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The present review explores the influence of the gut microbiota on antibiotic resistance dynamics, particularly
those associated with dysbiosis. The improper use of antibiotics can induce resistance in pathogens through
various pathways, which is a topic of increasing interest within the scientific community. This review highlights

Dysbiosis the importance of microbial diversity, gut metabolism, and inflammatory responses against the dysbiosis due to
Homeostasis . e s s . . :
Metabolites the action of antibiotics. Additionally, it examines how secondary metabolites secreted by pathogens can serve

as biomarkers for the early detection of antibiotic resistance. Although significant progress has been made in
this field, key research gaps persist, including the need for a deeper understanding of the long-term effects of
antibiotic-induced dysbiosis and the specific mechanisms driving the evolution of resistance in gut bacteria. Based
on these considerations, this review systematically analyzed studies from PubMed, Web of Science, Embase,
Cochrane Library, and Scopus up to July 2024. This study aimed to explore the dynamics of the interactions
between gut microbiota and antibiotic resistance, specifically examining how microbial composition influences
the development of resistance mechanisms. By elucidating these relationships, this review provides insights into
management strategies for drug resistance and improves our understanding of microbial contributions to host
health.

1. Introduction croorganisms and their metabolic pathways, particularly those involved

in processing dietary components. Microbial enzymes such as glycoside

The human gut microbiota, which comprises bacteria, archaea,
viruses, and eukaryotes, plays a crucial role in human health and has
attracted significant scientific attention [1]. Although the study of gut
microbiota dates back centuries, recent advancements have dramati-
cally improved our understanding of it. Enhanced culture techniques
have also enabled precise isolation and characterization of bacterial
species, establishing gut microbiology as a distinct field. The gut mi-
crobiota plays a pivotal role in human metabolism by contributing en-
zymes not encoded by the human genome, particularly in the break-
down of polysaccharides and polyphenols and the synthesis of essential
vitamins. This has driven significant research to identify specific mi-

hydrolases and polysaccharide lyases facilitate the fermentation of in-
digestible dietary fibers into short-chain fatty acids (SCFAs), including
acetate, propionate, and butyrate [2]. SCFAs serve as energy sources
for colonic epithelial cells and regulate various metabolic processes, in-
cluding lipid metabolism, gluconeogenesis, and appetite control. The
microbiota also synthesizes essential vitamins, such as vitamins K and
B12, which are crucial for host metabolic functions [2,3]. The composi-
tion and metabolic activity of the gut microbiota significantly influence
host dietary intake and growth, as microbial byproducts such as SCFAs
and vitamins can have beneficial and detrimental effects on host health,
depending on the context [2,3].

Abbreviations: ELISA, Enzyme-linked immunosorbent assay; ENS, Enteric nervous system; IBD, Inflammatory bowel disease; IBS, Irritable bowel syndrome; MRSA,

Methicillin-resistant Staphylococcus aureus; SCFA, Short-chain fatty acid.
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The symbiotic relationship between humans and their gut microbiota
is characterized by mutualistic interactions, wherein the host provides a
conducive environment for microbial growth, and the microbiota offers
additional metabolic functions that benefit human health [4]. Several
factors, including diet, age, and genetics, modulate the dynamic balance
of the gut microbiota, influencing the immune, endocrine, and neuro-
logical systems and ultimately affecting overall health outcomes [5]. A
disruption in the composition and function of the gut microbiota, known
as dysbiosis, is associated with numerous diseases and health disorders
[5]. The establishment and diversity of the gut microbiota are shaped by
host genetics, early life exposure, diet, antibiotic use, and environmental
factors [6,7].

The rise of antibiotic-resistant pathogens within the gut highlights
the need to understand the complex interplay between gut microbiota
and antibiotic resistance. Antibiotic resistance develops when bacteria
acquire mechanisms to evade the effects of antibiotics, thereby render-
ing them less effective [8]. With its diverse microbial community, the
gut microbiota plays a vital role in both health and disease [9]. This
study reviews the impact of the gut microbiota on antibiotic resistance
and provides a mechanistic overview of their interactions. Specifically,
this study aimed to explore the dynamics of the interactions between
the gut microbiota and antibiotic resistance, specifically examining how
microbial composition influences the development of resistance mecha-
nisms. By elucidating these relationships, this review provides insights
into management strategies for drug resistance and improves our under-
standing of microbial contributions to host health.

1.1. Overview of the gut microbiota

Healthy gut microbiota primarily consists of several major phyla:
Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria,
and Verrucomicrobia. Firmicutes and Bacteroidetes account for approx-
imately 90 % of the gut microbiota [9]. Firmicutes includes genera such
as Lactobacillus, Bacillus, Clostridium, Enterococcus, and Ruminococcus,
with Clostridium being the most prevalent, representing approximately
95 % of bacteria in this phylum. Bacteroidetes features notable gen-
era, such as Bacteroides and Prevotella. Although less abundant, the phy-
lum Actinobacteria is predominantly represented by the genus Bifidobac-
terium [9].

Commensal bacteria in the human gut, collectively referred to as
the gut microbiota, reside in a complex ecosystem in which glycans are
the primary nutrient source [10]. The host immune system regulates
the presence and activity of these bacteria are regulated by the host’s
immune system [11]. These bacteria possess genes encoding enzymes
capable of degrading various substrates, many of which originate in the
host [12]. Some bacteria utilize and break down carbohydrate chains
from the host mucosal glycans to provide nutrients [10]. Although the
microbial communities vary among individuals, certain bacterial genes
are consistently found in humans and influence the colonization of gut
commensals [13,14].

The gut microbiota modulates the expression of numerous host
genes. According to recent studies, the intestines of germ-free mice show
the underexpression of certain genes compared to conventionally raised
mice, and this effect can persist after the introduction of gut commen-
sals, affecting susceptibility to enteric infections [15,16]. Such studies
indicate that mice are common organisms for studying gut microbiota
and provide insights relevant to human gut commensals [17]. Under-
standing the influence of the gut microbiota on host gene expression is
crucial for concepts such as colonization resistance, which refers to the
ability of the gut microbiota to prevent the growth of pathogenic mi-
croorganisms [18]. Colonization resistance can be due to nutrient com-
petition, the production of inhibitory compounds such as SCFAs from
microbial fermentation, or immune system stimulation [19]. Insights
into these interactions can provide a scientific platform for therapies
that can regulate the immune system and microbial composition to en-
hance colonization resistance against pathogens [19].
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1.2. Antibiotic resistance

The emergence and global dissemination of new antibiotic resistance
mechanisms pose a significant threat to the effectiveness of treatments
for common infectious diseases, leading to prolonged illness, disability,
and increased mortality [20]. Despite advances in microbiology, the de-
velopment of new antibiotics has not kept pace with the rise in antibi-
otic resistance, leading to a critical situation in which existing antibi-
otics are becoming increasingly ineffective [21]. This scenario, which is
often referred to as the post-antibiotic era, has profound implications
for global public health. The difficulty in treating even minor infec-
tions may increase, and the failure of antibiotic therapy to provide a
clinical cure could result in higher morbidity and mortality rates [22].
The spread of drug-resistant bacteria is exacerbated by antibiotic mis-
use and socioeconomic factors, diminishing the effectiveness of current
treatments [23]. Currently, antibiotic resistance is responsible for more
than 700,000 deaths annually worldwide, with projections suggesting
that this number could escalate to 10 million by 2050 if new thera-
peutic strategies are not developed [24]. The mortality rate due to an-
timicrobial resistance could potentially surpass other leading causes of
mortality by 2050, underlining the urgency of tackling this issue on a
global scale [25]. This can be cited with various studies where increasing
prevalence of multidrug-resistant (MDR) and carbapenem-resistant bac-
teria, such as Klebsiella pneumoniae, is particularly alarming as they are
responsible for numerous infections, especially in hospital settings [26].
Its reported that the molecular epidemiology of carbapenem-resistant
classic (CR-cKp) and hypervirulent (CR-hvKp) Klebsiella pneumoniae are
being detected in various countries [27]. The findings revealed a high
prevalence of MDR CR-hvKp isolates, with significant beta-lactamase
gene occurrences, particularly bla NDM and bla GES. The study empha-
sized the need for long-term surveillance and effective treatment strate-
gies to combat the spread of these resistant strains [27].

