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Objectives: The purpose of this study was to assess the incidence of type 2

diabetes mellitus (T2DM) after 6 years in patients with IGT who received early

probiotic intervention in the Probiotics Prevention Diabetes Program (PPDP) trial.

Methods: 77 patients with IGT in the PPDP trial were randomized to either

probiotic or placebo. After the completion of the trial, 39 non-T2DM patients

were invited to follow up glucose metabolism after the next 4 years. The

incidence of T2DM in each group was assessed using Kaplan-Meier analysis.

The 16S rDNA sequencing technology was used to analyze gut microbiota’s

structural composition and abundance changes between the groups.

Results: The cumulative incidence of T2DM was 59.1% with probiotic treatment

versus 54.5% with placebo within 6 years, there was no significant difference in

the risk of developing T2DM between the two groups (P=0.674).

Conclusions: Supplemental probiotic therapy does not reduce the risk of IGT

conversion to T2DM.

Clinical Trial Registration: https://www.chictr.org.cn/showproj.aspx?proj=

5543, identifier ChiCTR-TRC-13004024.
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1 Introduction

Compared with normal glucose tolerance (NGT), people with

prediabetes, especially impaired glucose tolerance (IGT), have a

higher risk of developing type 2 diabetes mellitus (T2DM). Early

intervention can significantly reduce the probability of developing

T2DM in the IGT population (1–3). The dysbiosis in the gut

microbiota has recently been recognized as a critical environmental

factor in individuals with prediabetes or diabetes mellitus (DM) (4, 5).

Several studies (6–8) showed that probiotic and synbiotic intake

affects the glycemic profile in patients with prediabetes and T2DM.

Most recently, the Probiotics Prevention Diabetes Program (PPDP)

Study demonstrated that probiotic supplementation during two years

did not improve fasting plasma glucose(FPG) levels and did not

reduce the risk of conversion of IGT to T2DM (9).

After the PPDP trial was completed, participants without

T2DM were invited to follow up for 4 years. The objective of the

PPDP Follow-On study was to observe the effect of early probiotic

intervention on the conversion of T2DM after 6 years.

2 Research design and methods

2.1 PPDP study

The design and primary results of the PPDP study have been

reported previously (9, 10). Briefly, the PPDP Study included 77

patients diagnosed with IGT in the outpatient department of

Shanghai East Hospital of Tongji University from September

2014 to September 2016. IGT and T2DM were diagnosed

according to the 1999 WHO Criteria. IGT was diagnosed when

FPG <7.0 mmol/L, and oral glucose tolerance test (OGTT): 2-h post

glucose load ≥ 7.8 and <11.0 mmol/L. T2DM was diagnosed when

FPG ≥7.0 mmol/L and or OGTT: 2-h post glucose load≥11.1 mmol/

L, or self-reported diabetes history and being treated with
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hypoglycemic agents. All participants were randomized, double-

blind to receive probiotics (including Bifidobacterium, Lactobacillus

acidophilus and Enterococcus faecalis) or matched placebo.

Probiotics were produced by Shanghai Sine Pharmaceutical

Laboratories Co, Ltd. For both groups, the doses were 840 mg

daily, 210 mg per one pill, two pills per time, and two times daily.

Both groups were followed for two years with an OGTT every 3

months in the first year and every 4 months in the second year to

assess the patient’s glucose metabolism. At the end of the PPDP

study, there were 20 patients in the Probiotics group and 13 in the

Placebo group who developed T2DM.

Feces of the two groups before and after intervention were

collected. The 16S rDNA sequencing technology was used to

analyze intestinal microbiota’s structural composition and

abundance changes. The primary outcome was the cumulative

prevalence of T2DM in the two groups. The secondary endpoints

were the possible changes in the proportion of microbiota. The

study was registered in the Chinese clinical trial registry (ChiCTR-

TRC-13004024).

