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The effect of probiotics on gestational 2
diabetes mellitus: an umbrella meta-analysis

Guixia Sun", Hongli Hou' and Shanshan Yang'

Abstract

Background Prior studies indicated the positive effects of probiotics on glycemic regulation in patients with
gestational diabetes mellitus (GDM). Nonetheless, the results remain inconclusive. To address this, we conducted an
umbrella meta-analysis to evaluate the impact of probiotics on glycemic indicators in GDM.

Methods A comprehensive search was conducted on the PubMed and Scopus databases to identify all relevant
meta-analyses of randomized clinical trials published until July 2024. The outcomes included serum hemoglobin A1C
(HbA1¢), fasting blood insulin (FBI), fasting blood sugar (FBS), homeostatic model assessment for insulin resistance
(HOMA-IR), quantitative insulin sensitivity check index (QUICKI), homeostatic model assessment of beta cell function
(HOMA-B), C-peptide, and oral glucose tolerance test (OGTT). Standardized mean difference (SMD) was used to test
the effects.

Results In total, 27 studies, comprising 33,378 participants, were included in the analysis. Probiotics resulted in a
significant decrease in FBS (SMD:-0.39, 95% Cl: -0.56 to -0.23), especially when administered for <7 weeks. Significant
reductions were also observed in FBI (SMD: -1.99, 95% Cl: -2.41 to -1.58), HOMA-IR (SMD: -0.61, 95% Cl: -0.72 to

-0.50), and HOMA-B (SMD: -24.58, 95% Cl: -30.59 to -18.56). Moreover, supplementation with probiotics significantly
improved QUICKI (SMD: 0.007, 95% Cl: 0.004 to 0.01). There was significant evidence of heterogeneity and publication
bias. No significant effects were observed on 1-h OGTT, 2-h OGTT, HbA1c, and C-peptide. No dose-specific effect was
observed.

Conclusions Supplementation with probiotics could improve glycemic control in women with GDM. The effects
of probiotics on HOMA-IR, HOMA-B, and fasting insulin were clinically important, while, their effect on FBS was not
clinically important.
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Background

Gestational diabetes mellitus (GDM), distinguished by
glucose intolerance, is among the prevalent pregnancy
complications typically emerging in the second or third
trimester of pregnancy, affecting approximately 5-20%
of pregnant mothers [1]. The pathogenesis of GDM is
multifaceted, encompassing genetic and environmen-
tal factors, such as obesity, maternal age, multiple preg-
nancies, and a history of diabetes [2]. This condition is
linked to unfavorable consequences for both mothers and
newborns, including preeclampsia, miscarriage, and an
elevated risk of type 2 diabetes (T2DM) in mothers after
childbirth [3]. Additionally, infants may face respiratory
problems, birth defects, and excessive birth weight [4].
To minimize the likelihood of these health consequences,
the optimal management for GDM is suggested to be
adherence to a healthy diet, physical activity and phar-
macological interventions like insulin, as the first line, as
well as metformin and sulfonylureas [5, 6]. Sulfonylureas
and metformin are discouraged since they can cross the
placenta [6]. Although medications have some advan-
tages, they can lead to remarkable side effects, includ-
ing birth-related complications, neonatal hypoglycemia,
and large-for-gestational-age infants [5]. Pregnant moth-
ers may also encounter various challenges after the con-
sumption of antidiabetic drugs, including hypoglycemia,
dizziness, abdominal discomfort, and diarrhea [7]. Given
the limitations of lifestyle changes and pharmaceutical
treatments in managing GDM effectively, it is essential to
explore alternative approaches to improve insulin resis-
tance and hyperglycemia.

Dysregulation of gut microbiota has been associated
with insulin resistance and metabolic disorders in preg-
nancy [4, 8]. Women with GDM exhibit decreased alpha
diversity compared to non-GDM individuals during mid-
and late gestation [9]. In pregnancy, there is an increase
in Actinobacteria and Proteobacteria phyla and a decline
in beneficial strains like Faecalibacterium prausnitzii
and Roseburia intestinalis [4]. Furthermore, in GDM,
the Firmicutes/Bacteroidetes ratio elevates towards late
pregnancy [9]. These alterations in gut microbiota com-
position align with the accumulation of fat mass, elevated
blood glucose levels, and insulin resistance [10]. Accord-
ingly, the manipulation of the gut flora through the use
of probiotics is emerging as an encouraging therapeu-
tic approach for managing GDM. Despite the growing
body of evidence, the results of randomized clinical trials
(RCTs) [11, 12] on the efficacy of probiotics in manag-
ing GDM have been inconsistent, with remarkable dif-
ferences in treatment duration, probiotic strains used,
dose of treatment, and participant characteristics. The
meta-analyses of RCTs have also revealed contradic-
tory findings. While some meta-analyses have suggested
an improvement in FBS [3, 13], other studies failed to
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identify any effect on FBS [4, 14—19]. This heterogeneity
has led to uncertainty regarding the overall effectiveness
of probiotics as a therapeutic approach for GDM. An
umbrella meta-analysis, which synthesizes findings from
multiple meta-analyses, can provide a comprehensive
overview of the current evidence, clarify the potential
benefits of probiotics, and identify gaps in the literature
that require further investigation. This umbrella meta-
analysis was conducted to evaluate the effect of probi-
otics on glycemic parameters in pregnant women with
GDM by analyzing existing literature.

