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Abstract

Dietary patterns play an important role in regards to the modulation and control of the gut microbiome composition and func-
tion. The interaction between diet and microbiota plays an important role in order to maintain intestinal homeostasis, which
ultimately affect the host's health. Diet directly impacts the microbes that inhabit the gastrointestinal tract (GIT), which then
contributes to the production of secondary metabolites, such as short-chain fatty acids, neurotransmitters, and antimicrobial
peptides. Dietary consumption with genetically modified probiotics can be the best vaccine delivery vector and protect cells
from various illnesses. A holistic approach to disease prevention, treatment, and management takes these intrinsically linked
diet-microbes, microbe–microbe interactions, and microbe–host interactions into account. Dietary components, such as fiber
can modulate beneficial gut microbiota, and they have resulting ameliorative effects against metabolic disorders. Medical
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interventions, such as antibiotic drugs can conversely have detrimental effects on gut microbiota by disputing the balance
between Bacteroides and firmicute, which contribute to continuing disease states. We summarize the known effects of various
dietary components, such as fibers, carbohydrates, fatty acids, vitamins, minerals, proteins, phenolic acids, and antibiotics on
the composition of the gut microbiota in this article in addition to the beneficial effect of genetically modified probiotics and
consequentially their role in regards to shaping human health.
© 2024 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.
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INTRODUCTION
The human body is divided into multiple microhabitats, which all
host complex microbial communities that are key to an individ-
ual's overall health. Disturbance of the usually balancedmetabolic
state of these microhabitats can have dire consequences on the
overall health and the disease susceptibility of the host if not
appropriately counterbalanced.1 The gastrointestinal tract (GIT)
and its microbial inhabitants have long been recognized as main-
taining the host's health, and they are a valuable key indicator of
the host's metabolic status. Diet and other orally administered
compounds have been known to directly affect the microbiome
composition and function in the GIT system,2 but it is now widely
accepted that the microbiome composition and function can also
be altered via less direct means, such as regular diet, physical
activity, or stress.3

Complex microbial communities related to health and disease
exist in the human gut. Several environmental influences, such
as particular diets, continuously alter the gut microbiome.4 Few
microbial phyla dominate the human gut microbiota, which
includes Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria,
and Verrucomicrobia. Other phyla, such as Cyanobacteria, Fusobac-
teria, Lentisphaerae, Spirochaetes, and TM7 are also present. These
resident microorganisms are essential for the proper function of
the gut ecosystem and aid in host metabolism even when present
in a small fraction by converting ingested complex carbohydrates
to simple sugars. The ingestion of a fiber-rich diet results in a
downstream metabolic profile that includes lactate, succinate,
and short-chain fatty acids (SCFAs), such as acetate, butyrate,
and propionate,5 and the resulting metabolites are significant
contributors to the growth and cellular function of gut microbes.6

Replacing a fiber-rich diet with high fat alters metabolic end prod-
ucts, which leads to shifting metabolic profiles and potential dis-
ease onset.7

Infections are a common threat to the host's health, and there is
a regulated system that is aimed at ridding the body of patho-
gens.8 The tight regulation of the gut environment and its associ-
ated microbiome is specifically the crucial barrier that aids in
preventing and mitigating infections and close synergistic rela-
tionships between the gut, gut microbiome, and the host's
immune system.9 Antibiotic treatment, high-fat diets, stress, and
disease disturb the fine interactions and gut homeostasis.1 This
disturbance leads to shifting metabolic profiles that alter the gut
microbiota, which results in an altered feedback loop that can
impair the host's health.10 For example, bacteria, such as Collin-
sella aerofaciens DSM 3979, Eubacterium rectale A1-86, and Prevo-
tella copri DSM 18205 produce hydrogen during fermentation,11

which inhibits the metabolic activity of many benign gut
microbes but increases the activity of the hydrogen sulfate-
reducing bacterium Desulfovibrio piger.12 The gut microbiome
can be altered by administering a healthy diet and probiotics.

The Greek word probiotic implies favor, and the Greek word
biotic implies life. Probiotics are living microorganisms that have
beneficial effects on the host in significant parts via regulating
the intestinal microbiota.13 Both humans and animals can benefit
from the therapeutic use of probiotics for prevention and treat-
ment. Humans have been consuming beneficial microorganisms
for food, nutrition, and health for centuries, but the precise num-
ber of probiotic bacteria that is needed in order to provide posi-
tive health effects can vary from strain to strain. The lowest level
that is considered sufficient is 106 live bacteria per gram or millili-
ter of the food product.14 Probiotics provide a wide range of
potential advantages, which include metabolic regulation, pre-
venting opportunistic pathogens from colonizing the intestine,
lowering lactose intolerance, and maintaining a healthy gut flora
balance.15 Lactic acid bacilli contrarily cause diseases, such as
endocarditis, bacteremia, and others in vulnerable people as well
as the rotting of processed meats, which causes significant finan-
cial losses for the food-producing industries.16 Some enterococci
were discovered to have antibiotic-resistant determinants as well
as virulence factors, such as adhesins, invasins, and hemolysins.17

Skepticism has risen regarding probiotics, which is primarily due
to their beneficial effects not being fully understood. Also, their
usefulness has not been validated in clinical trials in many cases,
so interest in the therapeutic use of probiotic microorganisms
has increased over the past decade.18 As a result, probiotic strains
with demonstrated probiotic potential being modified in order to
enhance their beneficial properties generated a lot of interest.
Probiotic strains can also be genetically modified in order to
reverse antimicrobial resistance and undergo other changes that
make them safer and more useful for human applications.19 The
gut microbiota is influenced by diet and nutritional state, and var-
ious products, which include probiotics, prebiotics, and postbio-
tics, are now readily available to regulate the gut microbiota.
New studies examined the impact of probiotics and nutritional
supplements in both animal models and human studies with pos-
itive outcomes.20 In addition, this study also provided information
about diet patterns and their effect on the gut microbiome and
the host's health.

DIETARY TYPE
Diet plays an essential role in regard to human health. The con-
sumption of an imbalance, which is an unhealthy diet, has been
linked to increased inflammatory responses, oxidative stress,
and disease conditions, whereas long-term and consistent con-
sumption of a balanced, diet, diet in contrast, had a positive over-
all health effect.21 Industrialization, environmental factors, and
their different facets have been linked to increasing autoimmune
disorders and metabolic syndrome, which is in line with society-
wide awareness about dietary changes. Industrialization has led
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to an increase in sedentary lifestyles and decreased exposure to
environmental microorganisms that would typically increase the
ability of our immune system to respond adequately to patho-
gens.22,23 Distinct differences in the microbial population and
metabolic function were observed when the gut microbiomes of
a westernized cohort were compared with the gut microbiomes
from less industrialized cohorts, indicating that social and cultural
factors influence the gut microbiome.24 There is a strong link
between gut microbiota and disease conditions, so changes in
microbial populations that are caused by voluntary or involuntary
lifestyles are significant. For example, an increased Gram-negative
bacterial population produces the associated metabolite, lipo-
polysaccharide (endotoxin), which causes systemic inflammatory
disease.25 The therapeutic practice may soon include adjuvant
therapies that aim to modify the gut microbiota via dietary mod-
ifications due to the strong correlation between the host's health
and the gut microbiota composition.26 Dietary changes can also
be beneficial,27 successfully demonstrating the altered disease
outcome by changing the dietary fiber composition. This suggests
that specific dietary choices by individuals can improve intestinal
health and reduce metabolic illness.

