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Introduction

Diabetes is one of the top ten causes of death glob-
ally, and 90% of patients have type 2 diabetes (T2D)
(Holman etal. 2015). The International Diabetes Fed-
eration estimated that in 2015 10% of the global popu-
lation had diabetes. Most patients have had hypergly-
cemia and/or insulin resistance (IR) for several years
prior to diagnosis, and patients with undiagnosed and
untreated diabetes are at higher risk of developing more
severe complications than patients receiving treatment
(Magliano etal. 2019). In modern society, unhealthy
lifestyles such as long-term high-fat and high-sugar
diets, lack of physical exercise, and excessive work pres-
sure lead to obesity and T2D (Zheng et al. 2018; Hosomi
etal. 2022). Among them, diet plays a vital role in the
occurrence and development of T2D (Merino 2022).

In modern lifestyles, high-fat diets and prolonged inactivity lead to
more people developing type 2 diabetes (T2D). Based on the mod-
ern pathogenesis of T2D, food, and its components have become
one of the top concerns for patients. Recent studies have found that
dysbiosis and gut-related inflammation are more common in T2D
patients. Probiotics and prebiotics play complementary roles in the
gut as dietary supplements. Together, they may help improve dys-
biosis and intestinal inflammation in people with T2D, increase the
production of blood glucose-lowering hormones such as incretin,
and help reduce insulin resistance and lower blood glucose. There-
fore, changing the dietary structure and increasing the intake of
probiotics and prebiotics is expected to become a new strategy for
the adjuvant treatment of T2D.
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Changing unhealthy lifestyles, maintaining a healthy
weight, eating healthy, maintaining physical activity,
not smoking, and moderate alcohol consumption can
prevent and improve T2D.

With the discovery that gut microbiota changes dur-
ing the diet, exercise, traditional hypoglycemic drugs,
and bariatric surgery, the relationship between gut
microbiota and T2D has attracted widespread attention
in the medical community. It has also been confirmed
that the development of T2D is closely related to intes-
tinal microbiota (Sonnenburg and Bickhed 2016). The
gut microbiota affects many biological functions, and
its characterization has become a central area of bio-
medical research. Recent studies have shown that the
gut microbiota plays an important role in diseases such
as obesity, diabetes, and non-alcoholic fatty liver disease
(Canfora etal. 2019). In many human and animal studies,
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T2D is associated with severe gut dysbiosis, and spe-
cific gut bacteria and their metabolites are significantly
altered in T2D. Both the abundance of butyrate-produc-
ing microorganisms and butyrate production is reduced
in diabetic patients; high-fat diet-induced T2D can acti-
vate the lipopolysaccharide (LPS) component of Gram-
negative bacteria and cause endotoxemia (Sun etal.
2010). LPS plays a role in metabolic disorders by initi-
ating innate immune mechanisms; certain antidiabetic
drugs such as metformin can improve metabolic dys-
function by activating the bile acid glycoursodeoxycholic
acid (GUDCA)-intestinal farnesoid X receptor (FXR)
pathway through Bacteroides fragilis (Sun etal. 2018).

Studies of the gut microbiome have shown that the
microbiota is an important regulator of host energy and
substrate metabolism. Abnormal composition and/or
function of gut microbes can lead to disturbances in
energy metabolism, affecting the metabolism of fat,
liver, muscle, and other tissues. Microbial composition
and abundance depend on the integrity of the gut itself,
intrinsic factors such as genetics, and extrinsic factors
such as diet and drug intake (Schmidt et al. 2018). Dis-
turbed gut microbiota is widespread in patients with
T2D and contributes to the development of insulin
resistance. The digestion of food is inextricably linked
to the microbiome. Dietary control is selecting foods
that are beneficial to the beneficial bacteria in the gut
to achieve the purpose of controlling blood glucose.
Altering the energy-dense diet of people with T2D
to promote a diet rich in whole grains, fruits, vegeta-
bles, nuts, and legumes, and reducing intake of refined
grains, red or processed meat, and sugar-sweetened
beverages maybe a preventive measure and an effec-
tive method to improve T2D. A healthy diet includes
a high amount of dietary fiber (in vegetables and fruits)
and oligosaccharides, which belong to the category
of prebiotics, and supplementation with prebiotics is
beneficial in maintaining intestinal microbial balance
(Kanazawa et al. 2021). In addition, clinical studies have
shown that probiotics supplementation can improve
the intestinal microbiota and have an adjuvant effect
on T2D (Zhang etal. 2020). Specific microorganisms
and their macro-, micro-, and non-nutritional com-
ponents play an important role in regulating glucose
homeostasis. Therefore, we review studies of dietary
supplementation with probiotics and/or prebiotics in
patients, which may be an adjunctive prevention and
management strategy for treating T2D.