Methods
This umbrella meta-analysis was conducted according to
the guidelines outlined in the PRISMA statement [20].

Search strategy

Two researchers carried out a literature search on
PubMed and Scopus databases to obtain all relevant
studies published in English up to July 2024. The search
was limited to English-language publications. The search
strategy included both text terms and medical subject
headings (MeSH). The search strategy included the fol-
lowing terms: (“probiotic” OR “prebiotic” OR “synbiotic”
OR “probiotics” OR “prebiotics” OR “synbiotics”) AND
(“gestational diabetes” OR “GDM”) AND (“meta-analy-
sis” OR “meta analysis”). A supplementary hand search of
references within pertinent studies was also conducted to
include missing studies.

Inclusion criteria

Two authors assessed the eligibility of publications sepa-
rately, and any discrepancies were resolved through a
group discussion. The calculated kappa for the inter-rater
reliability between the two authors was 0.81 for the data
screening and selection process. The inclusion criteria
were as follows: (1) Participants: pregnant women with
GDM, (2) Intervention: supplementation with probiot-
ics alone or in combination with prebiotics (synbiotics),
(3) Comparator: placebo, (4) Outcomes: the outcomes
were HbAlc, FBI, FBS, HOMA-IR, QUICKI, HOMA-
B, 1-h OGTT, 2-h OGTT, and C-peptide, and (5) Study
type: meta-analyses of RCTs. Exclusion criteria included
review articles, letters, editorials, protocols, and studies
with irrelevant interventions or outcomes.

Data extraction and quality assessment

Two investigators independently conducted data extrac-
tion, and any differences were resolved through discus-
sion. The following data were extracted from the studies:
the first author’s name, country, sample size, risk of bias
(RoB) assessment, year of publication, number of stud-
ies, dose and duration of supplementation, and effect
sizes. When necessary, the corresponding authors were
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contacted to obtain any necessary information that was
not reported in the studies. The methodological quality
of the included studies was measured using A Measure-
ment Tool to Assess Systematic Reviews-2 (AMSTAR-2)
criteria [21]. This tool provides a structured approach to
assess the critical domains of systematic reviews by con-
sidering factors like the appropriateness of the research
question, the comprehensiveness of the search strategy,
the study selection process, data extraction methods, and
the assessment of bias in the included studies.

Data synthesis

The Stata software (version 17) was used to analyze the
data. The results were pooled using the standardized
mean difference (SMD) and a 95% confidence inter-
val (CI) as the effect size. Q-statistic test and the I? test
were applied to investigate heterogeneity, where a value
of 1?>50% or p<0.10 indicated significant heterogene-
ity [22, 23]. Given the expected heterogeneity among the
studies, the data were pooled with the use of a random
effects model. In addition, we performed subgroup analy-
sis to investigate the sources of heterogeneity, such as the
dose of probiotics, duration of supplementation, type
of intervention, study quality, and sample size. Sensitiv-
ity analysis was also carried out to measure the impact
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of each study on the pooled results by systematically
excluding one study at a time. To investigate publication
bias, the funnel plot and the Egger’s test were employed
[24]. In cases where the p-values from the Egger’s tests
were less than 0.05, the trim-and-fill analyses [25] were
additionally carried out to address potential publica-
tion biases. Meta-regression analysis was done to evalu-
ate the influence of publication year, sample size, dosage
and duration of supplementation, and the proportion of
high-quality RCTs in each meta-analysis on the pooled
estimates.