Vegetarian diet
Cultural beliefs and religious adherence prompted many early
human populations to favor plant-based or vegetarian diets,28

and it has been estimated that more than 40% of Americans are
shifting toward plant-based diets.29 Plant-based diets with high
levels of antioxidants, fiber, and vitamins possess reduced levels
of cancer-causing factors, whereas diets with red and processed
meats showed links to increased carcinogens.30 Adherence to a
vegetarian diet for 3 months led to a modulation of gut micro-
biota, which reduced metabolic syndrome.31 Furthermore, it has
been shown that vegetarian diets that are low in fat, such as diets
that are commonly found in many regions of India, can have a
positive effect against viral infections, which might be potentially
due to the protective effects of high antioxidants, minerals, and
vitamins in conjunction with the lack of fat.32 The effects of vege-
tarian diets can counteract oxidative and inflammatory stress,
which reduces the risk of aging-related neurological disorders,
such as Alzheimer's, Parkinson's, and age-associated cardiovascu-
lar disease (CVD).33

Mediterranean diet
Interest in the Mediterranean diet, which is a diet that is typically
rich in vegetables, fruits, whole grains, beans, nuts, seeds, and
olive oil, began in the 1960s with the observation that coronary
heart disease caused fewer deaths in Mediterranean countries.34

It is well understood that there is a complex relationship between
nutrition and immune function,35 and strong immune function is
maintained via consuming diets that contain adequate amounts
of minerals and vitamins, ultimately reducing the risk of disease.
On the contrary, the inadequate consumption of just one vitamin
or mineral can impair immunity and threaten illness.35 Dietary
intake, the gut microbiome, and the immune system are all inter-
connected and boost the host's health. The Mediterranean diet
supports the growth of beneficial gut bacteria, such as Bifidobac-
terium, Lactobacilli, and Prevotella, while reducing clostridium-like
pathogens. This particular diet type has been linked to improve-
ment in disease conditions, such as lipidaemia, obesity, cancer,
inflammation, and diabetes.36,37 The high fiber component of
the Mediterranean diet, in addition to the lower fat content,
may stimulate intestinal microbiota modulation in a way that

the production of beneficial SCFAs, which include butyrate, propi-
onate, and acetate, is increased, and the inflammatory and
immune function pathway is regulated.38,39

Japanese diet
The traditional Japanese diet has long been considered to
enhance longevity and is considered one of the healthiest diets
worldwide. It is characterized by low calories and low cholesterol
levels,40 which was found to improve the gut microbiome. Green
tea, central to the traditional Japanese diet, is high in polyphenols
and antioxidants. Fucoxanthin, which is a carotenoid that is found
in high concentrations in eatable brown seaweed species, has
been shown to possess cancer-mitigating activity41 as well as
inhibit the significant pro-inflammatory cytokines, such
as interleukin-1 beta (IL-1⊎), interleukin 6 (IL-6), and tumor necro-
sis factor alpha (TNF-⊍). Another typical component of the
Japanese diet is fishes, such as tuna and salmon, which are rich
in omega-3 fatty acids and protein, and they play a crucial role
in breast and colon cancer mitigation.42,43 Omega 3 fatty acids
and protein-rich sources reduce prostate cancer by suppressing
the PI3K/AKT/BAD survival pathway, which induces cell apoptosis,
inhibits cell proliferation, and reduces oxidative stress.44 Tofu,
which is made of soybeans, serves as a common non-meat pro-
tein source, and it might convey protection against cancer and
oxidative stress via saponin and isoflavones that are found with
increased soybean levels.45,46

Ketogenic diets
Ketogenic diets have become popular in recent years, and they
are low in carbohydrates and high in fat and proteins. Ketogenic
diets modulate gut microbiota by increasing the abundance of
beneficial bacteria, such as Odoribacter and Lachnospira, and
SCFAs producers, such as Muciniphila, Lactobacillus, and Akker-
mansia.47 A low-calorie and protein-rich diet can reduce tumor
growth and inflammation that is associated with gut dysbiosis
and negative health states,48 which is in addition to being sug-
gested as a treatment against cancer, obesity, and other meta-
bolic disorders. In addition, there seems to be evidence that it
might reduce the risk of disorders related to the central nervous
system.49

DIET AND INTESTINAL INTEGRITY
A balanced diet provides essential nutrients, which aids in main-
taining the symbiotic relationship between the host and gut
microbiota. A balanced diet is characterized by adequate calories,
vitamins, proteins, and minerals in order to meet homeostatic
needs. Adequate nutrition shields the intestines via mucus pro-
duction by activating goblet cells and Paneth cells, which can
produce antimicrobial defensins, such as ⊍-defensins,50 and fur-
ther protection against pathogenic invasion.51 Combining a
well-developed mucus layer and indigenous antimicrobial com-
pounds can inhibit colonization by infectious microbes, which
maintains the overall gut homeostasis and, ultimately, the host's
health. Particular components, such as lycopene, lutein, flavones,
anthocyanidins, and catechins, in addition to the minerals and
vitamins of a balanced diet, can aid against pathogenic attacks
by boosting innate defenses, such as immunoglobulin A (IgA),
antimicrobial peptides, mucus, and fucosylation.52 Poor diets
can conversely impair the intestinal epithelial cells, which leave
the host susceptible to enteric infection.2 Targeted microbiota
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therapies with natural food sources and nutraceuticals may be
used in order to promote organism GIT health.53

DIETARY COMPONENTS
Carbohydrates
Carbohydrates are a key component of a healthy diet, which are
classified as monogosaccharide, digosaccharide, or oligosaccha-
ride. These sugars are a direct energy source for the brain and a
critical substrate for red blood cells.54 The body requires a large
amount of carbohydrates for proper function, but the excessive
ingestion of carbohydrates may lead to diseases such as diabetes
and obesity. The increased intake of simple and refined carbohy-
drates can disturb the microbiome and disrupt its finely honed
balance with the host, but healthy carbohydrate-containing fiber
diets work in order to maintain GIT integrity. Fiber stimulates
microbial fermentation, stabilizes the microbial environment,
and promotes increasing beneficial SCFA production, which
improves the gut and the host's health.55

The excessive consumption of carbohydrates can weaken
innate and adaptive immunity and exacerbate certain medical
conditions, such as hyperglycemia, even though it is a key compo-
nent of a balanced diet. Microbial disturbances result in the alter-
ation of the immune function, and they can decrease immunity
via phagocytosis reduction, neutrophil migration, and superoxide
production, which ultimately compromise immunity that facili-
tates bacterial and fungal infections.2

Carbohydrates are necessary for basic host functions, but partic-
ular carbohydrates remain undigestible. For example, trehalose,
also known as mycose, is a disaccharide consisting of an alpha-
link, formed by the ⊍,⊍-1,1-glucoside bond between two glucose
molecules. Trehalose is used in the food industry in order to
improve the appearance and texture of food, but this indigestible
sugar can disrupt intestinal homeostasis. The indigestibility of tre-
halose at the early stages of the intestinal tract and also into the
large intestine is where pathogenic Clostridium difficile can capital-
ize on this substrate. The selected Clostridium difficile can naturally
digest trehalose efficiently, which results in a hypervirulent effect
that is due to the abundance of trehalose in the large intestine,
and it leads to the worsening condition of gut microbiota, such
as the increase in pathogenic bacteria compared with beneficial
bacteria.56

Carbohydrates that go undigested by the host are referred to as
microbial-accessible carbohydrates. These carbohydrates have
been shown to reduce pathogen loading and the suppression of
Clostridium difficile infection in the digestive systems of mice via
the production of antimicrobial compounds, such as SCFAs.2

Fiber
Fiber, which can be further classified as soluble, insoluble, or resis-
tant starch, is a subset of carbohydrates, and it is preferentially
digested by the microbes of the GIT as opposed to host-derived
enzymes. Fiber consumption provides some medical benefits to
the host, which are like protective effects against heart disease
and diabetes, and it can increase the sense of satiety via the nat-
ural bulkiness of fiber, which helps to counter obesity. A specific
subset of fiber, short-chain fructo-oligosaccharides, has been
shown to possess a prebiotic effect, which can prevent constipa-
tion diarrhea and improve the host's digestion.57 Dietary fibers
have molecular effects by promoting the formation of SCFAs
and gut bacteria. Dietary fibers and microbial populations release
compounds that can influence gut immunity. Dietary fiber

metabolites have a crucial target in the gastrointestinal immune
barrier, and these compounds signal to the immune cells in the
intestine.58 Dietary fibers affect biological processes and homeo-
stasis through the metabolites produced by microbial fermenta-
tion of nutrients, such as SCFAs, in addition to modifying the
makeup of the gut microbiota.
Human breast milk contains growth hormones, cytokines, lacto-

ferrin, chemokines, and bioactive factors, improving a newborn's
disease resistance and protecting them from enteric infection.59

