
Introduction
“Human microbiome” is a term used to define all micro-
organisms, their genomes (metagenome), and the ecosystems 
they inhabit on and within the human (Homo sapiens) body.1-

3 Thus, “Super organism” or “Holobiont” are terms currently 
being used to refer to human and symbiont microbial cells.4 
In this “super-organism”, trillions of bacteria live in various 
habitats on and within the body, outnumbering eukaryotic 
cells 10 to 1, and commencing from the neonatal period. 
The human body is divided into 5 main microhabitats, 
namely nasal, oral, skin, gastro-intestinal, and urogenital.5,6 
Each microhabitat demonstrates variations in microbial 
composition7 by reflecting the uniqueness of a specific 
ecosystem. Distinct atmospheric and nutritional compositions 
of a specific ecosystem offer an ideal platform for symbiotic 
interactions between the various microbes within that 
ecosystem and the host.6 It has been found that compositions 
of microbiomes from the same location of the body among 
different individuals are more similar than microbiomes from 
different locations on the same individual.5

The human gastrointestinal (GI) tract is considered to 

be one of the largest interfaces (250-400 m2) in the body. 
It harbors a diverse and dynamic microbial population 
collectively termed the gut microbiome.8 These microbes have 
co-evolved with the host over thousands of years to establish 
complex and mutually beneficial associations.8,9 The gut 
microbiota participate in numerous physiological functions 
in the human, which, in turn, regulate immune and metabolic 
homeostasis in the host.10

The widespread use of antibiotics in the past 80 years has 
killed an incalculable number of microbes, both pathogenic and 
commensal.11 Furthermore, the use of antibiotics significantly 
alters the community structure of the gut microbiome; this 
process is known as “dysbiosis”. A dysbiotic microbiome may 
not perform vital functions such as the digestion of food, 
synthesis of vitamins, or protection against pathogens.12 
Human gut microbiomes act as a reservoir for antimicrobial 
resistance genes (ARGs), and most ARGs are harbored by 
commensal strict anaerobes.9 The horizontal transfer of 
ARGs from gut commensals to opportunistic pathogens in 
the gut may promote the emergence of multidrug-resistant 
nosocomial pathogens. The rate of discovery of new antibiotics 
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cannot compensate for the withdrawal of antibiotics.13 It has 
been speculated that by 2050, 10 million deaths per year 
worldwide will be attributable to antibiotic resistance.14 The 
adverse impacts of antibiotics on the community structure 
of the gut microbiome were assessed recently by traditional 
metagenomic profiling. Relatively few transcriptomic, 
proteomic, and metabolomic studies have been carried out 
to determine the impact antibiotics have on the metabolic 
activities of the gut microbiome.15 This emerging field of 
research provides molecular epidemiological evidence for 
the adverse effects of antibiotics. Unnecessary disruption to 
the microbiome and the risk of accumulating ARGs can be 
avoided by rational use of antibiotics.

Community Composition of the Healthy Human Gut 
Microbiome
In past decades, the majority of information on human gut 
microbiota was provided by conventional culture-based 
methods. Recent developments in high throughput, next-
generation sequencing (NGS) technologies have paved the 
way for mining the gut microbiome at exceptional breadth 
and length.16 The 16S ribosomal rRNA gene, which is present 
in all bacteria and archaea, contains nine highly variable 
regions (V1-V9) and has become the housekeeping gene in the 
NGS approach as it allows species to be distinguished better. 
Approximately 76% of the sequences obtained from an adult 
male stool sample belonged to novel and uncharacterized 
species.17 Thus, targeting the 16S rRNA gene has evolved as 
a popular approach to overcoming the inherent limitations 
of culture-based methods.18 Analysis of shorter subregions 
of this gene in greater depth has become the method of 
choice,19 though it has limitations such as introducing 
errors.18 Against this backdrop, whole-genome shotgun 
metagenomics have emerged as a more sensitive technique 
for estimating microbial composition and diversity due to the 
higher resolution and sensitivity it offers.18 It is possible to 
understand microbial interactions and microbial ecology in 
a better way.9 To date, combined data from MetaHit and the 
Human Microbiome Project have provided the most inclusive 
analysis of the associated human gut microbial catalog.20, 21