Results

Study characteristics

In total, 119 studies were identified by the search strategy.
Finally, 27 meta-analyses [3-6, 8, 9, 14—19, 26—40], with
a total sample size of 33,378 participants, were included.
The flow diagram of study selection is reported in Fig. 1.
In all studies, the intervention was multistrain probiotics.
The sample size ranged from 225 to 9,443 subjects. The
dose of probiotics varied from 0.5x10"9 to 823x1079
colony-forming units (CFU). The duration of supplemen-
tation was between 6 and 14 weeks. Data was reported
for FBS in 25 studies [3-6, 8, 9, 14-19, 26-31, 33-37,
39, 40], FBI in 20 studies [3, 5, 6, 9, 14-16, 19, 26-34,

=
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2 studies were not on gestational diabetes
1 study was a protocol
e}
S v
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2 27 studies were included

Fig. 1 Flow diagram of the study
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38-40], HOMA-IR in 21 studies [3-6, 9, 14, 16, 18, 19,
26-31, 33, 34, 37-40], HOMA-B in 5 studies [5, 6, 14,
30, 33], QUICKI in 12 studies [5, 9, 14, 26, 27, 30, 31, 33,
34, 38-40], 1-h OGTT in 2 studies [15, 30], 2-h OGTT
in 3 studies [15, 30, 35], HbAlc in 2 studies [33, 34], and
C-peptide in 2 studies [14, 33]. The characteristics of the
included studies are presented in Table 1.

Quality assessment

According to the AMSTAR-2 criteria, 16 studies were
rated as moderate quality and 11 studies were rated as
high quality (Table S1).

Results of the umbrella meta-analysis

The meta-analysis found that probiotics significantly
reduced FBS (SMD: -0.39, 95% CIL: -0.56 to -0.23). A
significant heterogeneity was observed (I*=76.1%,
P=0.0001) (Fig. 2). In the subgroup analysis, the favor-
able impact of probiotics on FBS was found across dif-
ferent subgroups. The beneficial effect of probiotics was
solely evident when the supplementation period was <7
weeks (Table 2). A significant reduction in FBI was also
found (SMD: -1.99, 95% CI: -2.41 to -1.58), with consid-
erable heterogeneity (I>=82.9%, P=0.0001). However,
no significant effects were observed on 1-h OGTT, 2-h
OGTT, HbAlc, and C-peptide (Fig. 2; Table 2). More-
over, supplementation with probiotics significantly
improved QUICKI (SMD: 0.007, 95% CI: 0.004 to 0.01)
and reduced HOMA-IR (SMD: -0.61, 95% CI: -0.72 to
-0.50) and HOMA-B (SMD: -24.58, 95% CI: -30.59 to
-18.56) (Fig. 3).

Sensitivity and meta-regression analysis

In the sensitivity analysis, no study significantly impacted
the pooled effect sizes, indicating the reliability of the
results (Fig. S1 to Fig. S5). Additionally, in the meta-
regression analysis, the pooled effect sizes were not
affected by publication year, the proportion of high-qual-
ity studies in each meta-analysis, sample size, and the
dose and duration of treatment (Table S2).

Publication bias

Although a significant publication bias was identified for
the majority of outcomes (Fig. 4), the trim-and-fill analy-
sis did not alter the pooled estimates. This indicates the
minimal impact of publication bias on the results.

Grade assessment

Based on the GRADE criteria, the quality of evidence was
moderate for HOMA-B and low for the other outcomes
(Table S3).
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Discussion

This analysis indicated that probiotics improved glycemic
indices in GDM patients. The results revealed that pro-
biotics reduce serum FBS, FBI, HOMA-B, and HOMA-
IR index, but increase QUICKI. However, no significant
effects were observed on 1-h OGTT, 2-h OGTT, HbAlc,
and C-peptide. The positive effect of probiotics on FBS
was evident when probiotics were given for a short term
(£7 weeks). Other indices of glycemic control were not
affected by the treatment duration and intervention dos-
age. The effects of probiotics on HOMA-IR, HOMA-B,
and fasting insulin were clinically important, while, their
effect on FBS was not clinically important.

GDM can result in various adverse outcomes if not
adequately managed, emphasizing the necessity for safe
and efficient therapies. Studies have observed shifts in
gut microbiota composition in pregnant women, showing
a reduction in favorable bacteria regulating metabolism
and an elevation in bacteria with detrimental meta-
bolic impacts. These alterations can disrupt host energy
metabolism [4, 8]. Introducing exogenous probiotics to
reshape gut microbiota represents a novel approach to
GDM management. In this study, the concurrent reduc-
tion in FBS and FBI levels, alongside improvements in
HOMA-IR and QUICKI, suggests an enhancement in
insulin sensitivity rather than insulin secretion. This is
in agreement with previous findings in GDM [41, 42],
T2DM [43], and metabolic syndrome [44]. However, our
analysis did not reveal a significant impact of probiotics
on 1-hour OGTT, 2-hour OGTT, HbA1lc, and C-peptide.
These results should be interpreted with caution due to
the heterogeneity and limited number of studies analyzed
for the outcomes. The findings from the present meta-
analysis have several clinical utilities. Probiotics may pro-
vide a safe and effective non-pharmacological adjunct for
managing GDM, potentially reducing the need for insulin
or other medications that may have side effects. Effec-
tive management of GDM through probiotics may also
lower the possibility of future metabolic diseases in both
mothers and infants, promoting better long-term health
outcomes.

