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Abstract

Beyond being one of the most widely prescribed medications for type 2 diabetes, metfor-
min has been increasingly used during pregnancy for gestational diabetes and polyendo-
crine metabolic ovarian syndrome. While it is considered safe for pregnancy and lactation,
metformin is known to induce gut microbial changes in non-pregnant individuals with
type 2 diabetes, and maternal and offspring microbial alterations are known to influence
offspring development. Therefore, understanding whether metformin drives microbiota
changes beyond the confounding effects of maternal hyperglycaemia holds significant im-
plications for maternal—-foetal health. In this study, non-diabetic C57BL/6 mouse dams re-
ceived either control or metformin treatment (5 mg/mL) in drinking water during preg-
nancy and lactation. Microbial profiling from faecal samples of dams at gestational day 15
and offspring at 6 weeks of age was analysed using 165 rRNA sequencing and an R-based
pipeline. Metformin positively restructured dominant taxa associated with healthy preg-
nancy in dams, while inducing broad taxonomic changes in males and Bacteroidetes-dom-
inant shifts in female offspring. Overall, maternal metformin treatment promoted short-
chain fatty acid-producing taxa while suppressing potentially opportunistic bacteria,
without compromising community richness. Further studies are required to elucidate the
functional mechanisms underlying these shifts and their long-term implications for ma-
ternal-foetal health.
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1. Introduction

Type 2 diabetes (T2D), defined as impaired glucose homeostasis due to insulin re-
sistance and/or inadequate insulin secretion [1], affected over 500 million people world-
wide in 2021 [2]. It is strongly associated with microvascular and macrovascular compli-
cations and is closely linked to the global obesity epidemic [1,3]. Following lifestyle and
dietary interventions, metformin remains the most widely prescribed first-line
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pharmacological therapy, as it is safe and effective, with approximately 150 million users
globally as of 2022 [4].

Metformin is also recommended as a first-line treatment for diabetes in pregnancy
by major clinical guidelines, including those from the Endocrine Society, International
Federation of Gynecology and Obstetrics, National Institute for Health and Care Excel-
lence, Hong Kong College of Obstetricians and Gynaecologists, and Queensland Health
[5-8]. Beyond its approved use in diabetes, metformin is increasingly investigated and
used in off-label contexts [9], including polyendocrine metabolic ovarian syndrome
(PMOS; previously referred to as PCOS—polycystic ovary syndrome) [10-13], prediabetes
[14,15], chronic kidney disease [16,17], metabolic dysfunction-associated steatotic liver
disease (MASLD; previously termed non-alcoholic fatty liver disease) [18,19], obesity [20-
22], dementia [23,24], and cancer prevention [25-27]. In reproductive medicine, metformin
is widely used during pregnancy in women with PMOS, particularly for the management
of anovulatory infertility [28,29]. It has also been investigated in obese, non-diabetic preg-
nancies; however, randomised trials have shown limited improvements in neonatal out-
comes, likely reflecting heterogeneity in maternal insulin resistance, suboptimal adher-
ence, and limited long-term follow-up [30-32]. As a result, the perinatal effects of maternal
metformin exposure in non-diabetic pregnancies remain unclear.

Metformin lowers glucose through coordinated effects on hepatic gluconeogenesis,
peripheral glucose uptake, and intestinal glucagon-like peptide-1 secretion [33,34]. In-
creasing evidence suggests that the gut microbiota may act as an additional mediator of
its effects. Metformin promotes the growth of beneficial taxa, including Akkermansia and
short-chain fatty acid (SCFA)-producing bacteria, and can partially reverse T2D-associ-
ated dysbiosis [35-38]. However, its microbiota-mediated actions remain less well defined
than its established metabolic effects, particularly in pregnancy. The maternal gut micro-
biota plays a critical role in neonatal outcomes and early-life development [39,40]. Dysbio-
sis during pregnancy has been associated with alterations in infant neurodevelopment,
immune maturation, and the establishment of the gut-brain axis [41—44]. In animal mod-
els of high-fat-diet-induced metabolic dysfunction, maternal metformin treatment im-
proves gut dysbiosis, accompanied by sex-specific alterations in offspring microbiota [45].
In humans, metformin treatment in gestational diabetes mellitus (GDM) has been shown
to increase Proteobacteria and Enterobacteriaceae, which are inversely associated with
postprandial glycaemia and maternal weight gain [46].

While these findings suggest that metformin influences the maternal gut microbiota,
causality remains unclear —specifically, whether microbial changes reflect direct effects of
the drug or secondary responses to improved glycaemic control. This distinction is diffi-
cult to resolve in diabetic models. Therefore, the present study examines the effects of
metformin on the gut microbiota in a non-diabetic pregnant mouse model and their off-
spring, enabling the separation of direct microbiota-modulating effects from indirect met-
abolic influences and addressing a key gap in understanding metformin’s action during
pregnancy.

2. Materials and Methods
2.1. Animal Model

All animal procedures were performed in accordance with the guidelines of the Dea-
kin University Animal Ethics Committee (VIC, Australia; Project ID: G23-2020; approval
date: 11 March 2021) and the National Health and Medical Research Council. Non-dia-
betic C57BL/6 mice were purchased from the Animal Resources Centre (Perth, WA, Aus-
tralia) at 7 weeks of age, couriered to Deakin University, and acclimated for one week
before any intervention. Mice were maintained on a strict 12-hour light/dark cycle (lights
turned on at 7 am and off at 7 pm), humidity at 40-70%, and a controlled temperature of
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21 + 3 °C, with ad libitum access to food and water. All mice were fed a standard chow
diet.

2.2. Mating and Pregnancy

One 8- to 14-week-old female and one 8- to 30-week-old male mouse were housed
together for mating (1:1 ratio). Mating was confirmed by visual inspection of a vaginal
plug (denoted gestational day (GD) 0.5). If a vaginal plug was not detected after 3 days of
mating, mice were still followed in the same manner until pregnancy was confirmed by
monitoring maternal body weight gain and visual assessment of abdominal enlargement
on approximately day 14. Body weight and blood glucose measurements and faecal col-
lection were conducted every week. Mice exhibited the expected increase in body weight
during pregnancy and maintained normal-range glycaemia, with no difference between
treatment groups. Pregnant mice were housed individually with ad libitum access to a
standard chow diet and randomly assigned to either regular sterile drinking water (con-
trol group: Ctrl) or metformin-added drinking water (metformin group: Met) from GD0.5
until postnatal day 21. Metformin (Stress Marq Biosciences, Victoria, BC, Canada) was
completely dissolved in 1 L of regular sterile drinking water at the concentration 5 mg/mL.
To avoid any unexpected effect of the litter size on nutrition supply during pregnancy and
long-term metabolic outcomes, studies were only carried out on litters with 6-10 pups,
which were then normalised to 6 mice on the day of birth. Any extra pups were humanely
culled by decapitation. Following delivery, offspring remained with their mother until
weaning at postnatal day 21. After weaning, dams were euthanised by slow-fill CO: inha-
lation followed by cervical dislocation. Offspring were fed a standard chow diet, and, at
6 weeks of age, faecal samples were collected and mice humanely culled.

2.3. Analysis of Gut Microbiota Composition
2.3.1. DNA Extraction and 165 rRNA Sequencing

DNA was extracted from faecal samples collected from dams on GD15 (n = 6/group),
and from female and male offspring at 6 weeks of age (n = 8/group), using a QlAamp Fast
DNA Stool Mini Kit (Qiagen Pty Ltd., Clayton, VIC, Australia), as per the manufacturer’s
instructions. PCR amplification and 16S rRNA sequencing (variable region V3-V4) were
performed by the Australian Genome Research Facility (AGRF). Forward primer for 165
(341F): CCTAYGGGRBGCASCAG; reverse primer (806R): GGACTACNNGGG-
TATCTAAT.

Raw paired-end 165 rRNA (V3-V4) reads generated by AGRF were processed using
the QIIME2 [47] platform (version 2022.8). Reads were quality- and length-filtered using
the Cutadapt plugin (default settings). The DADAZ2 [48] plugin was then applied for de-
noising and chimera removal to generate amplicon sequence variants (ASVs). Taxonomy
was assigned using a naive Bayes classifier against the Greengenes (13_8) [49] reference
database, pre-clustered at 99% identity [50]. BLAST (version 2.9.0) searches were per-
formed against the NCBI nt database to identify reference sequences similar to each ASV,
and the top hit was assigned to the corresponding ASV. The resulting ASV feature table
(BIOM format) and rooted phylogenetic tree were used as inputs for all downstream R-
based analyses in phyloseq.