2.2 PPDP follow-on study

After the completion of the initial PPDP study, patients who

with undiagnosed T2DM continue to be invited to participate in the

PPDP Follow-On study without probiotics intervention. A total of

39 non-T2DM patients agreed to follow up glucose metabolism for

next 4 years. Patients were asked to monitor fasting and

postprandial blood glucose by themselves. At the 4th year, OGTT

were assessed at the outpatient department of Shanghai East

Hospital. Finally, 36 patients finished the next 4-year follow-up, 2

patients withdrew due to loss of contact, and 1 patient died due to a

blood tumor, with a dropout rate of 4.2%. The detailed patient flow

of the original trial (PPDP) and follow-on study is summarized

in Figure 1.
FIGURE 1

Flow diagram for PPDP follow-on study.
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The primary outcome was the cumulative incidence of T2DM in

the two groups during the 6 years. The PPDP study and the PPDP

Follow-On study were reviewed and approved by the hospital’s ethics

committee and all patients signed informed consent.
2.3 16S rRNA gene sequencing and analysis

Fresh fecal samples were collected and bacteria’s 16S rRNA gene

sequence was detected using paired-end configuration on an

Illumina MiSeq system (Illumina, San Diego, USA). Briefly,

microbial DNA was extracted and DNA quality was examined by

agarose gel electrophoresis. The V3-V4 regions of the bacteria’s 16S

rRNA gene were amplified by PCR. The sequencing was performed

using paired-end configuration on an Illumina MiSeq system

(Illumina, San Diego, USA). Raw fastq files were demultiplexed,

and then data was filtered to ensure quality. The taxonomy of each

16S rRNA gene sequence was analyzed by RDP Classifier (http://

rdp.cme.msu.edu/) against the silva (SSU115)16S rRNA database.

The detail of sequencing and analysis showed in Supplementary

Material 1.
2.4 Statistical analyses

Statistical analyses were performed by SPSS version 23.0 (IBM

Corp, Armonk, NY, USA) and GraphPad Prism version 8.0 (San

Diego, California, USA). Continuous data were described as means

± standard deviation, and inter-group comparison was performed

with a t-test or analysis of variance. All continuous data were

abnormally distributed. Categorical data were described as n (%),

and inter-group comparisons were analyzed by c2 -test. Mann–

Whitney test was used to compare data that were not normally

distributed between the groups. The cumulative incidence of T2DM

= (the number of cases developing T2DM after 6 years of follow-up/

the number of cases starting follow-up) × 100%. The difference in

the incidence of T2DM between the probiotic group and the

placebo group over time was analyzed using the Kaplan-Meier

survival curve. COX regression analysis was used to analyze the

influencing factors of T2DM. The risk was described as Hazard

ratio (HR) and 95%CI. P<0.05 was statistically significant.
3 Results

3.1 Baseline characteristics

The baseline characteristics of the Probiotics group and Placebo

group in the PPDP study have been presented in the previous article

(9). Specifically, there were no significant differences in sex

composition, age, body mass index (BMI), blood pressure, heart

rate, liver function, blood lipid profile, FPG, post-glucose load

plasma glucose, glycated hemoglobin A1c(HbA1c), fasting serum

insulin (FINS) and the homeostasis model assessment of insulin

resistance (HOMA-IR) between the two groups.
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At the end of the PPDP study, there remained 39 patients with

undiagnosed T2DM (21 patients in the Probiotics group and 18 in

the Placebo group). The characteristics of undiagnosed T2DM

patients at the end of 2-year follow up between the probiotics and

placebo groups were shown in Table 1.
3.2 Comparison of the incidence of T2DM

In the next 4 years, there were 6 patients in the Probiotics group

and 5 patients in the Placebo group who developed T2DM. Thus,

the cumulative incidence of T2DM was 59.1% in the probiotic

group and 54.5% in the placebo group within 6 years. As shown in

Figure 2, there was no significant difference in the risk of developing

T2DM between the two groups within 6 years (P=0.674).

At the end of the 6-year follow-up, patients were grouped

according to whether T2DM occurred. The age of the T2DM

group was significantly older than the non-T2DM group (57.2 vs

53.7 years, P=0.004). There was no significant difference in other

clinical data between the two groups (all P >0.05).
3.3 COX regression analysis of risk
factors for T2DM

COX regression model was used to analyze the risk factors

affecting the development of T2DM. Probiotic intervention or not,

age, gender, BMI, waist circumference, blood pressure, liver

function, blood lipid, blood glucose, serum insulin and HbA1c

were used as covariates, and results showed that 30-minute post-

glucose load insulin level was a factor affecting the conversion of

IGT to T2DM (HR=0.954, 95%CI 0.915-0.994, P =0.026) (Figure 3).
3.4 Gut microbiota analysis

