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Abstract

Background: diabetes mellitus (DM) is a chronic disease and its pathogenesis is still inconclusive. Current evidence suggests an association
between intestinal flora and type-2 diabetes mellitus (T2DM). In this paper, we summarized the current research, determining whether intestinal
flora may become a new method to treat T2DM, and providing a theoretical basis and literature references for the prevention of T2DM based
on the regulation of intestinal flora.

Method: we carried out a review based on 13 published clinical trials to determine the correlation between T2DM and intestinal flora, and between
changes in clinical outcomes and in intestinal flora in the development of T2DM; to assess the pathological mechanisms; and to discuss the
treatment of diabetes based on intestinal flora.

Results: we found that intestinal flora is involved in the occurrence and development of T2DM. Several pathological mechanisms may be involved
in the process, including improving the gut barrier, alleviating inflammation, increasing glucagon-like peptide (GLP) 1 and GLP 2, increasing the
production of short-chain fatty acids (SCFAs), and so on. Several measures based on intestinal flora, including exercise, food, specific diets, drugs
and probiotics, would be used to treat and even prevent T2DM.

Conclusions: high-quality studies are required to better understand the clinical effects of intestinal flora in T2DM.

Resumen

Antecedentes: la diabetes mellitus (DM) es una enfermedad crénica cuya patogénesis no esta clara. La evidencia actual sugiere una asociacion
entre la flora intestinal y la diabetes mellitus de tipo 2 (DMT2). Este articulo revisa la investigacion actual para determinar si la flora intestinal
puede ser un nuevo método de tratamiento de la diabetes mellitus de tipo 2 y proporciona la base tedrica y las referencias de la literatura para
la prevencion de la diabetes mellitus de tipo 2 basada en la regulacion de la flora intestinal.

Métodos: se revisaron 13 ensayos clinicos publicados para determinar la correlacién entre la DMT2 y la flora intestinal, los cambios en los
resultados clinicos y los cambios en la flora intestinal durante el desarrollo de la DMT2; para resumir su mecanismo patogénico; y, desde el
punto de vista de la flora intestinal, para explorar el tratamiento de la diabetes.

Resultados: se encontro que la flora intestinal estaba involucrada en el desarrollo de la diabetes mellitus de tipo 2. Este proceso puede implicar
una variedad de mecanismos patologicos, incluyendo la mejora de la barrera intestinal, la reduccion de la inflamacion, el aumento del péptido
similar al glucagon (GLP) 1y GLP 2, y el aumento del rendimiento de los &cidos grasos de cadena corta (SCFA). Algunas medidas basadas en
la flora intestinal, como el ejercicio, los alimentos, las dietas especiales, los medicamentos y los probidticos, se utilizaran para tratar e incluso
prevenir la DMT2.

Conclusidn: se necesitan estudios de alta calidad para comprender mejor los efectos clinicos de la flora intestinal en los pacientes con diabetes
mellitus de tipo 2.
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MATERIALS AND METHODS

Nowadays, diabetes mellitus has gradually become an in-
creasingly striking social health problem around the world. In
2017, the eighth edition of the International Diabetes Federation
(IDF) Diabetes Atlas showed that there were about 425 million
diabetics worldwide and the number may increase to 700 million
by 2045 (1). The incidence of diabetes mellitus (DM) in China
is about 10 % (2), and the number has reached 114 million,
amounting to 1/3 of the total of global diabetics. T2DM accounts
for more than 90 % of total diabetes patients (3,4).

The intestinal flora is to date considered a complex organ
composed of 500-1000 species and 10 bacteria, which is
more than 10 times the number of human cells, including bac-
teria, viruses, fungi, and protozoa, that are commensal with the
human intestinal tract (5). Among these, bacteria represent the
best studied group and will be the main focus of this review.
Overall the predominant bacterial groups in the microbiome
are Gram-positive Firmicutes and Gram-negative Bacteroidetes
(6,7). Studies have shown that lots of chronic diseases may be
related to intestinal microecological disorders (8), that intestinal
flora is an important factor among environmental factors, and
that its changes are related to a series of metabolic diseases
such as obesity and DM (9,10).