Other studies have also shown that probiotics could
improve various metabolic parameters. An umbrella
meta-analysis by Zarezadeh et al. [45] revealed that pro-
biotics have beneficial effects on FBS, HbAlc, HOMA-
IR, and insulin levels. A period of less than 8 weeks of
probiotic supplementation at moderate dosages (1078 or
1079 CFU) was an effective approach for improving gly-
cemic parameters. Another umbrella review suggested
that probiotics could be used as a complementary therapy
for controlling high blood pressure [46]. Additionally, an
umbrella meta-analysis indicated that synbiotic supple-
mentation can slightly improve lipid profiles and anthro-
pometric indices and might be a therapeutic option for
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Effect % . Effect %
Author (Year) A) FBS (95% Cl) Weight Author (Year) B) FBI (95% CI) Weight
Wang (2022) -4 091(-173,-008) 292 Suastika (2024) — 243 (-3.37,-1.48) 5.88
e 4 THE O oweomam |
Chan (2021) — 1.61(-3.18,-0.05)  1.00 Chap (2021) " — 2.11(-3.43,0.78) 268
Chen (2020) —_— 319 (-5.55,-0.82) 046 Davidson (2021) —— -1.95(-3.01,-0.88) 544
Davidson (2021) i 20.04(-012,005)  10.86 Han (2019) —_— 3.01(-5.73,-0.28) 1.83
Han (2019) 4 -0.08 (-0.29,-0.03) 1045 Pan (2021) _—— -2.40(-3.70,-1.09) 462
f{a" <?°(22 321 ) b ngg ng‘: ?g;; 18‘22 Hasain (2021) —_— 217 (-3.55,-0.79)  4.38
lasain —_— -3.10 (-5.11, -1.1 . . i
Jin (2020) _— 549 (-8.05,-2.93) 040 Jin (2020) —== 270 (-3.46,-1.94) 658
Lagowska (2019) - 0.46 (-0.89,-0.03)  6.32 Lagowska (2019) . -0.62(-0.97,-0.28) 7.96
Lan (2023) _— -4.16 (-6.78, -1.54) 0.38 Lan (2023) —_— -3.33 (-4.92,-1.74) 379
Masulli (2020) | -1.84 (-3.84,0.15) 0.64 Mu (2023) —— 247 (-3.82,-1.12)  4.47
Mu (2023) —_— -2.33(-4.27,-0.40)  0.67 Pan (2017) ! 0.95(-1.73,-017) 650
Pan (2017) - -0.49 (-1.05, 0.08) 480 il
Peng (2018) ;‘ 010(025.005) 1022 Ramanathan (2020) : -0.59 (-0.81,-0.37) 823
Wu (2023) —_— -2.58 (-4.38, -0.79) 0.78 Wu (2023) — -2.29(-3.40,-1.18) 527
Hao (2021) + -0.35 (-0.64, -0.05) 8.21 Hao (2021) —_— -2.52(-3.96,-1.08) 4.20
Ozdemir (2022) —_— 143 (-2.78,-0.09)  1.31 Ozdemir (2022) R — 3.66 (-5.04, -2.27) 4.37
Tabatabaeizadeh (2023) + -0.37 (-0.68, -0.05) 7.91 Yefet (2023) ' 242 (362,-122) 495
Taylor (2017) « -0.13 (-0.32, 0.06) 9.72 ' . D :
Zhang (2019) [ — 4.11(7.42,-080) 024 Zhang (2019) = -240(-3.43,-1.37)  5.56
Zheng (2018) —_—— -3.24 (-8.77, 2.30) 0.09 Zheng (2018) t -2.94 (-5.69,-0.20) 1.81
Zhang (2023) : 0.05(-029,019)  9.02 Mahdizade Ari (2022) e — -2.30 (-4.10,-0.50) 3.28
Mahdizade Ari (2022) —_— 292(-533,-051) 044 Overall, DL (I° = 82.9%, p = 0A000)<> -1.99 (-2.41, -1.58) 100.00
Overall, DL (I’ = 76.1%, p = 0.000) [ 0.39 (-0.56,-0.23) 100.00 :
T T -5 0
10 0 10
Author (Year) ©) 1-hour OGTT Effect(95% Cl) Weight 9  Author (Year) D) 2-hour OGTT Effect (95% Cl) ~ Weight %
Chan (2021) : -4.57 (-10.09, 0.94)  30.48 Chan (2021) - -4.57 (-10.09, 0.94) 3048
Davidson (2021) L9 -0.07 (-0.27,0.13)  69.52 Davidson (2021) | -0.07 (0.27,0.13)  69.52
Overall, DL (I’ = 60.8%, p = 0.110) <:> -1.44 (-5.50, 2.62) 100.00 Overall, DL (I = 60.8%, p = 0.110) C> -1.44 (-5.50,2.62) 100.00
T T T T
-10 0 10 -10 0 10
Author (Year) E) HbAle Effect (95% Cl) Weight%  Author (Year) ¥) C-peptide Effect(95% Cl)  Weight %
Ozdemir (2022) ————— 0.04(-0.21,0.12)  66.02 Okesene-Gafa (2020) T -0.05(-0.44,034) 4024
Mahdizade Ari (2022) _ -0.16(-0.39,0.07)  33.98 Mahdizade Ari (2022) T 0.08 (-0.24,0.40)  59.76
Overall, DL (I° = 0.0%, p = 0.406) C> -0.08 (-0.21,0.05)  100.00 Overall, DL (I = 0.0%, p = 0.614) <> 0.03 (-0.22,0.28) 100.00
T T T T
.5 0 5 -5 0 5

