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Abstract

Background: The human gut microbiome is highly complex, and its composition is strongly
influenced by dietary patterns. Alterations in microbiome structure have been associated
with a range of diseases, including type 2 diabetes mellitus. However, the underlying
mechanisms for this remain poorly understood. In this study, a novel in vitro approach
was utilized to investigate the interplay between gut bacteria, dietary metabolites, and
metabolic dysfunction. Methods: Two representative gut bacterial species—Bacteroides
thetaiotaomicron and Lactobacillus fermentum—were isolated from human faecal samples and
subjected to controlled dietary manipulation to mimic eubiotic and dysbiotic conditions.
Metabolites produced under these conditions were extracted, characterized, and quantified.
To assess the functional impact of these metabolites, we utilized the INS-1 832/3 insulinoma
cell line, evaluating insulin sensitivity through glucose-stimulated insulin secretion and
ERK1/2 activation. Results: Our findings demonstrate that metabolites derived from high-
carbohydrate/high-fat diets exacerbate metabolic dysfunction, whereas those generated
under high-fibre conditions significantly enhance insulin secretion and glucose-dependent
ERK1/2 activation in co-culture compared to monocultures. Conclusions: This work
systematically disentangles the complex interactions between gut microbiota, diet, and
disease, providing mechanistic insights into how microbial metabolites contribute to the
onset of metabolic disorders.

Keywords: gut microbiome; type 2 diabetes mellitus; in vitro approach; Bacteriodes
thetaiotaomicron; Lactobacillus fermentum; diet; short-chain fatty acids

1. Introduction
The human gut harbours over 100 trillion microbial cells that maintain a symbiotic

relationship with the host, playing essential roles in physiology, metabolism, nutrition, and
immune regulation [1]. Consequently, the gut microbiome is often regarded as a microbial
“endocrine organ” The dominant bacterial phyla include Bacillota (Firmicutes; 60–80%) and
Bacteroidota (Bacteroidetes; 20–30%) [1–5].

Members of these phyla ferment indigestible dietary fibres, complex carbohydrates,
proteins, and other macronutrients, producing short-chain fatty acids (SCFAs)—small
metabolites (~1500 Da) such as acetate, butyrate, and propionate [6,7]. SCFAs are critical for
gut homeostasis and activate signalling pathways including cAMP/PKA and MAPK/ERK,
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while increasing levels of glucagon-like peptide-1 (GLP-1) and peptide YY (PYY). These
actions enhance glucose metabolism, adipogenesis, and insulin sensitivity [8,9].

SCFAs also maintain gut barrier integrity by stimulating AMPK-mediated mucin
and antimicrobial peptide production, strengthening epithelial tight junctions and pre-
venting translocation of bacterial toxins. Furthermore, SCFAs exhibit anti-inflammatory
properties by inhibiting histone deacetylase activity [10–13]. Dysbiosis triggered by dietary
changes, antibiotics, environmental stress, or sedentary lifestyle disrupts SCFA balance and
contributes to metabolic disorders such as type 2 diabetes mellitus (T2DM) and progres-
sive liver disease [1,7]. Notably, high-fat, low-fibre diets exacerbate dysbiosis by altering
Bacillota and Bacteroidota composition [14–18].

T2DM is a multifactorial, polygenic disease characterized by impaired insulin secre-
tion and insulin resistance, accounting for ~90% of global diabetes cases among adults
aged 20–79 [19–22]. Current methodologies for studying microbiome–disease interactions,
include rodent models and epidemiological studies which are extremely useful informative
but are limited by interspecies differences and confounding factors such as sex, lifestyle,
and diet [23–25].

To address these limitations, this study introduces a novel in vitro approach to examine
the impact of dietary variation on gut bacterial composition and its downstream effects
on T2DM onset. The workflow involved the isolation of key gut bacterial species from
human faecal samples, bacterial manipulation under controlled dietary conditions, and
characterization of the bacterial produced metabolites. Finally, the influence of these diet-
modulated metabolites on glucose metabolism and insulin sensitivity was assessed using a
T2DM-relevant insulinoma cell line.

2. Methods
2.1. Human Faecal Sample Collection

Fresh human faecal samples were obtained from healthy individuals aged 18–60 with
no history of antibiotic use in the last three months (Arden Tissue Bank, University Hospi-
tals Coventry and Warwickshire NHS Trust) under NHS ethical approval. The research
was conducted with approval from the Health and Safety Executive (HSE) Biosafety and
Microbiology Containment, permitting work with Class 2 bacteria, as outlined on the HSE
biosafety website (https://www.hse.gov.uk/biosafety/ (accessed on 3 December 2025)).