At the same time, a lot of factors can contribute to changes
in intestinal flora. Firstly, it is now understood that diet plays a
significant role in shaping the microbiome, with experiments
showing that dietary alterations can induce large, temporary
microbial shifts within 24 h. The gut microbiota of patients
with type-2 diabetes has been functionally characterized with
diabetes-associated markers, showing enriched membrane
transport of sugars and branched-chain amino acids, xeno-
biotic metabolism, and sulfate reduction along with decreased
bacterial chemotaxis, butyrate synthesis, and metabolism of
cofactors and vitamins (11). Revealed by metagenome anal-
ysis, gut microbiota composition transforms through ear-
ly stages of human development, and is influenced by the
diet (12). Secondly, regular exercise has an anti-inflammatory
effect, which improves the immunological profile in type-2 di-
abetes mellitus (13). Thirdly, the intestinal flora changes with
aging. Besides these, some other factors, such as drugs (16-
17), lifestyle (30), etc., also play a role in the development of
intestinal flora.

It is of huge importance to fully understand the changes of
intestinal flora in T2DM, and the pathological mechanism of
involvement of intestinal flora in the development of T2DM.
Similarly, an in-depth study of risk factors associated with
bacterial reduction in patients with T2DM is needed, includ-
ing the impact of exercise, food, specific diets, drugs and
probiotics. In this article, we carried out a review based on
several published clinical trials to determine the correlation
between T2DM and intestinal flora. We hope that this article
may provide a theoretical basis and literature references for
the regulation of intestinal flora in the treatment of T2DM and
its complications.

IDENTIFICATION OF ELIGIBLE STUDIES

One search strategy was run using “Intestinal flora” and
“Type 2 diabetes mellitus” with no limitations. Besides, another
search strategy was also run using the terms “Intestinal flora”
and “Type 2 diabetes mellitus” limited to “humans” and “clinical
trial”. A broad search of the English-language literature for ran-
domized controlled trials (RCTs) in patients with T2DM was per-
formed by using Cochrane, Medline, PubMed, Central Register of
Controlled Trials, Web of Science, and trial registry databases. All
the relevant publications were reviewed, and duplications of arti-
cles from the two search strategies were avoided. The articles in
reference lists were also hand-searched for potentially relevant
publications. The search was conducted by two investigators.
Any disagreements were resolved by consensus with involve-
ment of the third author.

INCLUSION AND EXCLUSION CRITERIA

Human-associated studies, regardless of year of publica-
tion, would be included if they met the following criteria; 1)
RCT; 2) patients had been diagnosed with T2DM; 3) were old-
er than 18 years; 4) sufficient data were available of clinical
outcomes. Studies would be excluded if they met the following
criteria; animal experiment, review, mechanism research, case
report, collection of papers, literature with incomplete data and/
or duplicates, and no full manuscript availability. Participants
would be excluded if they 1) had severe conditions, including
digestive dysfunction, heart failure, renal failure, malignant tum-
ors, severe cerebrovascular diseases, ketosis, hyperthyroidism,
liver dysfunction, or severe gallbladder and pancreatic diseases;
2) were pregnant or lactating; 3) suffered from mental illness;
4) used anti-depressants, sedatives, neurological or psychiatric
medications; 5) required insulin therapy or had arterial hyperten-
sion and dyslipidemia controlled by statins and either ace-inhib-
itors or angiotensin receptor blockers; 6) had diabetes-specific
complications and ischemic heart disease; 7) lacked the ability to
perform physical activities.

DATA EXTRACTION

Two investigators extracted the data independently and
reached a consensus on all items. For each study, the following
information was collected: first author, year of publication, sample
size, mean age, gender, anthropometric measurements (weight,
height, body mass index (BMI), waist circumference, and body
composition by bioelectrical impedance analysis), dietary record,
trial duration, and clinical outcomes. Clinical outcomes included:
glycated hemoglobin (HbA1c), low-density lipoprotein-cholester-
ol (LDL), high-density lipoprotein-cholesterol (HDL), cholesterol
(CHOL), triglycerides (TG), aspartate aminotransferase (AST) and
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alanine transaminase (ALT), free fatty acids, CRP, homeostasis
model assessment of insulin resistance (HOMA-IR), biochemical
analyses, fasting GLP-1 concentration, and gut microbiota. Data
could be extracted separately as long as there was enough infor-
mation available in the trials.