Fig. 2 Pooled analysis for the effect of probiotics on (A) FBS (fasting blood sugar, (B) FBI (fasting blood insulin), (C) 1-hour OGTT (oral glucose tolerance

test), (D) 2-hour OGTT, (E) HbA1c (glycated hemoglobin), and (F) C-peptide

obesity and its related disorders [47]. Probiotics have also
been shown to reduce inflammatory biomarkers [48] and
biomarkers of oxidative stress [49].

The Minimal Clinically Important Difference (MCID)
is a critical concept in clinical research that quantifies
the smallest change in a patient-reported outcome that is
perceived as beneficial by the patient and would neces-
sitate a change in their management. Initially defined by
Jaeschke et al. in 1989 [50], the MCID serves to bridge the
gap between statistical significance and clinical relevance,
emphasizing the importance of patient perspectives in
evaluating treatment efficacy. It reflects the threshold at
which changes in health status are meaningful enough
to impact clinical decisions, thus guiding healthcare pro-
viders in assessing the effectiveness of interventions. The
MCID for FBS, HOMA-IR, HOMA-B, and fasting insulin
is reported to be 1.6 mmol/L, 0.05 units, 5 units, and 1.5
IU/mL, respectively [51]. In our study, the pooled effect
size for FBS, HOMA-IR, HOMA-B, and fasting insulin
was —0.35, -0.61, -24.58, and —1.99, respectively. There-
fore, the effects of probiotics on HOMA-IR, HOMA-B,
and fasting insulin were clinically important, while, their
effect on FBS was not clinically important. The positive

impact of probiotics intake on glycemic indices in GDM
is mediated through various mechanisms, comprising
modulation of gut microbiota, improvement of insulin
sensitivity, reduction of inflammation, increased produc-
tion of short-chain fatty acids (SCFAs), and reduction
of oxidative stress [52, 53]. Probiotics, such as Lactoba-
cillus casei, Bifidobacterium bifidum, and Lactobacillus
acidophilus can alter the gut microbial composition and
promote the growth of advantageous bacteria. This shift
in the gut flora could result in improved glucose metabo-
lism [54]. Probiotics can decrease inflammation by affect-
ing the immune system and decreasing the production of
inflammatory cytokines, such as tumor necrosis factor-a
(TNF-a) and interleukin-6 (IL-6) [19]. Chronic inflam-
mation is a well-identified contributor to insulin resis-
tance, and its reduction can improve glycemic control
[55]. Probiotics can stimulate the production of SCFAs,
such as acetate, propionate, and butyrate, by fermenting
dietary fiber [56]. SCFAs can improve insulin sensitiv-
ity, suppress gluconeogenesis, and reduce glucose levels
[31]. Probiotics enhance glucagon-like peptide-1 (GLP-1)
secretion, subsequently reducing glucose levels via the
following mechanisms: (a) enhancing insulin release and
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Table 2 Overall and subgroup analyses for the effect of probiotics on glycemic indices in women with gestational diabetes