2.3.2. Statistical and Microbial Analyses

Post-bioinformatics analyses of faecal microbiota were conducted using RStudio
(version 2025.05.1+513). After removing one outlier (in the group of metformin-exposed
male offspring) identified by the Mahalanobis distance squared (Supplementary Figure
S1), data analyses included the assessment of changes in alpha (a) diversity, beta () di-
versity, relative abundance, and differential abundance. A minimum read count threshold
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of 4000 reads per sample was applied prior to analysis. Rarefaction was not applied; a-
and {-diversity analyses were performed on unrarefied count data. To confirm robust-
ness, B-diversity distances were also computed on relative abundance-transformed data;
conclusions were unchanged across all metrics (Mantel r > 0.96, 999 permutations). The
differential abundance analysis used DESeq2 with poscounts size factor normalisation.

a-diversity (Shannon and Fisher indices) was calculated to evaluate microbial diver-
sity within each sample using the estimate richness function in the phyloseq [51] package
and visualised with boxplots via phyloseq and ggplot2 [52]. Statistical analysis was per-
formed using the Wilcoxon test. 3-diversity was assessed using Bray—-Curtis dissimilari-
ties and weighted/unweighted UniFrac and visualised through principal coordinate anal-
ysis (PCoA) plots in phyloseq. The effects of sex, treatment, and their interaction on the
microbial community composition were assessed by two-way PERMANOVA using the
adonis2 function in the vegan package (999 permutations) with the model Distance ~ Sex
x Treatment. Analyses were conducted separately using Bray—Curtis, weighted UniFrac,
and unweighted UniFrac distance matrices. To test the differences in microbial composi-
tion between groups, permutational multivariate analysis of variance (PERMANOVA)
was performed using the adonis2 function in the vegan package [53]. Additionally, differ-
ential abundance analysis was performed using DESeq2 [54] within the phyloseq frame-
work. Counts were modelled using a negative binomial generalised linear model, and
statistical significance was assessed using the Wald test. Features were considered differ-
entially abundant based on an FDR-adjusted p value < 0.05 and an absolute log2 fold
change > 2.

3. Results
3.1. a-Diversity Is Not Altered by Maternal Metformin Exposure

In dams at GD15, a-diversity was comparable between the control and metformin-
treated groups, as assessed by both the Shannon index (p = 0.093) and Fisher’s alpha (p =
0.128) (Figure 1a,b). Consistently, other a-diversity metrics, including richness-based in-
dices (ACE, Chaol, and Observed) and the evenness-based Simpson index, showed no
significant differences between the two groups (Supplementary Table S1).

Dams: Gestational day 15

Shannon index Fisher index

L

35

25

Ctrl Met Ctrl Met

@) (b)

Figure 1. a-diversity of dams at GD15 measured by (a) Shannon and (b) Fisher metrics (Ctrl: control
group, Met: metformin group). Each box indicates the median and interquartile range (IQR) from
the 1st and 3rd quartiles. Whiskers extend to the minimum and maximum values within 1.5 times
the IQR. Dots indicate individual values.

Similarly, in offspring at 6 weeks of age, a-diversity did not differ significantly be-
tween maternal metformin exposure or sex. Shannon diversity and Fisher’s alpha showed
no significant differences (Figure 2a,b), and this was consistent across additional diversity
metrics (Supplementary Table S2).
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Figure 2. a-diversity of offspring at week 6 measured by (a) Shannon and (b) Fisher metrics (Ctrl:
control group, Met: metformin group, F: female, M: male). Each box indicates the median and inter-
quartile range (IQR) from the 1st and 3rd quartiles. Whiskers extend to the minimum and maximum
values within 1.5 times the IQR. Dots indicate individual values.
3.2. Maternal Metformin Exposure Alters B-Diversity in Dams and Offspring
In dams, p-diversity differed significantly between the control and metformin-
treated groups based on the Bray—Curtis dissimilarity (p = 0.0112), whereas no significant
differences were observed using weighted (p = 0.085) or unweighted UniFrac metrics (p =
0.142) (Figure 3a—).
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Figure 3. B-diversity ordination plot in dams at GD15 measured by (a) Bray—Curtis, (b) weighted,
and (c) unweighted Unifrac PCoA (Ctrl: control group, blue; Met: metformin group, pink). Distri-

bution of each group is outlined in blue and pink, respectively.

At 6 weeks of age, maternal metformin exposure significantly altered the 3-diversity
in male offspring, as assessed by the Bray—Curtis dissimilarity (p = 0.0060) and weighted
UniFrac (p = 0.0036), but not in female offspring. The unweighted UniFrac also revealed
significant differences between control and metformin-exposed offspring in both males (p
= 0.0066) and females (p = 0.0146). No statistical significance between sexes in the same
treatment was detected (Figure 4a—c). Additionally, the sex-by-treatment interaction was
found to be significant in the weighted UniFrac analysis (R?2=0.076, F = 2.445, p = 0.0240),
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whereas no significant interaction was observed using the Bray—Curtis or
UniFrac distances (Supplementary Table S3).
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Figure 4. 3-diversity ordination plot in offspring at week 6 measured by (a) Bray—Curtis, (b)
weighted, and (c) unweighted UniFrac PCoA (Ctrl: control group, Met: metformin group, F: fe-
male, M: male). Individual points of Ctrl_F (green), Met_F (orange), Ctrl_M (purple), and Met_M
(yellow) and main distributions of Ctrl (blue) or Met (pink) are outlined.

3.3. Alterations in Microbial Composition Following Maternal Metformin Exposure
3.3.1. Dams at Gestational Day 15

At the phylum level, metformin-treated dams exhibited increased relative abun-
dances of Actinobacteria, Proteobacteria, and Cyanobacteria; reduced Bacteroidetes; and
comparable levels of Firmicutes relative to controls (Actinobacteria: 1.84% vs. 0.37%; Pro-
teobacteria: 1.48% vs. 0.87%; Cyanobacteria: 0.22% vs. 0.02%; Bacteroidetes: 25.97% vs.
31.48%; Firmicutes: 69.74% vs. 67.00%). Consequently, the Firmicutes-to-Bacteroidetes
(F/B) ratio increased from 2.13 in controls to 2.69 following metformin treatment (Figure
5a; Supplementary Table S4).

At the genus level, metformin treatment was associated with an increased relative
abundance of Actinobacteria-associated genera, including Bifidobacterium, Adlercreutzia,
and Olsenella. Within Firmicutes, several SCFA-associated genera were enriched, includ-
ing Allobaculum, Roseburia, Coprococcus, Oscillospira, Ruminococcus, and Gemmiger, whereas
Butyricicoccus was reduced. In contrast, the opportunistic genus Clostridium and non-bu-
tyrate-producing genera (Dorea and Candidatus Arthromitus) showed decreased abun-
dances, while Anaerotruncus and Lactobacillus remained stable. Within Proteobacteria, Sut-
terella was increased, Desulfovibrio was reduced, and Bilophila and Acinetobacter showed no
clear differences between groups. Finally, several Bacteroidetes-associated genera, includ-
ing Bacteroides, Odoribacter, and Alistipes, exhibited reduced relative abundances following
metformin treatment (Figure 5b; Supplementary Table S5).

Dams: Gestational day 15 |
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Figure 5. Relative abundance in dams on gestational day 15. Stacked bar charts show the relative
abundances of amplicon sequence variants (ASVs) at the (a) phylum and (b) genus level (Ctrl: con-
trol group, Met: metformin group).

3.3.2. Female Offspring at Week 6

At the phylum level, metformin-exposed female offspring exhibited increased rela-
tive abundances of Actinobacteria, Proteobacteria, and Bacteroidetes compared with con-
trols (0.27% vs. 0.11%, 1.19% vs. 0.92%, and 48.64% vs. 32.53%, respectively), while Fir-
micutes and Cyanobacteria were reduced (48.38% vs. 64.13% and 0.83% vs. 2.03%, respec-
tively). Consequently, the F/B ratio decreased from 1.97 in controls to 0.99 following met-
formin exposure (Figure 6a; Supplementary Table 54).

At the genus level, metformin exposure was associated with an increased relative
abundance of several Actinobacteria- and Proteobacteria-associated genera, including Ad-
lercreutzia, Olsenella, Desulfovibrio, Sutterells, and Acinetobacter, while Bilophila and
Bifidobacterium remained comparable between groups. Within Firmicutes, several butyr-
ate-producing genera, including Roseburia, Coprococcus, Oscillospira, Ruminococcus, Gem-
miger, and Clostridium, showed reduced abundances, whereas Butyricicoccus and Allobac-
ulum did not differ between groups. Similar patterns were observed among minor or non-
butyrate-producing genera, including Dorea, Dehalobacterium, and Anaerotruncus, while
Lactobacillus was increased. Within Bacteroidetes, no consistent pattern was observed at
the genus level, despite the overall increase at the phylum level (Figure 6b; Supplementary
Table S5).

Offspring: Week 6
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Figure 6. Relative abundance in offspring at week 6. Stacked bar charts show the relative abun-
dances of amplicon sequence variants (ASVs) at the (a) phylum and (b) genus level. Group-level
data by sex and control/metformin exposure (Ctrl: control group, Met: metformin group, F: female,
M: male).

3.3.3. Male Offspring at Week 6

At the phylum level, metformin-exposed offspring exhibited higher relative abun-
dances of Firmicutes (70.54% vs. 58.59%) and Cyanobacteria (0.98% vs. 0.43%) compared
with controls, while Bacteroidetes was reduced (26.98% vs. 39.22%). In contrast, Actino-
bacteria (0.08% vs. 0.14%) and Proteobacteria (0.77% vs. 0.77%) remained comparable be-
tween groups. Consequently, the F/B ratio increased from 1.49 in controls to 2.61 following
metformin exposure (Figure 6a; Supplementary Table 54).

At the genus level, no consistent pattern was observed among taxa within Actinobac-
teria and Proteobacteria. Within Bacteroidetes, several commonly detected genera, includ-
ing Bacteroides, Prevotella, and Rikenella, showed reduced abundances, whereas Odoribacter
and Alistipes did not differ between groups. In contrast, most abundant genera within Fir-
micutes were increased in metformin-exposed offspring, including Lactobacillus, Roseburia,
Coprococcus, Oscillospira, Ruminococcus, Clostridium, Butyricicoccus, Allobaculum, Dorea, and
Dehalobacterium (Figure 6b; Supplementary Table S5).