The gut microbiome consists of bacteria, archaea, viruses 
(especially bacteriophages), fungi, and protozoa. The diversity 
of gut microbiome is great and varies across the different 
sites of the GI tract. Over 1000 bacterial species belonging 
to 12 different phyla inhabit the human gut. Of them, the 
majority have been identified as proteobacteria, Firmicutes, 
actinobacteria, and Bacteroidetes, of which many remain 
uncultivated.8 Among them, Bacteroidetes and Firmicutes are 
abundant in the healthy gut microbiome. It has been reported 
that at least 160 species can be found in the gut of any healthy 
individual.22 The metagenome of the gut microbiome has 
been estimated to be about 3 million genes, which means 
it is 150 times larger than that of the human genome.23 The 
fast majority of the bacteria that populate the human gut 
are strict anaerobes. Moreover, several facultative anaerobic 
bacteria representing the families of Enterobacteriaceae and 
Enterococcaceae are ubiquitous members of the human gut 

microbiome at levels that are at least 100-fold lower than 
those of the strict anaerobe gut commensals.22 The presence 
of country-specific microbial signatures in Chinese and 
Danish individuals has been revealed in an extensive catalog 
of gut microbiomes.24 Furthermore, another study identified 
the gut microbiome of urban and rural Russian populations.25 
Based on the findings of these studies, the diet, genetic 
differences, mode of delivery, lifestyle, medical treatment, 
and immune status of the host have been suggested as factors 
affecting the community structure of the gut microbiome.21-25 
In contrast, the stable community structure of gut microbiota 
was detected in different human populations in a very recent 
study.26 Furthermore, the presence of a certain degree of 
functional redundancy is suggested with similar protein or 
metabolic profiles of gut microbiome, irrespective of their 
compositional variations.27

Compositional changes of entire microbial communities 
in disease conditions compared to healthy status have 
been explained by the concept of microbial dysbiosis, a 
fundamental concept in microbial ecology.28,29 Furthermore, 
case control studies comparing the fecal microbiota of healthy 
individuals with those of patients have found microbial 
dysbiosis associated with the etiology or progression of a 
range of GI diseases such as Crohn’s disease,30 irritable bowel 
syndrome (IBS),31 colon cancer,32 and antibiotic-associated 
diarrhea (ADD).33 More recent evidence has suggested 
the involvement of the gut microbiome in conditions like 
obesity,34,35 diabetes35,36 as well as brain development and 
behavior.37

Role of the Gut Microbiome in Health
The microbiota inhabiting the gut regulate important 
physiological functions in the host such as strengthening the 
gut integrity,38 digestion and extraction of energy from food,39 
breakdown of toxins and xenobiotics, production of vitamins 
and essential immuno acids, protection against pathogens 
of the host, and modification of neurological development 
and behavior.5,10 Furthermore, cross-talk between the gut 
commensal bacteria and the mucosal immune system are 
essential for shaping the host’s immunity.40 Interestingly, the 
gut microbiota plays a crucial role in human metabolism 
by supplying enzymes that are not encoded by the human 
genome, for example the breakdown of polysaccharides, 
polyphenols, and synthesis of vitamins.41 In vitro studies 
using human fecal incubations or more complex continuous 
culture methods, comparative studies in germ free and 
conventional microbiota, as well as in vivo studies of animal 
models have provided the laboratory evidence for the role of 
the gut microbiome in the metabolism of dietary components 
and its impact on health.41 