Probiotics
International Scientific Association for Probiotics

and Prebiotics (ISAPP) defines probiotics as live micro-
organisms that, when administered in adequate num-

bers, confer a health benefit on the host (Hill etal. 2014).
It benefits health by modulating host mucosal immune
function, improving dysbiosis, or promoting nutrient
absorption. The colon is where most bacteria live in
the digestive tract, so the colon is the primary place for
probiotics to be active. Metabolism in the colon largely
depends on nutrients, the number of complex foods, the
composition of the gut microbiome, and colonic transit
time. The proximal colon prefers to utilize fiber, resistant
starch, and prebiotics for fermentation to obtain the
energy needed for survival. In contrast, the distal colon
utilizes residual peptides and proteins for proteolytic fer-
mentation, which can be further metabolized by micro-
bial cross-feeding (Canfora etal. 2019). T2D is charac-
terized by microbial dysbiosis, intestinal barrier damage,
and a low-grade inflammatory state. A healthy microbial
community generally maintains healthy barrier func-
tion, including mucosal integrity, tight junctions, and
a normal mucosal immune system. Dietary changes
have the most significant impact on diabetes risk and
blood glucose regulation in the long run. Regarding
dietary composition, probiotics, master regulators of gut
microbiota, were most strongly associated with reduced
risk of T2D. There are two main methods for screening
probiotics with glucose-lowering potential: inhibition
of a-glucosidase (Balaich etal. 2021) and inhibition
of dipeptidyl peptidase IV (DPPIV). The structure of
a-glucosidase inhibitors is similar to that of oligosac-
charides, mainly through the competitive binding to
carbohydrate-binding sites on a-glucosidase, reducing
the production of monosaccharides and reducing post-
prandial blood glucose. Probiotics-fermented blueberry
juices increased a-glucosidase inhibitory and a-amylase
inhibitory activities, and enhanced antioxidant, anti-
microbial, and antidiabetic activities (Zhong etal. 2021).
DDPIV inhibitors induce glucagon-like peptide-1
(GLP-1) and glucose-dependent insulinotropic polypep-
tide (GIP) inactivation and increase their endogenous
levels. The cell-free excretory supernatants and cell-free
extracts of Lactobacillus acidophilus KLDS1.0901 has
better DPP-IV inhibitory activity, antioxidative activi-
ties, and biological characteristics than Lactobacillus
rhamnosus GG (Yan et al. 2020).

The health benefits of probiotics should also be
evaluated clinically or experimentally to study their
mechanisms. A total of 15 randomized controlled tri-
als and 902 patients showed that probiotics treatment
could reduce glycated hemoglobin Alc (HbAlc), fast-
ing blood glucose (FBG), and insulin resistance levels
in T2D patients quite robust and stable (Tao et al. 2020).
In randomized controlled trials of probiotics interven-
tion in 50 T2D patients, probiotics supplementation
effectively reduced inflammatory factors and increased
acetic acid production (Tonucci et al. 2017). Probiotics
in camel milk have antidiabetic effects on T2D mice
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by inducing GLP-1 secretion and increasing claudin-1
and mucin-2 proteins to repair the intestinal mucosal
barrier (Wang etal. 2020). Probiotics can also regulate
patients’ metabolism, improve dyslipidemia and hyper-
tension, and reduce the risk of cardiovascular disease in
T2D (Kocsis et al. 2020). Lactobacilli gasseri and Lacto-
bacilli johnsonii improve systemic glucose metabolism
by restoring fatty acid 3-oxidation and reducing high-
fat diet-induced hepatic mitochondrial damage (Rodri-
gues etal. 2021). Akkermansia muciniphila, a bacterium
present in the mucus layer, is inversely associated with
T2D disease, and increasing the activity of A. mucini-
phila has a positive effect on improving metabolism and
mucus layer thickness. Probiotics can lower triglyceride
and total cholesterol levels in gestational diabetes mel-
litus (Okesene-Gafa et al. 2020). Microbial metabolites,
short-chain fatty acids (SCFAs), and total bile acids can
activate hypoglycemic signaling pathways, improve
endotoxemia, and increase GLP-1 and peptide tyros-
ine (PYY) levels. Probiotics can act as an adjunct to
metformin by increasing butyrate production. Delayed-
release metformin relies on the dissolution of the tab-
let enteric coating in the distal intestine, where a high
density of L cells maintains a pH of 6.5 for maximal
efficacy (Buse etal. 2016). In addition, probiotics can
protect B-cell function by reducing IR and oxidative
stress (Kesika etal. 2019). Ruminococcus ilealis was sig-
nificantly increased in 80% of obese patients, suggest-
ing that this microbe may be a common pathogen in
obese individuals (Wu etal. 2011). These different stud-
ies explored the relationship between gut microbes and
T2D by modulating metabolism, increasing bacterial
abundance, and adjusting the timing of interventions,
suggesting that certain probiotics can modulate glucose
metabolism and improve microbial dysbiosis.

