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ABSTRACT

The human gut microbiome plays a significant role in drug metabolism, therapeutic efficacy, safety, and individual
variability in treatment response. The bidirectional interactions between gut microorganisms and pharmaceutical agents
form the basis of pharmacomicrobiomics, an emerging field that investigates how microbial composition and activity
influence drug absorption, distribution, metabolism, and excretion (ADME). Certain microorganisms can activate,
inactivate, or chemically modify drugs through enzymatic processes, while pharmaceutical agents can alter microbial
composition and function, potentially leading to dysbiosis and adverse effects. This review discusses the mechanisms
underlying microbiome—drug interactions, their influence on pharmacokinetics and pharmacodynamics, and their clin-
ical significance in various diseases, including diabetes, inflammatory bowel disease, and cancer. It also highlights
microbiome-triggered drug delivery systems using polysaccharides, microbial enzymes, and bacteria-responsive for-
mulations for targeted colonic drug delivery. These approaches offer potential advantages, including improved site-
specific drug release, enhanced therapeutic efficacy, and reduced systemic toxicity. However, interindividual micro-
biome variability, antibiotic-associated disturbances, formulation challenges, and limited clinical evidence remain
significant barriers to clinical translation. Understanding these interactions may support the development of personal-
ized therapeutic strategies, microbiome-targeted interventions, and more effective drug delivery systems. Further mul-
tidisciplinary research and well-designed clinical studies are required to establish standardized approaches and translate
pharmacomicrobiomics into routine clinical practice.

Keywords: Therapeutic efficacy, microbiome-targeted medication delivery, pharmacomicrobiomics, drug metabolism,
gut microbiome, and personalised medicine

INTRODUCTION The human host's interactions with their surroundings

) ) ) ) can be mediated by the intricate ecosystem that is the
The term "microbiome" typically mentions to the

) i . ) } human gut microbiome. Furthermore, the gut micro-
community of bacteria found in human tissues, but it

) _ i biota may indirectly impact how a person responds to
can also be used to describe any kind of microbe

found in the human body, such as viruses, fungus, or
bacteria. The importance of the microbiome to the
host's physiological functions and overall health is

immunotherapy when treating cancer.

This review presents an overview of the micro-
biome's impact on medication efficacy and its role in
immunotherapy, discusses the symbiotic relationships

now widely recognized. i e i
between microbes and medications (Figure 1)(1-4).
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The learning of the connectionamongst microbiome
difference and drug response and disposition
(ADME) is known as pharmacomicrobiomics. In this
study, we give a summary of the past and look at the
most recent research on the complicated (5-6).

Therapeutic medications modify the composition
of the gut microbiome

Antibiotics, antifungals, antivirals, antiprotozoal, and
anti-archaeal are examples of antimicrobial medica-
tions. These compounds aim for proteins that are
either rare in the host organism or readily distin-
guishable from their human analogues. Homologues,
those that inhabit the human body as commensal mi-
crobes often contain them. Mild to severe adverse
effects in patients can be caused by antibiotics, which
can "collaterally damage" the microbiome (1). The
majority of studies have focused on antibiotics, with
results showing that they modify the gut microbiome's
composition as well as other physiological host fea-
tures, such as metabolic, immunological, and cogni-
tive functions, in both humans and animals (2).
According to preliminary findings, healthy patients'
microbiome can partially recover after receiving an-
tibiotics. Current clinical research on how drugs affect
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the digestive system. The majority of microbiome
studies have been cross-sectional; interventional or
longitudinal methods, as well as comparisons to
treatment-naive but ill control groups, are frequently
lacking. Because of this, it is challenging to distin-
guish between drug-related and disease-mediated
effects. Metformin, an antidiabetic medication, is a
prime example of this problem. The medication has a
high intestine drug concentration due to its poor oral
bioavailability (3-8).

It was among the first non-antibiotic medications to
be demonstrated to affect gut microbiota. While an-
tibiotics have a direct impact on some microbiome
members, other drugs can change the microbiome's
composition and function indirectly through host-
mediated mechanisms; for example, proton-pump
inhibitors can alter the microbiome's composition by
increasing the stomach's pH. Bacteria in the intestines
can change and metabolise drugs, that much is true.
The microbiome can also have an indirect effect on
host xenobiotic metabolism in the liver. Additionally,
all of these interactions have crosstalk. In the end,
these intricate relationships may result in interper-
sonal variations in treatment success and detrimental
health effects (4-5).Drugs have the ability to influence
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both the composition and functionality of the gut
microbiome. Some drugs, like antibiotics, directly
impact certain members of the microbiome, while
others, like proton-pump inhibitors, alter the micro-
biome's composition by raising the stomach pH
through host-mediated mechanisms. It is true that
microorganisms in the intestines can change and
metabolise drugs. Additionally, the microbiome can
indirectly affect host xenobiotic metabolism in the
liver. Additionally, all of these interactions have
crosstalk. In the end, these intricate relationships may
result in interpersonal variations in treatment success
and detrimental health effects (3).

The Mechanistic Underpinnings of the Gut Micro-

biome

* The Biochemical Factory of the Colonic Mi-
croflora

Anaerobes that produce enzymes like [3-glucosidase,
pectinase, dextranase, B-galactosidase, and azore-
ductase predominate in the colon, which has one of
the greatest microbial populations in the human body.
These enzymes are dependable biological triggers for
site-specific drug release since they are mostly absent
in the upper gastrointestinal system. Drug carriers that
are appropriately designed stay stable while in transit
but quickly break down when they come into contact
with this bacterial enzyme (9-10).

* Polysaccharides as Microbial Initiators

Human gastric or pancreatic enzymes are unable to
break down polysaccharides such pectin, guar gum,
dextran, chitosan, and inulin. They travel unaltered to
the colon, where the drug load is released when bac-
terial fermentation breaks down their matrix (Pharma
Excipients; Science Direct). Because of this,
polysaccharide coatings or matrices are used in a lot
of colon-targeted medications. The medication dis-
perses into the intestinal lumen and provides selective
delivery when bacteria break down the polymer
backbone (11-12).

* Prodrugs Sensitive to Microbiota

Making medications into prodrugs that are activated
by bacteria is a further tactic. In the upper intestine,
these substances stay dormant, but colonic bacteria
enzymatically transform them. Classic examples are
prodrugs connected to azo-bonds that are broken
down by azoreductase (PubMed). Colonic enzymes
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are also necessary for the activation of glyosidic pro-
drugs. Because of this chemical construction, the
medication won't start working until it enters the in-
tended microbial environment (10).

* Smart or Combined Delivery Systems

To improve specificity, recent formulations incorpo-
rate several triggers, including pH sensitivity, enzy-
matic degradation, and time-controlled polymer
swelling. Better protection against premature release
is offered by dual or multi-layer tablets, especially in
patients with varyingdigestive transit durations. The
adaptability of microbiota-triggered techniques is
further expanded by nanoparticles, Nano emulsions,
and polysaccharide-based self-emulsifying systems
(9-14).

THERAPEUTICAPPLICATIONS

e IBD, orinflammatoryboweldisease

When it comes to administering corticosteroids, im-
munomodulatory, and 5-aminosalicylic acid (5-ASA)
directly to inflammatory tissue, microbiome-triggered
tablets work very well. According to studies, azore-
ductase-responsive 5-ASA Nano formulations had
better anti-inflammatory properties and longer reten-
tion in the colon (10).