Infants who consume breast milk encounter a particular set of
complex carbohydrates that are called human milk oligosaccha-
rides (HMOs). These HMOs act as prebiotics for infant intestinal
microbiota, and they provide health benefits and protective
effects, such as reduced intestinal pathogenic infections.60

Fractionated sections of HMOs have been shown to have anti-
adhesive properties against pathogenic bacteria enteropatho-
genic Escherichia coli (EPEC), Vibrio cholerae, and Salmonella fyris.61

HMOs promote interferon-gamma (INF-γ) and IL-10 expression,
which protect infants from rotavirus virus infection, diarrhea, and
constipation, and they increase beneficial species, such as Bifido-
bacterium.62 Galactooligosaccharides (GOS), which are similar to
HMOs, combine galactosyl residues, and they have a terminal
glucose end with a ⊎-glycosidic linkage. Also, GOS have anti-
inflammatory properties and increase the number of Bifidobacter-
ium species,63 which is similar to HMOs. ⊎-Glucan is a fermentable
fiber that maintains intestinal integrity by modulating the
immune function and macrophage activation. It also reduces
pathogen colonization and increases the natural killer cells' activ-
ity, shown in Fig. 1.

Fats
Fat is an essential macronutrient that is of great importance to a
balanced diet.64 Certain dietary lipids make it beyond the small
intestine's digestion and into the colon, where the gut bacteria
can metabolize them. Such fatty acid-based development
reduces community members' synthesis of SCFAs and antioxi-
dants, which may have detrimental health repercussions for the
host. Dietary fat metabolism alters the condition of enteric infec-
tion and establishes the link between the host and their gut
microbe against enteric pathogenic bacteria.65 A comparative
study of the differing fats that are present in milk (SCFAs), olive
oil (medium-chain fatty acids), and fish oil (omega-3 fatty acid)
found that these fats have anti-inflammatory activity, which
include IL-10, IL-33, and SCFA, in mice after an acute Citrobacter
rodentium challenge.66 Another source of fat, coconut oil, has
medium chain fatty acids, and it benefits health by reducing
enteric infections of the intestine, which can also inhibit Candida
albicans.67,68 A diet rich in adequate omega-3 fatty acids may infer
antibacterial properties to the gut microbiota, inhibiting intracel-
lular pathogens and providing a beneficial anti-inflammatory
effect in the intestines. However, the excessive intake of
omega-3 fatty acids during viral infection worsens the condition
of the infection and contributes to the damaging effect, as shown
in Fig. 2. Sources of beneficial fats, which include sunflower oil and
canola oil, both induce a pro-inflammatory response, and they are
essential in order to nullify the damaging effect of an infection
and aid in the clearance of them.69 A piglet study demonstrated
that a mixed lipid combination of omega-3 fatty acid, fish oil, olive
oil, and soybean conferred anti-inflammatory properties and
cleared enteric infections better than soybean alone.70 The
branched-chain fatty acids isoleucine, leucine, and valine are the
major components of casein and whey. Branched-chain fatty
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acids also increase the populations of Akkermansia and Bifidobac-
terium, which may also contribute to the weight management
effect.71

High-fat diet
According to the World Health Organization (WHO) guidelines, a
diet with adequate fat levels, such as saturated fat, should be less
than 10% of total energy intake, and trans-fat, less than 1% of total
energy intake, may provide some health benefits.72 However,
excessive fat consumption is associated with the perturbance of
gut homeostasis and can contribute to several metabolic disor-
ders. The consumption of high levels of fat specifically contributes

to a leaky gut, which leads to the permeability of toxic metabolite
excretions by bacterial dysbiosis, and it subsequently causes var-
ious associated disorders. Crohn's disease (CD) is related to exces-
sive fat consumption. The development of CD is particularly
associated with high fat levels and particular compositions of a
high-fat diet. High-fat diets shift the microbiota in CD patients,
enhancing the mucin-degrading bacteria Ruminococcus torques
and increasing a specific group of bacteria, Bacteroides/Prevotella.
High-fat diets also promoted Escherichia coli colonization in carci-
noembryonic antigen-related cell adhesion molecule (CEACAM)-
expressing mice.73 This diet affects host homeostasis, and it alters
the commensal bacteria populations, which allows for the

Figure 1. Role of galactooligosaccharides in maintaining intestinal integrity.

Figure 2. Effect of omega-3 fatty acid during the intracellular viral infection.
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colonization of adherent invasive Escherichia coli in intestinal
mucus and induces immunity mediators, such as C-reactive pro-
tein, leptin, resistin, TNF-⊍, and IL-6 that leads to CVD. A high-fat
diet generally reduces the intestinal barrier function, which
increases the immune response and promotes Th17-biased
immunity that is observed in obese people.74

Proteins
Proteins are essential macronutrients that maintain the body's
basic metabolic functions. Compounds found in protein-rich
foods result in microbial responses that are specific to each com-
pound's unique nature, and the gut microbiome responds to
changing proteolytic fermentation, which are the immune and
metabolic responses to the amino acid metabolism. Protein defi-
ciency impairs all metabolic activities and weakens the immune
response against enteric infection. Adequate protein consump-
tion is essential for tissues.75 Protein malabsorption impairs tissue
repair in parasitic cryptosporidium infection.76

Excessive protein consumption, in contrast, encourages the
growth of proteolytic bacteria and interferes with the host's func-
tions. For example, lysine and proline encourage streptococci in
order to utilize the growth of Clostridia, tryptophan, and gluta-
mate, and aromatic amino acids encourage the growth of Entero-
bacter and Escherichia spp.77

A diet with adequate protein consumption has been suggested
in order to promote weight management and control. A balanced
amount of carbohydrates and protein can more importantly over-
ride the path towards obesity or prevent it. The branched-chain
fatty acids, which include isoleucine, leucine, and valine, are the
major components of casein and whey. The high consumption
of branched-chain fatty acids increases energy expenditure and
contributes to the observed anti-obesity effect. Branched-chain
fatty acids also increase the populations of Akkermansia and Bifi-
dobacterium, which may also contribute to the weight manage-
ment effect.71 Mice fed with an obesogenic diet, such as pod,
chicken, and crab, which are abundant sources of taurine, have
a negative correlation with body mass, so it is believed that tau-
rine has a preventive effect on obesity. Increased amounts of tau-
rine can help achieve gut homeostasis by decreasing the
proteobacteria, such as Helicobacter, which is followed by increas-
ing the concentration of SCFAs.78 Seafood that contains aromatic
amino acids and n-3 polyunsaturated fatty acids and meat that
has saturated fatty acids are, in contrast, responsible for endocan-
nabinoid production, and they facilitate the intake and storage of
energy, which induces obesity in mice. Studies that were con-
ducted on beef-derived protein and its effect on gut bacteria
found decreases in the Akkermansia and Bifidobacterium commu-
nities and increases in the Blautin and Clostridia communities.79

Abundant amount of protein in the diet produces branched-
chain fatty acids, ammonia, amines, phenol, p-cresol, indole, and
hydrogen sulfide (H2S). These metabolites are responsible for
the proliferation of intestinal inflammation, and they contribute
to rectum and colon cancer, which take root in the lowest portions
of the digestive tract.77 In contrast, the production of SCFAs and
abundant fiber fermentation protects against colorectal cancer
and reduces intestinal inflammation. A high casein diet leads to
dextran sulfate sodium colit due to an increase in the density of
microbes and a related decrease in the diversity of microbes.80