Similarly, the spread of antimicrobial resistance is not limited to
Klebsiella pneumoniae. In similar terms its reported that Pseudomonas
aeruginosa have revealed high levels of quinolone resistance mediated
by plasmid-borne resistance genes like gnrB [28]. Further, resistance
mechanism is also evident in Shigella species, where ESBL production
is widespread, and resistance to third-generation cephalosporins has
reached alarming levels [29].

Apart from these pathogens methicillin-resistant Staphylococcus au-
reus (MRSA) and coagulase-negative staphylococci (CoNS) are also con-
tributing to antimicrobial resistance, which are found in the oral cavity,
demonstrate significant multidrug resistance, exacerbating treatment
challenges [30].

Apart from hospital-acquired infections, antimicrobial resistance
also impacts maternal health which was reported in northern Ethiopia
[31]. Hence, understanding these mechanisms will envision targeting
specific genes for effective antimicrobial therapies. Furthermore, resis-
tance arises due to the selective pressure exerted by the inappropriate
use of antibiotics, which kill or inhibit most bacteria but allow resis-
tant strains to survive and proliferate, thereby passing on their genetic
resistance [32,33].

2. Influence of the gut microbiota on antibiotic resistance
dynamics

The interaction between gut microbiota and antibiotic resistance is a
critical aspect of human health [33]. Antibiotic administration can pro-
foundly alter the composition and diversity of the gut microbiota, dis-
rupt homeostasis, and create selective pressure that promotes the prolif-
eration of antibiotic-resistant bacteria [34]. This disruption impairs the
protective functions of the microbiota, leading to increased susceptibil-
ity to resistant pathogens, reduced microbial diversity, and changes in
the abundance and metabolic functions of specific bacterial populations
[35].



H. Shayista, M.N.N. Prasad, S.N. Raj et al.

Y
F

(4¥
4

Engineering Microbiology 5 (2025) 100187

— &5
Antibiotics R
L exposure ‘
%
Resilience
¥ Alternative stable state
Tt mm
-
Dysbiosis
Reduced microbial | petabolic shift ~ Reduced colonization resistance Loss of beneficial microbes

diversity

Altered production of gut metabolites

Disrupted immune homeostasis

Fig. 1. Antibiotic-induced Dysbiosis in the Gut Microbiota.

Antibiotics directly contribute to the emergence and dissemination of
resistance genes and can substantially affect the structure and function
of gut microbiota. For instance, a study that analyzed gut microbial com-
munities in patients undergoing f-lactam therapy revealed a significant
reduction in microbial diversity and metabolic capabilities, including
bile acid, cholesterol, hormone, and vitamin metabolism [36]. This al-
teration disrupts the microbial balance, creating niches that favor oppor-
tunistic pathogens and resistant strains. Research has shown that antibi-
otic treatment can decrease the diversity of detectable bacterial species
by up to 20-fold and increase the prevalence of opportunistic pathogens
such as Acinetobacter calcoaceticus/baumannii complex, Chlamydia abor-
tus, Bacteroides fragilis, and Bacteroides thetaiotaomicron [37].

Additionally, antibiotic-induced dysbiosis compromises the
metabolic and immune functions of the gut microbiota, leading to
increased susceptibility to infections and inflammatory disorders.
Case studies have indicated that antibiotic-induced dysbiosis reduces
the abundance of beneficial bacteria, such as Lachnospiraceae, Murib-
aculaceae, and Ruminococcaceae, while increasing the abundance of
harmful taxa, such as Enterococcaceae and Clostridiales [38]. This
imbalance is associated with decreased levels of SCFAs and tryp-
tophan and increased levels of purines, which are linked to food
allergies. Dysbiosis also results in elevated specific IgE and IgG levels,
increased inflammation, and severe allergic symptoms, including
damage to the intestinal villi and decreased levels of tight junction
proteins [38]. Moreover, disruptions in microbial communities also
affect nutrient metabolism, immune development, and neurological
function [39].

The administration of antibiotics exerts multifaceted effects beyond
the facilitation of antibiotic resistance, emphasizing the intricate inter-
actions between antimicrobial treatments and gut microbiota. As shown
in Fig. 1, antibiotic exposure can lead to significant disruptions in the gut
microbiota, causing persistent dysbiosis characterized by diminished mi-
crobial diversity, loss of essential microbial taxa, and notable metabolic
changes. This state of dysbiosis compromises the inherent resistance of
the gut to pathogenic colonization, thereby enhancing the risk of disease
development.

3. Antibiotic usage and resistance mechanisms

The widespread use of antibiotics, including aminoglycosides, -
lactams, fluoroquinolones, macrolides, and tetracyclines, is well doc-
umented. However, the improper and excessive use of these antibiotics
has been a pivotal factor in the swift emergence of antibiotic resistance
mechanisms, posing a significant challenge to public health.

3.1. Aminoglycosides

Aminoglycosides are commonly used to treat bacterial infections.
Common aminoglycosides such as gentamicin, streptomycin, amikacin,
and tobramycin are widely used, and the inappropriate use of these an-
tibiotics can contribute substantially to the threat of antibiotic resis-
tance due to their widespread use and the tendency of bacteria to de-
velop resistance mechanisms against them [40]. These resistance mech-
anisms include fortified cell walls, efflux pumps that expel aminoglyco-
sides, mutations in ribosomal targets, and ribosome methyltransferases.
The most prevalent resistance mechanism involves the inactivation
of aminoglycosides via aminoglycoside-modifying enzymes [40]. The
mechanism underlying aminoglycoside resistance is shown in Fig. 2. A
study that analyzed 160,000 publicly available genomes across 27 clus-
ters of genes encoding aminoglycoside-modifying enzymes found that
approximately 25 % of the sequenced bacteria sampled from various
continents and terrestrial biomes carried these genes [41]. Antibiotic-
associated diarrhea is a common adverse event of antibiotic therapy.
It is characterized by diarrhea that occurs without another clear cause
during antibiotic treatment. Scientific reports have highlighted that
the cephalosporins gentamicin and cefradine can cause diarrhea in
mice. This might be due to the disruption of the microbiota during
antibiotic-associated diarrhea with dominant species includes Firmu-
cutes and Proteobacteria. One study reported a decrease in bacterial
diversity after antibiotic administration, with notable increases in the
abundance of opportunistic pathogens, such as Enterococcus and Clostrid-
ium. These findings suggest a link between antibiotic-induced micro-
biota alterations and antibiotic-associated diarrhea, highlighting the po-
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Fig. 2. Aminoglycoside mode of action and its
resistance mechanism.
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tential biomarkers of these conditions [42]. High-level gentamicin re-
sistance in Enterococcus faecalis poses a significant challenge for treat-
ment, especially in severe infections, where it undermines the effec-
tiveness of aminoglycoside-based therapies. The widespread presence
of the aac(6’)-le-aph(2”)-Ia gene in E. faecalis strains from both hu-
man and animal sources exacerbates the issue by conferring resistance
to most aminoglycosides except streptomycin [43]. The ability of this
gene to transfer horizontally among different Enterococcus species raises
concerns regarding its spread. The overuse of antibiotics in veterinary
medicine can also fuel the rise of drug-resistant bacteria, necessitating
innovative approaches, including the development of new antibacterial
drugs and the exploration of alternative therapies, such as semi-purified
bacteriocins and probiotics. Understanding high-level gentamicin resis-
tance and its implications for public health emphasizes the importance
of addressing its spread and potential transfer to other bacteria [43].