Colonic bacteria are capable of expressing carbohydrate-
active enzymes, which ferment complex carbohydrates, and 
generating metabolites for example short chain fatty acids 
(SCFAs).35 Propionate, butyrate, and acetate are predominant 
among them, and they are found in a proportion of 1:1:3 under 
healthy conditions in the GI tract.42 These SCFAs are promptly 
absorbed by epithelial cells in the GI tract. These SCFAs are 
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implicated in the regulation of cellular processes such as gene 
expression, chemotaxis, differentiation, proliferation, and 
apoptosis in the host.42 Most gut anaerobes produce acetate. In 
contrast, propionate and butyrate are produced by a different 
subset of gut bacteriome via distinct molecular pathways.43 
The fermentation of starch by specialist Actinobacteria and 
Firmicutes is suggested to contribute extensively to butyrate 
production in the colon directly and by cross-feeding.44 Of 
them, the main propionate producer Akkermansia muciniphila 
is specialized in mucin degradation.45 The functions of SCFAs 
in human metabolism have been reviewed.46,47 Butyrate 
has shown anti-inflammatory and anti-cancer activities.47 
This is an important energy source for colonocytes and can 
attenuate bacterial translocation by enhancing gut barrier 
functions.42 SCFAs are responsible for regulating hepatic lipid 
and glucose homeostasis by way of harmonizing mechanisms. 
Furthermore, SCFAs contribute to the regulation of the 
immune system and inflammatory responses.46 They 
stimulate the production of IL-18, an interleukin involved 
in maintaining and repairing epithelial integrity.48 Butyrate 
and propionate can act as histone deacetylase inhibitors to 
epigenetically regulate gene expression.46,47 Other microbial 
metabolites have also emerged as important compounds as 
they have effects on intestinal barrier functions, epithelium 
proliferation, and the immune system.49

The gut microbiome plays a key role in the de novo 
synthesis of essential vitamins in the human gut.50 Vitamin 
B12 is mainly synthesized by neither Lactic acid bacteria, 
neither produce by animals, plants nor fungi.50,51 Folate is a 
vitamin involved in DNA synthesis and repair. Bifidobacteria 
are the number one producer of folate in the human gut.52 
Other vitamins synthesized by the gut microbiome are 
vitamin K, riboflavin, biotin, nicotinic acid, panthotenic acid, 
pyridoxine, and thiamin.53 Moreover, colonic bacteria are 
responsible for metabolizing bile acids.54 The homeostasis of 
all these metabolic processes helps the host be healthy. Thus, 
alterations in the co-metabolism of bile acids, branched fatty 
acids, choline, purine, vitamins, and phenolic compounds 
have been associated with the development of metabolic 
diseases such as obesity and type 2 diabetes.55

The influence of the GI microbiome in the development of 
both intestinal mucosal and systemic immune systems has 
been demonstrated by experiments on germ-free animals. In 
these experiments, the immune deficiency was completely 
reversed by the treatment of germ-free (GF) mice with 
polysaccharide A from the capsule of Bacteroides fragilis.56 
Segmented filamentous bacteria (SBF) is a class of anaerobic 
and Clostridia-related, spore-forming commensals harbored 
in the mammalian GI tract that interacts dynamically with 
the immune system.57 A. muciniphila has been implicated 
with protection against several inflammatory diseases,58,59 
suggestive of anti-inflammatory properties, but the underlying 
mechanisms are yet to be identified.60 Hence, individuals with 
Crohn’s disease demonstrate mucosal dysbiosis characterized 
by reduced diversity of core microbiota and a lower abundance 
of Faecalibacterium prausnitzii.60 Recently in an animal model, 
the anti-inflammatory protein from F. prausnitzii was shown 

to inhibit the NF-κB pathway in intestinal epithelial cells and 
prevent colitis.61

There is substantial laboratory evidence supporting the role 
of the gut microbiome in influencing epithelial homeostasis.38 
Impaired epithelial cell turnover in germ-free mice has been 
reversible upon colonization of microbiota.62 Bacteria such 
as A. muciniphila63 and Lactobacillus plantarum64 have been 
associated with promoting epithelial integrity. In addition, it 
has been proposed that bacteria modulate mucus properties 
in experiments using germ-free mouse models. These 
mice have extremely thin adherent colonic mucus layers. 
Nevertheless, when exposed to bacterial peptidoglycan or 
lipopolysaccharides, the thickness of the adherent mucus 
layer is restored to levels of conventionally reared mice.65 
These functions mediate a competitive advantage to other 
commensals in colonization.66 Moreover, commensal 
microbiota in the human gut are capable of controlling the 
colonization of pathogens by competing for attachment sites 
or nutrient sources and by producing antimicrobial substances 
such as bacteriocins8,67 in competitive exclusion.65