2.2. Isolation and Identification of Gut Bacteria

The faecal samples (1 g) were homogenized in pre-reduced phosphate-buffered saline
(PBS) in an anaerobic chamber (Don Whitley Scientific, Bingley, UK) to maintain anoxic con-
ditions for gut bacteria viability. Six-fold serial dilutions were prepared, and 100 µL aliquots
from each dilution were spread onto pre-reduced agar plates, including fastidious anaerobe
agar (FAA) with Neomycin and Aztreonam, and 7% horse blood (HB) (E&O Labs, Bon-
nybridge, UK), along with selective media including De Man, Rogosa, and Sharpe (MRS)
and brain heart infusion (BHI) agar (OXOID, Basingstoke, UK). The plates were incubated
at 37 ◦C for 48 h in an anaerobic chamber to promote specific gut bacterial colonies [26].
For identification, PCR targeting the V3–V4 hypervariable regions of 16S rRNA genes
was performed [27–29], followed by Sanger sequencing to identify species, resulting
in Bacteriodes thetaiotaomicron BFG109 (B. thetaiotaomicron) and Lactobacillus fermentum L4
(L. fermentum) [26] (Supplementary Figure S1).

2.3. Bacterial Culture

The identified bacterial strains, B. thetaiotaomicron and L. fermentum, were isolated via
pure inoculation under anaerobic conditions at 37 ◦C on FAA agar supplemented with
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7% HB (E&O Labs). The monocultures were cultured using 200 mL fastidious anaerobe
(FAA) broth at 37 ◦C, 120 RPM (E&O Labs), a medium optimised for the growth of anaerobic
organisms, which contained essential growth factors such as vitamin K (0.0005 g/L) and
haemin (0.005 g/L), essential to support the proliferation of specific anaerobes. Additionally,
sodium thioglycolate (0.5 g/L) and L-cysteine HCl (0.5 g/L) were added to lower the pH
and maintain a reducing environment. Moreover, resazurin (0.001 g/L) was added to
act as a redox indicator, while sodium chloride (2.5 g/L) helped in the maintenance of
osmotic balance.

The co-culture of the isolated bacteria was cultured following an optimised proto-
col [26] under controlled environmental conditions using a direct mixing method in FAA
broth and in anaerobic conditions at 37 ◦C. The bacterial concentrations of monocultures
were normalised with the inoculation ratio of 1:2 of B. thetaiotaomicron and L. fermentum. To
facilitate the retrieval of a representative metabolome and secretome, growth curves for
each bacterium were monitored at multiple time points by measuring optical density at
600 nm (OD600) and colony-forming units per millilitre (CFU/mL) to ensure an accurate
assessment of growth, allowing the cultures to reach optimal-log phase, which is critical for
maximising the extraction of metabolites, proteins and enzymes for downstream analysis.

2.4. Manipulation of Gut Bacteria Under Different Dietary Conditions In Vitro

After the optimization of the growth conditions and concentration range of the bac-
terium, the individual strains of B. thetaiotaomicron and L. fermentum were inoculated in
100 mL of FAA broth before manipulation using varying dietary conditions. The supple-
ments involved preparing a stock solution of 1 M low-viscosity sodium carboxymethyl
cellulose (CMC) in 2 mL of autoclaved warm distilled water to dissolve, which was then
added to 100 mL of FAA broth medium to achieve a final concentration of 20 mM, re-
ferred to as high-fibre. Alternatively, a combination of 1 mL stock of 1 M D ± glucose
(Sigma-Aldrich, Gillingham, UK) and approximately100 mM low-density lipoprotein (LDL)
in 1.5 mL stock (Lee Biosolutions, Maryland Heights, MO, USA) was used, resulting in
final concentrations of 10 mM D ± glucose and 1.5 mM LDL in 100 mL of FAA broth
medium, referred to as high-carbohydrate/fat. Moreover, the FAA broth without dietary
supplementation served as the control.

The monocultures of B. thetaiotaomicron and L. fermentum were incubated anaerobically
at 37 ◦C for 24 h using these diets. Additionally, the co-culture of bacteria was cultured un-
der the same conditions. The influence of diet on growth and understanding the metabolic
inputs based on the optimal-log phase bacterial growth was assessed after five-fold serial
dilutions and plating on FAA agar supplemented with 7% horse blood (HB), followed by
quantification of colony-forming units per millilitre (CFU/mL).