3.2. p-lactams

Increased antibiotic resistance due to g-lactam antibiotics in the gut
microbiota poses a significant health challenge at the individual and
population levels [44]. This family of antibiotics, including penicillins,
cephalosporins, and carbapenems, are widely and commonly used to
combat bacterial infections [45]. However, their widespread use has
spurred the emergence and dissemination of resistance mechanisms
within the gut microbial community, leading to profound alterations
in its composition and functionality. Resistance to f-lactams primar-
ily arises from the production of g-lactamase enzymes by gut bacteria,
which dismantle the crucial g-lactam ring of these antibiotics, rendering
them ineffective [46]. Originally, g-lactamase enzymes were primarily
of the serine f-lactamase type. However, the recent emergence of highly
resistant Gram-negative strains has introduced metallo-g-lactamase en-
zymes as a source of resistance. Although both types of enzymes have the
same function in bacteria, they differ structurally and mechanistically.
The serine f-lactamase type employs an active serine group to initiate
the hydrolysis of the g-lactam ring, forming a covalent intermediate that
is subsequently cleaved. In contrast, metallo-g-lactamase enzymes use
a zinc ion to activate the p-lactam, facilitating nucleophilic attack by a
hydroxide anion positioned between two zinc ions [46]. Furthermore,
mutations in penicillin-binding proteins, which are the primary targets,
such as acquiring an extra low-affinity penicillin-binding protein, over-
expressing an existing low-affinity penicillin-binding protein, and mod-
ifying endogenous penicillin-binding proteins through point mutations

or homologous recombination, individually or in combination, can con-
fer resistance [47]. Such mechanisms undermine the efficacy of p-lactam
antibiotics and disrupt the delicate balance of the gut microbiota. This
disruption often results in dysbiosis, marked by shifts in microbial diver-
sity and composition, potentially fostering the colonization of antibiotic-
resistant pathogens [48]. The p-lactam resistance mechanism is illus-
trated in Fig. 3.

Amoxicillin is another widely used g-lactam antibiotic. Exposure to
amoxicillin leads to notable shifts in the gut microbiota composition, in-
cluding the increased abundance of Klebsiella and Bacteroides uniformis,
decreased levels of Parabacteroides, Bifidobacterium, and Phascolarcto-
bacterium, as well as altered functional pathways [49]. Additionally,
this exposure increases the number of f-lactam resistance genes and
metabolic and immune system disease genes, with bloomed pathogens
being strongly correlated to these changes [49]. These effects are par-
ticularly pronounced in the ascending colon and persist even after the
discontinuation of amoxicillin treatment. Overall, these findings high-
light the potential negative consequences of amoxicillin and emphasize
the importance of careful consideration when prescribing this antibiotic
[49].

In a study on mice prone to type 1 diabetes, mice administered pulsed
therapeutic antibiotics when young were more likely to develop type
1 diabetes in comparison with the control mice without treatment of
antibiotics. The pulsed therapeutic antibiotic group had different gut
bacteria, fewer immune cells in their intestines, and changes in genes
related to inflammation and cholesterol. This shows that antibiotics can
affect the gut bacteria, body processes, and immune functions, thereby
accelerating the onset of type 1 diabetes [50]. Collectively, these re-
sults suggest that understanding the dynamics of g-lactam antibiotic re-
sistance in the gut microbiota and its consequences is imperative for
devising strategies to combat antibiotic resistance while preserving the
beneficial functions of the microbiota.

3.3. Fluoroquinolones

The surge in antibiotic resistance in the gut microbiota attributed
to fluoroquinolones poses a considerable health challenge [51]. These
antibiotics, which are widely used to treat bacterial infections, dis-
rupt the gut microbial balance [52]. Fluoroquinolones inhibit bacte-
rial DNA gyrase and topoisomerase IV, which are crucial enzymes for
DNA replication and repair. Resistance typically arises from mutations
in the genes encoding these enzymes, diminishing antibiotic binding



H. Shayista, M.N.N. Prasad, S.N. Raj et al.
Gram positive

3. Increased beta lactamase
production

=i
o

lnacn?lgn ‘

Beta lactam
Beta lactamase

Penicillin
binding penicillin Binding protein
gﬂl't:nasod protein /Nﬂﬂhﬂ site Production
Resistants R VN2
gene

Engineering Microbiology 5 (2025) 100187

Fig. 3. p-lactam resistance mechanism.
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and efficacy [51]. Additionally, bacteria can resist fluoroquinolones
through efflux pumps and expel antibiotics from within [51]. Fluoro-
quinolone resistance primarily develops through two mechanisms: mu-
tations in target enzymes, such as DNA gyrase in Gram-negative bac-
teria and topoisomerase IV in Gram-positive bacteria, and enhanced
efflux of antibiotics through specific systems. The increased expres-
sion of chromosomal genes can lead to an elevated efflux of fluoro-

quinolones, reducing their accumulation within bacterial cells. This
dual mechanism enables bacteria to withstand the effects of fluoro-
quinolones, posing a challenge for effective antibiotic therapies [53].
This selective pressure fosters the growth of resistant strains, lead-
ing to dysbiosis and an increased chance of colonization by resistant
pathogens. The mechanism of fluoroquinolone resistance is illustrated in
Fig. 4.
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Understanding fluoroquinolone resistance in gut microbiota is vi-
tal for guiding the use of antibiotics and preserving their efficacy.
Ciprofloxacin is commonly used to treat Crohn’s disease. In a study of
patients with Crohn’s disease who required abscess drainage, approx-
imately 38.5 % had no bacteria detected, whereas 61.5 % had vari-
ous microorganisms isolated. Most of these microorganisms are bacte-
ria, including Gram-positive and Gram-negative aerobes, Gram-negative
anaerobes, and fungi [54]. The most common bacteria found were Strep-
tococci spp. and Escherichia coli. However, a significant proportion of
Gram-negative aerobes, including E. coli, are resistant to ciprofloxacin.
Patients infected with ciprofloxacin-resistant bacteria had a longer dis-
ease duration and hospitalization than those infected with ciprofloxacin-
sensitive bacteria[54]. In another case study, high doses of ciprofloxacin
(1 mg/mL) caused weight loss, nervousness, decreased appetite, and in-
creased gut microbial cell death; lower doses (0.2 mg/mL) had less im-
pact [55]. Ciprofloxacin treatment further reduced the levels of tight
junction proteins and antibacterial genes while increasing the secretion
of the inflammatory cytokine IL-1p [48]. It also alters the gut bacte-
rial diversity and richness. The synthesis of important metabolites such
as indole, butyric acid, and valeric acid were significantly reduced due
to disruptions in gut bacterial diversity and composition. Thus, high-
dose ciprofloxacin treatment impaired gut barrier function, highlight-
ing the need for cautious antibiotic use in disease treatment [55]. In
a case study, moxifloxacin reduced the abundance of Enterococci and
Enterobacteria, whereas clarithromycin decreased the abundance of Es-
cherichia coli but increased that of Enterococci, Enterobacter, Citrobacter,
Klebsiella, and Pseudomonas. Both antibiotics had minimal impact on
other microbial populations, while clarithromycin suppressed the bene-
ficial gut microbiota Bifidobacteria, Lactobacilli, and Clostridia in anaer-
obic microflora. These findings highlight the distinct effects on the in-
testinal microbiota, suggesting potential implications for therapeutic ef-
ficacy and microbiota recovery [56].

