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Abstract

Prebiotics are necessary natural and synthetic food ingredients that help in the growth and development of gut microflora.
There is a complex relationship between gut dysbiosis and microbes, so alteration in both probiotics and prebiotics can reduce
illness of gut, which further plays a decisive role in human health. The prebiotic efficiency can be validated using various
in vitro and in vivo experiments, and this gives an important insight to this field. This review focuses on these aspects includ-
ing the standardized assessment of prebiotics and its metabolic products for customary applications. This review has also
summarized the mechanism of their beneficial actions such as immunomodulation, nutrient absorption, pathogen inhibition,
etc., and its significance in human nutrition. In addition to this, some fascinating applications of prebiotics in health-related

disorders have also discussed, with current challenges in this facet.
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Introduction

Prebiotics are food additives for the emerging manufacturers
mainly in the food and dairy industries. These are nondi-
gestible carbohydrate (CHO) molecules, including disaccha-
rides, oligosaccharides, polysaccharides, resistant starches,
and sugar polyols. They also include other nondigestible
substances which act as a food ingredient for gut microflora
(Valdes et al. 2018). Prebiotics improves the health of the
gut microflora by nourishing them in the gastrointestinal
tract (GIT) (Zoumpopoulou et al. 2018). They enhance the
growth and metabolism of gut microbes, by increasing the
immune system, improving digestion, absorbing nutrients,
and reducing the growth of pathogens which ultimately have
positive effects on the human health (Gibson et al. 2017).
The specific properties of prebiotics to survive in an acidic
environment and resistant to the many enzymatic digestions
in small intestine make them an incredible compound that
can modulate gut microbiota. Furthermore, they can go to
the large intestine where probiotics can ferment them into
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short-chain fatty acids, vitamins, and other compounds (Fer-
nando et al. 2018).

Prebiotics can be naturally occurring in various sub-
stances such as in banana asparagus, beans, mushrooms,
and cereals; they can be synthesized by enzymatic digestion
of polysaccharides and other complex materials (Geigerova
et al. 2017). Some of the customary prebiotics products
available in the market are inulin, fructooligosaccharide,
galactooligosaccharide, and guar-gum (Madsen et al. 2017).
Many dairy products such as fermented milk, cheese, and
other milk beverages can be used for the transmission of
lactosucrose and other prebiotics (Martin-Ortiz et al. 2017).
While other xylan hydrolyzed prebiotic products such as
xylooligosaccharides (XOS) and arabinoxylooligosaccha-
rides (AXOS) are under developmental phase. Moreover,
new potent sources of these can be identified for making
cheap prebiotics products. Due to their high benefits, many
pharmaceutical industries have a great interest in producing
cost-efficient prebiotics. Synthetic approach is one of the
most common ways for generating the present-day prebiot-
ics which involves enzymatic digestion of residues to the
high-quality prebiotic product. Beside this green chemis-
try, approach consists of the conversion of ordinary starch
to resistant nature for developing new prebiotics (Vorholt
et al. 2017). Prebiotic utilization varies from microbes to
microbes, many of the gut microflora such as lactobacillus
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and bifidobacteria, etc. have different growth requirements
to sustain in the GIT (Maleki et al. 2015). In general, gut
microbiota takes prebiotic as nutrient sources for their
metabolism and increase their population (Van Doan et al.
2018). This review will emphasize on various in vivo and
in vitro strategies by which digestion and fermentation activ-
ity of prebiotics can be assessed. Evaluating prebiotics is
essential as it can able to understand the digestion, fermenta-
tion, and products formed from them by the activity of gut
microflora. Estimation of product formed by their action can
be determined using different molecular strategies (Armenta
et al. 2017). By their action sites, they have different mech-
anisms through which they perform their functions. They
have different mechanisms for immunomodulation, patho-
gen inhibition, and compound activation (Holscher 2017).
Healthy gut microflora helps in reducing the risk of many
diseases such as obesity, diabetes, cardiovascular diseases,
neurological disorders, cancer, etc., (Dahiya et al. 2017; Hill
et al. 2017). Prebiotics are helpful in the proper function-
ing of the brain and controlling brain regulation (Alkasir
et al. 2017). Specific evidence had been seen that they also
have a crucial role in infant development (Noble et al. 2017).
They are also helpful in curing bowel disease and specific
oral health problems (Floch 2017). Moreover, new strategies
such as encapsulation and immobilization can be used for
developing new generation prebiotics (Diaz-Vergara et al.
2017). This review has also highlighted the current chal-
lenges in the production and evaluation strategies of prebi-
otics. Moreover, it can also give a possible idea of applying
synthetic biology approach to this aspect.