Colonization was seen in a comparative study even after 3 days
of infection, when a high dietary crude protein, such as wheat
and casein was fed to weaned pigs that were infected with
enterotoxigenic Escherichia coli K88. In contrast, no colonization

of enterotoxigenic Escherichia coli K88 was found after 3 days of
infection, which was due to the corresponding decrease in pro-
teolytic fermentation,81 when low crude fibers were fed to the
same pigs. This suggests that low crude protein reduces the
Escherichia coli K88 colonization on the mucosal surface of
weaned piglet plant-based protein, such as soybean products,
peanuts, pistachios, chickpeas, and fava beans, which contained
less digestible detrimental isoflavone, and they can therefore con-
tribute to higher rates of endotoxemia, a decreased immune
response, and an increase in parasitic oocyst fecal output.82 For
example, fish, chicken, pork, beef, and casein, which are animal-
sourced protein, are highly digestible compared with plant-based
protein foods, and they lead to lower rates of endotoxemia.83 Ben-
eficial Lactobacilli species increase with white protein, including
fish and chicken, to promote gut health, whereas red proteins
threaten gut health.83

Dietary glutamine supplements restore intestinal integrity by
enhancing intestinal cell proliferation, which decreases the firmi-
cutes population and activates innate immunity via NF-κB, MAPK,
and P13k-Akt pathways.84 Arginine supplements have a similar
effect as glutamine, and they decrease the firmicutes population,
including species from the genus Dialister, Dorea, Pseudobutyrivi-
brio, and Veillonella.57 Glutamine and arginine restore the micro-
bial balance, which reduces the pathogenic loads, and they
recover the damaging effects of irritable bowel syndrome. Gut
permeability and inflammation are lowered by dietary glutamine
supplementation.85

Phytochemicals
Phytochemicals are biologically active compounds that are found
in various parts of plants, which include roots, seeds, leaves, bark,
flowers, and fruit, and many of them have been reported to pos-
sess antimicrobial, anti-inflammation, and antioxidant properties
that can protect against stress, pathogenic predation, and infec-
tion.86 A subset of phytochemicals, polymeric flavanols tannins,
have antinutritional properties that reduce nutrient utilization,
impairing GIT integrity and decreasing metabolic function.87 The
consumption of these phytochemicals reduces digestibility by
inhibiting enzymatic activity and protein precipitation.88 How-
ever, phytochemicals can have beneficial effects on the host's
metabolic function and the gut microbiome. The liver reintro-
duces phytochemicals via the enterohepatic circulation to
microbes, so it is treated as a xenobiotic. This reintroduction of
phytochemicals can strengthen the host's immunity and aid in
pathogenic resistance.89 Naringenin, which is a flavorless and col-
orless flavanone, acts against the aryl hydrocarbon receptor (AhR)
and induces regulatory T cells, which can consequently suppress
allergy autoimmune disorders.90 Indole-3-carbinol conversely
acts as an AhR ligand, and it contributes to the anti-inflammatory
response (IL-22), which protects against Clostridium difficile infec-
tion.91 Phytochemicals are non-nutritional and physiologically
active components that can alter the composition of gut micro-
flora in the intestine. These chemicals have positive effects on
the gut microbial population, which is due to their slow absorp-
tion. Feeding phytochemical-rich foodstuffs to humans and ani-
mals may provide a way to improve the gut microbiota, which
results in improved performance, health, and wellbeing.92

Cranberry extract has an anti-adhesive property that limits the
ability of pathogenic Escherichia coli and Proteus mirabilis to attach
to the host cells.93 The cranberry extract polyphenolic flavan-3-ol
binds to the host cells and inhibits the alternative binding of path-
ogens, such as pathogenic Escherichia coli adhesin (fimbrae).93
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A-type proanthocyanins protect against diet-induced obesity by
inhibiting the lipase and glycosidase microbial enzymes.94 Phyto-
nutrient supplementations, such as garlic extract, anethol, capsi-
cum oleoresin, eugenol, and cinnamaldehyde, alternatively
increase beneficial Clostridia species and mucolytic bacteria. Pos-
itive feedback formed between mucolytic bacteria, such as Akker-
mansia sp. can degrade mucus O-linked glycans that increase
SCFA production, stimulate goblet cells, and increase mucus
secretion, which results in a thicker mucus layer.95 In conjunction
with other factors, this occurrence strengthens the mucosal bar-
rier function and protects epithelial cells from invading patho-
gens and diseases. Pea seed coats are rich in B-type
proanthocyanins, which contribute to the increased colonization
of non-commensal bacteria, which decrease firmicutes popula-
tions, improper mucus formation, and increased mucin content.96

Curcumin, which is an effective constituent of the Curcuma longa,
has beneficial health effects, such as anti-proliferative, antioxi-
dant, and anti-inflammatory properties. This compound sup-
presses the development of tumors, which increases the
bacterial richness of Lactobacillales and decreases the order of
Coriobacteriales.97

Phenolic rich extracts
The recent literature discusses the impacts of dietary polyphenols
by utilizing tea, wine, grapes, pomegranates, and berries. The con-
sumption of 1000 mL/day of green tea for 10 days increases the
Bifidobacteria count,98 which provides an increase in the actino-
bacteria, firmicutes, enterococci, and klebsiella spp. ratios. Akker-
mansia spp. and a reduction in Bifidobacteria, Blautia coccoides,
Anaeroglobus spp., and Victivallis spp. were apparent after the
administration of black tea extract for 14 days.99 The dark tea
extricates enhanced in the thearubigins, which are 82% by weight
of the tea flavonoids, have been displayed to apply a bifidogenic
impact at a physiologically appropriate dosage. There is a reduc-
tion of Firmicutes/Bacteroidetes and Bacteroides/Prevotella ratio
after consuming 500 mg/kg of fermented green tea extract in
high-fat diet-fed rats for 8 weeks.100 The tea oil administration
increased the extent of Erysipelotrichaceae and Lachnospiraceae
is also connected with fasting blood glucose, low-density lipopro-
tein, and total cholesterol level101 in another in vivo study.
It was found that the consumption of wine modulates the gut

microbiota, which is due to the presence of phenolic compounds.
These phenolic compounds include flavonoids, such as anthocya-
nidins, flavanols, flavones, and flavanols as well as non-flavonoids,
such as hydrolysable tannins, phenolic acids, and stilbenes.102 Red
wine utilization of 272 mL/day for 20 to 30 days in a human die-
tary mediation trial increased the number of inhabitants in Bifido-
bacterium spp. Red wine utilization additionally increases the
number of Bacteroides spp., Blautia coccoides, Eubacterium rectale
group, Eggerthella lenta, Enterococcus spp., Prevotella spp., and
Bacteroides uniformis, and it diminishes the extents of the patho-
genic Clostridium histolyticum group and Clostridium spp.103 The
phenolic compounds in grapes incorporate flavonoids and non-
flavonoids,104 which is like those found in wines. The medical
advantages of grapes are being examined in ongoing investiga-
tions according to their interaction with gut microbiota and the
ensuing administrative impacts of grape polyphenols on
the colonic microbial environment.
The grapes seed extract obtained by batch culture fermentation

pique Enterococcus spp. and Lactobacillus spp. growth reduces the
number of pathogenic Clostridium histolyticum groups.105 Grape
pomace extricate was tried against bacterial growth of human

fecal matter in another study, and it displayed a stimulatory
impact on the development of Lactobacillus spp., Bacteroides,
Enterobacteriaceae, Clostridium group XIVa, and Faecalibacterium
prausnitzii.106 The pure culture incubation in vitro method with
grape seed extract and its monomeric and oligomeric rich fraction
provided the inhibitory effect to Lactobacillus acidophilus, Lacto-
bacillus fermentum, Lactobacillus vaginalis, and Streptococcus ther-
mophilus, even though it enhanced the growth of Lactobacillus
casei and Lactobacillus bulgaricus.107 The administration of 1%
grape seed extract w/w for 6 days to pigs caused an increase in
the number of unclassified Clostridales, Ruminococcacceae, Lach-
nospiraceae, and Lactobacillus, and 3-hydroxybenzoic acid and
4-hydroxyphenylvaleric acid was also found as primary phenolic
metabolites.108 This review revealed that grape pomace extricates
provoke the number of Bifidobacteria. However, they provoked a
number of Clostridium sensu stricto, which is group I, seen in the
control group, which was inhibited after the administration of
grape pomace extract for 14 days. It was suggested that the
drawn-out supplementation of grape pomace extricate that is rich
in polyphenols may rebuild the rodent gut microbiota profile for a
better aggregate.109