3.4. Macrolides

Macrolide antibiotics function by binding to the 50S ribosomal sub-
unit of bacteria, hindering protein synthesis and impeding bacterial
growth where macrolide molecules, along with particular nascent pep-
tides within the ribosomal tunnel, induce allosteric changes in the func-
tional characteristics of the ribosome’s catalytic center [57] Resistance
to these antibiotics arises through several mechanisms, including mod-
ifications to the drug’s target site on the ribosome, efflux pumps that
expel antibiotics from bacterial cells, and the enzymatic inactivation of
the antibiotic [58]. This mechanism is illustrated in Fig. 5. These mecha-
nisms allow bacteria to evade the effects of macrolides and survive expo-
sure to antibiotics [58]. Furthermore, in resistant cells, the presence of
uncoupling agents, such as carbonylcyanide-m-chlorophenylhydrazone,
2,4-dinitrophenol, and arsenate, increases the accumulation of drugs to
the same extent as in susceptible cells [59]. Macrolide-resistant cells
have transporter proteins resembling the 12-transmembrane domain
found in efflux proteins; these proteins are driven by proton-motive
forces. In contrast, macrolide-streptogramin type B or partial macrolide-
and streptogramin-type resistant cells have transporter proteins similar
to ATP-binding segments in ATP-driven efflux proteins [59]. The two
primary mechanisms of macrolide antibiotic inactivation include lac-
tone ring degradation by an esterase encoded by the ere gene and mod-
ification through phosphorylation mediated by mph, and nucleotidyla-
tion mediated by the lin gene. However, this resistance is due to the
inappropriate use of macrolides, which exert selective pressure on the
gut microbiota and favor the proliferation of resistant bacterial strains
[59].

Consequently, there was a shift in the composition of the gut mi-
crobiota, with a decline in the abundance of susceptible species and
an increase in the abundance of resistant species. For instance, in one
study, the mass drug administration of azithromycin led to an increase
in the prevalence of the gastrointestinal carriage of macrolide-resistant
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bacteria. Fecal metagenomics of 60 children before treatment and 122
children after four rounds of mass drug administration (half receiving
azithromycin and half receiving placebo) revealed this trend. The abun-
dance of several species, including Escherichia albertii, a potential human
enteropathogen, increased after treatment. This study suggests that the
mass administration of azithromycin may have a limited impact on clin-
ically relevant bacteria; however, the increase in the abundance of en-
teropathogenic Escherichia species warrants further investigation [60].

One study analyzed erythromycin-resistant lactic acid bacteria in
the feces of healthy individuals following different diets, such as veg-
ans, ovo-lacto vegetarians, and omnivores. They found that out of 155
lactic acid bacterial isolates, 97 were resistant to erythromycin, with
Enterococcus faecium being the most common species across all dietary
groups. Among the resistant isolates, 19 carried the Erm(B) gene, and
omnivores had the highest number of carriers. Interestingly, Enterococ-
cus avium from omnivores contained both the Erm(B) and Erm(A) genes
[61]. This study also investigated the transferability of erythromycin re-
sistance genes and found that four out of six tested isolates were capable
of transferring the Erm(B) gene [61]. Overall, isolates from omnivores
exhibited greater resistance to antibiotics and carried a greater number
of antibiotic resistance genes than those from ovo-lacto vegetarians and
vegans. These findings suggest that diet does not significantly influence
the occurrence of erythromycin-resistant bacteria; however, commensal
strains can serve as reservoirs and sources for the spread of antibiotic
resistance genes [61]. Furthermore, such alterations in the gut micro-
biota can have far-reaching consequences on human health, as the mi-
crobiota plays a crucial role in various physiological processes, including
digestion, metabolism, and immune function[62]. In one study, the im-
pact of two commonly used antibiotics, azithromycin (macrolide) and
amoxicillin (p-lactam), on the human gut microbiota was investigated.
Metagenomic sequencing was then used to analyze the gut microbiota of
individuals who received these antibiotics. The results revealed the sig-
nificant and sustained effects of antibiotics, particularly azithromycin,
on the gut microbial community. Specifically, clear alterations were ob-
served with decrease in Bifidobacterium species, along with an increased
prevalence of erm genes associated with macrolide resistance [63].

Disruption of the gut microbiota owing to macrolide resistance may
contribute to the development of gastrointestinal disorders, immune
system dysregulation, and increased susceptibility to infections[64].
Healthy adults exposed to four weeks of low-dose erythromycin or
azithromycin, which are normally used clinically, showed significant
shifts in gut microbiota composition. These shifts included a reduc-
tion in the microbial capacity related to carbohydrate metabolism
and SCFA biosynthesis. Simultaneously, alterations were noted in sys-
temic biomarkers associated with immunity, such as interleukin-5,
interleukin-10, and monocyte chemoattractant protein-1, and metabolic
biomarkers, such as serotonin 5-HT and C-peptide homeostasis. Fur-
thermore, transplanting erythromycin-exposed murine microbiota into
germ-free mice revealed changes in metabolic homeostasis and gastroin-
testinal motility, but not in systemic immune regulation [64]. This sug-
gests that the long-term use of low-dose macrolide antibiotics could af-
fect the function of our bodies by changing the gut bacteria [64]. Thus,
addressing the challenge of macrolide resistance requires not only wise
antibiotic use, but also the exploration of alternative therapeutic ap-
proaches to mitigate the impact on both microbial ecology and human
health.

3.5. Tetracyclines

Tetracyclines exhibit a broad spectrum of activity against diverse
bacterial species, including Gram-positive and Gram-negative bacteria.
Their antimicrobial efficacy is achieved through binding to the 308 ri-
bosomal subunit, which inhibits the attachment of aminoacyl-tRNA to
ribosomes. This mechanism effectively halts bacterial protein synthe-
sis and enhances the proliferation of pathogenic organisms [65]. Tetra-
cycline resistance in the gut microbiota typically arises through mul-
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tiple mechanisms involving the acquisition of specific resistance genes
and alterations in bacterial physiology[66]. One primary mechanism in-
volves the production of efflux pumps such as Tet(A), Tet(B), and Tet(C),
which actively pump tetracycline antibiotics out of bacterial cells, pre-
venting them from reaching effective concentrations [65,67-69]. An-
other mechanism involves the protection of the bacterial ribosome tar-
get site through the action of ribosomal protection proteins encoded by
the Tet(M), Tet(O), and Tet(W) genes, which prevent tetracyclines from
binding and inhibit protein synthesis [70]. Additionally, the enzymatic
inactivation of tetracyclines by tetracycline-inactivating enzymes, such
as Tet(X), can also confer resistance [71]. These mechanisms collectively
contribute to the ability of the gut bacteria to withstand tetracycline ex-
posure. The mechanism underlying tetracycline resistance is shown in
Fig. 6.

The burden of tetracycline resistance on gut microbiota is multi-
faceted and can have significant implications for both individual and
public health [72,73]. Tetracycline resistance genes can spread hori-
zontally among gut bacterial populations, thereby facilitating the dis-
semination of resistance to other antibiotics and potentially pathogenic
bacteria [73]. A previous study revealed the potential for the horizontal
transfer of antibiotic resistance genes within the gastrointestinal tract.
Through metagenomic analysis of a healthy mother-infant pair, it was
found that tetracycline resistance genes were present in both individu-
als, but were encoded by different genes and organisms. Interestingly,
identical tetracycline resistance gene sequences were identified in di-
verse bacterial families and even phyla within the mother’s gut, sug-
gesting horizontal transfer. Furthermore, in the infant gut, tetracycline
resistance genes were exclusively found in Streptococci carrying a com-
posite transposon, indicating the potential for the joint spread of tetra-
cycline and erythromycin resistance within the infant gut environment
[73]. These findings highlight the complexity of antibiotic resistance
gene transmission within the gut and emphasize the importance of un-
derstanding horizontal gene transfer dynamics in microbial communi-
ties [73]. This dissemination can occur through mobile genetic elements
such as plasmids and transposons, leading to the transfer of resistance
genes between different bacterial species [74]. The identification of
new conjugative transposons harboring various ribosomal protective Tet
genes indicates a significant development in the mechanism of resis-

tance through the horizontal transfer and dissemination of tetracycline
resistance. [74].