Evaluation of prebiotics

Prebiotics are studied by different techniques based on three
aspects, i.e., digestion, fermentation, and analysis (Bajury
et al. 2017). For an appropriate prebiotic its non-digestibility
should be tested, it should be resistant to gastric acidity,
hydrolysis by mammalian enzymes, and gastrointestinal
absorption. Each aspect of prebiotic is evaluated by different
methodologies (Dey 2017). For such evaluations, the tradi-
tional media are used, comprising of yeast extract, sodium
chloride, peptone water, calcium chloride hexahydrate, mag-
nesium sulfate heptahydrate, Tween 80, L-cysteine hydro-
chloride, vitamin K, haemin, resazurin, and bile salts (Doo
et al. 2019). For the first step, i.e., digestion of prebiotics, it
can be checked by in vitro and in vivo methodologies. The
main aim is to mimic the human digestive tract at different
stages of digestion. In the oral phase, conditions provided
are NaCl and alpha-amylase for 5 min at pH 7 (Garcia-Maz-
corro et al. 2017). In vitro stomach process is complicated to
mimic, at gastric phase, enzymes, pepsin, and gastric lipase
are given for 2 h at pH 2.5. After the gastric phase digestion
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of prebiotics can be checked at the last stage, i.e., the small
intestine phases (Todorov et al. 2017). At small intestine
phase enzymes such as chymotrypsin, trypsin, colipase, and
pancreatic lipase are given for 2 h at pH 6. In vivo digestion
methodology is tested in the animal models, mainly rats and
piglets, which are considered to be useful for these purposes
(Chunchai et al. 2018). In these studies, digestion measure-
ment of a substrate in the fecal and intubation into the gas-
trointestinal system of animal can be estimated. Moreover,
in the distal ileum, undigested substrate can be envisaged
while doing human clinical studies.

In the second step, i.e., fermentation of prebiotic com-
pounds by intestinal microflora can be tested by in vitro and
in vivo fermentation. In in vitro fermentation, methodology
batch system, continues system, and the artificial gut sys-
tem are used to check the prebiotic fermentations (Valdés-
Varela et al. 2017). In batch culture, pH-based batch culture
systems are used where the pH of the fermenter is main-
tained according to the appropriate level by applying gas
production technique in these fermentations (Saman et al.
2017). Continuous culture fermentation is single staged or
multi-staged based on the type of fermentation. TIM (The
Netherlands Organization for Applied Scientific Research
intestinal model) and SHIME® (The Simulator of the Human
Intestinal Microbial Ecosystem) are two models in which the
in vitro fermentation can be studied by the artificial gut sys-
tem (Oliveira et al. 2017). In vivo fermentation methodology
is done using animal models and human models. In animal
models, fecal samples are collected after treating them with
prebiotics. The human clinical study can be done directly by
cumulating the breath air and indirectly by fecal collection
(Oliveira et al. 2017).