Prebiotics

ISAPP defines a prebiotic as a selectively utilized
substrate by host microorganisms conferring a health
benefit (Gibson etal. 2017). Prebiotics are organic sub-
stances that are not digested and absorbed by the host
but can selectively promote the metabolism and prolifer-
ation of probiotics. They can be used as probiotic nutri-
ents or materials, regulating microbiota abundance, and
improving host health. Prebiotics can enhance the effect
of probiotics, and the two complement each other to
maintain the homeostasis of gut microbes. In addition,
probiotics themselves can regulate intestinal function
by producing SCFAs through carbohydrate fermenta-
tion, improving the intestinal microenvironment and
increasing the production of GLP-1 (Zhao etal. 2018).
Prebiotics mainly include oligosaccharides (fructose
oligosaccharides, galactooligosaccharides, xylooligosac-

charides, isomaltose, soybean oligosaccharides, inulin,
etc.), microalgae (such as Spirulina, Arthrospira); poly-
saccharides (such as Coriolus versicolor polysaccha-
ride), protein hydrolyzate (such as casein hydrolyzate,
a-lactalbumin, lactoferrin, etc.) and natural vegetables,
fruits, herbal medicine, wild plants, and other dietary
fibers (Gibson etal. 2017; Peng etal. 2020). Prebiotics
are entirely (100%) translocated to the colon, which bal-
ances the microbiome and provides beneficial effects.
Prebiotics improve insulin sensitivity by altering the
composition of the microbiota, reducing endotoxemia,
and reducing energy harvesting. Prebiotic treatment is
designed to provide a selective advantage to beneficial
bacteria compared to the direct administration of probi-
otics. Food enters the small and large intestines through
the digestion of the mouth and stomach, and the indi-
gestible dietary fiber is fermented and decomposed by
various intestinal microorganisms to generate SCFAs
such as acetic acid, propionic acid, butyric acid, and
reduce the metabolism of harmful compounds (such
as indole and hydrogen sulfide). Fermentation of gut
microbes has positive effects on reducing inflammation,
controlling body weight, improving IR, and improving
glucose and lipid metabolism (Zhao et al. 2018). Harm-
ful microbiota enters the bloodstream by disrupting the
intestinal mucosa, creating a low inflammatory state,
and increasing IR. Supplementation of prebiotics in the
diet of T2D patients, which produce SCFAs through the
fermentation of intestinal microorganisms, is important
for maintaining the intestinal barrier (Robertson 2020).
Prebiotic supplementation normalized the abundance of
A. muciniphila and improved abnormal glucose metabo-
lism (Everard etal. 2013). Resistant starch from Kudzu
helps restore the expression of insulin receptor sub-
strate 1 (IRS-1), phosphorylated-phosphatidylinositol
3-kinase (p-PI3K), phospho-Akt and glucose trans-
porter 4 (GLUT4), thereby increasing the efficiency of
insulin (Song etal. 2021). Cyclocarya paliurus polysac-
charides can reduce diabetes symptoms and increase the
abundance of probiotics (Li etal. 2021). The addition
of oligofructose-enriched inulin decreased the ratio of
Firmicutes to Bacteroidetes while increasing the abun-
dance of Bifidobacterium (de Cossio etal. 2017). Arabi-
noxylan promoted the growth of fiber-degrading bac-
teria and increased SCFAs decreased the abundance of
opportunistic pathogens. Arabinoxylan also decreased
12a-hydroxylated bile acids and increased equal, indole
propionic acid, and behenic acid (Nie etal. 2022).
Dietary fiber is a large group of prebiotics; it is not
a single substance. Digestive enzymes do not efficiently
hydrolyze them, and fibers are divided into soluble
(pectin, gum, mucilage) and insoluble (cellulose, hemi-
cellulose, lignin) according to their water solubility. The
definition of dietary fiber also includes those isolated
from food materials or edible carbohydrates. Fiber is
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not easily digested and absorbed in the human small
intestine but can be partially or fully fermented in the
colon. In the gastrointestinal tract, it has been shown to
improve bowel function, lower blood lipids, and lower
blood glucose (Waddell and Orfila 2022). Individual
differences in gut microbial composition were asso-
ciated with individualized responses to dietary fiber
intervention and significantly contributed to changes
in probiotics abundance.