3.4. Differential Abundance Following Maternal Metformin Exposure
3.4.1. Dams at Gestational Day 15

The differential abundance analysis using DESeq2 largely reflected the patterns ob-
served in the relative abundance analyses. At the phylum level, Actinobacteria and Cya-
nobacteria were significantly enriched in metformin-treated dams, with log2 fold changes
(log2FC) of 1.901 and 3.035, respectively (Figure 7a). At the family level, significant reduc-
tions were identified in Bacteroidaceae and Clostridiaceae following metformin exposure
(log2FC =-2.894 and -8.102) (Figure 7b). No significant difference was found at the genus
level.

Dams: Gestational day 15
Phylum level: Dam_Met vs Dam_Ctrl

Actinobacteria ®
Cyanobacteria o
0 1 2 3

@ Cyanobacteria @ Actinobacteria
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Figure 7. Key differentially abundant taxa in dams at gestational day 15 at the (a) phylum and (b)

family level (Ctrl: control group, Met: metformin group). Only taxa that had a magnitude of change
llog2FC| > 2 with statistical significance (adjusted p value < 0.05) are shown in the plot, with the
log2 fold change determined using DESeq2.

3.4.2. Offspring at Week 6

At the phylum level, metformin exposure was associated with a significant reduction
in Firmicutes and the enrichment of TM7 (Candidatus Saccharibacteria) in female off-
spring (log2FC =-2.86 and 1.93, respectively). In male offspring, significant increases were
observed in the low-abundance phyla TM7 and Tenericutes (also referred to as Mycoplas-
matota) (log2FC =2.19 and 8.30, respectively) (Figure 8a,b).

At the family level, F16 was significantly enriched in both female and male offspring
following metformin exposure (log2FC = 2.35 in females and 2.15 in males). In females,
Lachnospiraceae was significantly reduced (log2FC = -3.00), whereas, in males, Anaero-
plasmataceae was significantly increased (log2FC = 8.71) and Clostridiaceae was signifi-
cantly decreased (log2FC = -5.69) (Figure 8c,d).

A sensitivity analysis excluding Cyanobacteria revealed minimal changes in the
overall results regarding differential abundance in dams and offspring of both sexes (Sup-
plementary Figure S2a—f).

Lachnospiraceae @

F16

Female offspring Male offspring
Phylum level: Met_F_6 vs Ctrl_F_6 Phylum level: Met_M_6 vs Ctrl_M_6
Firmicutes @ : T™7 ®
™7 ‘ o Tenericutes o
-3 -1 0 1 2 0 2 4 6 8
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F16 e

Anaeroplasmataceae i ®

-2 -1 0 1 2 .
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Figure 8. Key differentially abundant taxa in 6-week-old offspring at the (a,b) phylum and (c,d)
family level (Ctrl: control group, Met: metformin group, F: female, M: male). Only taxa that had a
magnitude of change 1og2FC| > 2 with statistical significance (adjusted p value < 0.05) are shown

in the plot, with the log?2 fold change determined using DESeq?2.

4. Discussion

This study demonstrates that maternal metformin exposure during healthy murine
pregnancy reshapes the maternal gut microbiota and induces distinct, sex-specific
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alterations in offspring microbial composition. In a non-dysbiotic setting, metformin did
not broadly disrupt diversity but instead selectively remodelled the community structure,
with divergent downstream effects on the early-life microbial composition. These findings
highlight the context-dependent nature of metformin-microbiome interactions and un-
derscore the sensitivity of the developing microbiome to maternal metabolic perturbation.

4.1. Metformin Selectively Remodels Dominant Microbial Taxa in Dams

In dams, metformin primarily influenced the relative abundance of dominant taxa
rather than global community diversity, consistent with a targeted ecological effect. These
changes largely aligned with established features of late pregnancy in human and mouse
models, including the expansion of Actinobacteria [55-58] and an increased F/B ratio
[59,60]. In particular, the enrichment of Actinobacteria—a characteristic of healthy preg-
nancy and associated with genera such as Bifidobacterium—supports the notion that met-
formin may reinforce, rather than disrupt, pregnancy-adapted microbial states [55-58].

Similarly, the elevated F/B ratio observed here, mainly driven by a reduction in Bac-
teroidetes, mirrors trends in murine pregnancy and likely reflects a physiological adapta-
tion [59-62] rather than dysbiosis, despite its contrasting interpretation in non-pregnant
metabolic disease contexts in human studies [63-66]. Within Firmicutes, the enrichment
of butyrate-associated taxa further suggests a shift towards enhanced SCFA production,
a hallmark of metabolic adaptation during pregnancy [67-69]. Despite the lack of DESeq2
significance at the genus level for beneficial Actinobacteria and butyrate producers after
correction, their coordinated directionality suggests subtle yet biologically consistent re-
structuring. In contrast, the reduction in Clostridiaceae, including the opportunistic genus
Clostridium, linked to adverse outcomes, may represent a beneficial effect of metformin on
the maternal microbial environment [70,71].

4.2. Maternal Metformin Exposure Drives Broad Taxonomic Remodelling in Male Offspring

In male offspring, metformin exposure was associated with the broad restructuring
of the gut microbiota, as evidenced by the consistent differences in [3-diversity across mul-
tiple metrics despite preserved a-diversity. This pattern indicates community-wide reor-
ganisation involving both dominant and low-abundance taxa, consistent with the height-
ened plasticity of the developing microbiome. Compared with the more targeted effects
observed in dams, these findings suggest that early-life microbial assembly is particularly
susceptible to systemic perturbations, with effects extending across multiple components
of the microbial community.

A notable aspect of this response was the enrichment of low-abundance taxa, includ-
ing members of Tenericutes and TM7, alongside related lineages such as Anaeroplasma-
taceae and F16. Although these taxa contribute minimally to overall biomass, they are
increasingly recognised as potentially influential components of microbial networks. For
example, Anaeroplasma has been considered as an indicator of ageing mice or as a potential
anti-inflammatory probiotic [72,73], while its negative association with offspring body
weight appears inconsistent across physiological contexts [74]. Similarly, TM7 (Sacchari-
bacteria) has been reported in dysbiotic and inflammatory conditions including periodon-
tal disease, mucosal infections, and gastrointestinal inflammation, where it may modulate
host immune responses through direct attachment to and interaction with other bacterial
cells [75-77]. These observations highlight the challenge of inferring function from taxo-
nomic shifts alone and emphasise the context-dependent roles of rare taxa.

In parallel, the reduction in Clostridiaceae in both dams and male offspring suggests
a conserved response to metformin that has been observed in other metabolic intervention
studies [78-81]. However, the functional implications of this shift remain complex. While
some Clostridium species are associated with dysbiosis and opportunistic infection, others
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contribute to early colonisation and host metabolic processes, including the utilisation of
complex substrates such as human milk oligosaccharides and the modulation of inflam-
mation [82,83]. This functional heterogeneity indicates that such changes are likely to re-
flect microbial restructuring rather than a uniform functional consequence.

At the level of dominant taxa, male offspring exhibited a shift toward Firmicutes ex-
pansion, accompanied by reduced Bacteroidetes and an elevated F/B ratio. This pattern
contrasts with a study on non-pregnant humans with T2D, where metformin was associ-
ated with Bacteroidetes enrichment and reduced F/B ratios [84], highlighting the strong
influence of the developmental and metabolic context on microbiome responses. The en-
richment of Firmicutes-associated taxa implicated in SCFA production suggests a shift
towards metabolic pathways relevant to immune maturation and host-microbe signalling
during early life [85,86]. However, in the absence of direct functional measurements, it
remains unclear whether these compositional shifts translate into altered metabolic out-
put.

4.3. Metformin Induces Distinct Bacteroidetes-Dominant Shifts in Female Offspring

In contrast to males, female offspring exhibited a more selective microbial response
characterised by constrained restructuring and a distinct compositional trajectory. Rather
than broad microbial remodelling, metformin exposure appeared to preferentially affect
low-abundance taxa, including the enrichment of TM7 and related lineages, suggesting
the differential sensitivity of niche populations.

Despite this more limited restructuring, female offspring displayed a marked shift
towards Bacteroidetes dominance, representing a divergence from both dams and male
offspring. This pattern is consistent with early-life microbiota development in murine
models, where the expansion of Bacteroidetes, often driven by S24-7 taxa, is associated
with microbial maturation [87]. The reduction in Firmicutes-associated taxa, including
Lachnospiraceae and related genera (Roseburia, Coprococcus, Gemmiger), further supports
this shift. While these taxa are important early colonisers, their overrepresentation has
also been linked to metabolic dysfunction in human and experimental models [88-94],
indicating that their relative depletion may reflect the rebalancing of microbial functions
rather than a detrimental effect.

In parallel, the enrichment of beneficial taxa such as Lactobacillus suggests a potential
compensatory or protective response. Lactobacillus plays a well-established role in early-
life microbial colonisation, supporting gut barrier integrity, immune regulation, and re-
sistance to inflammatory conditions [95-98]. The coexistence of reduced Firmicutes diver-
sity alongside the enrichment of specific beneficial taxa highlights the complexity of inter-
preting microbiome changes during early development.

Together, these findings suggest that maternal metformin exposure redirects micro-
biome development along sex-specific trajectories. While males exhibit widespread eco-
logical restructuring, females show more targeted compositional shifts, underscoring the
importance of the host biological context in shaping microbiome responses.