Adverse Effects of Antibiotics on the Healthy Gut Microbiome
Brief Introduction to Antibiotics and Antibiotic Resistance
Antibiotics are a class of antimicrobials which act against 
bacteria. Since the Second World War, antibiotics have become 
the cornerstone in medicine. It has been estimated that the 
usage of antibiotics has extended man’s life expectancy by an 
average of 20 years.68 Furthermore, antimicrobials have been 
widely used in the poultry, animal husbandry, and shrimp 
industries for therapeutic purposes, disease prevention, and 
growth promotion.69

Antimicrobials have existed in nature for hundreds of 
millions of years. Bacteriocins are one example of such 
naturally occurring antibiotics. They are active against other 
bacteria to which the producer is immune.70 In natural 
environments these antimicrobial substances may contribute 
to competitive exclusion of other bacteria which compete 
for scarce resources. Hence, selective benefit is provided for 
the producing strain.71,72 Resistance to antibiotics may occur 
in a population of susceptible bacteria by the accumulation 
of mutations (point mutations in DNA gyrase presenting 
resistance to quinolones) or by the acquisition of a resistance 
gene.73 Phenotypic resistance is the outcome of the presence 
of resistant genes in bacteria, and it acts through a variety of 
mechanisms such as enzymatic inactivation of the antibiotic, 
modification of the target of the antibiotic, and prevention of 
the accumulation of lethal intra-cellular concentrations of the 
antibiotic through efflux pumps.74 The history of the presence 
of resistance and the emergence of the serine β lactamases 
dates back 2 billion years.75

Disturbance to the Ecology of the Healthy Gut Microbiome
Disturbance to ecology is defined as an event or process 
(physical or biological) that makes sudden structural changes 
in community composition.76 The adverse effects of the 
use of massive quantities and concentrations of antibiotics 
can cause dysbiosis in human indigenous microbiota in 
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individual subjects. Antibiotic-associated microbial dysbiosis 
is an emerging concept; thus, relatively few studies have 
addressed this matter using NGS approaches with frequent 
sampling in cohort studies.76 It has been revealed that broad 
spectrum antibiotics can cause microbial dysbiosis, affecting 
the abundance of 30% of bacteria in the gut community, 
resulting in significant drops in taxonomic richness, diversity, 
and evenness.28,77 Depletion of bacterial diversity and loss 
of potential competitors, lower expression of antibacterials, 
and IgG as well as decreased neutrophil-mediated killing 
may enhance susceptibility by exogenous pathogens or by 
opportunistic members of the microbiota.78,79 Antibiotics 
with strong anti-anaerobic activity such as clindamycin cause 
a decline in Bacteroides diversity after 7 days of use, which 
could persist for at least 2 years in healthy volunteers.80,81

Use of an antibiotic regimen with clarithromycin and 
metronidazole affected the fecal microbiota of healthy 
individuals for 4 years in another study.82 Effects of a 
5-day (pulse) exposure to ciprofloxacin on healthy adult 
volunteers with a sampling scheme that included monthly, 
then weekly, then daily fecal specimens for two months 
prior to exposure, and then the reverse for 6 months after 
exposure, were assessed by pyrosequencing the 16S rRNA 
hypervariable region in two studies.28,77 A 5-day exposure 
to ciprofloxacin can lead to a sudden decline in diversity by 
the end of the exposure period and a marked change in the 
relative abundance of approximately one third to one half 
of all taxa. The taxa most affected consisted of members of 
Ruminococcaceae and Lachnospiraceae within the phylum 
Firmicutes and Bacteroidetes, respectively.28 Nevertheless, by 
2 weeks following exposure, they returned to pre-exposure 
abundance levels. In general, the second exposure caused 
a similar perturbation and less complete recovery to the 
pre-exposure level. Each subject showed individualized 
responses.28 These findings suggest that the repeated use of 
antibiotics can slow down the recovery of the gut microbiome 
to pre-exposure level.28