¢ TreatmentforColonCancer

Chemotherapeutic drugs have been delivered directly
to colonic tumors using polysaccharide matrices like
pectin and guar gum. This targeted strategy increases
medication accumulation at tumor locations, reduces
systemic toxicity, and improves therapeutic index
(10).

e TransportofProteins, Peptides, andLabileSub-
stances

The upper gastrointestinal system frequently breaks
down biologic medications. By protecting these mol-
ecules until they reach the colon, where enzymatic
activity is reduced, microbiome-triggered tablets pro-
vide a safe oral delivery method. This approach is
being investigated for peptide therapies and oral vac-
cinations (10)

* AccuracyandCustomizedHealthcare

Microbiome-triggered administration allows for cus-
tomized dose because individual differences in mi-
crobiome composition are substantial. Based on the
microbial enzyme activity of each patient, advanced
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microbiome profiling may help choose particular
polysaccharide carriers or prodrug connections (10).

Microbiome-Triggered Delivery Benefits

* Site-SpecificDisclosure

These technologies guarantee high local drug con-
centration and little systemic exposure—perfect for
diseases like IBD and colon cancer—because release
is dependent on colonic bacteria (16).

* Protection of sensitive drug

Safeguarding delicate medications Proteins, peptides,
probiotics, and unstable medications are examples of
sensitive medications that are shielded from digestive
enzymes and strong stomach acid. Until the medica-
tion reaches microbiome-rich regions, where bacterial
enzymes cause release, it stays encapsulated. The
medication is coated or encapsulated with substances
that withstand stomach acid and upper intestine di-
gestion in microbiome-triggered administration. The
medicine is released when the coating is broken by
bacteria enzymes in the colon. This guarantees effi-
cient activation at the target spot and shields delicate
medications from premature destruction (16).

* Enhanced Bioavailability

Colon-specific administration, where microbial
breakdown permits regulated release, is advantageous

for large molecules and poorly soluble medications
(13).

* Consistent and Regulated Release

After bacterial activation, several microbiota-sensi-
tive polymers release medications gradually, allowing
for long-lasting therapeutic effects (16).

¢ Diminished Toxicity to the System
Patient safety is enhanced and off-target effects are
reduced by localizing activity (16).
» Using Natural, Safe Materials

Inulin, guar gum, and pectin are examples of
biodegradable polysaccharides that are thought to be
safe, economical, and compatible with contemporary
pharmaceutical procedures (16).

Obstacles and Restrictions

* Variability of the Microbiome

@
. 4
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Individual differences in age, food, antibiotic expo-
sure, and illness condition all affect microbial enzyme
activity. Unpredictable release rates or insufficient
medication activation could result from this (10).

* Disruption of Antibiotics

Antibiotic therapy may decrease drug release and
efficacy by suppressing the bacterial populations
required for drug activation (11).

* Making Release Profiles Standard

The intrinsic variety of the microbiome makes it
challenging to achieve consistent performance across
a diverse population (10).

¢ Problems with Formulation and Stability

Uniform polysaccharide coating production and sta-
bility during manufacturing continue to be technical
problems (10).

* Regulatory Obstacles

Regulatory bodies may need more proof of consis-
tency, safety, and population-specific efficacy be-
cause performance is dependent on biological factors
(10).

Linking microbial and human factors that influ-
ence medication response variability

A. Individual differences in medication reaction
and human metabolism

Despite the abundance of data sets, optimizing thera-
peutic efficacy while minimising toxicity remains a
challenging task. Two branches of pharmacology,
pharmacogenomics and pharmacometabolomics, aim
to address this challenge by studying the effects of
drugs on human genetics and metabolism. The
detoxification of several pharmaceuticals can be in-
fluenced by specific changes in UGT1Al. These
medications include irinotecan, an anti-inflammatory
drug used in chemotherapy, NSAIDs, and atazanavir,
an anti-HIV treatment. Clinical laboratories can con-
sequently evaluate the individual toxicity risk of each
patient by means of a UGT1A1 genotyping assay. The
original advocates of pharmacogenomics held the
view that studying the human genome and the genetic
variants present in drug-metabolizing enzymes would
greatly benefit clinical practice by reducing side ef-
fects and ineffectiveness. However, clinical settings
have not made extensive use of basic research results
that describe the consequences of genome variants on
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medicine metabolism. This discrepancy arises, in part,
because of the conventional wisdom regarding the
human liver and intestinal mucosa as sites of drug
metabolism. The gut microbiota is an additional
component of drug metabolism; it has its own unique
enzymatic capabilities, which it uses to create metab-
olites that differ from those of the host (17-26).

B. Drug metabolism is shaped by microbiome
chemical processes.

Drug breakdown, drug activation, and host enzyme
regulation are just a few of the ways in which the gut

; \
Diet

Antibiotics Drugs

microbiota alters drugs. Spanogiannopoulos et al. and
Wilson et al. have conducted extensive reviews of the
known microbial responses that impact drug metabo-
lism. Acetylation, deamination, dihydroxylation, de-
carboxylation, demethylation, deconjugation, and
proteolysis are just a few of the many other chemical
reactions that have their roots in the microbiome of
the human digestive tract. More than fifty different
therapeutic drugs have their metabolism and efficacy
influenced in some way by different microbial strains
and enzymes (27-32).
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Figure 2: Phase I and II Drug Metabolism Enzyme Regulation by the Microbiome

C.Phase I and II drug metabolism enzyme regula-
tion by the microbiomelmportant host hepatic en-
zymes that generally aid in medication metabolism
are indirectly shaped by microbial metabolism of food
and endogenous substances; patients who take drugs
that interact negatively with these microbiomes may
experience side effects. (30-39).

Foods, medicinal medications, and environmental
pollutants are among the chemically varied exoge-
nously derived substrates that are metabolized by
hepatic and gut microbiota enzymes. Among the en-
zymes that make up phase II are UGTs, SULTs, and
GSTs, which stand for glutathione S-transferases.
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Hydrophilic medicinal medications and drug conju-
gates are mostly hydrolysed and reduced by the gut
flora before being discharged into the gastrointestinal
tract via the biliary system. The byproducts of these
interactions are hydrophobic substances that the gut
microbiota can either modify or undergo substantial
degradation before being reabsorbed through the en-
terohepatic circulation. Indirectly regulating phase I
and II hepatic enzymes, the metabolism of the gut
microbiota produces compounds that alter hepatic
function, including secondary bile acids and uremic
toxins. The microorganisms in the intestines break
down dramatically. Indirectly regulating phase I and
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IT hepatic enzymes, gut microbiota metabolism pro-
duces compounds such secondary bile acids and ure-
mic toxins (Figure 2)(30-36).

D. Clinical experiments

Numerous clinical studies are examining the effec-
tiveness of probiotics in modifying microbiome-de-
pendent adverse medication reactions. The possibility
of using probiotics to reduce CPT-11-induced toxicity
was investigated using a randomized, double-blind
design (Table 1). Future research utilising a similar
approach could investigate the effects of diet on mi-
crobiome B-glucuronides activity and patient toxicity
by analysing microbiome function utilising metage-
nomics or met transcriptomic sequencing from faecal
samples (29).

Effects of the microbiome on medications

A direct approach to target gut microbes is with an-
tibiotics, and a brief course of antibiotic treatment is
enough to significantly alter the microbiome's com-
position. Nineteen drug classes were associated with
specific microbial species, according to deep se-
quencing of the gut microbiomes of 1,135 people who
took part in a population-based study. The kind and
quantity of medications a person takes, either in
combination or separately, may have an impact on the
gut flora. However, rats who were pre-treated with
probiotics had higher blood levels of the antidiabetic
gliclazide compared to rats that were not, indicating
that the gut flora may affect the absorption of a drug.
Another study indicated that mice given Lactobacillus
reutter for three days had less oral paracetamol,
whereas mice given a different strain of the same
species had no impact. Because the probiotic raised
levels of sulfatase and aryl sulphate transferase while
decreasing B-glucuronides enzyme (42-46).