Moreover, the overuse and misuse of tetracycline antibiotics in hu-
mans, food, and veterinary medicine contribute to the selection pressure
for tetracycline-resistant bacteria in the gut microbiota [75]. The pres-
ence of tetracycline-resistant bacteria in the gut microbiota can com-
promise the effectiveness of tetracycline antibiotics when used to treat
infections, leading to treatment failures and the need for alternative, of-
ten more potent, antibiotics [76]. In a case study of 128 Swedish infants,
tetracycline resistance genes were found in 12 % of E. coli strains despite
no direct tetracycline exposure. These strains carried either the Tet(A)
or Tet(B) genes. Surprisingly, the resistance observed was unrelated to
antibiotic treatment. Resistant strains frequently harbor virulence factor
genes. Although resistant and susceptible strains showed similar persis-
tence and numbers in the gut, their coexistence led to lower counts of
resistant strains. Some initially resistant strains lose their Tet genes over
time. These findings suggest that there is limited pressure against Tet
gene carriage in the human infant gut, emphasizing the need to under-
stand the dynamics of tetracycline-resistant bacteria in the gut micro-
biota, which can compromise the effectiveness of tetracycline antibiotics
[771.

Additionally, disruptions in the composition and diversity of the gut
microbiota caused by tetracycline resistance can have broader implica-
tions for host health, including increased susceptibility to colonization
by pathogenic bacteria, dysregulation of immune function, and alter-
ations in metabolic processes [78]. In a case study involving mice, the
administration of tetracycline led to significant changes in the compo-
sition and function of the gut microbiota. Specifically, an increase in
Firmicutes abundance and a decrease in Bacteroidetes abundance were
observed. Metagenomic analyses revealed alterations in microbial func-
tions related to carbohydrate metabolism, ribosomal activity, and cell
wall processes. Tetracycline treatment also resulted in an increase in
the number of antibiotic resistance genes, plasmids, and integrons in
the mouse intestinal microbiota. These findings suggest that fecal dis-
charge spreads antibiotic resistance genes and mobile genetic elements
into the environment[78]. Therefore, addressing tetracycline resistance
in gut microbiota is crucial for preserving the efficacy of tetracycline
antibiotics and maintaining overall gut health.
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4. Antibiotic-induced dysbiosis and related diseases

Antibiotics, while effective against pathogens, can significantly
disrupt the symbiotic relationship between the host and resident
gut microbiota, often leading to antibiotic resistance [35]. This dis-
ruption causes dysbiosis, in which beneficial gut microbiota are
replaced by opportunistic pathogens, paving the way for a cas-
cade of inflammatory processes within the intestinal milieu [35].
The presence of pathogenic bacterial components in the intesti-
nal mucosa due to antibiotic-induced dysbiosis triggers an immune
response [79].

Immune cells such as macrophages and dendritic cells recognize
microbial components through pattern recognition receptors such as
Toll-like receptors. Activation of these receptors triggers the production
of pro-inflammatory cytokines like interleukin-1p, interleukin-6, tumor
necrosis factor, and colony-stimulating factor [80]. These cytokines acti-

vate the inflammatory cascade and contribute to tissue damage and sys-
temic inflammation. Abnormal metabolites released by an imbalanced
gut microbiota can also facilitate inflammatory responses by altering the
phenotype and function of immune cells and activating inflammation-
related pathways [80].

SCFAs such as indoleacetic acid, gamma-aminobutyric acid, and
trimethylamine N-oxide (TMAO) play crucial roles in immune regula-
tion [81]. For instance, SCFAs have anti-inflammatory properties and
can promote the differentiation of regulatory T cells (Tregs), which helps
suppress excessive inflammation [82]. In contrast, dysbiosis may lead
to decreased SCFA production and increased inflammation [82]. SCFAs,
including acetate, propionate, and butyrate, are generated through the
fermentation of dietary fibers by gut bacteria [83]. These SCFAs exert
diverse physiological effects, such as the regulation of immune func-
tion, maintenance of gut barrier integrity, and modulation of energy
metabolism.
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In a case study involving 25 patients with irritable bowel syndrome
(IBS), stool samples were analyzed, indicating a decrease in the con-
centration of SCFAs, such as acetic acid, butyric acid, propionic acid,
valeric acid, and isovaleric acid, which serve as reliable biomarkers for
IBS [84]. Further studies have suggested that a decrease in SCFA concen-
tration is indicative of antibiotic-associated diarrhea, pouchitis caused
by ulcerative colitis, and diversion colitis [85]. Moreover, an analysis of
fecal SCFA concentrations in patients with celiac disease, adenomatous
polyposis, and colorectal cancer suggested a promising noninvasive di-
agnostic approach. Another study suggested that the concentration of
fecal SCFAs could potentially serve as markers for detecting colorectal
cancer and adenomatous polyposis [86].

TMAO, another important gut metabolite, is derived from the micro-
bial metabolism of dietary choline, phosphatidylcholine, and carnitine
[87]. During antibiotic-induced dysbiosis, elevated levels of TMAO are
associated with an increased risk of neurological and cardiovascular dis-
eases such as atherosclerosis, hypertension, and coronary artery disease
[87,88]. TMAO has been implicated in promoting inflammation by acti-
vating pathways, such as nuclear factor kappa B, and altering the polar-
ization of macrophages towards the a pro-inflammatory M1 phenotype
[87]. Dysbiosis-mediated inflammation contributes to endothelial dys-
function, arterial plaque formation, and systemic inflammation, which
are the hallmarks of cardiovascular disorders [89]. Pathogenesis medi-
ated by TMAO involves the activation of inflammatory signaling path-
ways, including nuclear factor kappa B, nucleotide-binding oligomer-
ization domain, leucine-rich repeat, pyrin domain-containing protein 3
inflammasome, and mitogen-activated protein kinase/c-Jun N-terminal
kinase, both in the periphery and brain. These mechanisms elucidate in-
flammatory processes underlying TMAO-induced pathogenic effects in
various tissues and provide insights into potential therapeutic targets
for mitigating TMAO-related diseases [87].

Bile acids, which are synthesized in the liver and metabolized by gut
microbes, play critical roles in lipid digestion and absorption [90]. An-
tibiotics significantly affect bile acid metabolism and, consequently, gut
microbiota composition and function [91]. By disrupting the balance
of microbial communities in the gut, antibiotics can impair the trans-
formation of primary bile acids into secondary or tertiary bile acids,
leading to alterations in bile acid profiles [92]. These changes can re-
sult in an imbalance in specific bile acids that affect the physiological
functions of various microbes. Reduced microbial diversity due to an-
tibiotic use can exacerbate these issues by diminishing the ability of the
gut to effectively regulate bile acid metabolism [91]. This disruption
increases the abundance of harmful pathogens and reduces the abun-
dance of beneficial microbes, potentially leading to inflammation and
compromised intestinal barrier function. Thus, antibiotics influence bile
acid metabolism by affecting the gut microbiota, ultimately disrupting
gut health and homeostasis.

Dysregulation of bile acid metabolism has also been linked to gas-
trointestinal disorders such as cholestasis and colorectal cancer, as well
as metabolic conditions such as obesity and diabetes [93]. Bile acid dys-
regulation and gut dysbiosis are implicated in pre-carcinogenic effects
such as inflammation, oxidative DNA damage, and heightened cell pro-
liferation [94]. Mechanistically, bile acid dysregulation, mediated by
key receptors such as the farnesoid X receptor, apical sodium-dependent
bile acid transporter, and TGRS, is linked to enterohepatic carcinogen-
esis. This highlights the potential of bile acids as cancer markers and
sheds light on their mechanistic roles in gastrointestinal carcinogenesis
[94].

