
microbiome, especially early in life, may have potential
long-term detrimental effects on the adult host gut
microbiome and metabolic health. Early exposure of the de-
veloping neural circuitry regulating energy homeostasis (input
and output) could result in changes in the leptin signaling
pathways or other aspects of that circuitry that favor subse-
quent weight gain. This could occur via effects of SCFAs or
other molecules affected by the microbiome [96, 97].

Moreover, in the agricultural setting, efficacy in terms of
improving growth and survival with the use of a wide range of
antibiotics, such as lincosamides, macrolides, streptogramins,
phosphoglycolipids, polyethers, quinoxalines, and sulfon-
amides, has been documented. This practice has been widely
adopted by farmers while a number of different antibiotics
have been used for this purpose [95, 98]. The fact that treat-
ment with a wide variety of antibiotic classes leads to in-
creased fat mass, is suggestive of the notion that changes in
the gut microbiota may alter host metabolism [63¢¢]. Changes
in the intestinal permeability as well as variations in the host

immune responses may contribute to the alterations in meta-
bolic outcomes in the host. Of note, administration of high
doses of antibiotics early in life in animal models has led to
decreased fat mass and body weight as well as improvement in
markers of insulin sensitivity. Therefore, it seems likely that
variations in metabolic effects are largely dependent on the
dose of antibiotics, timing, animal model, and dietary factors.
These important parameters are suggested to have differential
effects on gut microbiota and, subsequently, on host metabo-
lism [95].

Evidence from Human Studies

To date, not so many studies have been conducted in humans
regarding the association of exposure to antibiotics early in
life and the subsequent development of childhood obesity.
Table 3 depicts the list of meta-analyses and main studies
associating antibiotics exposure and obesity in childhood
and adulthood.

Wan et al. have performed a meta-analysis of 23 observa-
tional studies including 1,253,035 children. They have report-
ed that the administration of antibiotics only during the second
trimester of pregnancy and during infancy has resulted in
childhood overweight/obesity [101]. Noteworthy, increased
odds of childhood overweight/obesity were linked to the fol-
lowing parameters: (i) administration of antibiotics during the
first 6 months of life, (ii) repeated exposure to antibiotics for >
3 courses, (iii) treatment with broad-spectrum antibiotics, and
(iv) male gender [109, 113, 116, 117].

In sharp contrast to previous studies, only two studies have
reported no difference between exposure to antibiotics and
childhood overweight/obesity [112, 118, 119]. However, in
the first study, only a single class of antibiotics was prescribed
as prophylaxis; therefore, the results might have been affected
by the type and dosage of the administered antibiotic, while in
the second study, infection per se rather than the administra-
tion of antibiotics accounted for the observed increased body
weight.

In adults, only observational studies involving a small
number of participants have been conducted. These studies
have reported that subjects treated with antibiotics were prone
to weight gain, when compared with those not adminis-
tered any antibiotics. In particular, Mikkelsen et al. have
reported weight gain among adult patients receiving
gentamicin, meropenem, and oral vancomycin together
with an elevation of serum peptide YY levels [74]. In
addition, Thuny et al. have demonstrated weight gain
among adults receiving antibiotics for suspected endo-
carditis [102]. Besides, Francois et al. have documented
an increase in serum ghrelin and leptin levels as well as
an increase in BMI among adults receiving antibiotics
for Helicobacter Pylori infection [105].
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Limitations of Studies

Unfortunately, almost all of the studies performed in humans
have been observational in design; therefore, it is not possible
to confirm that antibiotic use is the primary cause of obesity,
without excluding other confounding factors, such as dietary
parameters, host genetics, maternal BMI, breastfeeding, ma-
ternal smoking, and the presence of infection itself [109, 113,
114, 116, 117].

In addition, in some of the abovementioned studies, the
data regarding antibiotics usage and compliance have been
relatively unreliable, as these have been based upon recalls
from the parents of the enrolled children [109, 117, 119].
Furthermore, some of these studies have examined children
with infections, and the resolution of infection per se with the
administration of antibiotics might account for weight gain.