Drug Absorption in the Microbiome

Since the bioavailability and absorption rate of po-
tential oral pharmaceuticals constitute a substantial
obstacle to pharmacological efficacy, almost 40% of
these drugs were withdrawn from the market in the
1990s because of their poor pharmacokinetics and/or
bioavailability. A patient's capacity to absorb a
medicine is entirely dependent on the drug's chemical
properties and the host's import/export capabilities. A
large number of gut lumen cell types have no role in
absorption. To narrow the focus of differential ex-
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pression analysis to specific cell types, such as ab-
sorptive enterocytes, single-cell RNA sequencing or
laser capture microdissection are viable options. This
could be crucial for genes that act in different cell
types, such P-glycoprotein, which is expressed in T
cells and phagocytes (41-53)

Drug Distribution in the Microbiome

The term "microbiome drug distribution" describes
how medicinal substances interact with and are im-
pacted by the intricate network of bacteria that inhabit
the human body, especially the gut. By chemically
modifying medications or changing the physiological
environment of the host, the human microbiome can
have a substantial effect on drug absorption, metabo-
lism, and overall efficacy. For instance, some gut
bacteria have the ability to either increase ordecrease
the therapeutic benefits of medications by activating,
inactivating, or even producing their metabolites. In
disciplines like pharmacokinetics and pharmacody-
namics, this relationship is essential since it affects
how medications are transported throughout the body
and how they work. Because variances in an individ-
ual's microbiome composition might result in dispar-
ities in drug response, efficacy, and toxicity,
understanding microbiome drug distribution is be-
coming more and more crucial for personalized
medicine. The rapidly developing field of microbiome
drug distribution studies how the human microbiome
affects not only drug metabolism but also the location
and movement of medications within the body. Fol-
lowing administration, medications come into contact
with gut bacteria that have the ability to change their
chemical structure through enzymatic processes such
hydrolysis, reduction, or deconjugation. For example,
in the colon, microbial enzymes such as B-glu-
curonide’s might reactivate drug metabolites, result-
ing in extended circulation or even localized toxicity

(61).

Drug Metabolism in the Microbiome

The microbiome is an integral part of drug metabo-
lism and has a significant influence on medication
metabolism, including absorption, activation, inacti-
vation, and elimination from the body. Hydrolysis,
reduction, deconjugation, and decarboxylation are
just a few examples of the chemical events that can
alter drugs in the gut, where trillions of bacteria called
the gut microbiota produce a variety of enzymes.
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These microbial changes can occasionally produce
hazardous chemicals, increase medication action, or
decrease therapeutic efficacy. Microbial enzymes can
directly change drug structure at an early stage of
pharmacokinetics because, in contrast to human liver
enzymes, they function in the intestinal lumen before
medicines even enter the systemic circulation. Drug
efficacy can also be directly determined by microbial
metabolism. Digoxin, a well-known example, is a
cardiac glycoside that can be rendered inactive by
certain gut bacteria like Egger Thellalent. Digoxin
may have less of a therapeutic impact in people who
have more of this bacterium. On the other hand, some
medications need to be activated by microbes; for
instance, some prodrugs require bacterial enzymes to
transform them into active pharmacological mole-
cules. By altering host systems such as bile acid me-
tabolism, intestinal permeability, cytochrome P450
enzymes in the liver, and immunological signaling
pathways, the microbiome also indirectly affects drug
metabolism. Drug absorption and systemic exposure
may be changed by these actions. Inter-individual
inconsistency in drug response is greatly influenced
by microbiome makeup, which varies greatly among
persons due to food, antibiotics, age, genetics, and
illness conditions (61).

Microbiome: Detoxification and Drug Excretion

The portal vein and biliary tract link the liver to the
intestines, bringing the two organs closer together as
close relatives that allow for the interchange of
chemicals and metabolites between the host and bac-
teria. Evidence suggests that the gut-liver axis regu-
lates gene expression, facilitates biliary excretion and
recycling, and links the microbiome to the liver. A
study comparing the liver xenobiotic metabolism
expression in germfree and conventionally raised
mice found that microbial tryptophan metabolites
may activate aryl hydrocarbon receptors (AHRs). Not
only does the human microbiome reside in the gut, but
it also functions as a "metabolic organ" that pro-
foundly changes the way medications are eliminated
from the body. Despite the liver being the primary
location for drug metabolism, the microbiota impacts
excretion—the final disposal of drugs—through three
fundamental mechanical processes (41, 54-55).

Gut Neutrality Is Essential
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While many medications, particularly those with a
high potential for side effects, are amenable to oral
administration, there are still a number of obstacles.
Interactions between gut flora and quickly absorbed
drugs in the portal vein occur before these compounds
reach the systemic circulation. Pharmacomicro-
biomics, the study of drug-microbiome interactions,
is essential for optimal therapy planning. The com-
position of the microbiome can be changed by drugs,
and medications can change the pharmacokinetics,
metabolism, and bio distribution of the microbiome
[Citationl]. These alterations often cause dysbiosis,
even if some of them are beneficial (metformin is one
example). In this context, we propose "gut neutrality,"
the development and use of pharmaceuticals and for-
mulations that lessen the likelihood of harmful inter-
actions with the microbes that inhabit the human
digestive tract. Several approaches have been pro-
posed. Achieving gut neutrality and avoiding un-
favourable drug-gut interactions can maximise
therapeutic effectiveness without unwanted side ef-
fects (61).

Bidirectional pharmacomicrobiomic interactions
dictate adverse drug event profiles and therapeutic

efficacy

* Toxicity resulting from drug metabolism medi-
ated by the microbiota

As demonstrated by the anti-anxiolytic nitrazepam,
toxicity brought on by microbiome-mediated drug
metabolism can be direct. Orally administered ni-
trazepam undergoes nitro reduction by Clostridium,
Bacteroidetes, and Additionally,
polypharmacy situations exacerbate potential toxicity
to the gut microbiome. For instance, when sorivudine,

Eubacteria.

an antiviral, and 5-fluorouracil (5-FU), an antineo-
plastic, are administered together, Bactericides
species prevents metabolism. Metabolized 5-FU bio
accumulates as a result, increasing the risk of bleed-
ing, infection, gastrointestinal problems, dyspnea, and
tachycardia. Similarly, up to 10% of individual. Is
experience medication inactivation due to digoxin's
gut microbial metabolism. Egger deactivates digoxin,
which is prescribed for arrhythmia. Digoxin was
changed into inactive dihydrodigoxin by Thella lent's
glycoside reductase enzyme (56-58).

* Drug-induced microbiome dysbiosis-related tox-
icity
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The therapeutic goal of a medicine may be under-
mined by drug-induced microbiome dysbiosis, which
can interfere with the gut microbiome's relationships
to different health systems. For example, microbiome
dysbiosis caused by psychotropic medications such as
clozapine, risperidone, and olanzapine, which are
prescribed for bipolar disorder and schizophrenia,
disrupts the gut-brain axis, resulting in altered neu-
roenergetics (the process of energy metabolism and
demand by neuronal cell systems) and cognitive dis-
turbance. For instance, over the course of 21 days,
olanzapine caused a 30% rise in body weight in
Sprague-Dawley rats. By interfering with neuroener-
getics, cognition, and mood stabilization, these alter-
ations may affect therapy effects. Furthermore, the
psychological and sociocultural effects of metabolic
dysfunction, including weight increase, might cause

therapeutic noncompliance and worsen mental health
(56-60).