2.5. Metabolite Extraction and Untargeted Characterization

The metabolite extraction protocol was optimized to allow the identification and
quantification of key biochemical compounds, including SCFAs, amino acids, lipids, and
enzyme cofactors produced by bacteria during catabolic and anabolic pathways [26]. Firstly,
untargeted metabolomics was performed using m/z data acquisition for metabolites from
the bacteria. The characterization was conducted using an Agilent 8860 gas chromatography
(5977B) mass spectrometry (GC-MS) system (Agilent Technologies Inc., Santa Clara, CA,
USA), equipped with an inbuilt National Institute of Standards and Technology (NIST)
database and single quadrupole for metabolite analysis.

2.6. Quantitative GC-MS Analysis

The sample analysis was performed using Agilent 8860 gas chromatography system
coupled with a single quadrupole Agilent 5977B mass spectrometry (GC-MS) with an
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inbuilt NIST database (Agilent Technologies Inc.) for direct analysis of metabolites of
monocultures and their co-culture extracted after dietary manipulation.

The quantification was carried out using Selected Ion Monitoring (SIM) mode with
a dwell time of 50 ms by utilizing the Agilent J&W DB-FFAP (30 m × 0.25 mm, 0.25 µm,
7-inch cage), which is a nitro terephthalic acid-modified polyethylene glycol (PEG) column
(Agilent Technologies Inc.). The DB-FFAP column effectively quantifies SCFAs due to
its high polarity and affinity for polar compounds such as fatty acids. The modified
polyethene glycol stationary phase, with nitro terephthalic acid, boosts interactions with
SCFAS free acidic groups through hydrogen bonding and acid-base interactions, leading
to significant SCFA retention and ensuring efficient separation and quantification of these
volatile fatty acids without derivatization [30,31]. Here, a total of 1 µL of sample was
injected in splitless mode, which was further separated through the DB-FFAP column in
which the initial GC oven temperature was increased from 50 ◦C to 250 ◦C at the rate of
4 min, followed by 25 ◦C/min to 200 ◦C, 15 ◦C/min to 250 ◦C and then held for 5 min.
Helium gas (purity > 99%) was used as a carrier gas at a 1.2 mL/min flow rate with a total
run time of 18.33 min. Overall, the energy of electron ionization was set to 70 eV.

Before quantification, MS data for standard analytes (acetic, propionic, butyric acids)
and internal standard 2-ethyl butyric acid, in 80% methanol, were detected in the PEG
column from m/z 20 to 500 Amu. The compounds were identified by comparing MS spectra
with m/z values and retention time (selected ion monitoring (SIM) targeted ions of interest
for quantification) [30]. The analytical standards included acetic acid (Cat no. 695092,
Sigma-Aldrich), propionic acid (Cat no. 94425, Sigma-Aldrich), butyric acid (Cat no. 19215,
Sigma-Aldrich), and internal standard, 2-ethyl butyric acid (Cat no. 109959, Sigma-Aldrich).
The SCFA standards were dissolved in 80% methanol before being concentrated in nitrogen
(N2) gas to eliminate the solvent and prepared for reconstitution. The concentrated residues
were reconstituted in hexane for gas chromatography (GC) injection. The standards were
analyzed in triplicate to plot calibration curves, using the response ratio by dividing
the SCFA peak area by the internal standard peak area. The SCFA concentrations were
quantified using SIM mode and the peak response ratio and linearity formula applied to
the standards.

2.7. Endotoxin Quantification

A subset of the extracted metabolites was subjected to endotoxin removal to ensure the
samples were LPS free. The endotoxins were removed using a high-efficiency endotoxin
removal kit, Pierce™ High-Capacity Endotoxin Removal Spin 0.25 mL Columns (Thermo
Fisher Scientific, Loughborough, UK), following the manufacturer’s protocol. Briefly, the
samples were incubated with the endotoxin removal resin at a ratio of 0.25 mL/1 mL
sample and gently mixed for 2 h at 4 ◦C. After the procedure, endotoxin levels were
quantified using Pierce™ Chromogenic Endotoxin Quant Kit (Thermo Fisher Scientific).
This highly sensitive test contains Limulus amebocyte lysate to detect endotoxins based
on a colorimetric reaction. The samples were compared against a standard endotoxin
curve, and absorbance was measured at 405 nm to quantify the endotoxin concentration in
endotoxin units (EU/mL).