4.4. Host Metabolic and Developmental Context Shapes Microbiome Responses to Metformin

Metformin’s microbiome effects are likely mediated through its impact on host intes-
tinal metabolism. By increasing intestinal glucose uptake and enhancing glycolytic activ-
ity, metformin alters luminal metabolite profiles, including lactate and pyruvate, which
may favour specific microbial groups [99-104]. This altered environment may promote
lactate-producing taxa and support cross-feeding interactions with SCFA-producing Fir-
micutes [105-108]. In contrast, changes in substrate availability may differentially affect
Bacteroidetes, although responses appear context-dependent [109-111]. A cross-sectional
study reported that metformin increased mucin-degrading Akkermansia muciniphila and
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several SCFA-producing bacteria in adults with T2D, suggesting its role in modulating
mucin dynamics and intestinal niches favouring mucin degraders and SCFA producers
[35,112]. Moreover, dams receiving metformin directly through drinking water displayed
a marked increase in the F/B ratio and Actinobacteria, which was actively involved in
mucin degradation [113-116]. Although metformin has been shown to decrease the ele-
vated F/B ratio in obese and diabetic mouse models [117-119], our observation of an in-
creased F/B ratio in healthy, chow-fed female mice indicates that metformin’s impact on
microbial profiles is strongly context-dependent, varying with the host metabolic state
and baseline microbial composition.

The effect of metformin on bile acid levels may also contribute to microbial shifts. In
this study, the reduction in Bacteroidetes observed in metformin-treated dams is con-
sistent with findings in individuals with newly diagnosed T2D, where metformin treat-
ment reduced Bacteroides fragilis and was associated with a selective increase in the intes-
tinal bile acid glycoursodeoxycholic acid [120]. Interactions between bile acids and the gut
microbiota are bidirectional, and previous studies have reported associations between re-
duced secondary bile acids and lower relative abundances of taxa such as Bifidobacterium
and Clostridium clusters [121]. Together, these findings suggest that the increased abun-
dance of Actinobacteria and butyrate-producing Clostridium clusters observed in this
study may be linked to alterations in bile acid metabolism, although the directionality of
these relationships remains context-dependent. This interpretation is supported by evi-
dence that metformin treatment can enrich bile acid- and SCFA-associated bacteria along-
side increases in circulating secondary bile acids [122].

Importantly, maternal metformin treatment may result in the direct exposure of the
offspring to metformin, as the drug is known to cross the placenta and is excreted into
breast milk [123-125]. Additionally, mouse pups typically begin consuming water and
solid food during the third postnatal week, with the transition from maternal milk to in-
dependent feeding occurring progressively before weaning [126]. However, in previous
studies, infant exposure remained minimal (approximately 0.13-1.28 mg/day), with se-
rum metformin concentrations undetectable in nursing infants and no reported effects on
infant blood glucose levels [125,127,128]. In our study, offspring faecal samples for micro-
biome analysis were collected at six weeks of age, following a three-week period after the
cessation of metformin exposure. Therefore, the offspring gut microbiota may not be ex-
pected to exhibit shifts comparable to those observed in dams, given the indirect exposure
during lactation and the washout period prior to sample collection. Notably, the microbial
responses to maternal metformin exposure in offspring did not only differ from those ob-
served in dams but also showed sex-specific patterns. Consistent with this, studies in high-
fat-diet-induced type 2 diabetes mouse models have shown that metformin exerts more
pronounced effects on metabolic markers in males, whereas the microbial community
composition is more markedly altered in females, highlighting sex-dependent responses
in microbiome remodelling [129-131]. Nevertheless, within the same maternal treatment
group in our study, sex-associated differences were modest, with no significant difference
detected across taxonomic levels.

5. Limitations

Several limitations of this study should be acknowledged. First, maternal metformin
treatment during healthy pregnancy is not widely representative of current clinical prac-
tice, and treatment for conditions such as GDM or PMOS is typically discontinued at de-
livery. In this study, metformin administration across both pregnancy and lactation may
have complicated the interpretation of offspring microbiota outcomes, as offspring were
exposed to metformin through distinct routes—directly during gestation and indirectly
during lactation. Second, individual water consumption was not monitored, precluding
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confirmation of the actual daily metformin intake by each dam. Based on published esti-
mates of water consumption in C57BL/6] mice, metformin-treated dams were expected to
receive approximately 1100 mg/kg/day [132]; however, variations in water intake may
have resulted in differences in actual drug exposure. Moreover, serum metformin concen-
trations were not measured, preventing confirmation of systemic drug exposure and as-
sessments of inter-animal variability. Consequently, any association between metformin
administration, circulating drug levels, and microbiota outcomes should be interpreted
cautiously. In addition, although litter sizes were standardised to six pups to reduce var-
iability in maternal resource allocation and early-life nutritional exposure, the potential
influence of litter-specific factors cannot be entirely ruled out. Pups within the same litter
shared a common maternal environment and were exposed to similar early microbial
communities, and these shared factors may have contributed, at least in part, to the ob-
served variations in offspring gut microbiota composition.

Furthermore, a relatively large proportion of reads remained unclassified at the ge-
nus level. This likely reflects the limited taxonomic resolution of V3-V4 165 rRNA gene
sequencing and the incompleteness of current reference databases. As a result, some taxa
could not be confidently assigned to the genus level despite successful classification at
higher taxonomic ranks, and the genus-level findings should therefore be interpreted with
appropriate caution. Moreover, Cyanobacteria detected in murine faecal 16S rRNA se-
quencing datasets may represent chloroplast-derived or environmental contaminants ra-
ther than bona fide gut bacteria. Excluding Cyanobacteria from the analysis resulted in
minimal changes to the differential abundance results, suggesting that their presence did
not substantially affect the study conclusions. However, taxonomic assignments to this
phylum should be interpreted cautiously. In addition, although 16S rRNA sequencing of
faecal DNA does not fully capture microbial communities across all regions of the gastro-
intestinal tract, faecal sampling from spontaneous defecation represents a non-invasive
and widely accepted approach. The microbial density in the colon is the most abundant,
being more than one million times higher than the density in other regions [133]. Further-
more, in a healthy, non-dysbiotic system, metformin-induced microbiome modulation is
expected to be subtle and broadly distributed across multiple taxa, rather than driven by
large shifts in individual genera. Such diffuse changes may be difficult to detect following
statistical testing and correction, potentially masking biologically relevant effects. Finally,
although metformin treatment was associated with changes in the relative abundance of
taxa reported to produce short-chain fatty acids (SCFAs), faecal SCFA concentrations were
not measured. Therefore, it was not possible to determine whether these compositional
changes translated into altered SCFA production or availability. Future studies incorpo-
rating direct metabolomic analyses, such as gas chromatography-mass spectrometry-
based SCFA quantification, are needed to confirm the functional significance of the ob-
served microbiota alterations.

6. Conclusions

This study is among the first to highlight metformin’s impact on gut microbial re-
modelling during healthy pregnancy and demonstrate a sex-specific interaction between
maternal metformin exposure and early-life microbial profiles in offspring at 6 weeks of
age. Metformin is likely to promote beneficial changes associated with healthy pregnancy
in the maternal microbial composition, despite the presence of some potentially unfavour-
able effects. Notably, metformin exposure also induced divergent microbiota profiles in
offspring between sexes, with a greater number of beneficial microbial shifts observed.
Given the modifiable and accessible nature of the gut microbiome, further investigation —
particularly in human cohorts and using higher-resolution approaches—is required to
elucidate the underlying mechanisms and functional roles of relevant microbial
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alterations. Such insights may ultimately inform maternal and postnatal care by improv-
ing pregnancy outcomes and guiding the development of preventive interventions.
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log2FC Log base 2 fold change
a diversity Alpha diversity
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F/B Firmicutes-to-Bacteroidetes
AGRF Australian Genome Research Facility
GD Gestational day (GDO0.5, GD15)
F Female
M Male
Ctrl Control treatment
Met Metformin treatment
References
1.  DeFronzo, R.A.; Ferrannini, E.; Groop, L.; Henry, R.R.; Herman, W.H.; Holst, ].].; Hu, F.B.; Kahn, C.R.; Raz, I.; Shulman, G.I

10.

11.

12.

13.

14.

15.

16.

17.

18.

Type 2 diabetes mellitus. Nat. Rev. Dis. Primers 2015, 1, 15019.

Ahmad, E.; Lim, S.; Lamptey, R.; Webb, D.R.; Davies, M.]. Type 2 diabetes. Lancet 2022, 400, 1803-1820.

Lu, Y,; Wang, W,; Liu, J.; Xie, M.; Liu, Q.; Li, S. Vascular complications of diabetes: A narrative review. Medicine 2023, 102,
e35285.

Triggle, C.R.; Mohammed, I.; Bshesh, K.; Marei, I; Ye, K.; Ding, H.; MacDonald, R.; Hollenberg, M.D.; Hill, M.A. Metformin: Is
it a drug for all reasons and diseases? Metabolism 2022, 133, 155223.

Hod, M.; Kapur, A.; Sacks, D.A.; Hadar, E.; Agarwal, M.; Di Renzo, G.C.; Roura, L.C.; McIntyre, H.D.; Morris, J.L.; Divakar, H.
The International Federation of Gynecology and Obstetrics (FIGO) Initiative on gestational diabetes mellitus: A pragmatic guide
for diagnosis, management, and care. Int. J. Gynaecol. Obstet. Off. Organ Int. Fed. Gynaecol. Obstet. 2015, 131, S173-5211.
Women’s NCCf; Health aCs. Diabetes in Pregnancy: Management of Diabetes and Its Complications from Preconception to the Postnatal
Period; Royal College of Obstetricians and Gynaecologists RCOG Press: London, UK, 2008; 252p.