RESULTS

LITERATURE SEARCH

We used the terms “Intestinal flora” and “Type 2 diabetes me-
llitus” with a broad search for randomized controlled trials (RCTs)
in patients with T2DM. The results: Cochrane (700), Medline
(733), PubMed (711), Central Register of Controlled Trials (688),
Web of Science (699). In the end, a total of 744 articles (all pub-
lished) were retrieved from the databases. A total of 360 articles
about animal experiments, 262 articles with reviews, 9 articles on
meta-analyses, 3 articles in letter format, 1 case report, 15 ar-
ticles without full text, and 69 articles about non-randomized
controlled trials were excluded, and 12 articles with incomplete
data were also excluded. Thus, a total of 13 publications met
the inclusion and exclusion criteria, and details from these trials
were extracted separately. Figure 1 shows a flowchart of arti-
cle selection and inclusion. Because of the heterogeneity found
among patients and trial methods, and the large variety of out-
come measurements used in these trials, the pooling of data
for a meta-analysis was inappropriate. Results were, therefore,
summarized qualitatively.

744 literatures identified 360 other animal researches
through database search 4 removed

262 reviews excluded;
4 9 meta-Analysis excluded;

. 3 letters excluded;
384 articles screened P 1 case reports excluded;
15 not obtain full articles
full articles
4 69 articles nonrandomized
. controlled trials excluded
109 articles screened 14 12 no associated data
excluded
y
28 randomized controlled A 15 articles without the full
trials text

A 4

13 articles included in
quantitative synthesis

Figure 1.
Flow diagram illustrating the literature search and evaluation.
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STUDY CHARACTERISTICS

Details from 13 eligible published trials are discussed in ta-
ble I. Table | summarizes the characteristics of the 13 trials. The
number of participants in these trials ranged from 12 to 504,
with median age ranging from 41 to 72 years. Trial duration
ranged from 1 to 6 months, and intervention included exercise,
food, specific diets, drugs, and probiotics. The intestinal flora of
all patients in our study were classified in categories.

CLINICAL OUTCOMES

Effect of exercise on intestinal flora in diabetes

A total of 2 trials in table Il demonstrated that the exercise
group had shown significant improvements of lean mass from
baseline amomg diabetes patients. Otherwise, fat mass and fast-
ing glucose had decreased obviously. According to Evasio Pasini
et al. (15), those who received exercise training had improved
blood sugar, as well as functional and anthropometric variables.
Moreover, chronic exercise reduced intestinal fungus overgrowth,
leaky gut, and systemic inflammation. As well, in the research by
Yan Liu et al. (22), the microbiome of responders exhibited an
enhanced capacity for biosynthesis of short-chain fatty acids and
catabolism of branched-chain amino acids.

Effect of food and specific diets on intestinal
flora in diabetes

A total of 3 trials involved food and specific diets with effects
measured on intestinal flora (Table lll). They improved HbAlc
(p < 0.01) and helped with weight loss. In the study of Mengx-
iao Ren et al. (14), A-LCD significantly increased the short-chain
fatty acid (SCFAs)-producing bacteria Roseburia, Ruminococcus
and Eubacterium. Liping Zhao et al. (19) showed that a select
group of SCFA-producing strains was promoted by dietary fibers
and that most other potential producers were either diminished
or unchanged in patients with T2DM. However, in the trial by
Yanislava Karusheva et al. (26), the oral glucose sensitivity index
was 24 % (p < 0.01) and circulating growth factor 21 was 21 %
higher (p < 0.05), whereas meal-derived insulin secretion was
28 % lower (p < 0.05). Then it could be seen that the effect of
food and specific diets was obvious in improving glucose in dia-
betics, and may impact some pathological mechanisms.