According to the informed consent and research protocol, fecal

samples were collected at baseline (day 0) and the end of the 2-year

follow-up visit. The 16S rDNA sequencing technology was used to

analyze gut microbiota’s structural composition and abundance

changes. A total of 32 stool samples in the Probiotic group and 22 in

the Placebo group were collected. In this study, the differences in

operational taxonomic units (OTUs) abundance among the

probiotic group and the placebo group were compared. The Venn

diagram showed that 435 of the total 972 genera were shared among

the 4 groups (Figure 4A). To display microbiome space between

samples, principal coordinates analysis (PCoA) was performed. The

results showed that the microbiota was similar between the

probiotic and placebo interventions (Figure 4B), and the probiotic

intervention might not have caused the recombination of the

microbial community composition. Microbial community

variation was also analyzed. At the genus level, Blautia,

Subdoligranulum, Eubacterium hallii, Bifidobacterium, and

Romboutsia accounted for the majority in each group

(Figure 4C). However, there were no statistically significant

changes in the microbiota composition after probiotics or
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TABLE 1 Characteristics of undiagnosed T2DM patients at the end of 2-year follow up between the Probiotics and Placebo groups.

Probiotics group
(n=21) Placebo group (n=18) P value

Age (year) 62.3 ± 10.2 52.1 ± 14.7 0.015*

Male n(%) 7 (33.3) 9 (50.0) 0.342

BMI (kg/m2) 25.2 ± 2.3 24.3 ± 2.3 0.483

WC (cm) 88.2 ± 7.5 87.8 ± 11.9 0.903

SBP (mmHg) 125.3 ± 12.3 119.3 ± 18.3 0.270

DBP (mmHg) 79.1 ± 9.4 76.1 ± 8.7 0.348

ALT (IU/L) 24.8 ± 15.8 23.4 ± 23.3 0.851

SCr (umol/L) 64.8 ± 9.4 62.1 ± 12.0 0.690

TG (mmol/L) 1.2 ± 0.59 1.69 ± 1.09 0.181

TC (mmol/L) 4.51 ± 0.99 4.99 ± 1.01 0.157

HDL-C(mmol/L) 1.51 ± 0.30 1.43 ± 0.48 0.555

LDL-C (mmol/L) 2.91 ± 0.91 3.22 ± 0.97 0.212

FPG (mmol/L) 5.25 ± 0.47 5.23 ± 9.54 0.933

30minPG (mmol/L) 9.72 ± 1.62 9.40 ± 1.79 0.604

2hPG (mmol/L) 7.76 ± 1.25 7.23 ± 0.88 0.154

FINS (mU/L) 11.7 ± 7.9 11.1 ± 10.8 0.850

30minINS (mU/L) 77.8 ± 53.8 75.5 ± 61.1 0.906

2hINS (mU/L) 99.2 ± 64.4 64.4 ± 47.4 0.075

HOMA-IR 2.79 ± 2.07 2.59 ± 2.45 0.802

Incidence of T2DM 4 years later (n) 6 5 –
F
rontiers in Endocrinology
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ALT, Alanine aminotransferase; BMI, body mass index; DBP, Diastolic blood pressure; FPG, fasting plasma glucose; FINS, fasting insulin; HOMA-IR, homeostasis model assessment of insulin
resistance; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure; TC, total cholesterol; TG, Triglyceride; SCr, serum creatinine;
30minPG, 30-minute-plasma glucose post-glucose load; 2hPG, 2-h-plasma glucose post-glucose load; 30mINS, 30-minute-insulin post-glucose load; 2hINS, 2-hour-insulin post-glucose load.
Categorical data were described as n (%). Continuous data are presented as mean ± SD.
*P values<0.05 were considered significant.
FIGURE 2

Kaplan-Meier analysis of the cumulative incidence of T2DM within 6
years between the probiotics and placebo group.
FIGURE 3

COX regression analysis of risk factors for T2DM after 6 years.
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placebos intervention in any of the groups compared with those

before intervention. To assess the differences in bacterial diversity

among groups, sequences were aligned for alpha-diversity. No

significant difference in the Shannon index between the probiotic

group and the placebo group was observed. (Figure 4D). We also

compared the difference in gut microbiota’s structural composition

and abundance changes between the baseline and after intervention

among T2DM and non-T2DM groups. The Venn diagram of

bacteria showed that 426 of the total 972 genera were shared

among the 4 groups (Figure 5A). The results of PCoA showed

that the microbiota was similar between the T2DM group and the

non-T2DM group both at baseline and after intervention

(Figure 5B). Microbial community analysis demonstrated that

Blautia, Subdoligranulum, Eubacterium hallii, Bifidobacterium,

and Romboutsia accounted for the majority in each group

(Figure 5C). At baseline and after the intervention, no significant

difference in the Shannon index between the T2DM group and the

non-T2DM group was observed. (Figure 5D).