MICROBIOME DRUG INTERACTIONS IN
DISEASED STATES

Anti-diabetic medication-microbiome interactions
in both directions

Recently, type-2 diabetes (T2D) has spread around the
world, primarily as a result of rising obesity rates and
sedentary lifestyles. Hyperglycemia, hypertension,
and abnormal cholesterol profiles are frequently
present in type 2 diabetes (T2D), a multifactorial
illness marked by problems in the metabolism of fat
and carbohydrates (Figure3). Many anti-diabetic
medications target these organs in order to normalize
blood glucose levels.
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Figure 3: Targeted Processes of Antidiabetic Drugs and the Metabolic Organs That Contribute to Dia-
betic Hyperglycemia

A. How antidiabetic medications affect the com-
position of the gut microbiota
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Figure 4: Antidiabetic Medication Effects on the Proportion of Gut Microorganisms

Drug—microbiome interactions play an important role
in the management of type 2 diabetes (T2D). Among
antidiabetic drugs, metformin remains the first-line
therapy for newly diagnosed T2D due to its effec-
tiveness in improving glycemic control and reducing
cardiovascular risk (Figure 4)(63-66).

Metformin increases Clostridium cocleatum and
Muciniphila levels in HFD-fed mice, according to
additional study in a similar line. An active compo-
nent found in A. muciniphila cell walls decreases
obesity and diabetes in a mouse model by imitating
the effects of metformin, according to a recent study
(66-70).

B. Pancreatic Cancer and Microbiome

A diverse and intricate ecosystem present in various
parts of the body, the human microbiome plays an
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essential role in the regulation of critical functions that
influence health and disease. A variety of cancer types
have recently shown that the microbiome plays an
important role in carcinogenesis, with studies show-
ing that it is associated with tumour growth and
metastasis and may serve as a biomarker for early
identification, progression, and treatment resistance.
It might be due to a number of factors, such as the fact
that it was discovered at a late stage, the tumor's ag-
gressive growth, the frequency of metastases, and the
primary resistance to standard of care. Also, most
chemotherapy treatments are associated with high
levels of toxicity, which means they can't be used on
individuals with poor performance or who are very
old. Because of this, creating biomarkers to predict
chemotherapy responses or harm and early, effective
treatments are of the utmost importance (82-96).
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C. The gut-brain axis of microbiota

It was in ancient Greece that the idea of a gut-brain
axis was initially put forth (60-61). Studies on gastric
acid secretion in humans with gastric fistulas con-
ducted in the early 1800s by Beaumont, Wolf, and
Wolff, along with Pavlov's work on dogs (for a his-
torical overview, see Wolf (1981)), scientifically
established the idea that human emotions influence
host physiology. The gut, its microbiota, and the brain
are in a constant state of two-way communication,
which has been shown to influence a variety of out-
comes, including sugar preference, mental health,

Therapies that

mood, decision-making (65-68), with the gut micro-
biome "involuntarily influencing host's behaviour and
brain biochemistry," the ideas of evolutionary reliance
or local manipulation seem more likely, despite the
fascinating possibility that the gut microbiome may
manage host behaviour for its own benefit. Based on
clinical and experimental data, there are various direct
and indirect channels that the gut microbiota, gut, and
brain can employ to communicate. These channels
include neurological, immunological, endocrine, and
metabolic systems (97-101).

Microbiome-gut-brain axis

- Ceniral sensitization DGR impact of the microbiome Homeostasis
- Psychological comorbidities
- Altered brain structure
- HPA axis dysregulation Cognitive behavioral therapy
- Altered response to dietary Yoga and meditation
components Therapeutic virlual reality
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Figure 6: The Gut-Brain Axis of Microbiota
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D. Systemic Sclerosis and the Microbiome

Significant inflammation, maculopathy, and fibrosis
are hallmarks of systemic sclerosis (SSc), an inflam-
matory disorder that impacts both the skin and inter-
nal organs. Although some cellular and molecular
pathways have been demonstrated, the origins and
pathophysiology of SSc are still not well understood.
SSc is a rare rheumatological disorder that can be
deadly. Presently, no effective disease-modifying
medications exist for SSc because of the complexity
and variability of the clinical and pathological char-
acteristics (75-77). Furthermore, DCs promote the
secretion of immunoglobulin A (IgA) by B cells,
which inhibits the adhesion of pathogenic microbes to
the epithelium and neutralises them. The immune
cells of the host can be influenced by commensal
bacteria, though. Inflammation in the intestines trig-
gers the translocation of polysaccharide. A molecules
from commensal Bactericides fragile to plasmacytoid
dendritic cells (pDCs) via toll-like receptor 2 (TLR2),
which in turn stimulates Treg cell production of in-
terleukin-10 (IL-10) (78-81).

Aberrant immune responses, which result in inflam-
mation and vasculopathy and ultimately fibrosis, are
part of the traditional development of SSc. Neverthe-
less, it is still unclear what initiates and speeds up the
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sequence of harmful activities. Therefore, in order to
stop the series of events that contribute to the devel-
opment of SSc, it is essential to clarify the interaction
between different cell types. Figure provides a sum-
mary of the pathophysiology of SSc (71).

E. Microbiome in the Treatment of Breast Cancer

Cancer of the breast (BC) is a persistent therapeutic
challenge because of tumour heterogeneity, drug re-
sistance, and immunological dysfunction. The in-
creasing evidence of the microbiome's role in the
development of the disease is making these problems
worse. Pathogenic bacteria, such as Fusobacterial
nucleatum, have been associated with immunological
evasion, extracellular matrix change, and treatment
outcomes. Common methods of influencing the mi-
crobiome, such as antibiotics and probiotics, can
cause dysbiosis and lack specificity. The microbiome
of'a given BC subtype or disease stage is known to be
unique. Table 1 shows that patients in advanced stages
of BC often have an enrichment of microbial taxa like
Bacteroidetes, Clostridium spp., and Blautia, although
certain harmful strains like enter toxigenic Bacteri-
cides fragile (ETBF) and F. nucleate have been
mechanistically associated to the progression of the
disease and resistance to treatment (16).
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Figure 7: Microbial Nanotechnology for Targeting BC
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This picture illustrates a state-of-the-art strategy for
halting the progression of BC: microbial nanotech-
nology. Metastasis can be facilitated by pathogens

Roshani Amit Mujawar, Int. J. Sci. R. Tech., 2026 3(11), 249-266 | Review

Table 1: Diseases Associated with the Gut Microbiome

like F. nucleate by tumour binding, MMP synthesis,
and immune suppression (82). Table 1 represents
diseases associated with the Gut Microbiome.