Berries are relatively rich in phytochemicals compared with
other foods, which are dominant in anthocyanins.110 The content
and variety of anthocyanin species are variable factors among
berries, and they are also dependent upon the ripening state of
the berries. Investigations focused on the possible advantages
of berry utilization and its consequences for the human gutmicro-
flora. There was an elevation of Corynebacteria spp., Thermonos-
pora spp., and Slackia spp. after the administration of lowbush
wild blueberries in a mouse trial, which is in contrast to the reduc-
tion of Enterococcus spp. and Lactobacillus spp.111 The supple-
mentation of blueberry extract at 4 mL/kg body weight for
6 days enhanced the growth of beneficial bacteria, such as Bifido-
bacteria and Lactobacilli.112

Pomegranates contain a high percentage of phenolic com-
pounds in various sections, which include peels, seeds, and juice.
The vital content of pomegranate incorporates ellagitannins, fla-
vonoids, phenolic acids, and proanthocyanins.113 The incubation
of pomegranate extracts with bacteria found an increase in Bifido-
bacterium infantis and Bifidobacterium breve, which is in contrast
to the inhibition of Staphylococcus aureus, Clostridium perfringens,
and Clostridium ramosum114 in an in vitro study. Pure cultures that
were incubated with pomegranate juice and extract were found
to have a stimulatory effect on the growth of Bifidobacterium
spp. and Lactobacillus spp. in another study, which is contrary to
the reduction in the growth of Bacteroides fragilis, Clostridium
spp., and Enterobacteriaceae.115 A total of 12 healthy people were
administered 200 mL of pomegranate juice each day for 4 weeks,
and the profiling of the gut microbiota was analyzed using 16s
rRNA sequencing. No considerable differences were observed in
any of the fecal microbiotas.116

Vitamin and minerals
Minerals and vitamins contribute to necessary functions, such as
maintaining proper metabolic activity and an activated immune
response, and they are essential in growth, fluid balance, and
bone health.117 Deficiency of these micronutrients leads to
decreased Firmicutes, reduced mucus formation, and increased
fecal mucin content. Significant deficits in micronutrients can
negatively impact the host's health.118 Supplementation
can counter some of these deficiencies. For example, zinc supple-
ments reduce the common cold by 33%, and vitamin C
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supplements reduce it by 14%.119,120 Copper and zinc have
shown bactericidal activity by increasing the phagocytotic activity
of intracellular pathogens.121 Zinc deficiency, in particular, leads
to an impaired immune response, increasing the severity of infec-
tion and decreasing leukocyte infiltration.122

Excessive iron supplementation, in contrast induces the produc-
tion of radicals, which reduces the intestinal integrity and subse-
quently encourages the growth of intracellular pathogens.123

However, neutrophils produce the lipocalin-2 protein during epi-
thelial inflammation, interfering with the iron uptake with bacte-
ria and leading to decreased pathogen overgrowth and severity.
On the other spectrum of micronutrients, vitamins confer some
protective effects on the host with adequate consumption via diet
or supplementation. Vitamin B12 is an essential nutrient that is
required for the proper growth of bacteria. Commensal bacter-
oides thetaiotaomicron compete for this vitamin B12, which
opposes enterohemorrhagic Escherichia coli colonization and
reduces the Shiga type toxin, which improves general health.124

Emulsifiers
Emulsifiers are chemical additives that stabilize mixtures, which
can be found in many food products. Carboxyl methylcellulose
and polysorbate 80 are emulsifiers that are commonly found in
processed food, and they have been implicated in gut microbiota
fluctuations, which lead to an increase in pro-inflammatory sig-
nals.125 Continued low-grade inflammation due to these pro-
inflammatory signals can lead to the onset of diseases, such as
colitis. The increased consumption of emulsifiers, such as the
emulsifiers in processed foods has been associated with
decreased intestinal integrity by disturbing the mucus layer,
which protects the epithelial cell layer from interactions with
pathogenic bacteria that causes the onset of various metabolic
disorders, such as hyperglycemia and obesity. Insulin resistance
increased emulsification consumption and increased SCFA and
bile acid levels, which in turn induces intestinal inflammation
and epithelial permeability and promotes the disease condi-
tion.126 Dietary emulsifiers also stimulate the invasive Escherichia
coli gene expression progression and drive chronic intestinal
inflammation.127 The study shows that glycerol monolaurate
(GML) is responsible for negatively altering the gut microbiota
via increased Escherichia coli populations and decreased abun-
dance of Akkermansia muciniphila.128 Carrageenan, which is a sul-
fated polysaccharide emulsifier that is widely used in dairy
products, such as yogurt, cottage cheese, ice cream, and some
non-dairy desserts, caused intestinal microbiota fluctuations.129

The consumption of food containing carrageenan is correlated
with the induction of pro-inflammation markers in the gut,130

and it is linked to various inflammation-related illnesses, such as
leaky gut and CVD, obesity,125 heart disease, and celiac
disease,131 which prompted the United States Department of
Agriculture (USDA) to remove carrageenan from the list of permis-
sible food additives.132 However, not all emulsifiers are correlated
with negative alterations in the gut microbiota. One study
showed that combining xylanase and emulsifier positively modu-
lated gut microbiota, reducing the clostridia community and not
changing the Lactobacilli and Bifidobacteria populations.133

Artificial sweeteners
Sugar substitutes are commonplace in the food industry, and
there are currently five artificial sweeteners, which include saccha-
rin, acesulfame, aspartame, neotame, and sucralose, approved by
the US Food and Drug Administration (FDA). These sugar

substitutes have been shown to alter the microbial communities
of mice, and they can contribute to glucose intolerance. Artificial
sweeteners show increases in the populations of Enterobacteria-
ceae, Deltaproteobacteria, and Actinobacteria phyla.134 Acidic
cyclic sulfonamide (Acesulfame k), which is an artificial sweetener,
has been found to increase the abundance of Bacteroides in male
mice as well as reduce the abundance of Lactobacillus and Clos-
tridium in female mice.135 This same study also showed no signif-
icant changes in other community populations, which included
Anaerostipes and Sutterella.135 Another sweetener, aspartame, is
a dipeptide that offers 200 times more sweetness than sucrose.136

Aspartame consists of aspartic and phenylalanine, and it is rapidly
metabolized, which produces metabolites, such as SCFAs. Aspar-
tame increased in both the Enterobacteriaceae and Clostridium
leptum communities.137

Two other artificial sweeteners, Advantage and Neotame, have
shown no substantial side effects on human health upon con-
sumption, and both have been defined as non-toxic food addi-
tives.138 These sweeteners move through the GIT without signs
of accumulation.139 Cyclamate, which is another additive, is
approved and used in more than 50 European countries, but it
has been removed by the FDA from the list of approved food
additives. The consumption of cyclamate increased the sulfatase
activity in the fecal samples,140 and it altered the metabolic activ-
ity of gutmicrobiota in cara rats by reducing the fermentation rate
of carbohydrates, which is a process that is key to microbial gut
health.141 There is currently no data regarding the alteration of
the human gut microbiota that concerns the consumption
of these types of food additives.
Saccharin is a commonly used sweetening agent that is found in

food and beverages. It is FDA-approved and considered a safe
food additive, but this artificial sweetener has been linked to
increased carcinogenic properties.142 However, the consumption
of it can affect aerobic microbes, and it explicitly decreases the
abundance of Lactobacillus species.143 Saccharin also reduces
the number of commensal bacteria, such as Akkermansia mucini-
phila, which exhibits beneficial probiotic properties for the gut
microbiome and the host.144 Its deleterious effect on metabolic
activity is again worsened by additional antibiotic treatment and
associated with harmful pro-inflammatory activity. Sucralose also
appears to affect the anaerobic populations of microbes, which is
unlike saccharin. Sprague Dawley rats, which were fed sucralose
for 14 weeks, saw an alteration in the gut microbiota populations
and specific decreases in the aerobic and anaerobic bacteria,
which included Bacteroides, Bifidobacteria, Clostridium, and
Lactobacilli,145 were found.