Obstetricians HKCo, Gynaecologists. Guidelines for the Management of Gestational Diabetes Mellitus [Guidelines]. 2016
[Updated 5 November 2016]. Available online: https://www.hkcog.org.hk/hkcog/Download/Guidelines_on_GDM.pdf
(accessed on 20 March 2026).

Guidelines QC. Maternity and Neonatal Clinical Guideline: Gestational Diabetes Mellitus (GDM); Queensland Health: Brisbane,
QLD, Australia, 2022.

Le, S.; Lee, G.C. Emerging trends in metformin prescribing in the United States from 2000 to 2015. Clin. Drug Investig. 2019, 39,
757-763.

Wu, Y.; Tu, M,; Huang, Y.; Liu, Y.; Zhang, D. Association of metformin with pregnancy outcomes in women with polycystic
ovarian syndrome undergoing in vitro fertilization: A systematic review and meta-analysis. JAMA Netw. Open 2020, 3, e2011995.
Melin, J.; Forslund, M.; Alesi, S.; Piltonen, T.; Romualdi, D.; Spritzer, P.M.; Tay, C.T.; Pena, A.; Witchel, S.F.; Mousa, A. The
impact of metformin with or without lifestyle modification versus placebo on polycystic ovary syndrome: A systematic review
and meta-analysis of randomized controlled trials. Eur. J. Endocrinol. 2023, 189, S38-564.

Tso, L.O.; Costello, M.E.; Albuquerque, L.E.T.; Andriolo, R.B.; Macedo, C.R. Metformin treatment before and during IVF or ICSI
in women with polycystic ovary syndrome. Cochrane Database Syst. Rev. 2020.

Melin, J.; Forslund, M.; Alesi, S.; Piltonen, T.; Romualdi, D.; Spritzer, P.M.; Tay, C.T.; Pena, A.; Witchel, S.F.; Mousa, A.
Metformin and combined oral contraceptive pills in the management of polycystic ovary syndrome: A systematic review and
meta-analysis. ]. Clin. Endocrinol. Metab. 2024, 109, e817—e836.

Patel, D.; Ayesha, L.E.; Monson, N.R.; Klair, N.; Patel, U.; Saxena, A.; Hamid, P.; Ayesha, L.E.; Hamid, P.F. The effectiveness of
metformin in diabetes prevention: A systematic review and meta-analysis. Cureus 2023, 15, e46108.

American Diabetes Association Professional Practice Committee. 3. Prevention or delay of diabetes and associated
comorbidities: Standards of care in diabetes—2024. Diabetes Care 2024, 47, S43-S51.

Kwon, S.;Kim, Y.C,; Park, J.Y.; Lee, J.; An, ].N.; Kim, C.T.; Oh, S.; Park, S.; Kim, D.K.; Oh, Y.K. The long-term effects of metformin
on patients with type 2 diabetic kidney disease. Diabetes Care 2020, 43, 948-955.

Song, A.; Zhang, C.; Meng, X. Mechanism and application of metformin in kidney diseases: An update. Biomed. Pharmacother.
2021, 138, 111454.

Lavine, J.E.; Schwimmer, J.B.; Van Natta, M.L.; Molleston, J.P.; Murray, K.F.; Rosenthal, P.; Abrams, S.H.; Scheimann, A.O.;
Sanyal, A.J.; Chalasani, N. Effect of vitamin E or metformin for treatment of nonalcoholic fatty liver disease in children and
adolescents: The TONIC randomized controlled trial. JAMA 2011, 305, 1659-1668.

https://doi.org/10.3390/biom16071017



Biomolecules 2026, 16, 1017 16 of 21

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Blazina, I.; Selph, S. Diabetes drugs for nonalcoholic fatty liver disease: A systematic review. Syst. Rev. 2019, 8, 295.
McDonagh, M.S,; Selph, S.; Ozpinar, A.; Foley, C. Systematic review of the benefits and risks of metformin in treating obesity
in children aged 18 years and younger. JAMA Pediatr. 2014, 168, 178-184.

Graff, S.K.; Mario, F.M.; Ziegelmann, P.; Spritzer, P.M. Effects of orlistat vs. metformin on weight loss-related clinical variables
in women with PCOS: Systematic review and meta-analysis. Int. J. Clin. Pract. 2016, 70, 450-461.

Pu, R.; Shi, D.; Gan, T.; Ren, X;; Ba, Y.; Huo, Y.; Bai, Y.; Zheng, T.; Cheng, N. Effects of metformin in obesity treatment in different
populations: A meta-analysis. Ther. Adv. Endocrinol. Metab. 2020, 11, 2042018820926000.

Zheng, ].; Xu, M.; Walker, V.; Yuan, J.; Korologou-Linden, R.; Robinson, J.; Huang, P.; Burgess, S.; Au Yeung, S.L.; Luo, S.
Evaluating the efficacy and mechanism of metformin targets on reducing Alzheimer’s disease risk in the general population: A
Mendelian randomisation study. Diabetologia 2022, 65, 1664-1675.

Barbera, M.; Lehtisalo, J.; Perera, D.; Asp6, M.; Cross, M.; De Jager Loots, C.A.; Falaschetti, E.; Friel, N.; Luchsinger, J.A.; Gavelin,
H.M. A multimodal precision-prevention approach combining lifestyle intervention with metformin repurposing to prevent
cognitive impairment and disability: The MET-FINGER randomised controlled trial protocol. Alzheimer’s Res. Ther. 2024, 16, 23.
Singh, S.; Singh, P.P.; Singh, A.G.; Murad, M.H.; Sanchez, W. Anti-diabetic medications and the risk of hepatocellular cancer: A
systematic review and meta-analysis. Off. ]. Am. Coll. Gastroenterol.| ACG 2013, 108, 881-891.

O’connor, L.; Bailey-Whyte, M.; Bhattacharya, M.; Butera, G.; Hardell, KN.L.; Seidenberg, A.B.; Castle, P.E.; Loomans-Kropp,
H.A. Association of metformin use and cancer incidence: A systematic review and meta-analysis. JNCI ]. Natl. Cancer Inst. 2024,
116, 518-529.

Mesquita, L.A.; Spiazzi, B.F.; Piccoli, G.F.; Nogara, D.A.; da Natividade, G.R.; Garbin, H.I.; Wayerbacher, L.F.; Wiercinski, V.M.;
Baggio, V.A.; Zingano, C.P. Does metformin reduce the risk of cancer in obesity and diabetes? A systematic review and meta-
analysis. Diabetes Obes. Metab. 2024, 26, 1929-1940.

Teede, H.].; Misso, M.L.; Costello, M.F.; Dokras, A.; Laven, J.; Moran, L.; Piltonen, T.; Norman, R.J. Recommendations from the
international evidence-based guideline for the assessment and management of polycystic ovary syndrome. Hum. Reprod. 2018,
33, 1602-1618.

Brassard, M.; AinMelk, Y.; Baillargeon,].-P. Basic infertility including polycystic ovary syndrome. Med. Clin. North. Am. 2008,
92, 1163-92. https://doi.org/10.1016/j.mcna.2008.04.008.

Hyer, S.; Balani, J.; Shehata, H. Metformin in pregnancy: Mechanisms and clinical applications. Int. ]. Mol. Sci. 2018, 19, 1954.
Chiswick, C.; Reynolds, R.M.; Denison, F.; Drake, A.].; Forbes, S.; Newby, D.E.; Walker, B.R.; Quenby, S.; Wray, S.; Weeks, A.
Effect of metformin on maternal and fetal outcomes in obese pregnant women (EMPOWaR): A randomised, double-blind,
placebo-controlled trial. Lancet Diabetes Endocrinol. 2015, 3, 778-786.

Syngelaki, A.; Nicolaides, K.H.; Balani, J.; Hyer, S.; Akolekar, R.; Kotecha, R.; Pastides, A.; Shehata, H. Metformin versus placebo
in obese pregnant women without diabetes mellitus. N. Engl. . Med. 2016, 374, 434-443.

Gonzalez-Casanova, J.E.; Navarro-Marquez, M.; Saez-Tamayo, T., Angarita, L.; Duran-Agiiero, S.; Fuentes-Barria, H.;
Bermudez, V.; Rojas-Gomez, D.M. New perspectives on the molecular action of metformin in the context of cellular transduction
and adipogenesis. Int. ]. Mol. Sci. 2025, 26, 3690.

Herman, R.; Kravos, N.A.; Jensterle, M.; Janez, A.; Dolzan, V. Metformin and insulin resistance: A review of the underlying
mechanisms behind changes in GLUT4-mediated glucose transport. Int. J. Mol. Sci. 2022, 23, 1264.

De La Cuesta-Zuluaga, J.; Mueller, N.T.; Corrales-Agudelo, V.; Velasquez-Mejia, E.P.; Carmona, J.A.; Abad, ].M.; Escobar, J.S.
Metformin is associated with higher relative abundance of mucin-degrading Akkermansia muciniphila and several short-chain
fatty acid-producing microbiota in the gut. Diabetes Care 2016, 40, 54-62.

Wu, H.; Esteve, E.; Tremaroli, V.; Khan, M.T.; Caesar, R.; Manneras-Holm, L.; Stahlman, M.; Olsson, L.M.; Serino, M.; Planas-
Felix, M. 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, 850-858.

Mueller, N.T.; Differding, M.K.; Zhang, M.; Maruthur, N.M.; Juraschek, S.P.; Miller, E.R., III; Appel, L.]J.; Yeh, H.-C. Metformin
affects gut microbiome composition and function and circulating short-chain fatty acids: A randomized trial. Diabetes Care 2021,
44, 1462-1471.