The dietary composition impacts the gut micro-
biota, so a specific dietary fiber diet can control the
gut microbiota to a healthy gut pattern (Healey etal.
2016). While solubility is a fundamental determinant
of physiological responses, viscosity, and fermentability
play a more prominent role in physiological benefits, so
high-viscosity dietary fiber makes chyme more cohe-
sive and can slow glucose release (Kumar etal. 2012).
In addition, soluble viscous fiber reduces gastric emp-
tying by absorbing water to form a viscous gel and
plays an important role in controlling postprandial
blood glucose and insulin (Holt et al. 1979). The most
substantial and most consistent effect in reducing the
risk of developing T2D was observed in a diet high in
insoluble and only moderately fermented grain fiber.
At the same time, fruits and vegetables were important
sources of soluble/fermentable fiber. The U.S. recom-
mends 1.5-2 cup-equivalents of fruits and 2-3 cup-
equivalents of vegetables daily for modern health (Lee
etal. 2022). A prospective study of fruit and vegetable
supplements has been shown to help reduce HbAlc in
T2D patients (Gordon et al. 2022). A prospective study
of 120,343 volunteers in the United Kingdom showed
that increased intake of fresh fruits and vegetables
reduced the incidence of T2D during an 8.4-year fol-
low-up period (Gao etal. 2022).

Synbiotics and postbiotics

ISAPP defines synbiotics as a mixture comprising
live microorganisms and substrates selectively utilized
by host microorganisms that confer a health benefit on
the host (Swanson etal. 2020). It not only exerts bacte-
rial activity but also selectively and rapidly increases
prebiotics, making the effect of probiotics more pro-
nounced and long-lasting. As a new generation of
micro-ecological regulators, synbiotics play the physio-
logical functions of both probiotics and prebiotics to
fight diseases and maintain micro-ecological balance.
A study of 11 randomized controlled trials and 18 sub-
jects showed that synbiotics supplementation lowered
blood glucose levels and improved IR in patients with
prediabetes and T2D (Naseri et al. 2022). The addition
of synbiotics in T2D patients helps to improve their gut
environment (Kanazawa etal. 2021) and taking syn-

biotics may be a potential adjunctive therapy to improve
metabolism and lower HbAlc (Bock etal. 2021).
ISAPP defines a postbiotic as a preparation of inan-
imate microorganisms and/or their components that
confers a health benefit on the host. Effective postbi-
otics must contain inactivated microbial cells or cell
components, with or without metabolites, that contrib-
utes to observed health benefits (Salminen et al. 2021).
Postbiotics have the potential to modulate intestinal
barrier stability and improve metabolic diseases. SCFAs
can improve glucose homeostasis, and 24 weeks of
inulin-propionate supplementation can enhance insu-
lin release by inhibiting apoptosis while maintaining
functional p-cell viability (Pingitore et al. 2017). SCFAs
maintain the intestinal barrier by promoting the growth
of intestinal epithelial cells, strengthening tight junc-
tions, and modulating the activity of microbiota and
immune cells (Liu etal. 2021). Butyrate alleviates dys-
biosis induced by a methionine-choline-deficient diet,
and the improvement of the microbiota by butyrate is
closely related to intestinal barrier function (Ye etal.
2018). In addition, butyrate suppressed high-fat diet-
induced obesity and IR, and the tight junction protein
claudin-1 was significantly increased in the jejunum,
ileum, and colon epithelium (Matheus etal. 2017).