. Mechanism Linkin .
. . Key Gut Micro- . ! 1 & | Common |Evidence
Disease Description . Microbiome to Dis-
biome Changes ease Symptoms | Strength
Reduced microbial
diversity; de- .
Chronic inflammatory creased Faecal- | Dysbiosis disrupts the A:ioﬁ;::l
Inflammato disorder of the gastroin- ibacterium intestinal barrier, acti- rlilea ’rec tal Ve
Bowel Disearze testinal tract including prausnitzii and vates immune re- bleé din s tro;y
Crohn's disease and ulcer- | other beneficial | sponses, and promotes weight 1ogs’s &
ative colitis. bacteria; increased | chronic inflammation. g! ’
. fatigue.
inflammatory bac-
teria.
Functional eastrointesti- Altered composi- | Changes in microbial Bloating,
Iritable Bowel nal disor d§r affectin tion of gut bacteria; | metabolites affect gut | abdominal
Syndrome bowel habits and ab dorgn P increased gas-pro- | motility, sensitivity, | pain, consti- | Strong
y nal comfort ducing microorgan- | and brain-gut commu- | pation, diar-
’ isms. nication. rhea.
L . . R lonizati iar-
S Bacterial infection often | Loss of protective ed}l ced colonization | Severe diar
Clostridioides oceurrine after antibiotic | microbiota due to resistance allows C. rhea, fever, Very
difficile Infection & o difficileovergrowth abdominal strong
treatment. antibiotics. . . . .
and toxin production. | pain, colitis.
Irtl;:f;;ejulgsztl:;;_ Microbial toxins and Blood in
Cancer of the colon or chronic inflammation | stool, weight
Colorectal Cancer and other poten- Strong
rectum. . . . may promote tumor | loss, altered
tially carcinogenic . .
. formation. bowel habits.
bacteria.
. . | Microbiota may influ- | Diarrhea
. . R ficial . ’
. . Autoimmune disorder educ.ed beneficia ence immune re- malabsorp- | Moderate
Celiac Disease . bacteria and altered . . . .
triggered by gluten. . L . sponses and intestinal | tion, anemia, | to strong
microbial diversity. . .
permeability. weight loss.
. E
Altered Firm Enhanced energy har- wei )LCteSZin
. Excessive body fat accu- | cutes/Bacteroidetes | vest from food and ght gai,
Obesity . . . metabolic Strong
mulation. balance; lower mi- | altered metabolic sig- )
N . . complica-
crobial diversity. naling. .
tions.
High blood
.. R b te- .
Metabolic disease charac- rf)(iillll(;eig E;}(I:rtzr?a Increased inflamma- sugar, fa-
Type 2 Diabetes | terized by insulin resis- p g 0ac tion and impaired glu- | tigue, fre- Strong
tance and altered micro- cose regulation uent
' bial metabolites. & ’ duer
urination.
. .. Bacterial t: Fati li
Non-Alcoholic Fat accumulation in the | Increased gut per- en ::; zirrlzulgart?gllll:; d eillﬁu;ngletr
Fatty Liver Dis- | liver unrelated to alcohol | meability and al- S gement, Strong
. . promote liver inflam- | abdominal
ease use. tered microbiota. . .
mation. discomfort.
I bun- . . . .
dIall(;lr(:e: f)edeZItlallIiln Microbial stimulation Joint pain
Rheumatoid Autoimmune disease af- . of immune pathways Pal, | \oderate
Arthritis fecting joints. pro—mﬂammatory may trigger autoim- S\yelhng, to strong
bacteria such as . stiffness.
. munity.
Prevotella copri.
. . o | Impaired immune sys- | Wheezing
R d bial .. . ’
. Includes asthma, eczema, educe . ricrobia tem maturation in- skin rash,
Allergic Diseases . diversity in in- . i Strong
and food allergies. fanc creases allergic food reac
Y responses. tions.
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. Mechanism Linking .
Disease Description K.e y Gut Micro- Microbiome to Dis- Common | Evidence
biome Changes ease Symptoms | Strength
Gut inflammation and
. . Reduced SCFA- 1\ & - hial metabolites Tremors,
Parkinson's Dis- | Progressive neurodegen- | producing bacteria . . L
case erative disorder and altered gut may influence brain | rigidity, slow | Moderate
' flora pathology through the | movement.
) gut-brain axis.
Dysbiosis and al- | Chronic inflammation Memo
Alzheimer's Dis- | Neurodegenerative dis- tered microbial | and microbial products loss. co rr}lli- Moderate
ease ease causing dementia. | metabolite produc- | may contribute to neu- | . &
. . tive decline.
tion. rodegeneration.
Differences in mi- Gut-brain signaling | Social com-
. Neurodevelopmental con- . .| and microbial metabo- | munication .
Autism Spectrum | . . . . | crobiome composi- . . . . Emerging
Disorder dition affecting communi- tion compared with lites may influence difficulties, evidence
cation and behavior. healthy controls neurological develop- | repetitive
Y ’ ment. behaviors.
Rgﬁ/ﬁ:ﬁ n;;ff:ll_al Microbiota influence Low mood
Major Depressive | Mood disorder character- tered neﬁro trans- serotonin production, fatioue slee’ Moderate
Disorder ized by persistent sadness. . inflammation, and igue, sieep
mitter-related . . disturbances.
metabolites brain function.
CONCLUSION metabolic pathways is limited. To fill these gaps,

There is a growing body of evidence showing that the
gut microbiota plays an important and ever-changing
role in regulating the disposal, effectiveness, and
safety of drugs. While microbes do have an impact on
how medications are metabolised, activated, and poi-
sonous, pharmaceuticals can have the opposite effect
by altering the microbiome. It is becoming more
recognised that this complex interplay is a major
contributor to the inter-individual variability in thera-
peutic response, and it is challenging the traditional
"one-size-fits-all" approach to medication. Critically,
applying microbiome information to clinical practice
has the potential to substantially increase precision
medicine. Through the use of microbiome analysis,
clinicians can anticipate therapeutic responses partic-
ular to each patient, which could lead to more effec-
tive medication selection and dose methods. This
approach has the potential to improve therapeutic
outcomes by raising the efficiency of medications,
decreasing the occurrence of adverse drug reactions,
and reducing the diversity in treatment responses
among groups. Antibiotics, anticancer drugs, antidia-
betic pharmaceuticals, and neuroactive chemicals are
only a few examples of the medicinal importance of
microbiome-mediated drug modulation. Despite these
promising advances, many challenges remain. For
example, there is a dearth of comprehensive human
research, microbiome analysis methodologies are not
standardised, and our understanding of microbial

INTERNATIONAL JOURNAL OF SCIENTIFIC RESEARCH AND TECHNOLOGY

research including microbiology, pharmacology,
bioinformatics, and clinical sciences must be con-
ducted by people from different disciplines. Poten-
tially wuseful developments in the future for
incorporating microbiome data into therapeutic deci-
sion-making include co-interventions including pro-
biotics or prebiotics, medications that target the
microbiome, and prediction models driven by artifi-
cial intelligence. Understanding the interplay be-
tween medications and the microbiome is crucial to
the development of personalised medicine. Additional
research in this field is expected to lead to better pa-
tient care worldwide by transforming conventional
drug therapy into safer, more effective, and more
precise methods of treatment.

REFERENCES

1. Cho I, Blaser MJ. The human microbiome: at the
interface of health and disease. Nat Rev Genet.
2012;13 (4):260-270.

2. Cox LM, Blaser MJ. Antibiotics in early life and
obesity. Nat Rev Endocrinol. 2015;11 (3):182-
190. 3 . Palleja A, Mikkelsen KH, Forslund SK,
et al. Recovery of gut microbiota after antibiotic
exposure. Nat Microbiol. 2018;3 (11):1255-
1265.

3.  Maier L, Pruteanu M, Kuhn M, et al. Extensive
impact of non-antibiotic drugs on human gut
bacteria. Nature. 2018;555 (7698):623-628.

261 |Page



10.

11.

12.

13.

Roshani Amit Mujawar, Int. J. Sci. R. Tech., 2026 3(11), 249-266 | Review

Zmora N, Suez J, Elinav E. Personalized gut
mucosal colonization resistance to probiotics.
Cell. 2018;174 (6):1388-1405.¢21.

Suez J, Zmora N, Zilberman-Schapira G, et al.
Post-antibiotic gut mucosal microbiome recon-
stitution is impaired by probiotics and improved
by autologous fecal microbiota transplantation.
Cell. 2018;174 (6):1406-1423.¢16.