Studies have shown that beyond altering the composition 
of taxa, antibiotics can affect the gene expression, protein 
activity, and overall metabolism of the gut microbiome. These 
changes can occur at a much faster pace than replacing the 
microbiome to the pre-exposure state.83 Thus, antibiotics have 
an influence on gut microbiome that pave the way to changes 
in the nutritional landscape of the gut, directing the expansion 
of pathogenic bacteria.84 Commensal gut microbiota liberates 
increased levels of sialic acid during xenobiotic metabolism 
after consumption of antibiotics. This situation will favor 
opportunistic pathogens such as S. typhimurium and C. 
difficile who are versatile in utilizing fucose and salic acid 
compared to the gut commensals. Thus, post-antibiotic 
treatment facilitates their expansion within the gut.85 The 
induced changes can lead the functionality of microbes near 
to states similar to those monitored under disease states. 
The gut microbiome of individuals treated with β-lactams 
demonstrated enzyme activities for carbohydrate degradation 
that resulted in an unbalanced sugar metabolism similar to 
that observed in obese individuals.86 There was an increased 

proportion of gut microbial cells with damaged membranes in 
ex-vivo incubation of fecal samples with different antibiotics. 
The active populations of the microbiota changed and genes 
involved in antibiotic resistance, stress response, and phage 
induction triggered the expression of fecal microbiota in the 
same experiment.86

Increased Susceptibility to Infections 
Increased susceptibility to infections by a newly acquired 
pathogen or opportunistic ones (with sudden overgrowth 
and pathogenic behavior) of the gut microbiome could 
occur because of alterations in the gut microbiome due to 
the use of antibiotics. In particular, AAD due to nosocomial 
pathogens such as Clostridium difficile can cause intractable 
long-term recurrent infections and more dangerous pseudo-
membranous colitis87. Furthermore, enteric bacteria, namely 
Escherichia coli, Klebsiella pneumoniae, Enerococcus faecalis, 
and Enerococcus faecum, have emerged as multidrug-
resistant nosocomial pathogens of major importance due to 
the irrational use of antibiotics.88,89 Opportunistic pathogens 
from the gut become pathogenic by translocating across the 
intestinal barrier, and fecal contamination of skin and other 
body sites might cause nosocomial infections by placement of 
a catheter or an intravenous line.88,89

Accumulation of Resistance
The human gut microbiota has been established as a 
significant reservoir for ARGs.90,91 The gut microbiota provides 
opportunities for the horizontal transfer of genetic material 
including antibiotic resistance genes. Shotgun sequencing 
techniques have allowed the extensive study of antibiotic 
resistance genes that are harbored by the gut microbiota (“the 
gut resistome”). Genes conferring resistance to antibiotics are 
ubiquitously present among the gut microbiota of humans, 
and most resistance genes are harbored by strictly anaerobic 
gut commensals.9 Several metagenomic studies have been 
done to probe the resistome in the gut of healthy92,93,94,95 and 
hospitalized individuals.96,97 Resistance genes for 50 of 68 
classes of antibiotics in 252 fecal metagenomes, at an average 
of 21 antibiotic resistance genes per sample, were obtained in 
a study conducted by Forslund et al.92 Samples were obtained 
from individuals in Spain, Italy, Denmark, France, Malawi, 
the United States, and Japan. This largest population study on 
gut resistome to date showed that the abundance of resistance 
genes (ARGs) was greatest for antibiotics that have been sold 
for a long time and for those approved for animal use, such 
as tetracycline and bacitracin. Individuals from countries 
such as Denmark (with restrained policies of antibiotics use 
in humans and animals) harbored lower levels of resistance 
genes in the gut microbiome. European samples demonstrated 
enhanced resistance to vancomycin whereas the sample from 
the United States. In the United States, a vancomycin analog is 
used to treat animals. These observations endorse the notion 
that a higher exposure to antibiotics elevates the likelihood of 
resistome formation in the gut microbiome. In another study 
conducted by Hu et al,93 a total of 1093 antibiotic resistance 
genes in 162 individuals from China and Denmark were 
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obtained. Genes resistant to the antibiotic tetracycline (tet 32, 
tet 40, tetO, tetQ, and tetW) were present in the microbiota 
of all individuals. These are encountered as the most 
abundant family of resistance genes in both studies described 
previously.92,93 Other resistance genes that were ubiquitously 
present conferred resistance to aminoglycosides (ant (6’)-IA), 
bacitracin (bac A), and the glycopeptides like vancomycin 
(van RA and van RG)93. Furthermore, the geographic 
specificity of antibiotic resistance genes was demonstrated 
by single nucleotide polymorphisms (SNPs).98 Regional 
variations in the sequence and abundance of resistance genes 
might be associated with antibiotic type and exposure of the 
microbiota in China and European countries. Further studies 
with large sample sizes and representing other countries, 
especially South Asian developing countries which carry a 
huge burden of antibiotic resistance and were not included 
in previous studies, are much warranted to confirm these 
findings.