2.8. Mammalian Cell Culture

The humanised insulinoma cell line (INS-1 832/3) were a kind gift from Nottingham
Trent University. The cells were cultured in RPMI 1640 medium (Sigma-Aldrich) sup-
plemented with 10% foetal bovine serum (FBS), 1 mM sodium pyruvate, 10 mM HEPES,
50 µM β-mercaptoethanol, 2 mM L-glutamine, and 1% penicillin-streptomycin. The cells
were incubated at 37 ◦C in a humidified atmosphere containing 5% CO2.
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2.9. Diet-Manipulated Metabolite Exposure

The impact of different metabolites on β-cell viability and insulin production was
undertaken. The INS-1 832/3 cells were seeded at 20,000 cells/well in 96-well plates for
24 h. As described above, the extracted metabolites from the mono- or the co-cultures
following dietary manipulation were prepared (including samples with endotoxin (ET+)
and following endotoxin removal (ET−). The concentrations of these metabolites were
quantified using the Bicinchoninic Acid (BCA) assay (Thermo Fisher Scientific) before
exposure to INS-1 832/3 cells at a concentration range of 125–1000 µg/mL.

2.10. Cytotoxicity Assessment

The Alamar Blue assay was used to evaluate the cytotoxicity of metabolites at 24
and 48 h. The cytotoxicity experiments included negative (complete cell culture medium)
and positive controls (RIPA lysis buffer 1% v/v). Following the metabolite exposure, a
stock concentration of 1 mg/mL resazurin sodium salt (Sigma-Aldrich) was diluted 1:10 in
complete medium and added to cells for 2 h at 37 ◦C. The fluorescence was measured at
excitation at 560 nm and emission at 590 nm using a Fluostar Omega plate reader (BMG
Labtech, Ortenberg, Germany).

2.11. Glucose-Stimulated Insulin Secretion Assay (GSIS)

A comprehensive GSIS assessment was performed to evaluate the effects of metabolites
derived from diet-manipulated bacteria on mammalian cells. Non-cytotoxic metabolite
concentrations were added to 400,000 INS-1 832/3 cells for 4 h (24-well plates). For the
insulin secretion assay (post-metabolite exposure), the cells were washed twice with 300 µL
of glucose-free Krebs-Ringer Bicarbonate HEPES (KRBH) buffer (116 mM NaCl, 1.8 mM
CaCl2.2(H2O), 0.8 mM MgSO4 7(H2O), 5.4 mM KCl, 1 mM NaH2PO42(H2O), 26 mM
NaHCO3, 0.5% BSA, and 10 mM HEPES, pH 7.4), before pre-incubation for 1 h in 500 µL
glucose-free KRBH buffer. Subsequently, the cells were incubated for 1 h with 500 µL
of 2.8 mM basal glucose in KRBH buffer, followed by an additional hour with 500 µL of
16.7 mM stimulatory glucose in KRBH buffer for all metabolite-exposed samples, excluding
controls (positive control was high glucose (16.7 mM). In contrast, the negative control was
glucose-free KRBH from non-exposed cells). The supernatants were collected and stored at
−80 ◦C until analysis. The insulin levels were quantified using an insulin enzyme ELISA
following the manufacturer’s instructions (Mercodia, Uppsala, Sweden).

2.12. ERK Pathway Activation in INS-1 832/3 Cells

Western blotting was used to assess the intracellular protein levels associated with in-
sulin signaling following exposure to metabolite extracts and glucose stimulation. The cells
were lysed in ice-cold RIPA buffer supplemented with protease and phosphatase inhibitors
(Thermo Fisher Scientific). The protein was quantified using the Bradford Assay and sep-
arated by SDS-PAGE before wet-transfer to PVDF membrane for 2 h at 70 V, 4 ◦C. Next,
the membranes were incubated with primary antibodies overnight at 4 ◦C (anti-phospho
p44/42 MAPK (ERK1/2) Thr202/Tyr204 (1:5000), anti-P44/42 MAPK (ERK1/2) (1:5000),
and anti-α-tubulin (1:5000) (Abcam, Cambridge, UK)). The following day, the membranes
were incubated with HRP-conjugated or infrared-conjugated secondary antibodies (Goat
anti-Rabbit HRP 1:5000 (Vector Labs, Newark, CA, USA); anti-mouse 1:5000 (LICORBio,
Lincoln, NE, USA) at room temperature for 90 min. Protein bands were detected using
chemiluminescence and imaged via a LICORBio Odyssey system. Finally, densitometric
analysis was performed using Image Studio Lite v5.2, with protein expression normalized
to α-tubulin.
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2.13. Statistical Analysis

All experiments had a minimum of three independent replicates (n = 3). The statistical
analysis was performed by comparing with respective controls using Tukey’s and Šidák’s
multiple comparisons associated with one and two-way ANOVA analysis using GraphPad
Prism 10.3.1 (La Jolla, CA, USA). The data is expressed as the mean ± standard error of the
mean (SEM).