Test of effect Test of
heterogeneity
Outcomes Subgroups Studies SMD (95%(Cl) 1 (%) P Publication bias
FBS Overall 25 -0.35 (-0.56,-0.23) 76.1 0.001 0.001
Sample size > 800 participants 11 -0.44 (-0.71,-0.17) 74.6 0.001
< 800 participants 13 -0.53 (-0.82,-0.25) 79.6 0.001
NR 1 -0.05 (-0.29,0.19) - -
Type of intervention Probiotics 16 -0.10 (-0.16,-0.04) 75.7 0.001
Probiotics and synbiotics 9 -0.17 (-0.25, -0.08) 785 0.001
Dose of probiotics > 125x1079 CFU 13 -1.01 (-144,-0.57) 771 0.001
< 125x10179 CFU 9 -0.19(-0.38,-0.01) 77.2 0.001
NR 1 -1.63(-3.17,-0.05) - -
Duration of supplementation > 7 weeks 7 -0.12 (-0.27,0.02) 526 0.04
< 7 weeks 14 -0.81 (-1.16,-0.47) 80.8 0.001
NR 4 -0.57 (-1.19,0.05) 793 0.002
Quality (AMSTAR-2) Moderate 15 -0.69 (-1.00,-0.38) 79.7 0.001
High 10 -0.21 (-0.38,-0.03) 66.7 0.001
Serum insulin Overall 20 -1.99 (-241 to-1.58) 829 0.001 0.003
Sample size > 800 participants 10 -2.02 (-2.45,-1.59) 10.7 0.34
< 800 participants 10 -1.87 (-2.40,-1.34) 88.5 0.001
Type of intervention Probiotics 12 -1.02 (-1.16,-0.87) 839 0.001
Probiotics and synbiotics 8 -1.27 (-1.55,-0.99) 82.7 0.001
Dose of probiotics > 125x1079 CFU 5 -2.60 (-3.15,-2.04) 0.0 0.65
< 125x 10179 CFU 13 -1.96 (-2.46,-147) 79.2 0.001
NR 2 -0.97 (-2.27,0.32) 49.5 0.15
Duration of supplementation > 7 weeks 6 -1.44(-2.20,-0.68) 66.6 0.01
< 7 weeks 12 -2.15(-2.70,-1.59) 843 0.001
NR 2 -2.89 (-4.16,-1.62) 0.0 0.36
Quality (AMSTAR-2) Moderate 11 -2.39(-2.88,-1.90) 45 0.05
High 9 -1.34 (-1.78,-0.91) 777 0.001
HOMA-IR Overall 21 -0.61 (-0.72,-0.50) 68.8 0.001 0.01
Sample size > 800 participants 10 -0.62 (-0.73,-0.50) 0.0 0.87
< 800 participants Il -0.59 (-0.74, -0.44) 78 0.001
Type of intervention Probiotics 12 -0.37(-041,-0.32) 73.0 0.001
Probiotics and synbiotics 9 -0.63 (-0.74,-0.53) 0.0 0.95
Dose of probiotics >125x1079 CFU 13 -0.58 (-0.71,-0.45) 71 0.001
< 125x 1079 CFU 7 -0.69 (-0.82,-0.56) 0.0 091
NR 1 -0.52 (-0.88,-0.16) - _
Duration of supplementation > 7 weeks 5 -067 (-0.91,-0.44) 0.0 0.90
< 7 weeks 14 -0.59 (-0.72,-0.46) 75.1 0.001
NR 2 -0.64 (-0.85,-0.43) 0.0 039
Quality (AMSTAR-2) Moderate 13 -0.63 (-0.72,-0.55) 0.0 0.93
High 8 -0.58 (-0.77,-0.39) 719 0.001
HOMA-B Overall 5 -24.58 (-30.59,-18.56) 0.0 0.98 0.03
Sample size > 800 participants 3 -24.07 (-31.87,-16.27) 0.0 0.86
< 800 participants 2 -25.32 (-34.75,-15.88) 0.0 0.98
Type of intervention Probiotics 2 -25.38 (-34.53,-16.23) 0.0 0.99
Probiotics and synbiotics 3 -23.97 (-31.94,-15.99) 0.0 0.87
Dose of probiotics > 125x1079 CFU 4 -24.36 (-31.15,-17.57) 0.0 0.95
< 125x 10179 CFU 1 -25.38 (-38.32,-12.44) - _
Duration of supplementation > 7 weeks 1 -20.58 (-35,52, -5.64) - _
< 7 weeks 3 -25.34(-32.96,-17.72) 0.0 1.000
NR 1 -25.38 (-38.32,-12.44) - _
Quality (AMSTAR-2) Moderate 3 -24.07 (-31,87,-16.27) 0.0 0.86
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Table 2 (continued)