Overall, although most studies are supposed to link the
early-life exposure to antibiotics with childhood overweight/
obesity, well controlled and large-scale studies are mandatory
to indicate which genetic and environmental factors are fun-
damental to the development of childhood obesity, that may
be targeted to improve the childhood obesity epidemic.

The Reservoir of Antibiotics in Animal Feed,
Emerging AR, Gut Dysbiosis, and Obesity

Apart from their usual indications, antibiotics have also been
used as ‘animal growth promoters’ for about 70 years [120,
121]. This term implies that the administration concerns low,
subtherapeutic dosage and the main target is not the health
benefit, but the animal growth. Due to the direct need for
animal protein in recent decades with rising human popula-
tions, intensive animal husbandry exploited antibiotics as an
essential weapon to ward off infection, but also to improve
animal health. The intensification of farming led to a greater
dependence on antimicrobials in order to convert more effi-
ciently food to animal products and to minimize morbidity/
mortality rates. As antimicrobials are added in food or water,
they are omnipresent and leave residues in all the livestock
and food chain, e.g., meat and milk, causing environmental
contamination with potential toxic implications in humans
[54e-].

Nevertheless, the most perilous side effect is that the inap-
propriate use of antibiotics in animal feeding represents a
leading cause of AR. Cheap antibiotics are easily available
in developing countries without prescription and seem to
overwhelm farms and environment with multi drug-resistant
microbes. AR, characterized as a ‘ticking time bomb’, is
closely correlated to antibiotic consumption in food produc-
tion representing a real scourge given that more than 52% of
total antibiotic consumption accounts for animals [122]. The
recent colistin resistance globally spread from Chinese pigs

highlights the severity of the agricultural AR selection [123].
AR, which is also associated with the increasing use of newer
classes of antibiotics, may reduce the diversity and richness of
bacteria taxa in the gastrointestinal tract, leading to subsequent
alterations in the gut microbiota and dysbiosis with potential
detrimental effects on metabolic homeostasis and weight
control.

Apart from AR, another growing concern is the contribu-
tion of subtherapeutic antibiotic treatment to weight gain in
humans. Over the past 20 years, there was a parallel rise of the
prevalence of obesity and the industrial intensive farming with
increased antibiotic use. Nevertheless, this association has not
been thoroughly investigated yet. More well-designed pro-
spective studies with an omics approach are needed to estab-
lish a potential causal link between the enormous exposure to
food containing low-residue antibiotics and perturbations of
gut microbiota associated with dysbiosis and concomitant in-
crease in body weight.

The growing concern for the AR spreading through the
food chain forced many countries in Europe and the USA to
ban the use of antimicrobial agents for animal growth, espe-
cially the medically important for humans [58]. However,
legislation is hard to implement, especially if there is no alter-
native. Promising innovations, such as the use of probiotics
and prebiotics as alternative feed additives, activated carbon
absorption, membrane filtration, advanced oxidation process-
es, and silver nanoparticles could supersede antibiotics in an-
imal feed [121]. In this context, various substances present
antimicrobial properties; however, more studies are required
to investigate their exact mechanism of action and potential
toxicity. Additionally, incentives for farmers to produce
antibiotic-free food might help tackling the non-human anti-
biotic use in a more effective way.

Infections or Antibiotics as a Cause of Obesity:
the Chicken or the Egg?