Similarly, the gut microflora seriously impacts the gut-brain axis,
which forms a network connecting the gastrointestinal tract with the
brain and involves the gut microbiota, enteric nervous system (ENS),
and central nervous system [95]. This system allows the exchange
of information through various biochemical signaling pathways [96].
The gut microbiota, comprising trillions of microorganisms, produces
metabolites and neurotransmitters, such as serotonin and gamma-
aminobutyric acid, which influence brain function and mood [96]. The
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ENS, a network of neurons within the gut walls, communicates directly
with the brain via the vagus nerve, affecting gastrointestinal motility
and sensation [97]. Additionally, biochemical signaling involves neuro-
transmitters, hormones, and immune mediators that affect mood, stress
responses, and cognitive functions [96]. Dysregulation of this axis has
been linked to mental health disorders such as depression and anxi-
ety, as well as gastrointestinal conditions such as IBS and inflammatory
bowel disease (IBD) [98]. Emerging therapeutic approaches, including
dietary interventions, probiotics, and prebiotics, aim to restore balance
in the gut-brain axis, offering potential benefits for both mental and
gut health. Understanding individual variations in this axis can lead to
personalized treatments and enhance therapeutic outcomes for patients
with gut-related and neurological conditions.

In addition, the overuse of antibiotics can compromise the gut bar-
rier, making it more permeable and allowing pathogens to secrete toxins
[99]. These toxins enter the bloodstream and trigger systemic inflam-
mation and immune responses [99]. Alterations in the gut microbiota
also affect the metabolism of dietary components, leading to deficiencies
and disrupted metabolic functions. Furthermore, a compromised micro-
bial environment heightens susceptibility to infections, including those
caused by antibiotic-resistant bacteria and Clostridium difficile [92,100].

Thus, the impact of antibiotic-induced dysbiosis extends far beyond
the gastrointestinal tract and encompasses a large network of metabolic
and immune-mediated disorders, as shown in Fig. 7 and Table 1. Moni-
toring the levels of these gut metabolites provides valuable insights into
the gut microbiota composition and function and holds promise for the
development of diagnostic and therapeutic strategies for a wide range
of health conditions. Studies have highlighteds the influence of antibi-
otics can reduce beneficial bacteria, increase pathogenic strains, and
affect SCFA levels, contributing to conditions like obesity, inflamma-
tory bowel disease, and cardiovascular disorders. For instance, the use
of ceftriaxone conditionally increases the abundance of pathogenic bac-
teria such as E. coli and decreases SCFA levels, leading to inflammation
and long-term dysbiosis [101]. Conversely, the combination of cefoper-
azone/sulbactam with SCFAs reduced antibiotic resistance, suggesting a
synergistic effect enhancing bacterial susceptibility [102]. Meropenem
disrupts beneficial bacterial populations and increases the expression of
inflammatory markers, although the microbial composition tends to re-
vert to baseline within 60 d [103]. Aztreonam leads to significant gut
disruption with persistent changes even after treatment [103]. Fluoro-
quinolones such as levofloxacin cause transient shifts in microbial com-
position, whereas aminoglycosides reduce beneficial taxa and metabo-
lites, resulting in metabolic disturbances and prolonged inflammatory
responses [104]. Finally, macrolides diminish the capacity of microbes
for carbohydrate metabolism and SCFA synthesis, affecting gastroin-
testinal function and systemic homeostasis [105].

Although TMAO and SCFAs are promising diagnostic biomarkers of
gut health and metabolic status, several challenges hinder their clini-
cal application. For instance, variability in production poses a signifi-
cant obstacle. TMAO synthesis is influenced by dietary precursors such
as choline and carnitine, which are predominantly found in animal
products, leading to considerable differences in levels among individ-
uals based on their dietary habits[106]. Additionally, gut microbiota
diversity affects the production of both TMAO and SCFAs, complicating
the interpretation of biomarker levels concerning health status [107].
Clinical interpretation is further complicated by the complexity of dys-
biosis, which can elevate TMAO levels associated with cardiovascular
diseases and metabolic disorders but is influenced by factors such as
inflammation and renal function [108]. Moreover, TMAO and SCFAs
lack specificity, as elevated levels may be found in individuals with-
out specific diseases [107]. Analytical challenges also arise in quanti-
fying these biomarkers, as their measurement often requires sophisti-
cated techniques, such as mass spectrometry or high-performance liquid
chromatography. Moreover, variabilities in sample collection, process-
ing, and storage can affect the stability and accuracy of biomarkers,
highlighting the need for consensus guidelines for measurement pro-
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tocols[109]. Furthermore, inter-individual variability in metabolic re-
sponses adds another layer of complexity because genetic differences
and underlying health conditions can lead to varying concentrations of
these metabolites [109]. These challenges necessitate a comprehensive
understanding of the role of the gut microbiome in health and disease,
emphasizing the importance of continued research on the interactions
between diet, microbiota composition, and metabolic output. Establish-
ing clear protocols and a consensus on measurement techniques is vital
for effectively utilizing TMAO and SCFAs as diagnostic biomarkers in
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clinical settings, ultimately enhancing disease prevention and manage-
ment strategies.

4.1. Clinical integration of TMAO and SCFAs as diagnostic biomarkers

The clinical integration of TMAO and SCFAs as diagnostic biomark-
ers presents several challenges. One major challenge is the variability in
the levels of these metabolites influenced by diet, genetics, microbiome
composition, and medication use. For instance, TMAO concentrations
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Table 1
Impact of antibiotics on gut microbiota, metabolism, and systemic homeostasis.
Gut Microbiota Effect on Inflammation
Antibiotic Composition Effect on gut metabolite Homeostasis makers Withdrawal Impact References
Ceftriaxone (f-lactam) Increase in Decreased SCFA levels, Disrupted Elevated TNF-a, Long-term dysbiosis, [101]
conditionally impaired receptor (FFA2, oxidant-antioxidant IL-10 lasting changes in
pathogenic bacteria FFA3) function, altered balance, increased SCFAs, increased
(E. coli, Clostridium, transporter activity epithelial susceptibility to colitis
Staphylococcus spp.) (SMCT1, MCT1, MCT4) permeability, tissue even 56 days after
remodelling withdrawal.
Cefoperazone/Sulbactam, Significant reduction MIC of SCFAs was 3750 Colonic SCFA Reduction in Withdrawal not [102]
Ceftazidime/Avibactam, in resistance rates pug/mL (60 mM) against concentrations expression of discussed; study
Cefepime/Enmetazobactam when combined with  E. coli; SCFAs decreased (65-123 mM) virulence genes (fliC, focused on in vitro
(B-lactam/p-lactamase SCFAs MIC values for g-lactams significantly ipaH, FimH, BssS) at effects and immediate
inhibitors) suppressed E. coli colonic SCFA bacterial response to
growth and concentrations SCFAs along with
virulence p-lactam
Meropenem (f-lactam) Significant Decrease in Disruption of gut Increased IL-18, IL-6,  Microbial composition [103]
disruption; increased SCFA-producing bacteria homeostasis; 1L-12, IL-17, TNF-a returned to
opportunistic (e.g., Roseburia, impaired pretreatment levels
Enterococcaceae Lachnospiraceae, colonization within 60 days;
Ruminococcaceae) resistance persistent elevated
cytokines
Cefoperazone/Sulbactam Significant Decrease in SCFA Disruption of gut Increased IL-18, IL-6, Similar to Meropenem; [103]
(p-lactam) disruption; depletion production; reduced homeostasis; IL-12, IL-17, TNF-a microbial composition
of beneficial taxa, butyrate-producing taxa increased tended to return but
increased pathogens carbohydrate cytokine levels
availability elevated
Aztreonam (f-lactam) Probiotic strains No specific effects on Disruption of gut Increased IL-1p, IL-6, Microbial composition [103]
resistant; significant SCFA reported homeostasis; IL-12, IL-17, TNF-a changes persisted long
disruption in gut potential long-term after treatment
microbiota effects
Levofloxacin Transient increase in No significant effect Return to baseline Similar to control Microbial composition [103]
(Fluoroquinolone) Firmicutes; decrease reported levels on Day 8 and group returned to baseline
in Bacteroidetes Day 60 levels on Day 8 and
Day 60
Neomycin, Gentamicin Significant 17 metabolites Disruption observed; Increased IL-1p, IL-6, Changes persisted long [104]
(Aminoglycoside) disruption; reduced decreased; notably, energy metabolism IL-12, IL-17, TNF-a after treatment
beneficial taxa; loss indole-3-propionic acid changes
of diversity and hippuric acid
remarkably decreased
Moxifloxacin, Levofloxacin Increased 15 metabolites Noted disruption; Increased IL-1p, IL-6, Microbial changes [104]
(Fluoroquinolone) opportunistic taxa; decreased; increased complex lipids IL-12, IL-17, TNF-a seen; some metabolites
decreased Firmicutes complex lipids; increased elevated
decreased hippuric acid post-treatment
and indole-3-acetic acid
Doxycycline, Tetracycline Significant 13 metabolites Disruption observed; Increased IL-1p, IL-6, Microbial composition [104]
(Tetracycline) disruption; loss of decreased; 9 increased; changes in energy IL-12, IL-17, TNF-a changes persisted
beneficial taxa decreased hippuric acid metabolism
and indole-3-acetic acid
noted
Erythromycin, Azithromycin Reduced microbial Depletion of keystone Disruption in Reduction in MCP-1, Long-term changes in [105]