The transfer of ARGs among gut microbiome Bacteroides 
as well as the horizontal transfer from Bacteroides and gram 
positive bacteria have been documented.99 Experimental 
evidence based on rats and mice has confirmed the transfer 
of ARG-carrying transposons between gut bacteria.100, 101 
Low concentrations of antibiotics (100-1000 fold) stimulates 
the transfer of conjugative transposons102 between gut 
bacteriomes. ARGs harbored in gut microbiota could be 
transferred to incoming pathogens. Many of the resistant 
genes identified from human gut isolates are identical at the 
nucleotide level to resistance genes from human pathogens95 

and the gut microbiome acts as a reservoir for ARGs.12

Mechanisms such as conjugation, transformation, and 
transduction can cause the transfer of antibiotic resistance 
genes and the spread of ARGs in the gut microbiome.103 In 
transformation, naked DNA which might have antibiotic 
resistance genes is taken up by a bacterium.103 During 
conjugative transfer, resistance genes could spread after 
the formation of a mating bridge between two cells. In this 
process, plasmids or conjugative transposons will move 
from a donor cell to a recipient. In transduction, resistance 
genes that are encoded by bacteriophage can transfer from 
one cell to another and be integrated into the chromosome 
of the recipient cell in the process termed lysogeny.103 
Transformation does not contribute significantly to 
horizontal gene transfer in the mammalian intestinal tract.104 
However, both conjugation and transduction are responsible 
for the horizontal transfer of ARGs. Thus, the human gut is 
an important site for the accumulation of ARGs and for their 
expansion across species.12

In healthy individuals, nonpathogenic commensals 
dominate in the gut microbiome, and the horizontal transfer 
of genetic material is a common event in the gut.9 Usually, 
ARGs transfer from commensals to gut-inhabiting pathogens 
might be a rare event. Nevertheless, this possibility cannot 
be ignored when considering the emergence of multidrug-
resistant strains. An example is the vancomycin resistance 
determinants that are shared by anaerobic gut commensals 
and the nosocomial pathogen Enterococcus faecium.9 When 

antibiotics are essential as a lifesaving treatment, modality 
benefits outweigh the risks of the adverse effects of antibiotics. 
Nevertheless, the adverse effects of irrational use of antibiotics 
could be prevented by primordial preventive measures where 
cons outweigh the pros.

Conclusions
There is an emerging interest in the adverse effects of 
antibiotics on the healthy gut microbiome as evident from 
the increasing number of recent publications related to 
the topic of this mini-review. Nevertheless, published 
studies disagree on the potential mechanisms by which 
gene expression, protein activity, and overall metabolic 
changes occur in the gut microbiome, which may influence 
the normal metabolic and immunological functions of 
the host as well as how long the gut microbiome takes to 
return to the original level. This disagreement could be 
partially attributed to major methodological variations in 
metagenomic and metatranscriptomic studies with respect 
to sampling techniques, DNA extraction techniques, and 
microbial profiling technologies, the selection of primers and 
hypervariable regions for amplifications and bioinformatics. 
Thus, future work is much warranted, in addition to 
methodological standardization, including complete 
metagenomics, metatranscriptomic, mechanistic studies 
using animal models and in vitro studies to understand all 
adverse effects of antibiotics on normal gut microbiome. 
Banning the irrational use of antibiotics, public health 
interventions to promote the rational use of antibiotics, and 
extensive investigations into the environmental and socio-
cultural drivers of antibiotic resistomes may help reduce the 
occurrence of multidrug-resistant strains in the future. 

Moreover, there is a need for corroborative studies 
conducted in developing countries which carry a high burden 
of antibiotic resistance compounded by many knowledge 
gaps. This emerging research arena has a promising future 
as many scientists are keen on developing interventions in 
randomized clinical trials with the use of pre-biotics and 
probiotics to return the altered, dysbiotic gut microbiome to 
its original, healthy state, subsequent to exposure to antibiotics 
in the modern era of personalized medicine.
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