The final step is an analysis of short-chain fatty acid and
an increase in the gut microbes which can be done by vari-
ous molecular strategies (Aryantini et al. 2017). Short-chain
fatty acids (SCFs) are produced from the fermentation of
carbohydrates by gut microbiota. In addition, they directly
increase the microbial populations; so, it can be detected
by gas chromatography (GC) and high-performance liquid
chromatography (HPLC). Flame-ionization detection or
mass spectrometric detection can be used in combination
with gas chromatography for efficient detection. In HPLC,
reversed phase column and ion exclusion column are com-
monly used for the screening. There is a diversified group
of bacteria present in the gut that have a specific role in
prebiotic fermentations; so, these can be detected by apply-
ing modern strategies. In early centuries, culture-based tech-
niques were used to explore intestinal microflora from the
human fecal. This technique is then moved to DNA-based
culture-independent methods to detect a specific amount
of DNA and RNA. The quantity of DNA is detected by
real-time PCR or quantitative PCR (Rodriguez-Castafio
et al. 2017). Pyrosequencing and 16s ribosomal RNA are
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common sequencing methods; in 16s RNA genes, a phylo-
genetic signal from different degrees of variability is used
to differentiate bacterial populations (Yadav et al. 2018). In
pyrosequencing, the emitted light from the synthesized DNA
is captured and analyzed in a computational program such
as primer express software and gbase+ (Foschi et al. 2017).
Except for these DGGE (denaturing gradient gel electro-
phoresis) can be used to identify and characterize specific
DNA pattern as a biomarker. DNA fingerprinting is done
by TRFLP (terminal restriction fragment length polymor-
phism) which can be used for the comparison purposes, of
gut microbiota diversity and variability (Reid 2008). Phylo-
genetic identification of gut microbiota can be made by DNA
microarray technology and a fluorescence scanner which can
detect probe—target duplex. The bacterial group can be iden-
tified using FISH (fluorescent in situ hybridization) where
cells are fixed and hybridized on the glass slide and observed
under a fluorescent microscope. Brief techniques for evaluat-
ing prebiotics are described in Fig. 1.

Moreover, different methods can be used for prebiotics
analysis. The HILIC-ELSD method is used for the study
of acetylated XOS and XOS. The technique is done on a
zwitterionic HILIC column using ELSD detector. Structural
information of X7, X8, and acetylated XOS can be deter-
mined by LC-ESI-MS (Xiao et al. 2018).

Mechanism of beneficial action of prebiotics

Prebiotics can affect host health by positively increasing
the good intestinal microflora. These have an enormous
impact on the intestinal microflora and its metabolic activ-
ity inducing health benefits. They cannot be digested by host
enzymes; so, these are fermented by the gut bacteria the
colon (Meurman and Stamatova 2018). Modulation in the
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Fig. 1 In vivo and in vitro evaluation of prebiotics and their compo-
nents using different techniques

lipid metabolism can enhance the calcium absorbance which
has a positive effect on immunological and bowel functions
(Pekmez et al. 2018). Several trails on fishes have been made
to investigate the action of prebiotics. Channastriata fin-
gerlings were fed with selected prebiotics (f-glucan, galac-
tooligosaccharides, and maltooligosaccharides) and their
growth performance, nutrient digestibility, the expression
of immune regulatory gene, and retention was observed as
compared to probiotics (Munir et al. 2016).

The actual mechanism of prebiotic utilization is not pre-
cise. Based on structure and composition, they can be uti-
lized by specific bacteria which can use them as a carbon and
energy source (Singh et al. 2017). Several proposed models
have been seen which can show the prebiotic effect in the
different parts of the body. Regulation of hepatic lipogenic
enzyme can increase the production of short-chain fatty acid
such as propionic acid, butyric acid as a result of fermen-
tation (Vonk and Reckman 2017). Fermentation products
increase the availability of various genes for transcriptional
factors which enable the gut microflora to improve their
population.

In spite, this certain prebiotic such as FOS can modu-
late mucin production (Alkasir et al. 2017). In GALTS (gut-
associated lymphoid tissues) and peripheral blood, prebi-
otics can cause an increase in the lymphocytes as well as
leukocyte count. GALTs then increase the IgA secretions
which directly stimulate the phagocytic function of intra-
inflammatory macrophages. Prebiotics acts as nutrients for
beneficial microorganisms which gives competition to the
pathogens for epithelial adhesion (Holscher 2017). They
produce antimicrobial substances by the mechanism of
antagonism. SCFAs are the final product of carbohydrate
metabolism, which may produce some pathogen inhibit-
ing compounds and reduce intestinal pH. Various studies
showed inhibition of infectious pathogen by prebiotics (Chen
and Giinzle 2017). Target mechanism of prebiotic action is
explained in Fig. 2.