The mean proportion of subdoligranulum and monoglobus in

the T2DM group was significantly lower than that of the non-

T2DM group both at bas `eline and after the intervention. The

proportion of collinsella was lower in the T2DM group

(Figure 6A). Further analysis of the specific species microbiota

showed that there were no differences among groups in the mean

proportion of the metabolic-related microbiota, as well as in

produces short-chain fatty acids-related microbiota and gut

probiotics (Figures 6B-D) ylogenetic Investigation of
Frontiers in Endocrinology 05
Communities using Reconstruction of Unobserved States

(Picrust2) software. The results showed that these metabolism-

related pathways consisted of carbohydrate metabolism, amino

acid metabolism, transcription, replication, recombination and

repair, and other metabolic pathways in the non-T2DM and

T2DM group (Figure 7).
4 Discussion

IGT is closely associated with metabolic disease progression.

According to the epidemiological data, about 70% of IGT patients

progress to DM within 5 years in China (11). The rapidly growing

trend means an urgent need to prevent DM actively. Early dietary

modification can prevent the development of diabetes, but it is

difficult for individuals to adhere to. The gut microflora plays a

crucial role in regulating host metabolism. Changing the

composition and/or metabolic activity of gut microflora may

contribute to human health. Evidence from human and animal

studies suggest that the gut microbiome is a common pathway

mediating the therapeutic effects of bariatric surgery, dietary

control, and hypoglycemic drug therapy (12–14). Therefore,

remodeling the gut microflora may be a new direction for

humans to prevent and treat diabetes.

The treatment of metabolic diseases with probiotics is a hot

topic in intestinal microbiota research. However, there are fewer

studies on probiotics for the prevention and treatment of IGT
D

A B

C

FIGURE 4

Composition and diversity of gut microbiota before and after two years probiotics or placebo intervention. (A) The Venn diagram shows the
common or endemic species between groups in the level of OUT; (B) Weighted UniFrac PCoA; (C) Compositional change at the genus level; (D) a
diversity analysis of gut microbiota.
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patients. We previously observed that probiotics supplementation

for IGT patients for 2 years did not significantly reduce the risk of

IGT conversion to T2DM in the PPDP study (9). In the present

study we intend to observe the impact of early and long-term

probiotics supplementation on the conversion of diabetes in a

longer time (6 years). This is the first long-term prospective study

to analyze the efficacy of probiotic administration on glucose

metabolism in IGT subjects. The supplementary probiotics in the

PPDP study were provided by Bifico (Approval number:

S10950032), an over-the-counter capsule consisting of live

combined Bifidobacterium longum, Lactobacillus acidophilus and

Enterococcus faecalis. It has been reported that Bifidobacterium

longum supplementation can attenuate hyperglycemia, improve the

antioxidant capacity of the liver, repair intestinal barrier injury, and

reduce inflammation in diabetic mice (15). Lactobacillus

acidophilus was also reported that can alleviate T2DM by

regulating hepatic glucose, lipid metabolism and gut microbiota

in mice (16). In addition, it was indicated that Enterococcus faecalis

treatment could improve glucose homoeostasis, increased energy

expenditure and reduced hepatic steatosis in the db/db mice fed

with high fat (17). However, in the present study, after 6 years’

follow up, the Probiotic group showed no significant superiority in

preventing the conversion of IGT to T2DM as compared with the

Placebo group. Similarly, no significant differences in the diversity

and composition of the gut microbiota were observed between the

two groups, nor were differences in microbiota observed between
Frontiers in Endocrinology 06
groups with or without T2DM. COX regression also showed that

probiotics intervention was not affecting IGT conversion to T2DM.

Only 30-minute-insulin after glucose loading was the factor

affecting the conversion of IGT into T2DM, which indicated that

the decrease in islet b -cell function was an important cause

of T2DM.