Application of probiotics and prebiotics

In terms of probiotics supplementation, people
should pay attention to the proper consumption of pro-
biotics-containing foods, rather than relying too much
on probiotics products. Fermented dairy products are
the carrier of choice for probiotics. On the one hand,
dairy products do not require changes in technology
and manufacturing processes, and on the other hand,
the dairy matrix can protect probiotics through gas-
trointestinal transport (Fernandez and Marette 2017).
Surprisingly, minerals such as calcium and magnesium
in dairy products were associated with a lower inci-
dence of T2D (Madjd etal. 2016). Probiotic yogurt is
a nutrient-dense food that may benefit patients with
lactose intolerance, constipation, diarrhea, high blood
pressure, cardiovascular disease, diabetes, and certain
cancers. Probiotic yogurt overcomes host defense fac-
tors such as intestinal colonization resistance, reduces
FBG, and improves oxidation. For lactose intolerance
(Shaukat etal. 2010), Streptococcus salivarius ssp. ther-
mophilus and Lactobacillus delbrueckii ssp. bulgaricus
produce 3-galactosidase, in which lactose is hydrolyzed
by B-galactosidase into monosaccharides that are easily
absorbed by the intestinal epithelium.

Antibiotics are one of the key therapeutic tools
in the fight against bacterial infections and therefore
deserve our attention in treating dysbiosis. Antibiot-
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ics can sometimes be used synergically with probiotics
(Al-Dulaimi etal. 2021). Antibiotics can be used to
remove or inhibit harmful microorganisms, probiotics
can be used to introduce missing microorganisms, and
prebiotics can be applied to enhance the proliferation
of beneficial microorganisms to maximize sustained
changes in the microbiome’s composition. Furthermore,
probiotics can act as adjuvants for antibiotics, adhere to
the intestinal layer to enhance barrier function, secrete
antimicrobials to fight pathogen invasion, and coordi-
nate immune function (Wan etal. 2019). Nevertheless,
repeated clinical use or abuse of antibiotics can lead
to the development of bacterial resistance, which will
result in more significant harm to people with common
bacterial infections. The use of probiotics is expected
to improve this symptom, and a clinical trial evalua-
tion showed that various probiotics (including Bacillus
spp., Bifidobacterium spp., Clostridium butyricum, Lac-
tobacilli spp.) have a protective effect against antibiotic-
associated diarrhea as well as shortening the duration
of diarrhea (Guo etal. 2019). For antibiotic-sensitive
probiotics bacteria, altering their genetic modules may
be a solution. Encoding plasmids in Lactobacillus to
achieve independent high expression of multiple toxin-
antitoxin system genes will help expand the use of Lac-
tobacillus in healthcare (Dey etal. 2023).

Numerous clinical studies have shown that sup-
plementation with probiotics, prebiotics, synbiotics,
or postbiotics can reduce HbAlc and lipid levels and
improve IR (Bock etal. 2021), while their use is more
effective than placebo in reducing FBG, both in the
short and long term (Rittiphairoj etal. 2021). While
probiotics products can be taken alone, the best time
to consume them is after meals (Wang et al. 2022). Food
enters the stomach after meals, and the neutralization of
gastric acid is more conducive to the effect of live pro-
biotics. In addition, the intestinal microbiota should be
maintained in a balanced state, not the more probiotics,
the better. Excessive intake of probiotics has no positive
effects, but overloading can also have serious adverse
effects, wreaking havoc on the gut environment.

Conclusion

Many human and animal experiments have con-
tirmed that probiotics can significantly regulate micro-
bial dysbiosis, repair the intestinal barrier system, and
have particular clinical significance in improving IR
and reducing blood glucose. However, current research
still needs in-depth characterization studies of the lead-
ing probiotic strains to treat T2D. Therefore, there is
a greater need to study and explain these microorgan-
isms’ different mechanisms of action to evaluate their
application in functional foods and different food

matrices in the future. On the other hand, another
medical and nutritional therapy challenge that should
be considered is managing T2D through whole foods
without any side effects. Therefore, the long-term effects
of prebiotics, synbiotics, and postbiotics on glucose
metabolism may be a potential hope for treating T2D.
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