Effect of drugs on intestinal flora in diabetes

In the work by Hao Wu et al. (16), their findings provide support
for the notion that an altered gut microbiota mediates some of
metformin’s antidiabetic effects. In the study of Xiaolin Tong et
al. (17), they also found that both metformin and AMC signifi-
cantly alleviated hyperglycemia and shifted gut microbiota struc-
ture in diabetic patients.
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Table I. Baseline characteristics of the references included

Author, year Sal.nple Gender | Mean age Trna_l Diet Intervention Intestinal flora
size (%) (years) |duration

Mengxiao Ren et Male Roseburia, Ruminococcus
al., 2020 (14) 5 (56) 72 3 months LCD Almond and Eubacterium
Evasio Pasini et Male Mediterranean ) Mycetes and Candida
al, 2019 (15) 01 oo 70| Bmonths diets Brercise albicans
Hao Wu et Male Calorie-restricted , Escherichia and
al.,, 2017 (16) 40 (43) o4 4 months diets Metformin Intestinibacter

- Metformin and a .
Xiaolin Tong et 450 NR NR 12 weeks Normal diets traditional Chinese B{aut/a qnd
al., 2017 (17) Faecalibacterium spp.

herbal formula
65 % cornstarch
Ming-Chia Hsieh diets; 65 % fructose ADR-1 Bidobacterium spp and
etal., 2018 (18) 68 NR NR 6months | iets: 65 % fructose ADR-3 Lactobacillus spp.
diets

L A group of the acetate-
Liping Zhao et 43 NR NR 12 weeks WTP Fiber and butyrate-producing
al., 2018 (19) . .

bacterial strains

Yifei Zhang et Male ' Berberine and , .
al., 2020 (20) 409 (60) 54 12 weeks Normal diets probiotics Ruminococcus bromii
Talia Palacios et . Probiotic
al, 2017 (21) 60 NR NR 12 weeks Healthy diets microorganisms NR
Yan Liu et . , Firmicutes, Bacteroidetes,
al, 2020 (22) 20 NR 41 12 weeks Routine diets Exercise and Proteobacteria
Yoriko Heianza et ) . TMaO, choline and
al, 2018 (23) 504 NR NR 6 months Weight-loss diets The POUNDS Lost L-carnitine
Somayyeh Firouzi Male , Multi-strain microbial Lactobacillus and
etal, 201524 | 10 (52) o4 12weeks | Balanced diets cell preparation Bifidobacterium
Talia Palacios et Male ) et L A group of butyrate-
al., 2020 (25) 60 7) 59 12 weeks Normal diets Multi-strain probiotic producing bacterial strains
Yanislava Male Reduction of
Karusheva et 12 67) 54 4 weeks Isocaloric diets branched-chain Bacteroidetes
al., 2019 (26) amino acids

NR: not reported; LCD: low carbohydrate diets; WTP: wholegrain, 80 traditional Chinese medicinal foods and prebiotics.

Table Il. Raw outcomes for change of clinical indicators and intestinal flora through exercise
by individual trials

Fasting glucose
: Lean mass, % Fat mass, %
AL i Intervention Rates (week) (mmol/)
year flora

Before | After | Before | After | Before | After
Evasio Pasini et Mycetesand | Endurance, resistance | 3-times; 90 minutes |  5.65 4.95 72.47 75.83 27.67 2417
al., 2019 (15) Candiaa albicans and training each session +0.09 | £011 | =519 | £4.04 | £515 | £4.04
Yan Liu et al., Bacg; ’;;ﬂf;’an | Aerobic and strength | 3 times; 70 minutes| 805 | 7.4 | 60.98 | 6326 | 3613 | 33.82
2020 (22) > training each session +065 | +067 | =124 | =111 | £133 | £1.22

Proteobacteria

Data is expressed as mean + SD.
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Table Ill. Raw outcomes for change of clinical indicators and intestinal flora through food
and specific diets by individual trials

Author, . Intervention HbA1c % Weight (kg)
Intestinal flora . Rates
Year food and diets Before | After | Before | After
) Roseburia
Mengxiao Ren et ) ' 7.67 6.85 66.60 59.34
al., 2020 (14) Rum/nococcgs and Almonds, LCD 56 g/day almonds +160 102 + 881 +8.90
Eubacterium
A group of the L
Liping Zhao et acetate- and — zg;iir;e:d{et& 8.27 636 | 6882 | 65.83
al., 2018 (19) butyrate-producing ' P +0.27 +0.11 +212 +1.96
: : prepared foods
bacterial strains
Yanislava Karusheva Reduction of A
Bacteroidetes branched-chain amino | powder: 40 ~60 % NR NR NR NR
etal., 2019 (26) o o :
acids, isocaloric diets of the protein

Data is expressed as mean + SD.