Although the relationship between the gut microbial ecological

imbalance and the development of obesity and diabetes is being

extensively explored, the conclusions of various studies are

different. The results of randomized controlled studies on

pregnant women with gestational diabetes or obesity showed that

probiotic intervention had no effect on glycemic control, but might

improve lipid metabolism (18, 19).In another study of prediabetes

adolescents, it was not observed that oral probiotics could improve

FBG and HbA1c after 4 months (20). Similarly, in a 24-week

probiotic intervention study on adults with prediabetes, the

goodness of glycosylated hemoglobin was not observed (21). Our

studies are consistent with the conclusion of these studies that

probiotics have a limited therapeutic effect on metabolic diseases.

However, some studies confirm the beneficial role of gut microbiota

in glycemic control and T2DM. Tonucci et al. found that Probiotic

consumption improved glycemic control in T2DM subjects (22).

The application of a novel probiotic formulation to T2DM showed

that the intervention was safe and well tolerated (23). Different

probiotic strains, their combinations or the time and duration of

intervention may play different roles in the efficacy of the probiotic
D

A B

C

FIGURE 5

Composition and diversity of gut microbiota in T2DM patients and non-T2DM patients before and after two years of probiotics intervention. (A) The
Venn diagram shows the common or endemic species between groups in the level of OUT; (B) Weighted UniFrac PCoA; (C) Compositional change
at the genus level; (D) a diversity analysis of gut microbiota.
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intervention on glucose control. The limited sample size and

subject-to-subject variability suggest that future studies are

needed to confirm and extend these observations.

The gut microbiota profile may be related to and responsive to a

particular dietary pattern (24). Therefore, supplementation with

beneficial microorganisms such as probiotics and their metabolites

may alter microbiota distribution and thus affect metabolic

parameters (25). However, in this study, gut microbiota analysis

results showed no difference in the composition and diversity of the

gut microbiota between the T2DM group and the IGT group after
Frontiers in Endocrinology 07
two years of probiotic intervention. This may be related to the small

fecal sample size selected in this study and the large individual

differences of samples within the same group, or it may be the result

of functional variation of the strain, indicating that a more precise

strategy is required for probiotic therapy. The analysis of specific

microbiota showed that compared with the IGT group, the

proportion of subdoligranulum, collinsella and monoglobus in the

T2DM group decreased after two years of intervention. The

occurrence of T2DM may be related to the changes in the

composition of intestinal microbiota. Although there is a lack of
D
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C

FIGURE 6

Analysis of significantly altered gut microbiota and specific species microbiot in T2DM patients and non-T2DM patients after two years of probiotics
intervention. (A) Analysis of significantly altered gut microbiota; (B) Analysis of metabolism-related microbiota; (C) Analysis of producing short-chain
fatty acids-related microbiota; (D) Analysis of gut probiotics.
FIGURE 7

Functional prediction and comparison of gut microbiota between T2DM and non-T2DM groups.
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consensus on which microbiota are significantly changed in T2DM,

a common observation has been a decreased abundance of butyrate-

producing bacteria with this condition (26). Subdoligranulum and

collinsella have been proven to produce butyric acid (27, 28), and a

study has shown that the decrease of Monoglobus may be related to

insulin resistance and systemic inflammation (29).

There are some limitations in our study. First, this was a small

sample size study that enrolled a limited number of patients with

IGT. More clinical and laboratory studies using large-size samples

and long-term observation are needed to confirm the role of

probiotics in developing IGT into DM. Second, the results of the

study of Bifico used in this study as a probiotic supplement for

Chinese patients are not representative of the effects of other strains

on other people or races. Third, the study did not document lifestyle

factors, such as diet and exercise, which might have influenced

blood sugar outcomes. There is also no recorded family history of

T2DM, which is a very strong risk factor for developing T2DM.

However, the placebo control designed in this study could

compensate for this effect to the greatest extent. To provide

preliminary data that could drive more conclusive testing.

Therefore, high-quality, large-scale, multicenter randomized

controlled trials with longer follow-up are needed to compare

safety and efficacy further.

5 Conclusions

Nevertheless, the results of this study suggest that

supplementation with active probiotics of Bifidobacterium,

Lactobacillus acidophilus and Enterococcus faecalis is safe,

although it does not reduce the risk of IGT conversion to DM.