Zhang, Q.; Hu, N. Effects of metformin on the gut microbiota in obesity and type 2 diabetes mellitus. Diabetes Metab. Syndr.
Obes. 2020, 13, 5003-5014.

Sun, Z.; Lee-Sarwar, K.; Kelly, R.S.; Lasky-Su, J.A.; Litonjua, A.A.; Weiss, S.T.; Liu, Y.-Y. Revealing the importance of prenatal
gut microbiome in offspring neurodevelopment in humans. EBioMedicine 2023, 90, 104491.

https://doi.org/10.3390/biom16071017



Biomolecules 2026, 16, 1017 17 of 21

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

Junaid, M.; Ahmad, A.; Hu, Z.; Xu, M,; Shi, X,; Qu, N.; Du, T.; Ding, H.; Zhu, Y. The maternal and infant gut microbiome:
Implications for pregnancy outcomes, immune development, and health in the first 1000 days. . Transl. Med. 2026, 24, 449.
Koren, O.; Konnikova, L.; Brodin, P.; Mysorekar, I.U.; Collado, M.C. The maternal gut microbiome in pregnancy: Implications
for the developing immune system. Nat. Rev. Gastroenterol. Hepatol. 2024, 21, 35-45.

Dang, H.; Feng, P.; Zhang, S.; Peng, L.; Xing, S.; Li, Y.; Wen, X.; Zhou, L.; Goswami, S.; Xiao, M. Maternal gut microbiota
influence stem cell function in offspring. Cell Stem Cell 2025, 32, 246—262.e248.

Hudobenko, J.; Di Gesu, C.M.; Mooz, P.R.; Petrosino, J.; Putluri, N.; Ganesh, B.P.; Rebeles, K.; Blixt, FW.; Venna, V.R;
McCullough, L.D. Maternal dysbiosis produces long-lasting behavioral changes in offspring. Mol. Psychiatry 2025, 30, 1847—
1858.

Nakhal, M.M.; Nafees, F.; Mydeen, A.B.; Al Ali, A.; Baloch, S.; Alkhalaf, R.; Albalas, H.M.; Albalas, G.M.; Alharbi, G.; Statsenko,
Y. Maternal gut dysbiosis is associated with altered enteric and cortical inhibitory circuit development. Front. Neuroanat. 2026,
20, 1801873.

Song, L.; Cui, J.; Hu, S.;; Wang, R.; Li, H.; Sun, B. Maternal treatment with metformin persistently ameliorates high-fat diet-
induced metabolic symptoms and modulates gut microbiota in rat offspring. Nutrients 2022, 14, 3612.

Molina-Vega, M.; Picon-Cesar, M.].; Gutierrez-Repiso, C.; Fernandez-Valero, A.; Lima-Rubio, F.; Gonzalez-Romero, S.; Moreno-
Indias, I.; Tinahones, F.J. Metformin action over gut microbiota is related to weight and glycemic control in gestational diabetes
mellitus: A randomized trial. Biomed. Pharmacother. 2022, 145, 112465.

Estaki, M.; Jiang, L.; Bokulich, N. A.; McDonald, D.; Gonzalez, A.; Kosciolek, T.; Martino, C.; Zhu, Q.; Birmingham, A.; Vazquez-
Baeza, Y.; et al. QIIME 2 enables comprehensive end-to-end analysis of diverse microbiome data and comparative studies with
publicly available data. Curr. Protoc. Bioinformatics 2020, 70, e100. https://doi.org/10.1002/cpbi.100.

Callahan, B.J.; McMurdie, P.J.; Rosen, M.].; Han, A.W_; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581-583. https://doi.org/10.1038/nmeth.3869.

McDonald, D.; Price, M.N.; Goodrich, J.; Nawrocki, E.P.; DeSantis, T.Z.; Probst, A.; Andersen, G.L.; Knight, R.; Hugenholtz, P.
An improved Greengenes taxonomy with explicit ranks for ecological and evolutionary analyses of bacteria and archaea. ISME
J. 2012, 6, 610-618. https://doi.org/10.1038/isme;j.2011.139.

Bokulich, N.A.; Kaehler, B.D.; Rideout, ].R.; Dillon, M.; Bolyen, E.; Knight, R.; Huttley, G.A.; Gregory Caporaso, J]. Optimizing
taxonomic classification of marker-gene amplicon sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome 2018, 6, 90.
https://doi.org/10.1186/s40168-018-0470-z.

McMurdie, P.J.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census
data. PLoS ONE 2013, 8, e61217.

Wickham, H. Elegant Graphics for Data Analysis; Springer: Berlin/Heidelberg, Germany, 2016.

Oksanen, W.; Simpson, G.; Blanchet, F.; Kindt, R.; Legendre, P.; Minchin, P.; O’'Hara, R.; Solymos, P.; Stevens, M.; Szoecs, E.
Vegan: Community Ecology Package, R Package v2. 7-0; 2024. https://vegandevs.github.io/vegan/ (accessed on 15 June 2026)
Love, M.I; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550.

Koren, O.; Goodrich, J.K.; Cullender, T.C.; Spor, A.; Laitinen, K.; Backhed, H.K.; Gonzalez, A.; Werner, J.J.; Angenent, L.T.;
Knight, R. Host remodeling of the gut microbiome and metabolic changes during pregnancy. Cell 2012, 150, 470-480.
Nuriel-Ohayon, M.; Neuman, H.; Ziv, O.; Belogolovski, A.; Barsheshet, Y.; Bloch, N.; Uzan, A.; Lahav, R.; Peretz, A.; Frishman,
S. Progesterone increases Bifidobacterium relative abundance during late pregnancy. Cell Rep. 2019, 27, 730-736. €733.

Gao, Y.; Zhang, J.; Chen, H;; Jin, X,; Lin, Z.; Fan, C.; Shan, Z.; Teng, W.; Li, ]. Dynamic changes in the gut microbiota during
three consecutive trimesters of pregnancy and their correlation with abnormal glucose and lipid metabolism. Eur. ]. Med. Res.
2024, 29, 117.

Ly, D.D.; McNeill, B.A.; Aston-Mourney, K.; Rivera, L.R. A Review of Gut Microbiota Dynamics: From Healthy Gestation to
Gestational Diabetes in Human and Mouse Models. Biomedicines 2026, 14, 707.

Faas, M.M,; Liu, Y.; Borghuis, T.; van Loo-Bouwman, C.A.; Harmsen, H.; De Vos, P. Microbiota induced changes in the immune
response in pregnant mice. Front. Immunol. 2020, 10, 2976.

Cordero-Varela, J.A.; Reyes-Corral, M.; Lao-Pérez, M.; Fernandez-Santos, B.; Montenegro-Elvira, F.; Sempere, L.; Ybot-
Gonzadlez, P. Analysis of gut characteristics and microbiota changes with maternal supplementation in a neural tube defect
mouse model. Nutrients 2023, 15, 4944.

Mu, Q.; Cabana-Puig, X.; Mao, ].; Swartwout, B.; Abdelhamid, L.; Cecere, T. Pregnancy and lactation interfere with the response

of autoimmunity to modulation of gut microbiota. Microbiome 2019, 7, 105.

https://doi.org/10.3390/biom16071017



Biomolecules 2026, 16, 1017 18 of 21

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Khan, I.; Azhar, E.I; Abbas, A.T.; Kumosani, T.; Barbour, E.K.; Raoult, D.; Yasir, M. Metagenomic analysis of antibiotic-induced
changes in gut microbiota in a pregnant rat model. Front. Pharmacol. 2016, 7, 104.

Turnbaugh, P.J.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated gut microbiome with
increased capacity for energy harvest. Nature 2006, 444, 1027-1031.

Bahar-Tokman, H.; Demirci, M.; Keskin, F.E.; Cagatay, P.; Taner, Z.; Ozturk-Bakar, Y.; Ozyazar, M.; Kiraz, N.; Kocazeybek, B.S.
Firmicutes/Bacteroidetes Ratio in the Gut Microbiota and IL-1§, IL-6, IL-8, TLR2, TLR4, TLR5 Gene Expressions in Type 2
Diabetes. Clin. Lab. 2022, 68, 1903.

Yang, T.; Santisteban, M.M.; Rodriguez, V.; Li, E.; Ahmari, N.; Carvajal, ] M.; Zadeh, M.; Gong, M.; Qi, Y.; Zubcevic, J. Gut
dysbiosis is linked to hypertension. Hypertension 2015, 65, 1331-1340.

Guo, J.; Song, C.; Liu, Y.; Wu, X; Dong, W.; Zhu, H.; Xiang, Z.; Qin, C. Characteristics of gut microbiota in representative mice
strains: Implications for biological research. Anim. Models Exp. Med. 2022, 5, 337-349.

Zietek, M.; Celewicz, Z.; Szczuko, M. Short-chain fatty acids, maternal microbiota and metabolism in pregnancy. Nutrients 2021,
13, 1244.

Priyadarshini, M.; Thomas, A.; Reisetter, A.C.; Scholtens, D.M.; Wolever, T.M.; Josefson, J.L.; Layden, B.T. Maternal short-chain
fatty acids are associated with metabolic parameters in mothers and newborns. Transl. Res. 2014, 164, 153-157.

Uchida, A.; Imai, K,; Miki, R.; Hamaguchi, T.; Nishiwaki, H.; Ito, M.; Ueyama, J.; Hattori, S.; Tano, S.; Fuma, K. Butyrate-
producing bacteria in pregnancy maintenance: Mitigating dysbiosis-induced preterm birth. J. Transl. Med. 2025, 23, 533.