Applications of prebiotics

Prebiotics play a significant role in curing various human
health-related issues, many studies have already been done
showing the annihilation of diseases by continuous use of
them (Yadav et al. 2017). Obesity is common worldwide;
prebiotics can help in giving proper nutrition to the dis-
turbed microflora, as in this disorder, human gut microflora
is badly affected, it can increase the good bacterial growth
affecting the health positively (Koenen et al. 2016). Not
only obesity, there are many metabolic disorders in which
intestinal microflora plays a major role such as in the proper
functioning of the brain. Evidence has been seen that dis-
ruption in the gut microflora could directly affect the brain
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Fig.2 Combinatory overview of mechanism of action of prebiotics
showing metabolic efficiency and immunomodulation

functioning, the microbe—gut—brain axis has a vital role in
the maintenance of both the brain and gut (Reid 2016). For
instance, a combination of FOS and GOS was checked in
C57BL/6]J male mice, and it was seen that this combined
prebiotic treatment reduces antidepressant and anxio-
lytic effects (Szklany et al. 2019). In the hippocampus,
a hypothalamus-specific gene expression was modified by
them. Chronic stress-induced elevations in corticosterone,
proinflammatory cytokine levels, depression-like, and anx-
iety-like behavior can be reduced by FOS + GOS (Burokas
et al. 2017; Serova et al. 2019). In infants also, prebiotics
plays an essential role in maintaining the health of the baby.
Prebiotics help in preventing various diseases such as diar-
rhea, infantile colic, necrotizing enterocolitis, celiac dis-
ease, allergies, obesity, neurologic disease, etc. Newborns
have inoculated with oligosaccharide by breast milk fed to
them. Corroboration studies of newborns have suggested
that the presence of some fructooligosaccharide and galac-
tooligosaccharide helps in the growth of Bifidobacteria and
lactobacilli in their gut (Tomasello et al. 2016). Prebiotics
helps in the management of irritable bowel syndrome (IBS)
patients as prebiotics can help in maintaining the altered
microflora which indirectly assists in reducing the symp-
toms. Prebiotics when was added to probiotics commonly
known as symbiotics when administered in the diet improves
the stool consistency, fermentation pattern, abdominal pain,
bloating, and flatulence in patients with IBS (Ghoshal et al.
2016). Several studies have seen that probiotic can help in
reducing dental caries and root caries arrest. Prebiotics and
probiotics have significant effects in lowering cholesterol
levels by improving the serum lipid profile studied using
molecular docking approach (Rani et al. 2017). On the other
hand, probiotics and prebiotics are also helpful in curing
other cholesterol-related disorders such as the formation of
abnormal erythrocytes by improving erythrocyte membrane
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fluidity, decreasing membrane rigidity, and altering mem-
brane lipid profiles. They have health-enhancing effects, so
pharmaceutical agencies can utilize them at an industrial
scale. Industries have focused on producing safe, natural,
and cost-effective prebiotics for improving health. Recently,
a combination of probiotics with prebiotics has supple-
mented the individual use, which can improve the health
of human (Mishra et al. 2018). Some of the probiotic and
prebiotics strains which are used to cure various disorders
are described in Table 1.