Drugs
The specific composition of the gut microbiome can affect both
the efficacy of and the response to drugs of the host. Metformin
and berberine are used in order to assist with the recovery from
diabetic conditions, and they have been shown to modulate the
gut microbiota by increasing the SCFA-producing bacteria Alloba-
culum, Bacteroides, Blautia, Butyricicoccus, and Phascolarctobacter-
ium.146 The increase in SCFAs-producing bacteria and the
resulting increased SCFA production improve the overall GIT
health. Not all diabetic drugs positively affect the gut microbiota.
Some of them can even negatively impact the gut microbiota.147

It has been shown that the combination of antibiotics, probiotics,
and prebiotics is involved in the modulation of structural compo-
nents of the gut environment. Antimicrobials, which are targeted
to kill bacteria, typically reduce the diversity of microorganisms in
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the gut and open niches for the enhanced growth of pathogenic
bacteria, such as Clostridium difficile.148

Drugs, such as digoxin, which control heart problems, irinote-
can, which treat cancer, and L-DOPAm, which treat Parkinson's
disease, reduce metabolic diseases by modulating the gut bacte-
ria.149 Metronidazole and vancomycin are typically used to treat
diarrhea and colitis, and they are specifically used in order to
reduce the disease-causing bacteria Clostridium difficile. Metroni-
dazole and vancomycin are often ineffective in ridding the host
of this pathogen due to the spore-forming property of Clostridium
difficile. The resistance of Clostridium difficile and the antibiotic-
induced microbial population decrease, metronidazole, and van-
comycin can worsen the gut condition.150 Regulation of gut
health and microbiota through dietary components is shown in
Table 1. Additionally, the role of probiotics in mitigation of dis-
eases and through their possiblemechanistic route is summarized
in Table 2.

GENETICALLY MODIFIED PROBIOTICS
Probiotics are known as therapeutic strategies for various dis-
eases, but they are not universally accepted due to a lack of data
and understating. The modification of probiotics is growing to be
used for specific metabolite production or to increase the activity
of probiotics.178 Genetically modified probiotics can be the safest
therapeutic tool in order to modulate the gut microbiota and
reduce the number of pathogenic microorganisms. It is a novel
therapy that involves a beneficial microorganism that can be
safe.179 There is presently an increase in awareness about the
gut microbiota being responsible for healthy or diseased

conditions. Hence, bioengineered microbes or probiotics treat
the disease or deliver vaccines.180 It is also used as a biomarker
in order to detect inflammation, as the vehicle for vaccination,
as a receptor mimics, to enhance the immune system, and to
destroy toxins and pathogens.181 Probiotic bacteria, such as Lac-
tobacillus and Bifidobacteria, are responsible for modulating gut
microbiota and reducing GIT infection.182

PROBIOTIC VERSUS GENETICALLY
MODIFIED PROBIOTICS
Human gut microbiota may vary in regards to the individual and
incorporate friendly and pathogenic bacteria that maintain the
symbiotic relationship. Various factors can disturb the symbiotic
relationship of gut flora and cause lifestyle disorders. Factors that
affect the gut microflora include lifestyle, diet, aging, stress, and
climate change, which can lead to various health issues.183 As a
result, the researchers are now focusing on improving gut micro-
biota with bioengineered technology. Probiotics can produce
antimicrobial compounds, such as bacteriocin and organic acid,
that can inhibit the growth of pathogenic bacteria. Most probio-
tics are consumed as food components that can withstand bile
acid stress and can be part of the GIT. The main concern about
probiotics is their survival in stressful conditions, such as high
pH, low and high temperature, and the oxygen concentration.
Probiotics can be encapsulated and added to food in order to pro-
tect from stress conditions, which increases the survivability of
probiotics in food and reduces the damage caused by the external
environment.184 The sensory acceptance of probiotic products is
another alarming factor. There is a need to develop genetically

Table 1. Effects of the dietary component to regulate gut health and micobiota

Factor(s) Alteration(s) Clinical relevance Reference

Curcumin Increased microbial diversity, decreased Coriobacteriales,
and increased Lactobacillales. Colonic histology showed
signs of progress. Higher survival and a lower weight-
to-length ratio in the colon.

Improved in the condition of tumorigenesis. 151

Emulsifiers:
carboxymethyl-
cellulose and
polysorbate-80

Levels of butyrate reduced and altered levels of bile acid.
Results provide a new way of breaking down host–
microbiota interactions and show that these widely
used food additives might directly affect themicrobiota.

Elevated risk of inflammation and
altered the metabolic process.

152

High-fat diet Decreased in bacteria diversity, Bifidobacterium
(beneficial), and Eubacterium.

Increased production of nitrosamines
(carcinogen) and inflammation.

36

Metformin and
Berberine

Altered structural composition of gut microbes
significantly reduced microbes' diversity, which are
elevated in short-chain fatty acid (SCFA) producing
bacteria. Both medications reversed the structural
alterations in the gut microbiota caused by a high-fat
diet.

Prevention of metabolic disease and the
anti-obesity effect.

153

Polyphenols and
proanthocyanins

Stimulation of the growth of beneficial microbes and
reduction of pathogenic bacteria, prebiotic-like effects,
and production of beneficial metabolites.

Improvement in immune-inflammatory diseases
and chronic inflammatory and autoimmune
diseases, such as inflammatory bowel disease.

154,155

Sweeteners
(artificial)

Elevation in Actinobacteria phylum, Deltaproteobacteria,
and Enterobacteriaceae.

Glucose intolerance decreased motility and
visceral hypersensitivity.

134

Reduction in Bifidobacterium, Bacteroides, Lactobacillus,
and increased incretin secretion.

Omega-3 fatty
acids.

Elevate species diversity and enrich the microbiota for
probiotic-type bacteria.

Reduced the risk of heart disease and cancer. 156,157
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Table 2. The role of probiotics in the mitigation of diseases and their possible mechanistic route

Probiotics strain Disease name Model Action of mechanism References

Lactobacillus salivarius CUL61,
Lactobacillus paracasei CUL08,
Bifidobacterium animalis subspecies
lactis CUL34 and Bifidobacterium
bifidum CUL20

Eczema. Pregnant women
and their
infants.

Probiotic prevent atopic sensitization to common
food allergens and so reduce the incidence of
atopic eczema in early childhood.

158

Lactobacillus rhamnosus GG Escherichia
coli

Food allergies. Pediatric patients,
preterm infant.

Probiotic administration likely results in inducing
tolerance among infants with suspected allergy.

159,160

VSL#3 Bacillus circulans PB7 Immunity. Mouse model,
catla catla.

Probiotic treatment attenuates sickness behavior
development in mice with liver inflammation
without affecting disease severity, gut
microbiota composition, or gut permeability.

161,162

Lactobacillus acidophilus NCFM, ATCC
700396; Lactobacillus paracasei Lpc-
37, ATCC SD5275; Bifidobacterium
lactis Bi-07, ATCC SC5220;
Bifidobacterium lactis B1-04, ATCC
SD5219.