Miao, Z.; Hu, S.; Wu, P.; Lai, Y.; Chen, L.T.; Huang, M.; Zhang, K.; He, H.; Xu, F.; Li, F. Maternal gut microbiome during early
pregnancy predicts preterm birth. Cell Host Microbe 2025, 33, 1623-1639.e1628.

Ray, K. Maternal gut microbiome in early pregnancy: Predictor of preterm birth? Gut microbiota. Nat. Rev. Gastroenterol. Hepatol.
2025, 22, 739-739.

Koh, Y.-C; Kuo, L.-H.; Tung, Y.-C.; Weerawatanakorn, M.; Pan, M.-H. Identification of indicative gut microbial guilds in a
natural aging mouse model. ACS Omega 2023, 8, 36569-36580.

Beller, A.; Kruglov, A.; Durek, P.; Von Goetze, V.; Hoffmann, U.; Maier, R.; Heiking, K.; Siegmund, B.; Heinz, G.; Mashreghi,
M. P104 Anaeroplasma, a potential anti-inflammatory probiotic for the treatment of chronic intestinal inflammation. Ann.
Rheum. Dis. 2019, 78, A45-A46.

Gilley, S.P.; Ruebel, M.L.; Chintapalli, S.V.; Wright, C.J.; Rozance, P.J.; Shankar, K. Calorie restriction during gestation impacts
maternal and offspring fecal microbiome in mice. Front. Endocrinol. 2024, 15, 1423464.

He, X,; McLean, ].S.; Edlund, A.; Yooseph, S.; Hall, A.P.; Liu, S.-Y.; Dorrestein, P.C.; Esquenazi, E.; Hunter, R.C.; Cheng, G.
Cultivation of a human-associated TM7 phylotype reveals a reduced genome and epibiotic parasitic lifestyle. Proc. Natl. Acad.
Sci. USA 2015, 112, 244-249.

He, W,; Liang, H.; Li, W.; Gao, X,; Hu, T.; Lin, X.; Wu, Z,; Sun, J; Li, X.; Wang, M. Revealing an unprecedented diversity of
episymbiotic Saccharibacteria in a high-quality genome collection. npj Biofilms Microbiomes 2024, 10, 153.

Chipashvili, O.; Utter, D.R.; Bedree, ] K.; Ma, Y.; Schulte, F.; Mascarin, G.; Alayyoubi, Y.; Chouhan, D.; Hardt, M.; Bidlack, F.
Episymbiotic Saccharibacteria suppresses gingival inflammation and bone loss in mice through host bacterial modulation. Cell
Host Microbe 2021, 29, 1649-1662.e1647.

Hryckowian, A.].; Van Treuren, W.; Smits, S.A.; Davis, N.M.; Gardner, J.O.; Bouley, D.M.; Sonnenburg, J.L. Microbiota-
accessible carbohydrates suppress Clostridium difficile infection in a murine model. Nat. Microbiol. 2018, 3, 662-669.
Pensinger, D.A.; Fisher, A.T.; Dobrila, H.A.; Van Treuren, W.; Gardner, ].O.; Higginbottom, S.K.; Carter, M.M.; Schumann, B.;
Bertozzi, C.R.; Anikst, V. Butyrate differentiates permissiveness to Clostridioides difficile infection and influences growth of
diverse C. difficile isolates. Infect. Immun. 2023, 91, e00570-22.

Louie, T.J.; Cannon, K.; Byrne, B.; Emery, J.; Ward, L.; Eyben, M.; Krulicki, W. Fidaxomicin preserves the intestinal microbiome
during and after treatment of Clostridium difficile infection (CDI) and reduces both toxin reexpression and recurrence of CDIL
Clin. Infect. Dis. 2012, 55, 5132-5142.

Bryrup, T.; Thomsen, CW.; Kern, T.; Allin, K.H.; Brandslund, I; Jergensen, N.R.; Vestergaard, H.; Hansen, T.; Hansen, T.H.;
Pedersen, O. Metformin-induced changes of the gut microbiota in healthy young men: Results of a non-blinded, one-armed
intervention study. Diabetologia 2019, 62, 1024-1035.

Semon, A K.; Keenan, O.; Zackular, J.P. Clostridioides difficile and the microbiota early in life. J. Pediatr. Infect. Dis. Soc. 2021,
10, S3-57.

Neu, J.; Stewart, C.J. Neonatal microbiome in the multiomics era: Development and its impact on long-term health. Pediatr. Res.
2025, 98, 1223-1231.

https://doi.org/10.3390/biom16071017



Biomolecules 2026, 16, 1017 19 of 21

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.
105.

106.

Gao, Y.; Zhao, T.; Lv, N,; Liu, S.; Yuan, T.; Fu, Y.; Zhao, W.; Zhu, B. Metformin-induced changes of the gut microbiota in patients
with type 2 diabetes mellitus: Results from a prospective cohort study. Endocrine 2024, 85, 1178-1192.

Di Costanzo, M.; De Paulis, N.; Biasucci, G. Butyrate: A link between early life nutrition and gut microbiome in the development
of food allergy. Life 2021, 11, 384.

Cait, A.; Cardenas, E.; Dimitriu, P.A.; Amenyogbe, N.; Dai, D.; Cait, J.; Sbihi, H.; Stiemsma, L.; Subbarao, P.; Mandhane, P.J.
Reduced genetic potential for butyrate fermentation in the gut microbiome of infants who develop allergic sensitization. J.
Allergy Clin. Immunol. 2019, 144, 1638-1647.€3.

Hanski, E.; Raulo, A.; Knowles, S.C. Early-life gut microbiota assembly patterns are conserved between laboratory and wild
mice. Commun. Biol. 2024, 7, 1456.

Sagheddu, V.; Patrone, V.; Miragoli, F.; Puglisi, E.; Morelli, L. Infant early gut colonization by Lachnospiraceae: High frequency
of Ruminococcus gnavus. Front. Pediatr. 2016, 4, 57.

Fahur Bottino, G.; Bonham, K.S.; Patel, F.; McCann, S.; Zieff, M.; Naspolini, N.; Ho, D.; Portlock, T.; Joos, R.; Midani, F.S. Early
life microbial succession in the gut follows common patterns in humans across the globe. Nat. Commun. 2025, 16, 660.

Zeng, H.; Ishaq, S.L.; Zhao, F.-Q.; Wright, A.-D.G. Colonic inflammation accompanies an increase of -catenin signaling and
Lachnospiraceae/Streptococcaceae bacteria in the hind gut of high-fat diet-fed mice. ]. Nutr. Biochem. 2016, 35, 30-36.
Chavez-Carbajal, A.; Nirmalkar, K.; Pérez-Lizaur, A.; Hernandez-Quiroz, F.; Ramirez-del-Alto, S.; Garcia-Mena, J.; Herndndez-
Guerrero, C. Gut microbiota and predicted metabolic pathways in a sample of Mexican women affected by obesity and obesity
plus metabolic syndrome. Int. J. Mol. Sci. 2019, 20, 438.

Salonen, A.; Lahti, L.; Salojarvi, J.; Holtrop, G.; Korpela, K.; Duncan, S.H.; Date, P.; Farquharson, F.; Johnstone, A.M.; Lobley,
G.E. Impact of diet and individual variation on intestinal microbiota composition and fermentation products in obese men.
ISME ]. 2014, 8, 2218-2230.

Qin, J; Li, Y.; Cai, Z.; Li, S.; Zhu, ].; Zhang, F.; Liang, S.; Zhang, W.; Guan, Y.; Shen, D. A metagenome-wide association study
of gut microbiota in type 2 diabetes. Nature 2012, 490, 55-60.

Kostic, A.D.; Gevers, D,; Siljander, H.; Vatanen, T.; Hyotyldinen, T.; Himaéldinen, A.-M.; Peet, A_; Tillmann, V.; P6ho, P.; Mattila,
I. The dynamics of the human infant gut microbiome in development and in progression toward type 1 diabetes. Cell Host
Microbe 2015, 17, 260-273.

Catassi, G.; Mateo, S.G.; Occhionero, A.S.; Esposito, C.; Giorgio, V.; Aloi, M.; Gasbarrini, A.; Cammarota, G.; Ianiro, G. The
importance of gut microbiome in the perinatal period. Eur. ]. Pediatr. 2024, 183, 5085-5101.

Fouhy, F.; Watkins, C.; Hill, C.J.; O’Shea, C.-A.; Nagle, B.; Dempsey, E.M.; O'Toole, P.W.; Ross, R.P.; Ryan, C.A.; Stanton, C.
Perinatal factors affect the gut microbiota up to four years after birth. Nat. Commun. 2019, 10, 1517.

Henderickx, J.G.; Zwittink, R.D.; Van Lingen, R.A.; Knol, ].; Belzer, C. The preterm gut microbiota: An inconspicuous challenge
in nutritional neonatal care. Front. Cell. Infect. Microbiol. 2019, 9, 85.

Lee, J.-M.; Kim, M.-].; Lee, H.; Hyun, Y.; Nam, S.-W_; Jeon, D.-G.; Shin, J.-H.; Kim, E.S. Maternal gut microbial legacy shapes
intestinal health and susceptibility of offspring to colitis. npj Biofilms Microbiomes 2026, 12, 71.

Drewe, ].; Foretz, M.; Krahenbiihl, S. Metformin-mechanisms of its glycemia-reducing effect. Pharmacol. Rev. 2025, 78, 100106.
Turban, S.; Stretton, C.; Drouin, O.; Green, C.J.; Watson, M.L.; Gray, A.; Ross, F.; Lantier, L.; Viollet, B.; Hardie, D.G. Defining
the contribution of AMP-activated protein kinase (AMPK) and protein kinase C (PKC) in regulation of glucose uptake by
metformin in skeletal muscle cells. ]. Biol. Chem. 2012, 287, 20088-20099.