They significantly increased a co-abundant group represented
by Blautiaspp, which significantly correlated with the improve-
ments in glucose. Yifei Zhang et al. (20) measured alterations in
gut microbiota using oral intake of probiotics or berberine (BBR),
a bacteriostatic agent. Al 3 trials demonstrated drugs had an
impact on intestinal flora (Table IV). The three studies suggest-
ed that after the intervention with drugs, body weight loss and
HOMA improve along with changes in intestinal flora.

Effect of probiotics on intestinal flora in diabetes

The intestinal flora was significantly changed in diabet-
ic patients after an intervention with Lactobacillus ADR-1

or ADR-3. According to Ming-Chia Hsieh et al. (18), the
consumption of different strains of L. reuteri may influence
changes in intestinal flora, which may lead to different out-
comes after probiotic intake (Table V). In the study by Talia
Palacios et al. (21), intentional manipulation of gastroin-
testinal microbial profiles may be useful for preventing and
controlling type-2 diabetes mellitus and its associated met-
abolic complications. Somayyeh Firouzi et al. (24) proved
that probiotics can also modestly improve HbA1c and fast-
ing insulin in people with type-2 diabetes. Besides, Talia
Palacios et al. (25) suggested that probiotics may act as
an adjunctive to metformin by increasing the production of
butyrate, which may consequently enhance glucose man-
agement.

Table IV. Raw outcomes for change of clinical indicators and intestinal flora through drugs
by individual trials

Author, ) ) Body weight (kg) HOMA
Intestinal flora Intervention Doses (day)
year Before After Before After
Hao Wu et Escherichia and . 1,700 mg/d (in
al., 2017 (16) Intestinibacter Metformin three doses) %.5+41 9.4+39 83=12 6.0+08
Metformin 750 mo/d (inthree | 27 6 108 | 74.8+11.0 | 550 +5.82 | 470 + 392
Xiaolin Tong et Blautia and doses)
al., 2017 (17) Faecalibacterium spp. 57.6 g/d
AMC o 799139 | 775+13.7 | 6.78 512 | 515+ 416
(in two doses)
BBR 06 g.perd6.f"”s' 724 +12.5 | 711 +13.6 | 4.45+1.40 | 3.74 =093
Yifei Zhang et ) ) twice daily
al., 2020 (20) Ruminococcus bromii :
! Probiotics 49 per2stips of | 754 455 | 7194118 | 4.45+1.40 | 414 +1.56
powder, once daily

Data is expressed as mean + SD. BBR: berberine.
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Table V. Raw outcomes for change of clinical indicators and intestinal flora through probiotics

by individual trials

Fasting glucose
: HbA1c (%) HOMA-IR
gatlicr st Intervention Rates (Day) (mmol/l)
year flora
Before | After | Before | After | Before | After
Lactobacillus ADR-1 ADR-1: 4 A -0.32 A -0.39 A —0.91
Ming-Chia Bidobacterium | Lactopacillus x 109 CFUs +3192 | +080 | +5.82
Hsieh et spp. and
al., 2018 (18) | Lactobacillus spp. : i ADR-3: i A-938| A0.24 i A6.57
Lactobacillus ADR-3 15 "4 010 cells + 58.45 +0.93 +19.17
Talia Palacios ) ,
etal, NR M“':'(;si‘ﬁicc'es Ta‘t‘vevitc"go Ceer“z;“'es NR NR NR NR NR NR
2017 (21) P per day
Eﬁm{ﬁh Lactobacillus and robioics 1010 CFUs 800 | 810 | 765 | 758 | 420 | 3.20
Bi dobacterium +200 | £220 | =1.31 +130 | £240 | =1.80
al,, 2015 (24)
Multi-strain probiotic Two capsules 5.90 5.70 6.10 5.90 3.40 2.70
P twice a day +080 | £060 | £060 | =050 | =190 | =£1.50
A group of
Talia Palacios et butyrate- Probiotic: tlwo
al., 2020 (29) bacfi:)ridalfcs'{‘rgms Multi-strain probiotic. Cjﬁﬁ;ﬁﬁfﬂ? 860 | 780 | 730 | 680 | 500 | 350
Metformin 500 to 3000 mg +450 | +430 | +1.70 | +1.70 | +470 | +3.50
per day
Data is expressed as mean + SD. /\: after - before; NR: not reported
Effect of other methods on intestinal flora in DISCUSSION

diabetes

In the study by Yoriko Heianza et al. (23), they found the im-
portance of changes in TMa0, choline and I-carnitine in improv-
ing insulin sensitivity during a weight-loss intervention for obese
patients. Dietary fat intake may modify the associations of TMaO
with insulin sensitivity and glucose metabolism.