Test of effect Test of
heterogeneity

Outcomes Subgroups Studies SMD (95%(Cl) 1 (%) P Publication bias

High 2 -25.32(-34.75,-15.88) 0.0 0.98
QUICKI Overall 12 0.01(0.00,0.01) 61.5 0.003 043
Sample size > 800 participants 6 0.01 (0.01,0.01) 0.0 097

< 800 participants 6 0.00 (0.00,0.01) 74.7 0.001
Type of intervention Probiotics 01 (0.00,0.01) 69.6 0.003

Probiotics and synbiotics 0.00 (0.00,0.01) 536 0.04
Dose of probiotics >125x 1079 CFU 8 0.01 (0.00,0.01) 67.6 0.003

< 125%x1079 CFU 3 0.01 (0.01,0.01) 0.0 1.00

NR 1 0.01(0.01,0.01) - _
Duration of supplementation > 7 weeks 3 0.01 (0.00, 0.02) 0.0 1.00

< 7 weeks 7 0.00 (0.00,0.01) 70.8 0.02

NR 2 0.01(0.01,0.01) 0.0 1.00
Quality (AMSTAR-2) Moderate 7 01 (0.00,0.01) 68.6 0.004

High 5 0.01(0.00,0.01) 57.8 0.05
1 h OGGT Overall 2 -1.44 (-5.50, 2.62) 60.8 0.11 -
2 h OGGT Overall 3 -0.02 (-0.17,0.13) 16.6 0.30 -
Serum C-peptide Overall 2 0.03(-0.22,0.28) 0.0 0.61 -
Serum HbA1C Overall 2 -0.08 (-0.21, 0.05) 0.0 0.40 -

NR: Not reported, FBS: fasting blood sugar, HOMA-IR: homeostatic model assessment for insulin resistance, HOMA-B: homeostatic model assessment of beta cell
function, OGTT: oral glucose tolerance test, QUICKI: quantitative insulin sensitivity check index

Author (Year)

Author (Year) A) HOMA-IR Effect (95% Cl)  weight % B) QUICKT Effect (95% Cl) Weight %
Wang (2022) T -146(-259.0.33)  0.87 Okesene-Gafa (2020) — 0.01(0.00,002) 532
Suastika (2024) —— 0.72(-1.07,-0.38) 479 !
Okesene-Gafa (2020) L= 030 (-0.35,0.25) 879 Chan (2021) = 0.01(0.00,0.01) 1021
Chan (2021) ——— | 052(-088,-0.17) 467 Han (2019) 0.01(0.00,0.03)  2.96
Han (2019) —%——— | 069(-124,014) 279 Pan (2021) i 0,00 (0.00. 0,01 1021
Pan (2021) —-3— -0.59 (-0.88,-0.30) 555 1 ' :00(0.00,0.01) :
Hasain (2021) —— -0.56 (-0.86,-0.26)  5.41 Hasain (2021) —_— 0.01(0.00,0.01)  10.21
Jin (2020) = 069(-:088,-050)  7.09 Lan (2023) L e— 0.01(0.01,002) 1021
Lagowska (2019) —_— -0.65(-0.96,-0.34) 526 '
Lan (2023) —_ 071(097,-045) 600 Mu (2023) — 0.00 (0.00,0.01)  10.21
Mu (2023) ——+——| 040(-074,-0.06) 488 Wu (2023) — 0.01(0.00,0.01)  10.21
Pan (2017) - 112 (-2.05,-0.18) 121 ) '
Peng (2018) s 050 (103, 0.15) 371 Ozdemir (2022) —— 0.00 (0.00, 0.01)  10.21
Wu (2023) + -0.56 (-0.81,-0.32) 6.23 Yefet (2023) —_— 0.01 (0.00, 0.01) 9.60
Hao (2021) — -0.66 (-0.99,-0.33) 499 Zheng (2018) _‘_‘_ 0.01 (0.00, 0.02) 532
Ozdemir (2022) —_— -0.74 (-1.05,-0.44) 534 - . i
Taylor (2017) —_— | 069(124,-014) 279 Mahdizade Ari (2022) ———— 0.01 (0.00, 0.02) 5.32
A
Yefet (2023) ——— -0.56 (:0.79,-0.33)  6.41 Overall, DL (F = 61.5%, p = 0.003) Q 0.01(0.00, 0.01)  100.00
Zhang (2019) e -0.68 (-0.93,-043) 615
Zheng (2018) - -0.65(-1.18,-0.11)  2.90 T o 0'2
Mahdizade Ari (2022) ———— | 059(:098,-0.19) 419 -02 ’
Overall, DL (I = 68.8%, p = 0.000) O -0.61 (-0.72,-0.50) 100.00
T
2 o
Author (Year) C€) HOMA-B Effect (95% Cl) Weight%
Okesene-Gafa (2020) i -25.38 (-38.32,-12.44) 21.59
Chan (2021) I -25.38 (-38.32,-12.44) 21.59
Pan (2021) : -25.25 (-39.04, -11.47) 19.02
Hao (2021) : -25.38 (-38.32, -12.44) 21.59
Mahdizade Ari (2022) ' -20.58 (-35.50, -5.63)  16.21
Overall, DL (I* = 0.0%, p = 0.988) << > -24.58 (-30.59, -18.56) 100.00
T T
-50 0