More clinical and laboratory studies using large samples and long-

term observation are needed to explore the effects of different

probiotic strains on IGT. This pilot study was designed to provide

preliminary data to conduct more conclusive hypothesis testing.

Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: NCBI BioProject [https://www.ncbi.

nlm.nih.gov/bioproject/], PRJNA923108.

Ethics statement

The studies involving human participants were reviewed and

approved by the institutional review board of Shanghai East

Hospital and was conducted in accordance with the Declaration

of Helsinki. The patients/participants provided their written

informed consent to participate in this study.
Frontiers in Endocrinology 08
Author contributions

BF designed the study and oversaw the project implementation.

QY conceived and carried out experiments. WH and YT

participated in data analyses, interpretation and writing

publications. XUL, YY and XIL participated in data collection,

data analyses and interpretation and writing publications. All

authors were involved in writing the paper and had final approval

of the submitted and published versions.
Funding

The testing costs of all participants in this study were funded by

Scientific Research Program of Shanghai Municipal Commission of

Science and Technology (134119a3300) and National Natural

Science Foundation of China (81870529).
Acknowledgments

We were grateful to the participants and nurses in the

Department of endocrinology of Shanghai East hospital for

participating in this study.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1113611/

full#supplementary-material
frontiersin.org

https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.frontiersin.org/articles/10.3389/fendo.2023.1113611/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1113611/full#supplementary-material
https://doi.org/10.3389/fendo.2023.1113611
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Yan et al. 10.3389/fendo.2023.1113611
References
1. Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin JM,Walker EA,
et al. Reduction in the incidence of type 2 diabetes with lifestyle intervention or
metformin. New Engl J Med (2002) 346(6):393–403. doi: 10.1056/NEJMoa012512

2. Gerstein HC, Yusuf S, Bosch J, Pogue J, Sheridan P, Dinccag N, et al. Effect of
rosiglitazone on the frequency of diabetes in patients with impaired glucose tolerance
or impaired fasting glucose: A randomised controlled trial. Lancet (London England)
(2006) 368(9541):1096–105. doi: 10.1016/s0140-6736(06)69420-8

3. Hu R, Li Y, Lv Q, Wu T, Tong N. Acarbose monotherapy and type 2 diabetes
prevention in Eastern and Western prediabetes: An ethnicity-specific meta-analysis.
Clin Ther (2015) 37(8):1798–812. doi: 10.1016/j.clinthera.2015.05.504

4. Yassour M, Lim MY, Yun HS, Tickle TL, Sung J, Song YM, et al. Sub-Clinical
detection of gut microbial biomarkers of obesity and type 2 diabetes. Genome Med
(2016) 8(1):17. doi: 10.1186/s13073-016-0271-6

5. Qin J, Li Y, Cai Z, Li S, Zhu J, Zhang F, et al. A metagenome-wide association
study of gut microbiota in type 2 diabetes. Nature (2012) 490(7418):55–60.
doi: 10.1038/nature11450

6. Naseri K, Saadati S, Ashtary-Larky D, Asbaghi O, Ghaemi F, Pashayee-Khamene
F, et al. Probiotics and synbiotics supplementation improve glycemic control
parameters in subjects with prediabetes and type 2 diabetes mellitus: A GRADE-
assessed systematic review, meta-analysis, and meta-regression of randomized clinical
trials. Pharmacol Res (2022) 184:106399. doi: 10.1016/j.phrs.2022.106399

7. Cao DX, Wong EY, Vela MN, Le QT. Effect of probiotic supplementation on
glycemic outcomes in patients with abnormal glucose metabolism: A systematic review
and meta-analysis of randomized controlled trials. Ann Nutr Metab (2021) 77(5):251–
61. doi: 10.1159/000518677

8. Zhang C, Jiang J, Wang C, Li S, Yu L, Tian F, et al. Meta-analysis of randomized
controlled trials of the effects of probiotics on type 2 diabetes in adults. Clin Nutr
(Edinburgh Scotland) (2022) 41(2):365–73. doi: 10.1016/j.clnu.2021.11.037

9. Yan Q, Li X, Li PC, Feng B. Probiotics for the prevention of type 2 diabetes
mellitus in patients with impaired glucose tolerance:a double-blind randomized
controlled trial. Shanghai Med J (2021) 44(10):726–32. doi: 10.19842/j.cnki.issn.0253-
9934.2021.10.006