SIDE EFFECTS

In these studies, more participants experienced gastrointes-
tinal AEs in the treated groups, although the AEs did not affect
the antidiabetic effect or gut microbiome features related to
interventions in these studies. Again, this concern needs to
be addressed in trials with longer intervention durations. Al-
though the consumption of live probiotics products is generally
considered safe for most human beings, some side effects
have been reported under certain conditions. For example, live
probiotics may become pathogenic when used in subjects with
severe immune deficiency (27). In infants with short bowel
or cardiac stenosis, bacteremia has been reported in some
cases (28).

Research evidence from human intestinal microbial profiles
demonstrates that each individual has a unique intestinal bacte-
rial composition (in diversity and abundance). Modern pharmaco-
logical studies have shown that intestinal flora plays an important
role in the occurrence and development of T2DM, ditto that for
genetic, environmental, and dietary factors (29,30). However, the
differences in intestinal flora may be due to different ethnicity,
age, and gender. In addition, the mechanisms responsible for
ecological imbalance, as well as the mechanistic link between
altered gut flora and diabetes, is not yet clear.

EXERCISE AND INTESTINAL FLORA IN
DIABETES

Exercise increased lean mass, reduced fat mass and inflam-
mation with better glycemic control and physical performance.
Some experimental research shows that physical activity may
modify fecal short-chain fatty acids, which increases the pres-
ence of fecal butyrate and in turn butyrate-producer intestinal
bacteria (31). Short-chain fatty acids activate muscular AMPK,
an enzyme that regulates muscle metabolism of glucose and li-
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pids. These metabolic effects may be important in diabetes and
confirm cross-communication between microbiota, exercise, and
global metabolism (32). And they suggest a link between mi-
crobiota, muscle, the brain, and human metabolism. The cure
of intestinal microbiota with physical exercise and/or specific
therapies could be an important step for tailored therapy allow-
ing traditional therapy and global patient metabolism to function

properly.

FOOD, SPECIFIC DIETS AND INTESTINAL
FLORA IN DIABETES

An acute change in diet—for instance, one that is strictly an-
imal-based or plant-based—alters microbial composition within
just 24 h of initiation, with reversion to baseline within 48 h of
diet discontinuation (33). Furthermore, the gut microbiome of an-
imals fed a high-fat or high-sugar diet is more prone to circadian
rhythm disruption (34). Studies also suggest that overwhelming
systemic stress and inflammation—such as that induced via se-
vere burn injury—can also produce characteristic acute changes
in the gut microbiota within just one day of the sustained insult
(35).

Several popular diets, including western, gluten-free, omni-
vore, vegetarian, vegan, and Mediterranean, have been studied
for their ability to modulate the intestinal microbiota. In several
studies, a western diet (high in animal protein and fat, low in
fiber) led to @ marked decrease in numbers of total bacteria and
beneficial Bidobacterium and Eubacterium species (36-38).

Across the spectrum, the Mediterranean diet is highly regard-
ed as a healthy balanced diet. It is distinguished by a beneficial
fatty acid profile that is rich in both monounsaturated and pol-
yunsaturated fatty acids, high levels of polyphenols and other
antioxidants, high intake of fiber and other low glycemic carbo-
hydrates, and relatively greater vegetable versus animal protein
intake. Specifically, olive oil, assorted fruits, vegetables, cereals,
legumes, and nuts, moderate consumption of fish, poultry, and
red wine; and a lower intake of dairy products, red meat, pro-
cessed meat and sweets characterize the traditional Mediterra-
nean diet (39).