Challenges to instigate prebiotics

Microflora present in the gut is difficult to investigate; it
plays a critical role in maintaining intestinal health includ-
ing metabolism of different nutrients and prebiotics. There
is no justification for the manipulated gut microflora, and
it is hypothetical; the exact population and species of gut
microbes is yet not known (Khaneghah and Fakhri 2019).
Studying the combinatorial effects of prebiotics and probiot-
ics for various diseases such as inflammatory bowel disease
(IBD), necrotizing enterocolitis (NEC), encephalopathy, and
ventilator-associated pneumonia (VAP) in intensive care
units (ICU), etc. is not constant and contradictory (Yu-Ling
et al. 2019). Moreover, in vivo and in vitro studies are dif-
ficult to mimic, for example an overriding species found in
breast-fed infants, i.e., Bifidobacterium breve has antimicro-
bial activity against pathogens found in human gut having
immuno-stimulation abilities also it is not cytotoxic and do
not have infectious antibiotic resistance genes (Vandenplas
and Savino 2019). Microbe varies from infected infants,
especially with non-IgE mediated allergy, as compared to
the healthy infants. In genetically predisposed individuals,
the gluten exposure in diet can lead to chronic autoimmune
celiac disease; these studies relate the role of gut microflora
with clinical representations and pathogenesis of the disease.
Combined probiotic treatment given to patients with this dis-
ease reduces the brutality of irritable bowel syndrome lead-
ing to the increase in the bifidobacteria populations. Extra
care is required for the patients having such type of auto-
immune disorders, malnutrition especially suffering from
cancer (Bernal-Castro et al. 2019). Cautions for patients with
special treatments need to be done; for example, probiot-
ics intake via jejunostomy shows symptoms of ineffectual
intestinal epithelial barrier associated with a wide range of
antibiotics. In addition to this, the transmission mechanism
of prebiotics is difficult; they need to be more focused and
strategic for the enhancement of desired products (Khangwal
and Shukla 2019a). Moreover, by applying systems, biology
approach pathways for the metabolism of different target
products can be known. It can also help in predicting the
populations of gut microflora by knowing the byproducts
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Table 1 Combination of prebiotics and probiotics strains for treatment of various disorders

Probiotic strain and prebiotic used Disorder

References

Lactobacillus paracasei Diarrhea
Saccharomyces boulardii
Lactobacillus acidophilus

Galactooligosaccharide

Streptococcusthermophilus, Lactobacillus, Bifidobac-  Liver disease
terium, etc. mixture of eight strains

Yogurt with Lactobacillusbulgaricus and Streptococ-
custhermophilus enriched with L. acidophilus and

Bifidobacterium lactis
Bifidobacterium bifidum
SHORT-chain fructo-oligosaccharides
Galacto-oligosaccharides

Bifidobacterium lactis, Bifidobacteriumbifidum, Strep- Functional constipation

tococcus thermophiles, Lactobacillus acidophilus,
and Bifidobacterium longum

Lactulose

Fructo-oligosaccharide (FOS) and Lactobacilluspara-
casei, L. Rhamnosus, Lactobacillus acidophilus and
Bifidobacterium lactis

Lactobacillus casei

Rifaximin and other fibers disease

IBS (Irritable bowel syndrome)

Hempel et al. (2012); Hasle (2018)

Shukla et al. (2011); Agrawal et al. (2012);
Zhao et al. (2015)

Guglielmetti et al. (2011); Ford et al. (2014)

Waitzberg et al. (2013); Yeun and Lee (2015)

Uncomplicated symptomatic diverticular Tursi et al. (2013); Rezapour et al. (2018)

formed during the metabolisms of different substrates
accordingly (Khangwal and Shukla 2019b).

Conclusion and future perspectives

Prebiotics has become accepted as a dietary food ingre-
dient as they help in nourishing the gut microflora; they
can be taken naturally from different foodstuff. These are
short-chain oligosaccharide which is fermented by the gut
microflora enhancing their growth. Use of them in the diet
can improve human health and can prevent various health
diseases, these can increase the absorption of multiple ions
such as calcium and magnesium, and also these can help
in controlling the blood glucose level and plasma lipids.
They can be studied at different levels, such as digestion,
fermentation, and analysis by in vivo and in vitro method-
ology. In addition to this, their action on various sites can
directly affect the host body positively and targets in differ-
ent locations having different roles in immunomodulation
and suppressing carcinogens. New strategies for developing
cost-effective and highly efficient prebiotics can be used.
Moreover, the manufacturing cost of them can be reduced by
extracting prebiotics from cheaper sources which are readily
available. The interactions of microflora with them are still
unknown, and so, ‘metabolomics’ can be applied to study
these aspects in a detailed manner. Moreover, highly defined
molecular approaches can be made for the gut microbes to
understand the utilization and metabolism of these better.

Combining these two approaches can lead this story to the
high peaks.
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