10. Yan Q, Li X, Feng B. The efficacy and safety of probiotics intervention in
preventing conversion of impaired glucose tolerance to diabetes: Study protocol for a
randomized, double-blinded, placebo controlled trial of the probiotics prevention
diabetes programme (PPDP). BMC Endocr Disord (2015) 15:74. doi: 10.1186/s12902-
015-0071-9

11. Tabák AG, Herder C, Rathmann W, Brunner EJ, Kivimäki M. Prediabetes: A
high-risk state for diabetes development. Lancet (London England) (2012) 379
(9833):2279–90. doi: 10.1016/s0140-6736(12)60283-9

12. Liu R, Hong J, Xu X, Feng Q, Zhang D, Gu Y, et al. Gut microbiome and serum
metabolome alterations in obesity and after weight-loss intervention. Nat Med (2017)
23(7):859–68. doi: 10.1038/nm.4358

13. Wu H, Esteve E, Tremaroli V, Khan MT, Caesar R, Mannerås-Holm L, et al.
Metformin alters the gut microbiome of individuals with treatment-naive type 2
diabetes, contributing to the therapeutic effects of the drug. Nat Med (2017) 23
(7):850–8. doi: 10.1038/nm.4345

14. Sun L, Xie C, Wang G, Wu Y, Wu Q, Wang X, et al. Gut microbiota and
intestinal FXRmediate the clinical benefits of metformin.Nat Med (2018) 24(12):1919–
29. doi: 10.1038/s41591-018-0222-4

15. Hao J, Zhang Y, Wu T, Liu R, Sui W, Zhu J, et al. The antidiabetic effects of
bifidobacterium longum subsp. longum BL21 through regulating gut microbiota
Frontiers in Endocrinology 09
structure in type 2 diabetic mice. Food Funct (2022) 13(19):9947–58. doi: 10.1039/
d2fo01109c

16. Yan F, Li N, Shi J, Li H, Yue Y, Jiao W, et al. Lactobacillus acidophilus alleviates
type 2 diabetes by regulating hepatic glucose, lipid metabolism and gut microbiota in
mice. Food Funct (2019) 10(9):5804–15. doi: 10.1039/c9fo01062a

17. Quan LH, Zhang C, Dong M, Jiang J, Xu H, Yan C, et al. Myristoleic acid
produced by enterococci reduces obesity through brown adipose tissue activation. Gut.
(2020) 69(7):1239–47. doi: 10.1136/gutjnl-2019-319114

18. Lindsay KL, Brennan L, Kennelly MA, Maguire OC, Smith T, Curran S, et al.
Impact of probiotics in women with gestational diabetes mellitus on metabolic health:
A randomized controlled trial. Am J obstetrics gynecology (2015) 212(4):496.e1–11.
doi: 10.1016/j.ajog.2015.02.008

19. Lindsay KL, Kennelly M, Culliton M, Smith T, Maguire OC, Shanahan F, et al.
Probiotics in obese pregnancy do not reduce maternal fasting glucose: A double-blind,
placebo-controlled, randomized trial (Probiotics in pregnancy study). Am J Clin Nutr
(2014) 99(6):1432–9. doi: 10.3945/ajcn.113.079723

20. Stefanaki C, Michos A, Mastorakos G, Mantzou A, Landis G, Zosi P, et al.
Probiotics in adolescent prediabetes: A pilot RCT on glycemic control and intestinal
bacteriome. J Clin Med (2019) 8(10). doi: 10.3390/jcm8101743

21. Barthow C, Hood F, Crane J, Huthwaite M, Weatherall M, Parry-Strong A, et al.
A randomised controlled trial of a probiotic and a prebiotic examining metabolic and
mental health outcomes in adults with pre-diabetes. BMJ Open (2022) 12(3):e055214.
doi: 10.1136/bmjopen-2021-055214

22. Tonucci LB, Olbrich Dos Santos KM, Licursi de Oliveira L, Rocha Ribeiro SM,
Duarte Martino HS. Clinical application of probiotics in type 2 diabetes mellitus: A
randomized, double-blind, placebo-controlled study. Clin Nutr (Edinburgh Scotland)
(2017) 36(1):85–92. doi: 10.1016/j.clnu.2015.11.011