Fig. 3 Pooled analysis for the effect of probiotics on (A) HOMA-IR (homeostatic model assessment for insulin resistance, (B) QUICKI (quantitative insulin
sensitivity check index), and (C) HOMA-B (homeostatic model assessment of beta cell function)
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Fig.4 Funnel plots for publication bias for outcomes

slowing gastric emptying [57], (b) modification of gene
expression of proteins associated with glucose metabo-

lism,

including PPAR-gamma, glucose transporter type

4, ghrelin, leptin, and glucose-6-phosphatase [58], and
(c) decreasing toll-like receptor activity, thereby increas-
ing insulin sensitivity in muscle. This can result in lower
FBS and FBI levels, as well as improved HOMA-IR and
QUICKI [59]. Probiotics also reduce oxidative stress by
elevating the antioxidant enzyme activities, resulting in
a reduction in the production of reactive oxygen species
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[60]. Oxidative stress is known to be related to insulin
resistance and impaired glucose tolerance [61].

To our knowledge, this umbrella meta-analysis repre-
sents the first investigation assessing the impact of pro-
biotics on glycemic parameters in GDM. The strength of
our umbrella meta-analysis is inclusion of a high number
of studies and a thorough evaluation of diverse metabolic
factors associated with glycemic regulation. The results
were obtained from meta-analyses with moderate to high
quality, increasing the reliability of the findings. More-
over, the sources of heterogeneity were examined using
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subgroup and meta-regression analyses by considering
various factors, especially dose and duration of interven-
tion. Several limitations should be acknowledged in this
study. First, significant heterogeneity was found among
the included studies, reducing the generalizability of the
results. Random effects models were employed to mini-
mize the influence of heterogeneity on the combined
estimates. In the subgroup analysis, differences in sample
sizes, supplementation dose, duration of treatment, and
study quality were recognized as the origins of the het-
erogeneity. Second, a significant publication bias was
detected. The search strategy was limited to publications
in the English language, which may have resulted in the
omission of some smaller studies. Nevertheless, using the
trim-and-fill analysis, we revealed that the influence of
publication bias on the pooled estimates is insignificant.
Third, studies have highlighted that different probiotic
strains may have diverse metabolic impacts [62]. While
all studies in this analysis administered multistrain pro-
biotics, information regarding the impact of different
strains on outcomes was scarce. Nevertheless, research
indicates that utilizing a combination of various probiotic
strains offers greater efficacy compared to single-strain
probiotics, as the synergistic interaction among multiple
strains may enhance their overall effects [33]. Addition-
ally, the timing of intervention might influence the results
[63], a factor that was not investigated in the included
studies. Consequently, subgroup analysis considering
intervention timing and probiotic strains could not be
conducted. These factors likely contributed to increased
heterogeneity among the studies, emphasizing the need
for their consideration in the future studies. Another
limitation of this study is that no dose-specific effects
were observed in the analysis, thus, the optimal dosage
of probiotics for improving glycemic parameters in GDM
remain unclear. Moreover, while some glycemic indica-
tors showed significant improvements, other important
measures such as HbAlc, C-peptide, and OGTT did
not demonstrate significant changes. This inconsistency
in outcomes may limit the overall conclusions about the
effectiveness of probiotics.

Conclusion

In conclusion, this analysis indicated that probiotics
could offer beneficial effects on the indices of glucose
metabolism in patients with GDM. Yet, to generalize
these findings effectively, more clinical trials with larger
sample sizes are essential, given the heterogeneity
observed across current studies. Moreover, further
research is necessary to explore the impact of various
probiotic strains and their optimal timing of intervention
on individuals with GDM.
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HbATc hemoglobin A1C

FBI fasting blood insulin
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HOMA-IR homeostatic model assessment for insulin resistance
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T2DM type 2 diabetes
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