DeFilipp Z, Bloom PP, Torres Soto M, et al.
Drug-resistant  Escherichia coli bacteremia

transmitted by fecal microbiota transplant. N
Engl J Med. 2019;381 (21):2043-2050.

Napolitano A, Miller S, Nicholls AW, et al.
Novel gut-based pharmacology of metformin in

patients with type 2 diabetes mellitus. PLoS One.
2014;9 (7):e100778.

Forslund K, Hildebrand F, Nielsen T, et al. Dis-
entangling type 2 diabetes and metformin treat-
ment signatures in the human gut microbiota.
Nature. 2015;528 (7581):262-266.

McCreight LJ, Bailey CJ, Pearson ER. Met-
formin and the gastrointestinal tract. Diabetolo-
gia. 2016;59 (3):426-435. 11 . Kuntz TM, Gilbert
JA. Introducing the microbiome into precision
medicine. Trends Pharmacol Sci. 2017;38
(1):81-91.

Aziz RK. Rethinking pharmacogenomics in an
ecosystem: drug-microbiome interactions, phar-
macomicrobiomics, and personalized medicine

for the human superorganism. Pharmacoge-
nomics. 2012;13 (2):213-215.

Lankisch TO, Strasburg CP, Manns MP.
Gilbert's syndrome and irinotecan toxicity: com-
bination with UDP-glucuronosyltransferase 1A7
variants increases risk. Cancer Epidemiol
Biomarkers Prev. 2008;17 (3):695-701.

Stingl JC, Bartels H, Viviani R, Lehmann ML,
Brockmdller J. Relevance of UDP-glucurono-
syltransferase polymorphisms for drug dosing: a
quantitative systematic review. Pharmacogenet

Genomics. 2014;24 (1):92-116.

Gammal RS, Court MH, Haidar CE, Iwuchukwu
OF, Gaur AH, Alvarellos M, et al. Clinical
Pharmacogenetics Implementation Consortium
(CPIC) guideline for UGT1A1l and atazanavir
prescribing. Clin Pharmacol Ther. 2016;99
(4):363-3609.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

INTERNATIONAL JOURNAL DF SCIENTIFIC RESEARCH AND TECHNOLOGY

Moaddeb J, Haga SB. Pharmacogenetic testing:
current evidence of clinical utility. Ther Adv
Drug Saf. 2013;4 (4):155-169.

. Scordo MG, Pengo V, Spina E, Dahl ML,

Gusella M, Padrini R. Influence of CYP2C9 and
CYP2C19 genetic polymorphisms on warfarin
maintenance dose and metabolic clearance. Clin
Pharmacol Ther. 2002;72 (6):702-710.

Ventola CL. Pharmacogenomics in clinical
practice: reality and expectations. P T. 2011;36
(7):412-450.

Phillips KA, Veenstra DL, Oren E, Lee JK,
Sadee W. Potential role of pharmacogenomics in

reducing adverse drug reactions: a systematic
review. JAMA. 2001;286 (18):2270-2279.

Rizkallah MR, Saad R, Aziz RK. The human
microbiome project, personalized medicine and
the birth of pharmacomicrobiomics. Curr Phar-
macogenomics Person Med. 2010;8 (3):182-193.

Saad R, Rizkallah MR, Aziz RK. Gut pharma-
comicrobiomics: the tip of an iceberg of complex

interactions between drugs and gut-associated
microbes. Gut Pathog. 2012;4:16.

ElRakaiby M, Dutilh BE, Rizkallah MR, Boleij
A, Cole JN, Aziz RK. Pharmacomicrobiomics:
the impact of human microbiome variations on
systems pharmacology and personalized thera-
peutics. OMICS. 2014;18 (7):402-414.

Wallace BD, Wang H, Lane KT, Scott JE, Orans
J, Koo JS, et al. Alleviating cancer drug toxicity
by inhibiting a bacterial enzyme. Science.
2010;330 (6005):831-835. 24 Wilkinson GR.
Drug metabolism and variability among patients
in drug response. N Engl J Med. 2005;352
(21):2211-2221.

Wilson ID, Nicholson JK. Gut microbiome in-
teractions with drug metabolism, efficacy, and
toxicity. Transl Res. 2017;179:204-222.

Spanogiannopoulos P, Bess EN, Carmody RN,
Turnbaugh PJ. The microbial pharmacists within
us: a metagenomic view of xenobiotic metabo-
lism. Nat Rev Microbiol. 2016;14 (5):273-287.

Kim DH. Gut microbiota-mediated drug-antibi-
otic interactions. Drug Metab Dispos. 2015;43
(10):1581-1589.

262 | Page



25.

26.

27.

28.

29.

30.

Roshani Amit Mujawar, Int. J. Sci. R. Tech., 2026 3(11), 249-266 | Review

Klotz U, Maier K, Fischer C, Heinkel K. Thera-
peutic efficacy of sulfasalazine and its metabo-
lites in patients with ulcerative colitis and
Crohn's disease. N Engl J Med. 1980;303
(26):1499-1502. 29 . Lindenbaum J, Rund DG,
Butler VP Jr, Tse-Eng D, Saha JR. Inactivation
of digoxin by the gut flora: reversal by antibiotic
therapy. N Engl J Med. 1981;305 (14):789-794.
30 . McQuade RM, Bornstein JC, Nurgali K.
Anti-colorectal cancer chemotherapy-induced
diarrhea: current treatments and side effects. Int
J Clin Med. 2014;5:393-406. 31 . Devlin AS,
Marcobal A, Dodd D, Nayfach S, Plummer NT,
Meyers CL, et al. Modulation of a circulating
uremic solute via rational genetic manipulation
of the gut microbiota. Cell Host Microbe.
2016;20 (6):709-715.

Bjorkholm B, Bok CM, Lundin A, Rafter J, Hi-
bberd ML, Pettersson S. Intestinal microbiota
regulate xenobiotic metabolism in the liver.
PLoS One. 2009;4 (9):e6958.

Barnes KJ, Rowland A, Polasek TM, Miners JO.
Inhibition of human drug-metabolizing cy-
tochrome P450 and UDP-glucuronosyltrans-
ferase enzyme activities in vitro by uremic
toxins. Eur J Clin Pharmacol. 2014;70 (9):1097-
1106. 34 . Mego M, Chovanec J, Vochyanova-
Andrezalova I, Konkolovsky P, Mikulova M,
Reckova M, et al. Prevention of irinotecan-in-
duced diarrhea by probiotics: a randomized dou-
ble-blind, placebo-controlled pilot study.
Complement Ther Med. 2015;23 (3):356-362.

Bisanz JE, Enos MK, Mwanga J, Changalucha J,
Burton JP, Gloor GB, et al. How to determine the
role of the microbiome in drug disposition. Drug
Metab Dispos. 2018;46 (11):1588-1595.

Cussotto S, Clarke G, Dinan TG, Cryan JF. Psy-
chotropics and the microbiome: a chamber of
secrets. Psychopharmacology (Berl). 2019;236
(5):1411-1432.

Zhernakova A, Kurilshikov A, Bonder MJ,
Tigchelaar EF, Schirmer M, Vatanen T, et al.
Population-based metagenomics analysis reveals

markers for gut microbiome composition and
diversity. Science. 2016;352 (6285):565-569.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

INTERNATIONAL JOURNAL DF SCIENTIFIC RESEARCH AND TECHNOLOGY

Ticinesi A, Milani C, Lauretani F, Nouvenne A,
Tana C, Del Rio D, et al. Gut microbiota com-
position is associated with polypharmacy in el-
derly  hospitalized patients. Sci  Rep.
2017;7:11102.