Clostridium
difficile
infection
(CDI).

Human. Probiotic use may impact the microbiome function
in the face of a CDI.

163

Lactobacillus rhamnosus and
Lactobacillus helveticus

Gastroenteritis
therapeutics.

Children. Probiotics, defined as viable
microbial preparations that have a
beneficial effect on the
health of the host.

164

Lactobacillus crispatus CTV-05,
Lactobacillus rhamnosus GR-1
Lactobacillus reuteri RC-14

Vaginal
candidiasis
(thrush).

Women Vaginal concentration of certain bacterial
vaginosis-associated bacteria, vaginal
intercourse during treatment and presence of
endogenous Lactobacillus crispatus at
enrollment predict colonization with probiotic
Lactobacilli.

165,166

Lactobacillus reuteri RC-14, Lactobacillus
rhamnosus GR-1, Lactobacillus
rhamnosusGG, Bifidobacterium BB-12
Lactobacillus rhamnosus GR-1
Lactobacillus reuteri RC-14

Urinary tract
infection (UTI).

Human. Probiotics are shown to be effective in preventing
UTI and multi-resistant organism colonization,
they would be a very attractive alternative for UTI
prophylaxis.

167,168

Lactobacillus acidophilus,
Bifidobacterium sp., Lactobacillus
acidophulus

Lactose
intolerance.

Lactose
intolerance
patients
(human).

After probiotic intervention, the hydrogen level
was lower in experimental group in comparison
with the control group. Lactose intolerance
symptoms in the experimental groupweremuch
less than the control group.

169

Bifidobacterium longum,
Bifidobacterium bifidum,
Bifidobacterium lactis, Lactobacillus
acidophilus, Lactobacillus rhamnosus,
and Streptococcus thermophilus,
Saccharomyces

Irritable bowel
syndrome
(IBS).

IBS patients. Multispecies probiotics are effective in IBS patients
and induce alterations in intestinal microbiota
composition.

170,171

Lactobacillus plantarum 299v,
Lactobacillus GG

Traveler's
diarrhea.

Caco-2 cell,
randomized,
double-blinded,
placebo-
controlled
conditions.

Probiotics can play an important role in reducing
the secretory change in response to
enteropathogenic Escherichia coli (EPEC)
infection, possibly through inhibition of its
binding. However, the presence of the probiotic
agent before the infection is necessary. In this
setting, its role is more preventive rather than
therapeutic.

172,173

Escherichia coli strain Nissle 191,
Bifidobacterium, Lactobacillus

Crohn's disease. Patients with
Crohn's disease.

Probiotics exhibited dose- and time-dependent
adherence to intestinal epithelial cells and
inhibited the adhesion and invasion of various
adherent-invasive Escherichia coli strains

174,175

Ulcerative colitis. Rat Treatment with probiotic resulted in significant
reduction in serum levels of C-reactive protein,

176,177
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modified probiotics that can survive in stressful environments and
benefit human health due to the limitations of conventional
probiotics.185

Genetically modified probiotics, which is in contrast to antibi-
otics, can lead to a reduction in non-pathogenic bacteria and
result in the development of antibiotic resistance in humans.186

The treatment of antibiotics leads to the emergence of resistant
microbes, which is due to a reduction in the valuable
microorganisms.187 These need the development of bioengi-
neered probiotics, which are genetically modified and produce
the antimicrobial compound, mucosal delivery of peptides, cyto-
kine, allergens, DNA, and enzymes.188

UTILIZATION OF GENETICALLY MODIFIED
PROBIOTICS
Anticarcinogen
The treatment of cancer can cause an increase in the resistance
of anticarcinogen, which has led to finding alternative
approaches that do not raise the resistance condition. One
alternative therapy is recombinant probiotics that can multiply
in tumor cells and cope with cancer, such as clostridia spe-
cies.189 Engineering strains to produce a prodrug-converting
enzyme (PCE), which precisely transforms a non-toxic prodrug
into a cytotoxic drug at the tumor site, can enhance the anti-
tumor activity. Using this method, the effectiveness of Clostrid-
ium-Directed Enzyme Prodrug Therapy (CDEPT) was shown in a
mouse xenograft model of human colon cancer. Many animals
were healed and there was significant tumor suppression.
These positive results imply that a potential platform for the
clinical development of CDEPT is the innovative enzyme and
strain engineering technique.189 These probiotics specifically
target the cancer cell that inhibits cancerous cell multiplication.
The clostridia species was replaced by a genetically modified
tumor-targeting variant, Salmonella typhimurium A1-R, to treat
malignant cancers.190 Escherichia coli Nissle 1917 is the non-
pathogenic strain used for targeting tumor cells, which repro-
duces in tumor cells and causes cell necrosis, which leads to a
reduction in cancerous cells.191 The manipulation strategies of
probiotics or bacteria can emerge as novel tools in order to mit-
igate cancer. The delivery of bacteria to the targeted cancer cell
is considered safe compared with the toxicity that is caused by
drug treatments.192 Oncolytic viruses, including Bifidobacteria,
Clostridia, Escherichia coli, Salmonella, and Shigella, are anaero-
bic facultative and obligate bacteria targeting the primary and
metastatic melanomas.193 The modified strain was able to colo-
nize and detect the biomarker, use signaling pathways, develop
various therapeutic compounds, and control anti-inflammatory
effects in order to cure inflammatory intestinal diseases.180

Antimicrobial
Bioengineered probiotics help in order to combat the resistance
of antimicrobial drugs. They can specifically produce antimicro-
bial compounds, which are organic acids, such as lactic acid, bac-
teriocin, and lactic acid, and they kill the pathogen. The organic
acid production by probiotics decreases the pH of the environ-
ment and inhibits or excludes pathogenic microorganisms.
Largely, though not entirely, the antibacterial activity of lactic acid
is attributed to its capacity to cross the cytoplasmic membrane in
its undissociated state, which lowers intracellular pH and dis-
places the transmembrane proton motive force.194 The improper
use of antibiotics causes the bacteria to become antimicrobial
resistant, which is multidrug resistance. These side effects of the
drug can be overcome by using antimicrobial peptides. Lactococ-
cus lactis is genetically modified with the gene A3APO, which
releases the alyteserin antimicrobial peptide that effectively
works against Salmonella and Escherichia coli.195 Bioengineered
probiotics can produce antimicrobial peptides and kill the patho-
gen. The antimicrobial peptide can inhibit Gram-negative
pathogenic bacteria, such as Salmonella and Escherichia coli. It is
well known that the inner lipid bilayer membranes of Gram-
positive and Gram-negative bacteria differ significantly from one
another. Antimicrobial peptides of different classes work by bind-
ing to and permeabilizing these membranes.195 The probiotic
strain Lactococcus lactis strain IL1403 was bioengineered to pro-
duce antimicrobial peptides, which showed considerable activity
against Salmonella and Escherichia coli.196 This technique is unsuc-
cessful due to its limitations, which include being time-
consuming and costly, and it may have the possibility of being
destroyed before it reaches the gut.