As mentioned above, infection per se rather than the admin-
istration of antibiotics could be a cofactor to the development
of obesity. Specifically, in a large study involving more than
260,000 individuals, Li et al. have reported a relationship be-
tween infection and increased risk of obesity during childhood
and adolescence, which was found to be independent of anti-
biotic treatment [114e]. Furthermore, the odds of obesity
were demonstrated to be higher in the group with untreated
infections, when compared to those who were both uninfected
and untreated. However, this study presented a significant
limitation; the assessment of obesity was made by comparing
BMI among children from 2 to 18 years old, i.e., with a wide
variation in their age range, whereas comparisons between
children of similar age might have resulted in different out-
comes [119].
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Apart from bacteria, viruses and other pathogenic microor-
ganisms may be considered as potential causes of obesity. At
least ten different viruses have been reported to cause obesity
in animals, such as canine distemper virus, Rous-associated
virus type 7, Borna disease virus (BDV), scrapie agent, avian
adenovirus SMAMI1, and human adenoviruses Ad36, Ad5,
and Ad37 [124-126]. While some viruses have been docu-
mented through polymerase chain reaction (PCR) to affect the
central nervous system (CNS) by reducing appetite, affecting
energy expenditure and leading to obesity, other viruses seem
to directly affect the adipocytes. SMAM-1 and three human
adenoviruses, such as adenovirus (Ad) 36, Ad-37, and Ad-5,
act in adipocytes and are potentially associated with obesity.
In particular, these viruses lead to a faster activation of various
enzymes and transcription factors, resulting in the accumula-
tion of triglycerides, in conjunction with a quicker differenti-
ation of pre-adipocytes into mature adipocytes, as shown in
in vitro or in vivo findings of lipid accumulation and impaired
leptin secretion. Interestingly, SMAMI1 and Ad36 have been
documented to be related with obesity in humans. Ad-36, the
most studied adenovirus, is the only human adenovirus to date
that has been related to human obesity. Ad-36 causes obesity
in animals, where Ad-36 seropositivity has also been found in
30% of individuals with obesity in comparison to 11% of
subjects with normal weight [125, 126].

Nevertheless, the role of viruses as well as bacteria in the
development of obesity needs further investigation. These da-
ta regarding viral infections suggest the possibility not only
that infections may be direct causes of weight gain, but also
that the inflammatory processes and their metabolic conse-
quences in general may promote weight gain. The notion of
“infectobesity”, although intriguing, should be confirmed or
refuted by studies in animal models as well as in humans, with
the advent of sophisticated molecular methods.

Therapeutic Approaches Other than
Antibiotics to Modulate Gut Microbiome

Probiotics are “live microorganisms, which confer health ben-
efits to the host” and thus, are considered to possess the po-
tential to exert modifications in the composition of the gut
microbiota and the host metabolism. The administration of
probiotics to pregnant women and in animal models as well
has resulted in changes in the growth and weight of their
offspring, attributed to the differences in the strains of
probiotics together with differences in host species character-
istics [125, 127]. Additional studies are anticipated to deter-
mine whether probiotics may influence host growth and de-
velopment after antibiotic treatment. Currently, available
probiotics are limited to a relatively small number of phylo-
genetic species, when compared to the high diversity of the
gut microbiota in developing infants and adults. Apart from

@ Springer

the potential use of classic probiotics, there is growing interest
regarding the use of probiotics, which have been modified by
genetic engineering. In particular, engineered Lactococcus
lactis has been utilized in order to express and deliver antimi-
crobial peptides against Enterococcus faecium, thus resulting
in reductions of its abundance counts by 10,000-fold in vitro
[127-129]. More specifically, there are more sophisticated
probiotics, which upon detection of a pathogen, they institute
a genetic program that kills their target.

Currently, there is ongoing research regarding the use of
bacteriophages, which could be utilized in order to destroy
pathogenic bacteria. In addition to its bacterial inhabitants,
the gut contains an equally fascinating viral community that
exerts a profound effect on the microbiota and, in turn, on the
host. As the natural predators of bacteria, phages have been
formerly used to treat bacterial infections before the advent of
antibiotics [130]. As antibiotics have become less effective
due to resistance issues, phages have been the focus of
renewed therapeutic interest as they are often highly specific
to the targeted bacterium and are self-replicating, reducing the
costs of producing phage-based therapeutics. Phages active
against Enterococcus faecalis, Bacillus cereus, and
Pseudomonas aeruginosa have been identified, among many
others. Notably, phages have also been the focus of genetic
engineering in order to improve their function in modulating
the gut microbiota [130, 131]. Recently, the natural transfor-
mation ability of phages has been enhanced by programmable
nucleases to enable the development of phages, which specif-
ically kill bacteria with undesirable sequencing, such as ARGs
or virulence factors [ 130, 131]. Based on several reports, prob-
ably the ideal diseases for which phage therapy would be
appropriate, are those with a specific bacterial cause, refracto-
ry to antibiotics, and accessible to phages, such as infections
that are caused by Mycobacterium tuberculosis, Vibrio
cholerae, Clostridium difficile, enteroaggregative E. coli,
and diffusely adherent E. coli [132]. Although there is a long
way ahead, natural and engineered phages hold great promise
as potential tools in the fight against pathogens and gut
dysbiosis.