Al-Salami H, Butt G, Fawcett JP, Tucker IG,
Golocorbin-Kon S, Mikov M. Probiotic treat-
ment reduces blood glucose levels and increases
systemic absorption of gliclazide in diabetic rats.
Eur J Drug Metab Pharmacokinet. 2008;33
(2):101-106.

Kim JK, Choi MS, Jeong JJ, Lim SM, Kim IS,
Yoo HH, et al. Effect of probiotics on pharma-
cokinetics of orally administered acetaminophen
in mice. Drug Metab Dispos. 2018;46 (2):122-
130.

Kola I, Landis J. Can the pharmaceutical indus-
try reduce attrition rates? Nat Rev Drug Discov.
2004;3 (8):711-715.

Artursson P, Palm K, Luthman K. Caco-2
monolayers in experimental and theoretical pre-
dictions of drug transport. Adv Drug Deliv Rev.
2001;46 (1-3):27-43.

Kim HJ, Ingber DE. Gut-on-a-chip microenvi-
ronment induces human intestinal cells to un-
dergo villus differentiation. Integr Biol (Camb).
2013;5(9):1130-1140.

Shah P, Fritz JV, Glaab E, Desai MS, Greenhalgh
K, Frachet A, et al. A microfluidics-based in
vitro model of the gastrointestinal human-mi-
crobe interface. Nat Commun. 2016;7:11535.

Miller DS. Regulation of P-glycoprotein and
other ABC drug transporters at the blood-brain
barrier. Trends Pharmacol Sci. 2010;31 (6):246-
254.

Kramer A, Green J, Pollard J Jr, Tugendreich S.
Causal analysis approaches in ingenuity pathway
analysis. Bioinformatics. 2014;30 (4):523-530.

Cory TJ, He H, Winchester LC, Kumar S,
Fletcher CV. Alterations in P-glycoprotein ex-

pression and function between macrophage sub-
sets. Pharm Res. 2016;33 (11):2713-2721.

Tripathi A, Debelius J, Brenner DA, Karin M,
Loomba R, Knight R, et al. The gut-liver axis and
the intersection with the microbiome. Nat Rev
Gastroenterol Hepatol. 2018;15 (7):397-411. 49
Selwyn FP, Cui JY, Klaassen CD. RNA-seq

263 | Page



42.

43.

44,

45.

46.

47.

48.

49.

50.

Roshani Amit Mujawar, Int. J. Sci. R. Tech., 2026 3(11), 249-266 | Review

quantification of hepatic drug-processing genes
in germ-free mice. Drug Metab Dispos. 2015;43
(10):1572-1580.

Kamath S, Stringer AM, Prestidge CA, et al.
Targeting the gut microbiome to control phar-
macomicrobiomics: the next frontier in oral drug
delivery. Expert Opin Drug Deliv. 2023.

Diasio RB. Sorivudine and 5-fluorouracil: a
clinically significant drug-drug interaction due to
inhibition of dihydropyrimidine dehydrogenase.
Br J Clin Pharmacol. 1998;46 (1):1-4.

Haiser HJ, Seim KL, Balskus EP, Turnbaugh PJ.
Mechanistic insight into digoxin inactivation by
Eggerthella lenta augments our understanding of
its pharmacokinetics. Gut Microbes. 2014;5
(2):233-238. 53 Kamath S, Hunter A, Collins K,
et al. The atypical antipsychotic lurasidone posi-
tively modulates the gut microbiota in rats: a
comparative study to olanzapine \(preprint).
bioRxiv. 2024. doi:10.1101/2024.02.28.582623.

Wang Y, Yu Z, Ding P, et al. Antidepressants can
induce mutation and enhance persistence toward
multiple antibiotics. Proc Natl Acad Sci U S A.
2023;120:¢2217093120.

Woting A, Blaut M. The intestinal microbiota in
metabolic disease. Nutrients. 2016;8 (4):202.

Pedersen HK, Gudmundsdottir V, Nielsen HB, et
al. Human gut microbes impact host serum

metabolome and insulin sensitivity. Nature.
2016;535 (7612):376-381.

Cho SS, Qi L, Fahey GC Jr, Klurfeld DM. Con-
sumption of cereal fiber, mixtures of whole
grains and bran, and whole grains and risk re-
duction in type 2 diabetes, obesity, and cardio-
vascular disease. Am J Clin Nutr. 2013;98
(2):594-619. 58 . Madiraju AK, Erion DM,
Rahimi Y, Zhang XM, Braddock DT, Albright
RA, et al. Metformin suppresses gluconeogene-
sis by inhibiting mitochondrial glycerophosphate
dehydrogenase. Nature. 2014;510 (7506):542-
546.

McCreight LJ, Bailey CJ, Pearson ER. Met-
formin and the gastrointestinal tract. Diabetolo-
gia. 2016;59 (3):426-435.

Shin NR, Lee JC, Lee HY, Kim MS, Whon TW,
Lee MS, et al. An increase in Akkermansia spp.

51.

52.

53.

55.

56.

57.

58.

59.

60.

INTERNATIONAL JOURNAL DF SCIENTIFIC RESEARCH AND TECHNOLOGY

induced by metformin treatment improves glu-
cose homeostasis in diet-induced obese mice.
Gut. 2014;63 (5):727-735.

Lee H, Ko G. Effect of metformin on metabolic
improvement and gut microbiota. Appl Environ
Microbiol. 2014;80 (19):5935-5943.

Plovier H, Everard A, Druart C, Depommier C,
Van Hul M, Geurts L, et al. A purified membrane
protein from Akkermansia muciniphila or the
pasteurized bacterium improves metabolism in
obese and diabetic mice. Nat Med. 2017;23
(1):107-113.

Bauer PV, Duca FA, Waise TMZ, Rasmusson
BA, Abraham MA, Dranse HJ, et al. Metformin
alters upper small intestinal microbiota that im-
pact a glucose-SGLT1-sensing glucoregulatory
pathway. Cell Metab. 2018;27 (1):101-117.e5.

Derrien M, Van Baarlen P, Hooiveld G, Norin E,
Miiller M, de Vos WM. Modulation of mucosal
immune response, tolerance, and proliferation in
mice colonized by the mucin degrader Akker-
mansia  muciniphila. Front  Microbiol.
2011;2:166.

Tsou PS, Virga J, O'Reilly S. Advances in epi-
genetics in systemic sclerosis: molecular mech-
anisms and therapeutic potential. Nat Rev
Rheumatol. 2021;17 (10):596-607.

Allanore Y, Simms R, Distler O, Trojanowska
M, Pope J, Denton CP, et al. Systemic sclerosis.
Nat Rev Dis Primers. 2015;1:15002.

Zhu J, Frech T. Gut disease in systemic sclerosis:
new approaches to common problems. Curr
Treat Options Rheumatol. 2019;5 (1):11-19.

Bukiri H, Volkmann ER. Current advances in the
treatment of systemic sclerosis. Curr Opin Phar-
macol. 2022;64:102211.

Bellocchi C, Fernandez-Ochoa A, Montanelli G,
Vigone B, Santaniello A, Milani C, et al. Micro-
bial and metabolic multi-omics correlations in
systemic sclerosis patients. Ann N Y Acad Sci.
2018;1421 (1):97-109.

Volkmann ER, Hoffmann-Vold AM, Chang YL,
Jacobs JP, Tillisch K, Mayer EA, et al. Systemic
sclerosis is associated with specific alterations in
gastrointestinal microbiota in two independent
cohorts. BMJ Open Gastroenterol.
2017;4:e000134.