Immunomodulation
The vaccine is the biological preparation of attenuated pathogens
that can reduce infectious diseases. An immunocompromised
person may have a chance of reversion back to an attenuated
pathogen and act as an infectious agent. This problem can be
overcome by consuming genetically modified probiotics and
directly transferring the immunogenic component to themucosal
surface.197 Non-pathogenic food-grade lactic acid bacteria (LAB)
might be employed as live antigen carriers as an alternative to this
tactic. Therefore, LAB provide appealing substitutes as antigen
carriers, and the development of mucosal vaccines has been the
primary use for LAB. It can be an ideal vector in regards to trans-
ferring the immunogenic component to the mucosal surface,
which directly contact the antigens and antibodies with the acti-
vation of the humoral and cell-mediated immune response by
the colonization of genetically modified probiotics on the epithe-
lial cell. An activated immune response acts against infectious
agents and protects them from infections.198 Interleukins have

Table 2. Continued

Probiotics strain Disease name Model Action of mechanism References

Lactobacillus acidophilus, Escherichia coli
Nissle 1917, Bifidobacterium,
Lactobacillus fermentum

TNF-⊍ and IL-6, as well as disease activity index
(DAI). Probiotic could be recommended as
adjuvant therapy to achieve more effective
treatment for ulcerative colitis.
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subsequently been co-expressed with antigens in LAB to boost
the body's defenses against the antigen. Additionally, LAB have
been used as a delivery method for various compounds with var-
ious uses, including as anti-infectives, treatments for gastrointes-
tinal disorders, and treatments for allergy illnesses.198 A llama
heavy-chain antibody that expresses Lactobacillus paracasei can
act against the rotavirus. It binds to the rotavirus and reduces it
in infected cell cultures, which is shown by enzyme-linked immu-
nosorbent assay (ELISA) and scanning electron microscopy
(SEM).199 Lactobacillus casei protects the nasopharynx from Strep-
tococcus pneumoniae. One of the studies of a Lactobacillus casei
surface that expresses pneumoniae protein is responsible for
nasal immunization and protection from pneumonia infection.199

This commensal gut bacteria underwent transformation to pro-
duce recombinant strains that express a high density of
rotavirus-specific sdAbs on their cell surface, which are known
as lactobodies. Recombinant lactobacillus feeding also signifi-
cantly prevented rotavirus-mediated illness. Lactobacillus aci-
dophilus was genetically modified with the gag gene from the
HIV1 with or without the co-expression of FliC in order to serve
as a vector for the vaccine and elicit the immune response or pro-
tect against HIV.200 It is possible that the recombinant strain
exhibiting FliC and Gag dual display will have a distinct immuno-
potency from the strain expressing Gag alone, as the surface-
exposed flagellin maintained its TLR5-stimulating activity. Immu-
nization against Lactobacillus acidophilus expressing both Gag
and FliC increased the number of cells that secreted IgA specific
to Gag. These findings revealed that the presence of FliC had an
adjuvant impact on local IgA synthesis and that the Gag-
displaying Lactobacillus acidophilus induced particular immune
responses.

Neurological illness
Neurological disorders occur due to an imbalance of neurotrans-
mitter levels in the brain, and they cause neurodegeneration that
leads to reduced cognitive activity, such as learning, memory, and
thinking. The probiotics that improve cognitive activity or main-
tain the gut-brain axis are called psychobiotics. This newly intro-
duced group delivers neurotransmitters, such as GABA,
serotonin, and dopamine.201 The vagus nerve, spinal cord, or neu-
roendocrine systems may all play a role in mediating effects.
These advantages could be connected to some psychobiotics'
anti-inflammatory properties and their ability to lower
hypothalamic–pituitary–adrenal axis activity. The probiotics are
combined for essential neurotransmitter production in the gut.
The gut is the nerve end of hundreds of millions of nerves, which
modulate the brain's activity by the gut. The neurotransmitter-
producing probiotics trigger the vagus nerve in order to trans-
form neurotransmitters from the gut to the brain and improve
cognitive activity. Improving neurological conditions with
microbial-based tools can be used as a therapeutic approach. Sev-
eral in vivo and in vitro studies confirm that metabolites produced
by gut bacteria can improve brain metabolism.202 Both normal
reactions to stress and defense against the central consequences
of illness and inflammation can be mediated by the microbes in
the gut. The majority of behavioral effects that have been
reported thus far are associated with stress, anxiety, and a chan-
ged response of the hypothalamus–pituitary–adrenal axis. LAB
that can reduce neurotoxins, such as amines, ammonia, and
indoles will enhance mood disorders.203

Stress resistance
Probiotics cannot tolerate stress conditions, such as high temper-
atures and high pH. The probiotics are modified in order to pro-
duce GroEL and GroES heat shock protein in all temperature
conditions, which help them withstand the high temperatures.204

The stress tolerance capacity of probiotics increases via genetic
modification, which is bioengineered. The transfer of pathogen
genes to stress-tolerant bacteria or probiotics improves the toler-
ance of probiotics. The expression of heat shock protein chaper-
ones improved the thermotolerant property. The stress
tolerance of recombinant probiotics survived ten-fold better than
the stress-adapted probiotics, and they survived 54-fold better
than the non-adapted strains.205 Research indicates that cultures
sensitive to technology, such as Lactobacilli that are probiotics,
may be modified to become more resilient to survive in challeng-
ing environments, such as during the manufacture of food prod-
ucts or during gastrointestinal transit. The carnitine and betaine
(bet) uptake genes encode for the salt-tolerant properties. Listeria
monocytogen possesses the betL gene, which the uptake of beta-
ine increases the resistance to stress, such as osmotolerant, cryo-
tolerant, and barotolerant.206 A risk–benefit analysis study can be
used in order to evaluate the obtained gene product in stress
tolerance.207

CONCLUSIONS
The interplay of the diet, which is the microbial populations that
inhabit the digestive system, and the host is crucial in maintaining
the host's health and preventing dysfunction and disease. The
components of our diet are crucial in modulating the gut micro-
biome, and they are essential to promote immunity and resilience
to metabolic diseases. A diet high in fiber, vitamins, and minerals
can promote the populations of bacteria that have ameliorative
action against metabolic disease. This host immunity to patho-
genic bacteria is tightly linked to dietary influence and microbiota
synergistic actions. Improved host intestinal integrity and infec-
tion resistance are achieved via the fermentation of undigested
fiber and the downstream metabolites of the microbiome. Diet
interventions with minerals, vitamins, fibers, antioxidants, protein,
and low-calorie choices with limited source of n-6 polyunsatu-
rated fatty acids protect our intestinal integrity. A balanced diet
can mitigate the onset of various diseases that are related to gut
dysbiosis and modulate the structure and population of the gut.
Macronutrients and micronutrients in conjunction protect the
GIT environment. The alteration of compromised gut micro-
biomes via consuming a good diet and a genetically modified
organism can improve health outcomes via this modulation of
the microbial population and its resultant protective effects.
Moreover, the gut's environment particularly pH is vital in regards
to deciding the population of the gut microbiota. This makes it
pivotal to place a more prominent attempt in order to distinguish
the scope of the microorganisms that might be provoked by a
given genetically modified probiotics, carbohydrate, and non-
carbohydrate diet approach. The improvement of diet that is
planned in order to help the health of humans needs to assess
the exceptionally individual species profiles, which include rea-
sons of adequacy and wellbeing.
Probiotic microorganisms are presently gaining popularity, and

researchers are incorporating conventional medicine into transla-
tional techniques in the 21st century. All of the key elements of
health management, such as drug metabolism and identification,
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toxicity, and the development of novel medicines are ultimately
impacted by intestinal bacteria. It is possible to evaluate the com-
bined advantages of genetically modified probiotics, which
include their direct antagonistic reaction against pathogenic bac-
teria and the immunomodulatory potentials against malignan-
cies, pathogenic bacteria, and metabolic illnesses. Recombinant
probiotics are anticipated as a new class of treatments despite
conflicting results about the recombinant microorganisms and
their metabolites. Recombinant probiotics' repertoire of antibac-
terial, immunomodulatory, and anti-inflammatory properties
may be particularly useful in the combination therapies strategy
in order to treat infections and metabolic illnesses. Most of the
research has thus far shown the advantages of synthetic probio-
tics in animal models, and the results of certain human clinical tri-
als are highly encouraging. The three fundamental obstacles for
genetically designed probiotics are the selection of probiotic
strains, optimal dosing, and horizontal gene transfer from genet-
ically modified probiotics to other bacterial species. Genetically
modified probiotics are effective and innovative alternative med-
icines for treating infections andmetabolic illnesses. Further stud-
ies should explore the human microbiota in order to develop
prospective modified strains as alternative treatments. The engi-
neered probiotics may be useful in order to restore health with
ease, efficacy, and site specificity.
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