23. Perraudeau F, McMurdie P, Bullard J, Cheng A, Cutcliffe C, Deo A, et al.
Improvements to postprandial glucose control in subjects with type 2 diabetes: a
multicenter, double blind, randomized placebo-controlled trial of a novel probiotic
formulation. BMJ Open Diabetes Res Care (2020) 8(1). doi: 10.1136/bmjdrc-2020-
001319

24. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE,
et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature. (2014)
505(7484):559–63. doi: 10.1038/nature12820

25. Asemi Z, Zare Z, Shakeri H, Sabihi SS, Esmaillzadeh A. Effect of multispecies
probiotic supplements on metabolic profiles, hs-CRP, and oxidative stress in
patients with type 2 diabetes. Ann Nutr Metab (2013) 63(1-2):1–9. doi: 10.1159/
000349922

26. Brunkwall L, Orho-Melander M. The gut microbiome as a target for prevention
and treatment of hyperglycaemia in type 2 diabetes: From current human evidence to
future possibilities. Diabetologia. (2017) 60(6):943–51. doi: 10.1007/s00125-017-4278-3

27. Van Hul M, Le Roy T, Prifti E, Dao MC, Paquot A, Zucker JD, et al. From
correlation to causality: The case of subdoligranulum. Gut Microbes (2020) 12(1):1–13.
doi: 10.1080/19490976.2020.1849998

28. Qin P, Zou Y, Dai Y, Luo G, Zhang X, Xiao L. Characterization a novel butyric
acid-producing bacterium collinsella aerofaciens subsp. Shenzhenensis Subsp Nov
Microorganisms (2019) 7(3). doi: 10.3390/microorganisms7030078

29. Dang JT, Mocanu V, Park H, Laffin M, Hotte N, Karmali S, et al. Roux-en-Y
gastric bypass and sleeve gastrectomy induce substantial and persistent changes in
microbial communities and metabolic pathways. Gut Microbes (2022) 14(1):2050636.
doi: 10.1080/19490976.2022.2050636
frontiersin.org

https://doi.org/10.1056/NEJMoa012512
https://doi.org/10.1016/s0140-6736(06)69420-8
https://doi.org/10.1016/j.clinthera.2015.05.504
https://doi.org/10.1186/s13073-016-0271-6
https://doi.org/10.1038/nature11450
https://doi.org/10.1016/j.phrs.2022.106399
https://doi.org/10.1159/000518677
https://doi.org/10.1016/j.clnu.2021.11.037
https://doi.org/10.19842/j.cnki.issn.0253-9934.2021.10.006
https://doi.org/10.19842/j.cnki.issn.0253-9934.2021.10.006
https://doi.org/10.1186/s12902-015-0071-9
https://doi.org/10.1186/s12902-015-0071-9
https://doi.org/10.1016/s0140-6736(12)60283-9
https://doi.org/10.1038/nm.4358
https://doi.org/10.1038/nm.4345
https://doi.org/10.1038/s41591-018-0222-4
https://doi.org/10.1039/d2fo01109c
https://doi.org/10.1039/d2fo01109c
https://doi.org/10.1039/c9fo01062a
https://doi.org/10.1136/gutjnl-2019-319114
https://doi.org/10.1016/j.ajog.2015.02.008
https://doi.org/10.3945/ajcn.113.079723
https://doi.org/10.3390/jcm8101743
https://doi.org/10.1136/bmjopen-2021-055214
https://doi.org/10.1016/j.clnu.2015.11.011
https://doi.org/10.1136/bmjdrc-2020-001319
https://doi.org/10.1136/bmjdrc-2020-001319
https://doi.org/10.1038/nature12820
https://doi.org/10.1159/000349922
https://doi.org/10.1159/000349922
https://doi.org/10.1007/s00125-017-4278-3
https://doi.org/10.1080/19490976.2020.1849998
https://doi.org/10.3390/microorganisms7030078
https://doi.org/10.1080/19490976.2022.2050636
https://doi.org/10.3389/fendo.2023.1113611
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Probiotics intervention in preventing conversion of impaired glucose tolerance to diabetes: The PPDP follow-on study
	1 Introduction
	2 Research design and methods
	2.1 PPDP study
	2.2 PPDP follow-on study
	2.3 16S rRNA gene sequencing and analysis
	2.4 Statistical analyses

	3 Results
	3.1 Baseline characteristics
	3.2 Comparison of the incidence of T2DM
	3.3 COX regression analysis of risk factors for T2DM
	3.4 Gut microbiota analysis

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