264 | Page



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Roshani Amit Mujawar, Int. J. Sci. R. Tech., 2026 3(11), 249-266 | Review

Opazo MC, Ortega-Rocha EM, Coronado-Arra-
zola I, Bonifaz LC, Boudin H, Neunlist M, et al.
Intestinal microbiota influences non-intestinal
related autoimmune diseases. Front Microbiol.

2018;9:432.

Palm NW, de Zoete MR, Flavell RA. Immune-
microbiota interactions in health and disease.
Clin Immunol. 2015;159 (2):122-127.

De Luca F, Shoenfeld Y. The microbiome in
autoimmune diseases. Clin Exp Immunol.
2019;195 (1):74-85.

Round JL, Lee SM, Li J, Tran G, Jabri B, Chatila
TA, et al. The Toll-like receptor 2 pathway es-
tablishes colonization by a commensal of the

human  microbiota. Science. 2011;332
(6032):974-977.

Dasgupta S, Erturk-Hasdemir D, Ochoa-Reparaz
J, Reinecker HC, Kasper DL. Plasmacytoid den-
dritic cells mediate anti-inflammatory responses
to a gut commensal molecule via both innate and
adaptive mechanisms. Cell Host Microbe.
2014;15 (4):413-423. 76 . Morrison DJ, Preston
T. Formation of short-chain fatty acids by the gut
microbiota and their impact on human metabo-
lism. Gut Microbes. 2016;7 (3):189-200.

Zheng D, Liwinski T, Elinav E. Interaction be-
tween microbiota and immunity in health and
disease. Cell Res. 2020;30 (6):492-506.

Gomaa EZ. Human gut microbiota/microbiome
in health and diseases: a review. Antonie Van
Leeuwenhoek. 2020;113 (12):2019-2040.

Durack J, Lynch SV. The gut microbiome: rela-
tionships with disease and opportunities for
therapy. J Exp Med. 2019;216 (1):20-40.

Kostic AD, Chun E, Robertson L, Glickman JN,
Gallini CA, Michaud M, et al. Fusobacterium
nucleatum potentiates intestinal tumorigenesis
and modulates the tumor-immune microenvi-
ronment. Cell Host Microbe. 2013;14 (2):207-
215.

Daillére R, Roberti MP, Routy B, Kroemer G.
The anticancer effects of the microbiota and its
products. Nat Rev Microbiol. 2017;15 (8):465-
478.

Cullin N, Antunes C, Straussman R, Stein-Tho-
eringer CK, Elinav E. Microbiome and cancer.
Cancer Cell. 2021;39 (10):1317-1341. 83 . Geller

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

INTERNATIONAL JOURNAL DF SCIENTIFIC RESEARCH AND TECHNOLOGY

LT, Barzily-Rokni M, Danino T, Jonas OH,
Shental N, Nijman 1J, et al. Potential role of
intratumor bacteria in mediating tumor resistance
to the chemotherapeutic drug gemcitabine. Sci-
ence. 2017;357 (6356):1156-1160.

Siegel RL, Miller KD, Wagle NS, Jemal A.
Cancer statistics, 2023. CA Cancer J Clin.
2023;73 (1):17-48.

Conroy T, Desseigne F, Ychou M, Bouché O,
Guimbaud R, Bécouarn Y, et al. FOLFIRINOX

versus gemcitabine for metastatic pancreatic
cancer. N Engl J Med. 2011;364 (19):1817-1825.

Mahaseth H, Brutcher E, Kauh J, Hawk N, Kim
S, Chen Z, et al. Modified FOLFIRINOX regi-
men with improved safety and maintained effi-
cacy in pancreatic adenocarcinoma. Pancreas.
2013;42 (8):1311-1315.

Conroy T, Castan F, Lopez A, Turpin A, Ben
Abdelghani M, Wei AC, et al. Five-year out-
comes of FOLFIRINOX versus gemcitabine as
adjuvant therapy for pancreatic cancer: a ran-
domized clinical trial. JAMA Oncol. 2022;8
(11):1571-1578.

Halbrook CJ, Lyssiotis CA, di Magliano MP,
Maitra A. Pancreatic cancer: advances and chal-
lenges. Cell. 2023;186 (8):1729-1754.

Birthel S, Mata CF, Rad R, Theis FJ, Saur D.
Single-cell profiling to explore pancreatic cancer
heterogeneity, plasticity and response to therapy.
Nat Cancer. 2023;4 (5):603-619.

Gourgou-Bourgade S, Bascoul-Mollevi C, Des-
seigne F, Ychou M, Bouché O, Guimbaud R, et
al. Impact of FOLFIRINOX compared with
gemcitabine on quality of life in patients with
metastatic pancreatic cancer: results from the
PRODIGE 4/ACCORD 11 randomized trial. J
Clin Oncol. 2013;31 (1):23-29.

Collins SM, Surette M, Bercik P. The interplay
between the intestinal microbiota and the brain.
Nat Rev Microbiol. 2012;10 (11):735-742.
Wolf S. The psyche and the stomach: a historical
vignette. Gastroenterology. 1981;80 (3):605-
614.

Kleisiaris CF, Sfakianakis C, Papathanasiou IV.
Health care practices in ancient Greece: the
Hippocratic ideal. J Med Ethics Hist Med.
2014;7:6.

265|Page



82.

83.

84.

85.

86.

Roshani Amit Mujawar, Int. J. Sci. R. Tech., 2026 3(11), 249-266 | Review

Bagga D, Reichert JL, Koschutnig K, Aigner CS,
Holzer P, Koskinen K, et al. Probiotics drive gut
microbiome triggering emotional brain signa-
tures. Gut Microbes. 2018;9 (6):486-496.

Johnson KVA, Foster KR. Why does the micro-
biome affect behaviour? Nat Rev Microbiol.
2018;16 (10):647-655.

Bisanz JE, Upadhyay V, Turnbaugh JA, Ly K,
Turnbaugh PJ. Meta-analysis reveals repro-
ducible gut microbiome alterations in response to

xenobiotics. Nat Rev Gastroenterol Hepatol.
2019.

Kamath S, Stringer AM, Prestidge CA. Pharma-
comicrobiomics in oral drug delivery: emerging
perspectives. Expert Opin Drug Deliv. 2023.

Haiser HJ, Turnbaugh PJ. Is it time for a

metagenomic basis of therapeutics? Science.
2012.

87.

88.

89.

ElRakaiby M, Aziz RK. Pharmacomicrobiomics
and personalized therapeutics. OMICS. 2014;18
(7):402-414.

Wilson ID, Nicholson JK. The role of gut mi-

crobiota in drug response and toxicity. Trends
Pharmacol Sci. 2017.

Fishbein SR, Mahmud B, Dantas G. Antibiotic
perturbations to the gut microbiome. Nat Rev
Microbiol. 2023;21 (12):772-788.

HOW TO CITE: Roshani Amit Mujawar, Sadiya Jamal
Mujawar, Samruddhi Nivas Mane, Dr. Mahesh Baban-
rao Thorat, Dr. Dhanraj Raghunathrao Jadge, The Mi-

crobiome—Drug Interface:

Decoding Bidirectional

Interactions, Therapeutic Outcomes and Precision
Medicine, Int. J. Sci. R. Tech., 2026, 3 (11), 249-266.
https://doi.org/10.5281/zenodo.23974106

INTERNATIONAL JOURNAL OF SCIENTIFIC RESEARCH AND TECHNOLOGY

266 |Page