(Macrolide) capacity for bacteria; reduced SCFA
carbohydrate biosynthesis; alterations
metabolism and in serotonin (5-HT) and
SCFA biosynthesis C-peptide

metabolic IL-5, and IL-10 gut microbiota
homeostasis; (significant with composition,
changes in azithromycin); impacting systemic
gastrointestinal trends for IL-4, IL-6, homeostasis
motility IL-7, TNF-a, IFN-y

(not significant)

can fluctuate depending on the dietary intake of choline- and carnitine-
rich foods, which affects the standardization of diagnostic thresholds
across different populations [110]. Similarly, SCFA levels are influenced
by dietary fiber intake, making it challenging to establish universal ref-
erence ranges for diagnostic purposes [111]. Furthermore, the complex
and dynamic nature of the gut microbiota, which involves many inter-
acting microbial species, complicates the isolation of specific contribu-
tions of TMAO and SCFAs to diseases such as cardiovascular disorders
and inflammatory conditions [112].

Current methodologies for measuring TMAO and SCFAs, such as lig-
uid chromatography-mass spectrometry, offer high precision and sensi-
tivity; however, they are costly and require specialized laboratory en-
vironments, which limit their application in routine clinical diagnos-
tics [113]. To address this challenge, there is a growing need to de-
velop rapid point-of-care diagnostic tools that are both cost-effective and
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user-friendly while maintaining high accuracy. Recent advancements
in biosensor technologies, such as electrochemical sensors, have shown
promise for the detection of these metabolites. For instance, electro-
chemical sensors enhanced with nanomaterials have been explored to
quantify indole derivatives and TMAO, showing the potential for more
accessible clinical applications owing to their portability and affordabil-
ity [114]. Additionally, enzyme-linked immunosorbent assays (ELISAs)
have been considered an adaptation to detect TMAO, leveraging their
established use in clinical laboratories for other biomarkers [115]. In-
tegrating technologies such as electrochemical sensors and ELISA with
microfluidic platforms can enhance the miniaturization and automation
of SCFA and TMAO detection, improving their clinical utility; however,
methods such as fluorescence in situ hybridization and microfluidics face
challenges in high-density sample processing. Thus, large-scale studies
are needed to validate these approaches in clinical settings to accu-
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rately detect metabolites in low-density microbial habitats [116]. Such
technological advancements aim to bridge the gap between research
settings and real-world clinical applications, making monitoring gut-
derived metabolites more feasible for personalized healthcare.

Variability in blood levels of TMAO poses challenges for its use as
a biomarker. Multiple factors, including diet, gut microbiota composi-
tion, gut-blood barrier permeability, liver enzyme activity, and methy-
lamine excretion rates, influence TMAO levels. These complexities make
it challenging to establish a direct correlation between TMAO levels
and specific health conditions [106]. For instance, TMAO levels rise
rapidly after choline, betaine, and L-carnitine consumption as the gut
bacteria metabolize these compounds to trimethylamine (TMA). TMA
is then absorbed into the bloodstream and oxidized to TMAO by the
liver enzyme flavin-containing monooxygenase-3 (FMO-3). Other FMO
forms play little to no role in TMA metabolism in humans [106]. The
final elimination of TMAO occurs through urination, sweating, and ex-
halation, adding another layer of variability. Consequently, these factors
must be considered when evaluating TMAO as a reliable biomarker for
health assessments [106]. Further challenges in the clinical application
of TMAO and SCFAs as biomarkers include their interactions with other
metabolic indicators. For instance, TMAO has been implicated in the
risk of cardiovascular diseases by promoting inflammation and enhanc-
ing platelet reactivity [108]. This suggests that TMAO could serve as
a valuable adjunct to traditional cardiovascular risk markers, such as
inflammatory cytokines and lipid profiles, offering a more holistic as-
sessment of cardiovascular health [110,117]. Additionally, while SCFAs
have demonstrated anti-inflammatory properties, dysbiosis often results
in decreased SCFA production, which may indicate underlying health
issues such as IBS or metabolic disorders. Therefore, understanding the
interplay between SCFAs and other metabolic pathways may enhance
their potential as biomarkers in clinical practice [118].

5. Mechanism for the transfer of resistance in gut microbiota

In the intricate gut microbiota ecosystem, antibiotic resistance mech-
anisms are multifaceted and dynamic, driven by evolutionary pressures
and microbial interactions [119]. Horizontal gene transfer is a pivotal
mechanism that facilitates the exchange of genetic material, including
antibiotic resistance genes, among diverse microbial species [120]. A
case study analyzed gut microbiota datasets from mother to child in
283 samples and longitudinal IBD in 148 patient samples, focusing on
horizontal gene transfer. That study showed that horizontal gene trans-
fer networks expand in complexity during early life, indicating micro-
biota transmission from mother to child. The group-specific network
edges and communities were identified as potential biomarkers. The in-
testinal bowel disease patient networks contained more horizontal gene
transfer edges in pathogenic genera such as Mycobacterium, Sutterella,
and Pseudomonas, and the microbiota of children contained more gen-
era of Bifidobacterium and Escherichia [121]. Through processes such as
conjugation, transduction, and transformation, bacteria can acquire re-
sistance genes from their environment or neighboring bacteria, rapidly
spreading resistance traits within the microbiota [122].

Mutation and selection play fundamental roles in shaping antibiotic
resistance profiles [116]. The evolution of antibiotic resistance is influ-
enced by the mutation supply rate, efficacy of the resistance mechanism,
fitness of resistant mutants at varying drug concentrations, and the in-
tensity of selective pressures [123]. Bacterial populations continuously
undergo genetic mutations, some of which confer antibiotic resistance.
In one case study, pathogenic bacteria such as E. coli, Salmonella, Pseu-
domonas aeruginosa, Streptococcus pneumoniae, Neisseria meningitidis, and
Helicobacter pylori acquired mutators with increased mutation rates, of-
ten due to defects in the methyl-directed mismatch repair system. These
strains developed antibiotic resistance mutations at significantly higher
rates, leading to enhanced resistance levels. Mutators also facilitate hori-
zontal gene transfer, which aids the spread of antibiotic resistance. It has
also been observed that a permanent mutator status can reduce fitness
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due to the accumulation of harmful mutations. Mutators also pose a risk
during infection treatment, as they promote the selection of antibiotic-
resistant mutants and can refine existing resistance mechanisms [124].
Thus, resistant mutants have a selective advantage under antibiotic pres-
sure, allowing them to proliferate and dominate the microbial commu-
nity.