Kang, C.W.; Nam, J.H.; Oh, J.H.; Wang, EK,; Lee, S.H.; Shin, H].; Kim, Y.B; Lee, E.J.; Lim, B.K; Fang, S. Novel mechanism
whereby metformin improves glucose homeostasis: TXNIP-GLUT1 axis modulation enhances intestinal glucotonic effects. Exp.
Mol. Med. 2025, 57, 1775-1788.

He, L. Metformin and systemic metabolism. Trends Pharmacol. Sci. 2020, 41, 868-881.

Tobar, N.; Rocha, G.Z.; Santos, A.; Guadagnini, D.; Assalin, H.B.; Camargo, ]J.A.; Gongalves, A.E.; Pallis, F.R.; Oliveira, A.G,;
Rocco, S.A. Metformin acts in the gut and induces gut-liver crosstalk. Proc. Natl. Acad. Sci. USA 2023, 120, e2211933120.

Kane, D.A. Lactate oxidation at the mitochondria: A lactate-malate-aspartate shuttle at work. Front. Neurosci. 2014, 8, 366.
Duncan, S.H.; Louis, P.; Flint, H.J. Lactate-utilizing bacteria, isolated from human feces, that produce butyrate as a major
fermentation product. Appl. Environ. Microbiol. 2004, 70, 5810-5817.

Laursen, M.; Sakanaka, M.; von Burg, N.; Morbe, U.; Andersen, D.; Moll, J.; Pekmez, C.; Rivollier, A.; Michaelsen, K.; Melgaard,
C. Bifidobacterium species associated with breastfeeding produce aromatic lactic acids in the infant gut. Nat. Microbiol. 2021, 6,
1367-1382.

https://doi.org/10.3390/biom16071017



Biomolecules 2026, 16, 1017 20 of 21

107.

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Louis, P.; Duncan, S.H.; Sheridan, P.O.; Walker, A.W.; Flint, H.]. Microbial lactate utilisation and the stability of the gut
microbiome. Gut Microbiome 2022, 3, e3.

Munoz-Tamayo, R.; Laroche, B.; Walter, E.; Dore, J.; Duncan, S.H.; Flint, H.J.; Leclerc, M. Kinetic modelling of lactate utilization
and butyrate production by key human colonic bacterial species. FEMS Microbiol. Ecol. 2011, 76, 615-624.

Zafar, H.; Saier, M.H., Jr. Gut Bacteroides species in health and disease. Gut Microbes 2021, 13, 1848158.

Schwalm, N.D.; Groisman, E.A. Navigating the gut buffet: Control of polysaccharide utilization in Bacteroides spp. Trends
Microbiol. 2017, 25, 1005-1015.

Lapébie, P.; Lombard, V.; Drula, E.; Terrapon, N.; Henrissat, B. Bacteroidetes use thousands of enzyme combinations to break
down glycans. Nat. Commun. 2019, 10, 2043.

Ahmadi, S.; Razazan, A.; Nagpal, R; Jain, S.; Wang, B.; Mishra, S.P.; Wang, S.; Justice, J.; Ding, J.; McClain, D.A. Metformin
reduces aging-related leaky gut and improves cognitive function by beneficially modulating gut microbiome/goblet cell/mucin
axis. J. Gerontol. Ser. A 2020, 75, e9—e21.

Wang, Y.; Jia, X.; Cong, B. Advances in the mechanism of metformin with wide-ranging effects on regulation of the intestinal
microbiota. Front. Microbiol. 2024, 15, 1396031.

Kiyohara, M.; Nakatomi, T.; Kurihara, S.; Fushinobu, S.; Suzuki, H.; Tanaka, T.; Shoda, S.-i.; Kitaoka, M.; Katayama, T.;
Yamamoto, K. a-N-acetylgalactosaminidase from infant-associated bifidobacteria belonging to novel glycoside hydrolase
family 129 is implicated in alternative mucin degradation pathway. J. Biol. Chem. 2012, 287, 693-700.

Egan, M.; O’Connell Motherway, M.; Kilcoyne, M.; Kane, M.; Joshi, L.; Ventura, M.; Van Sinderen, D. Cross-feeding by
Bifidobacterium breve UCC2003 during co-cultivation with Bifidobacterium bifidum PRL2010 in a mucin-based medium. BMC
Microbiol. 2014, 14, 282.

Ruas-Madiedo, P.; Gueimonde, M.; Fernandez-Garcia, M.; de los Reyes-Gavilan, C.G.; Margolles, A. Mucin degradation by
Bifidobacterium strains isolated from the human intestinal microbiota. Appl. Environ. Microbiol. 2008, 74, 1936-1940.

Lee, H.; Lee, Y.; Kim, J.; An, J.; Lee, S.; Kong, H.; Song, Y.; Lee, C.-K,; Kim, K. Modulation of the gut microbiota by metformin
improves metabolic profiles in aged obese mice. Gut Microbes 2018, 9, 155-165.

Tang, Y.; Yan, M.; Fang, Z,; Jin, S.; Xu, T. Effects of metformin, saxagliptin and repaglinide on gut microbiota in high-fat
diet/streptozocin-induced type 2 diabetic mice. BM] Open Diabetes Res. Care 2024, 12, €003837.

Liu, K;; Han, Y.; Zhang, J.; Yin, Z.; Yan, H.; Gao, W.; Tong, H.; Zhu, H.; Hui, S.; Liang, L. Lutein augments the hypoglycemic
effect of metformin through the gut microbiota-imidazole propionate axis in type 2 diabetic model mice. Sci. Rep. 2025, 15,
31641.

Sun, L.; Xie, C.; Wang, G.; Wu, Y.; Wu, Q.; Wang, X,; Liu, J.; Deng, Y.; Xia, J.; Chen, B. Gut microbiota and intestinal FXR mediate
the clinical benefits of metformin. Nat. Med. 2018, 24, 1919-1929.

Larabi, A.B.; Masson, H.L.; Baumler, A ]. Bile acids as modulators of gut microbiota composition and function. Gut Microbes
2023, 15, 2172671.

Glaros, S.B.; Mishra, S.P,; Jain, S.; Davis, E.S.; Gabel, S.A.; Mueller, G.A.; Jarmusch, A.K.; Mabundo, L.; Courville, A.B.; Walter,
M.E. Systemic and gut microbiome changes with metformin and liraglutide in youth-onset type 2 diabetes: The MIGHTY study.
Gut Microbes 2025, 17, 2558071.

Vanky, E.; Zahlsen, K.; Spigset, O.; Carlsen, S.M. Placental passage of metformin in women with polycystic ovary syndrome.
Fertil. Steril. 2005, 83, 1575-1578.

Nanovskaya, T.N.; Nekhayeva, I.A.; Patrikeeva, S.L.; Hankins, G.D.; Ahmed, M.S. Transfer of metformin across the dually
perfused human placental lobule. Am. ]. Obstet. Gynecol. 2006, 195, 1081-1085.

Priya, G.; Kalra, S. Metformin in the management of diabetes during pregnancy and lactation. Drugs Context 2018, 7, 212523.
Silver, L.M. Mouse Genetics Concepts and Applications; Oxford University Press: Oxford, UK, 1995.

Briggs, G.G.; Ambrose, P.].; Nageotte, M.P.; Padilla, G.; Wan, S. Excretion of metformin into breast milk and the effect on nursing
infants. Obstet. Gynecol. 2005, 105, 1437-1441.

Drugs and Lactation Database (LactMed®) . In Drugs and Lactation Database (LactMed®); National Institute of Child Health and
Human Development: Bethesda MD, USA, 2006. https://www .ncbi.nlm.nih.gov/books/NBK501020/ (accessed on 15 June 2026)
Silamikele, L.; Silamikelis, I.; Ustinova, M.; Kalnina, Z.; Elbere, I; Petrovska, R.; Kalnina, I.; Klovins, J. Metformin strongly affects
gut microbiome composition in high-fat diet-induced type 2 diabetes mouse model of both sexes. Front. Endocrinol. 2021, 12,
626359.

https://doi.org/10.3390/biom16071017



Biomolecules 2026, 16, 1017 21 of 21

130. Silamikele, L.; Saksis, R.; Silamikelis, I.; Kotovi¢a, P.P.; Briviba, M.; Kalnina, I.; Kalnina, Z.; Fridmanis, D.; Klovins, ]J. Spatial
variation of the gut microbiome in response to long-term metformin treatment in high-fat diet-induced type 2 diabetes mouse
model of both sexes. Gut Microbes 2023, 15, 2188663.

131. Song, L.; Wang, R.; Cui, J.; Hu, S.; Wang, J.; Xie, J.; Miao, P.; Sun, B. Sex differences in the skeletal muscle response to metformin
treatment and the possible association with gut-muscle axis in rats. Front. Endocrinol. 2025, 16, 1650805.

132. Bachmanov, A.A.; Reed, D.R.; Beauchamp, G.K.; Tordoff, M.G. Food intake, water intake, and drinking spout side preference
of 28 mouse strains. Behav. Genet. 2002, 32, 435-443. https://doi.org/10.1023/A:1020884312053.

133. Yang, K; Li, G.; Li, Q.; Wang, W.; Zhao, X.; Shao, N.; Qiu, H.; Liu, J.; Xu, L.; Zhao, ]. Distribution of gut microbiota across

intestinal segments and their impact on human physiological and pathological processes. Cell Biosci. 2025, 15, 47.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biom16071017