DRUGS AND INTESTINAL FLORA IN DIABETES

Wu et al. (16) showed that metformin interacts with different
gut bacteria, possibly through the regulation of metal homeo-
stasis. Furthermore, microbiota-based interventions may reduce
gastrointestinal symptoms associated with metformin adminis-
tration, with a consequent improvement in medication compli-
ance (40).

Probiotics exhibit metabolic benefits by improving the gut bar-
rier and alleviating inflammation (41), which are also key to the
development of ageing-related diseases (42). Health-associat-
ed Bifidobacterium spp. have been shown to be depleted with
ageing but enriched in extremely aged healthy subjects (43). It
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has been proposed that the intake of probiotics might improve
the integrity of intestinal epithelium and diminish the toll-like re-
ceptor-4 pathways to reduce pro-inflammatory signaling and to
enhance insulin sensitivity (44,45).

PROBIOTICS AND INTESTINAL FLORA IN
DIABETES

Fermented foods containing lactic acid bacteria, such as cul-
tured milk products and yogurt, represent a source of ingest-
ible microorganisms that may beneficially regulate intestinal
health (46). They are thought to accomplish this through their ef-
fects on the existing gut microbiome, in addition to a possible in-
duction of anti-inflammatory cytokines such as IL-10 (47). Based
on these properties, foods enriched for these modulatory micro-
organisms are referred to as probiotics. Several groups have re-
ported increased total bacterial loads after regular consumption
of fermented milk or yogurt (48-51). Notable increases in bene-
ficial gut bifidobacteria and/or lactobacilli have also consistently
been observed with several different types of probiotics (52).

Individuals with metabolic disorders such as obesity and di-
abetes have been shown to have an intestinal imbalance when
compared to healthy individuals (53,54).

THE MECHANISMS OF PROBIOTICS IN
DIABETES

Some possible mechanisms behind the effect of probiotics on
glycemic control are presented. Researchers have hypothesized
several mechanisms of action according to the previous litera-
ture. The effect of probiotics in improving glycemic control can
be firstly explained through the action of primary bile acids on
the farnesoid-X-receptor (FXR). Certain strains of Lactobacillus
and Bifidobacterium are known to possess the bile salt hydrolase
enzyme (BSH). This enzyme can directly increase the levels of
primary bile acid, which in turn binds and activates the FXR, lead-
ing to increased storage of glucose, decreased production of glu-
cose from non-glucose nutrients, increased synthesis of insulin
and increased secretion of insulin (55,56). Secondly, probiotics
are also known to increase glucagon-like peptide (GLP) 1 and
GLP 2, which are able to decrease low-grade inflammation as-
sociated with diabetes, and to decrease insulin resistance, which
in turn decreases B-cell toxicity and improves glycemic control.
Furthermore, GLP-1 and GLP-2 also decrease hunger and in-
crease satiety, thus decreasing energy intake, which collectively
improve glycemic control (57). Another possible mechanism is
the increased production of short-chain fatty acids (SCFAs) by
mainly Bifidobacterium in the colon via its action on insoluble
dietary fibers. These SCFAs, especially butyrate, can decrease
insulin resistance by promoting pancreatic B-cell differentiation,
proliferation and development; increase secretion of GLP-1,
thus increasing secretion of insulin, and decrease the release of
pro-inflammatory cytokines by adipose tissue (58,59).
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In conclusion, notwithstanding some limitations, these findings
may have important implications for managing T2DM in patients
by treating the microecological imbalance. These studies will also
provide empirical evidence to address currently unresolved is-
sues with the efficacy and safety of probiotics. Future research
should focus on identifying the role of and the complex interac-
tion among probiotics and the proportion of the various phyla in
the gut of individuals.

CONCLUSIONS

All'in all, probiotics have emerged as a possible therapeutic
option, and prospective clinical trials have shown promising re-
sults in T2D patients. But up to now, there is still a dearth of
such studies, so there was a need for high-quality studies to
better understand the clinical effects of the intestinal flora on
the occurrence and development of diabetes. This issue remains
unanswered at present, primarily because large, long-term pro-
spective trials of probiotic therapy are absent. However, several
problems such as the possible side effects of long-term use of
probiotics remain to be solved. The effects of probiotics are also
slow, and some patients and doctors may be afraid of delaying
illness.
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