Biofilm formation is a sophisticated strategy employed by bacteria to
escape the action of antibiotics [125]. Within biofilms, microbial cells
are encased in a protective matrix that shields them from antibiotics
and immune responses. This protective barrier enhances bacterial sur-
vival and promotes the development of antibiotic resistance [126]. A
previous study investigated biofilm-forming bacteria and antibiotic re-
sistance in hospital effluent isolates. The results showed the prevalence
of antibiotic-resistant and heavy metal-tolerant bacteria, with some pro-
ducing extended-spectrum p-lactamase enzymes. Toxic metals, such as
cadmium and copper, were selected for antibiotic resistance. Certain
bacteria exhibited p-hemolysis and other virulence traits [127].

There was a positive correlation between age and the abundance of
antibiotic resistance genes within the gut microbiota, indicating the age-
related accumulation and complexity of these genes. A study on the re-
lationship between age, gut microbiota, and antibiotic resistance genes
was conducted through a metagenomic analysis of fecal samples from
246 individuals. The abundance and complexity of resistance genes in
the gut microbiota increased with age, with the older age groups ex-
hibiting the highest levels of these genes. Among the identified genes,
Tet(Q), which is associated with tetracycline resistance, was the most
prevalent and had the highest occurrence in Bacteroides [128]. Another
study investigated the relationship between age and antibiotic resistance
in human gut microbiota using DNA microarray analysis. The results
indicate the progressive accumulation and higher complexity of antibi-
otic resistance genes from childhood through adulthood, highlighting
the link between age and antibiotic resistance development in the gut
microbiota [129]. By uncovering these age-related patterns, that study
provided valuable insights for understanding and potentially mitigating
antibiotic resistance in the context of the gut microbiota across different
age groups.

5.1. Bacterial translocation

The migration of pathogens from the intestinal region to other parts
of the body, referred to as bacterial translocation, can occur due to
intestinal barrier dysfunction, inflammation, or immune suppression
[130]. This process is facilitated by compromised mucosal integrity,
changes in the microbial balance induced by antibiotic resistance, and
weakened immune responses. Once translocated, pathogens can spread
throughout the body, causing infections in distant organs or tissues and
potentially leading to conditions such as sepsis [131]. Bacterial translo-
cation highlights the complex relationship among gut health, antibi-
otic resistance, immune function, and systemic illnesses [132]. Bacte-
rial translocation and its role in systemic diseases can be influenced
by antibiotic resistance [133]. In this scenario, motile phagocytes may
ingest intestinal bacteria that, if resistant to antibiotics, can survive
within these cells during transport to extraintestinal sites. However,
failure to effectively eliminate these bacteria intracellularly could re-
lease them into the extraintestinal environment [124]. This hypothe-
sis aligns with various observations in the literature. First, antibiotic-
resistant bacteria, often classified as facultative intracellular pathogens,
are prone to translocate out of the intestinal tract. Second, non-motile
intestinal particles, such as antibiotic-resistant strains, can also rapidly
translocate from the intestinal lumen. Finally, the bacterial transloca-
tion rate may be influenced by antibiotic usage, which modulates im-
munity, including phagocytic functions [134]. Furthermore, antibiotics
can cause gut bacteria to cross the colonic epithelium, triggering inflam-
mation and increasing vulnerability to post-injury diseases [134]. This
migration results from reduced microbial signals to colonic goblet cells,
which form antigen passages for antibiotic-induced bacterial transloca-
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tion. This study also suggests that the depletion of these cells, including
CX3CR1+ dendritic cells, halts migration, indicating their importance
in bacterial translocation [135]. Most antibiotics induce this process af-
ter a single dose, with heightened inflammation specifically linked to
antibiotics that promote bacterial movement[135]. Collectively, these
mechanisms emphasize the adaptability and resilience of the gut micro-
biota in response to antibiotic exposure, highlighting the urgent need for
comprehensive strategies to combat antibiotic resistance and preserve
the microbial balance in the gut [135].

7. Future perspectives

Future possibilities regarding the complexity of antibiotic resistance
and its impact on gut microbiota dynamics are multifaceted and promise
significant advancements in research and clinical practice. Enhancing
our understanding of resistance mechanisms will be pivotal, involv-
ing investigations into the genetic and metabolic pathways contributing
to antibiotic resistance and exploring horizontal gene transfer mecha-
nisms among gut bacteria. This knowledge could pave the way for de-
veloping targeted antibiotics designed to specifically combat resistant
strains without disrupting beneficial microbiota, potentially in combi-
nation with prebiotics or probiotics, to mitigate dysbiosis. Additionally,
emerging evidence highlights the efficiency of breast milk in combat-
ing antimicrobial resistance, as it contains bioactive components like
lactoferrin, oligosaccharides, and antimicrobial peptides, which can in-
hibit the growth of resistant pathogens and support the development of
a healthy microbiome [136].

Regarding therapeutic strategies, advancing fecal microbiota trans-
plantation techniques could restore the microbial balance in individuals
affected by antibiotic-induced dysbiosis, while precision probiotics tai-
lored to individual microbiota profiles may further support gut health
post-treatment. Metabolomic profiling is another promising avenue that
allows researchers to identify biomarkers associated with antibiotic-
induced dysbiosis and investigate the role of metabolites in modulat-
ing resistance mechanisms. Using bioinformatics tools, artificial intelli-
gence, and machine learning applications could also revolutionize our
ability to analyze the complex interactions between antibiotic exposure,
gut microbiota composition, and resistance patterns, leading to the de-
velopment of predictive models for antibiotic resistance based on micro-
biota profiles. Furthermore, alternative therapeutic strategies, such as
bacteriophage therapy and antimicrobial peptides, warrant exploration
to treat infections while preserving the gut microbiota diversity. Em-
ploying advanced methods such as ERIC-PCR for quickly and affordably
determining the clonal relationships of MDR isolates holds great po-
tential. This approach could improve antimicrobial resistance tracking,
especially in low-resource regions, and support the development of pre-
cise strategies to combat its spread globally [27]. Public health initia-
tives emphasizing prudent antibiotic use and establishing surveillance
systems to monitor resistance patterns in the population are essential to
combat the antibiotic resistance crisis. Longitudinal studies are needed
to assess the long-term effects of antibiotic use on gut microbiota dynam-
ics and resistance, along with the development of regulatory frameworks
to ensure the safe use of antibiotics in clinical and agricultural settings.
Finally, personalized medical approaches, including tailoring antibiotic
regimens based on individual microbiota composition and incorporat-
ing pharmacogenomics, have the potential to minimize the emergence
of disruption and resistance. Collectively, these possibilities highlight
the need for a multidisciplinary approach to address the intricate rela-
tionship between antibiotic resistance and gut microbiota dynamics to
ultimately enhance health outcomes and effectively manage antibiotic
resistance. In conclusion, the relationship between antibiotic resistance
and gut microbiota dynamics poses healthcare challenges. Understand-
ing how resistance mechanisms affect beneficial microbes is essential
for developing targeted treatments that minimize disruption of the gut
microbiome. Future research should focus on uncovering the genetic
and metabolic pathways of resistance and exploring strategies, such as
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precision probiotics and fecal microbiota transplantation, to restore mi-
crobial balance.
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