Conclusions

The gut microbiota expands in parallel with normal human
growth and development. It forms a community structure,
which is unique for every individual, demonstrating an active
potential, including pH, immunity, diet, oxygen supplementa-
tion, and microbe-microbe interactions, leading to recovery
after environmental intrusions. However, despite these ho-
meostatic mechanisms, the exogenous administration of anti-
biotics may result in short-term alterations in the gut
microbiome, particularly during the development period.
The long-term effects of antibiotics on gastro-intestinal
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microbial composition have been more variable with studies
reporting differences in both intra- and inter-individual re-
sponses to the same antibiotic.

Overall, the majority of animal studies and meta-analyses
of human studies on the association between antibiotics and
subsequent development of obesity is suggestive of a signifi-
cant link between exposure to antibiotics, particularly early
exposure, and the development of subsequent obesity as a
result of alterations in the variety of the gut microbiota. The
evidence is strong in animal models whereas evidence in
humans is inconclusive requiring well-designed, long-term
longitudinal studies to examine this association.

While early antibiotic exposure in animal models has
shown that reductions in the population size of specific micro-
biota, such as Lactobacillus, Allobaculum, Rikenellaceae, and
Candidatus Arthromitus, have been related to adiposity, it
seems likely that the loss of diversity of the gut microbiome,
especially in early life, may have potential long-term detri-
mental effects on the adult host gut microbiome and metabolic
health. As alterations in the gut microbiome in humans occur
during lifetime due to the influence of various environmental
and genetic factors as well as the aging process, more large-
scale longitudinal studies over a long time period are needed
to elucidate whether changes that occur in the microbiome
after exposure to antibiotics, particularly early exposure, are
causal of subsequent weight gain or consequent of weight
gain. In the short-term in humans, changes in caloric intake
seem to result in changes in the microbiome that reflect the
energy balance (unlike rodents) rather than the other way
around [133].

Aiming at reversing some of the metabolic consequences
resulting from treatment with antibiotics, there is need to de-
velop strategies restoring the gut microbiota. Several ques-
tions still remain unanswered. If the recovery from dysbiosis
to homeostasis and equilibrium is timely achieved, is it possi-
ble to prevent later metabolic disorders, such as obesity? Do
bacteria or viruses cause obesity or is it just the recovery from
the infection that leads to obesity? Is there a potential link
between the administration of antibiotics, which results in
resolution of the infection, and the development of obesity?
Is it just a matter of long-term alterations in the gut
microbiome due to the use of antibiotics or not? The answer
to these questions remains to be elucidated with long-term
longitudinal studies which have yet to be done.

There is no doubt that antibiotics are important and life-
saving drugs, which have a great impact on human’s morbid-
ity and mortality. Nonetheless, despite their undoubted use-
fulness, there is now a growing body of evidence that these
agents may contribute to the development of obesity via alter-
ations in the gut microbiota [63+¢]. Additional longitudinal
studies in humans that would clarify several parameters of
exposure to antibiotics, such as the optimum dose, class, and
timing of administration, could further guide clinicians in their

clinical setting. More studies are required to enhance our un-
derstanding of the extent of usage of antibiotics and their
metabolic repercussions which may be long-lasting or ampli-
fied. Finally, little is known about the potential to reverse the
abovementioned metabolic effects of antibiotics with targeted
restoration bacteriotherapy administered at the right chronic
period in life.
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