3. Results
3.1. Influence of Dietary Conditions on the Growth of Bacterial Populations

The effect of dietary variation on the growth dynamics of bacterial monocultures and
co-cultures was assessed under anaerobic conditions. In high-fibre cultures, B. thetaiotaomi-
cron exhibited a significant increase in growth (Figure 1a), consistent with its role as a
primary fibre-degrading bacterium. In contrast, L. fermentum, which lacks the ability to
degrade complex polysaccharides, showed only a modest increase. No significant change
in growth was observed in the co-culture under these conditions.

 
Figure 1. Influence of in vitro dietary manipulation on gut bacterial populations. The im-
pact of diets on bacterial growth was assessed by measuring CFU/mL through serial dilutions.
(a) B. thetaiotaomicron; (b) L. fermentum and (c) co-culture of B. thetaiotaomicron and L. fermentum,
were incubated in FAA broth medium for 24 h at 37 ◦C, supplemented with either a high-fibre or a
high-carbohydrate/fat diet, or a control (no diet). The values are depicted as the mean ± SEM (n = 3)
with significance presented by ** p < 0.005, and **** p < 0.0005.

Conversely, cultures supplemented with high-carbohydrate/high-fat diets signifi-
cantly reduced the growth of L. fermentum, whereas B. thetaiotaomicron and the co-culture
remained unaffected. These findings indicate that dietary composition exerts a substantial
influence on microbial growth. Notably, the absence of significant changes in co-culture
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growth under varying dietary conditions suggests that microbial interactions—such as
cross-feeding or metabolite exchange—may confer a compensatory effect.

3.2. Untargeted Characterisation of Extracted Metabolites

Untargeted mass spectrometry of extracted metabolites revealed a diverse array of
compounds associated with key metabolic pathways, including SCFA metabolism, amino
acid metabolism, secondary metabolite biosynthesis, diketopiperazine formation, and fatty
acid amide metabolism (Table 1). Notably, metabolite profiles varied between monocultures
and co-cultures, as well as across dietary conditions (Figure 2; Table 1). For example,
isovaleric acid, 3-methyl-butanoic acid, and 2-methyl-hexanoic acid were predominantly
detected in control and high-fibre diets, reflecting active fermentation processes that support
gut health and immune modulation [32,33].

Figure 2. Untargeted GC-MS analysis. The Venn diagram illustrates the quantity of peaks eluted
under various dietary conditions, including control, high fibre, and high carbohydrates/fat for
(a) B. thetaiotaomicron; (b) L. fermentum and (c) co-culture.

Chromatographic analysis of samples from each culture yielded distinct peaks corre-
sponding to individual metabolites, with detailed chromatograms and peak lists provided
in Supplementary Figure S3.
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Table 1. The list of metabolites identified in the mono and co-culture of B. thetaiotaomicron and L. fermentum, and the potential gut metabolic pathways.

Potential Common
Metabolites Eluted

B. thetaiotaomicron L. fermentum Co-Culture

Possible Pathways Linked to Gut Bacterial
MetabolismControl High

Fibre

High
Carbohydrate/

Fat
Control High

Fibre

High
Carbohydrate/

Fat
Control High

Fibre

High
Carbohydrate/

Fat

Isovaleric acid; butanoic
acid, 3-methyl- ✓ ✓ - - - - ✓ - - SCFA metabolism is derived from amino

acid catabolism [34,35]

Hexanoic acid, 2-methyl- ✓ ✓ - ✓ ✓ - ✓ - - SCFA metabolism [34]

Glycerin - - - - - - ✓ - - Central metabolism [36,37]

L-lysine - - - ✓ - ✓ - ✓ - Cadeverine bioamine catabolism [38,39]

N-methylene-2-
phenylethanamine - ✓ - - - - ✓ ✓ - Amino acid metabolism and secondary

metabolite biosynthesis [35]

1-pentanone,1-(4-
methylphenyl)- - - - - - - ✓ ✓

Phenolic compound metabolism and
secondary metabolite biosynthesis [40]

Heptanoic acid ethyl ester - - - - - - ✓ - ✓
Carboxylic acid from amino acid catabolism

[34,35]

Cyclohexane carboxylic
acid, 1-tert-butyl- - - - ✓ - - - - ✓

Carboxylic acid from amino acid catabolism
[34,35]

1,3-propanediol - - - - - - - ✓ ✓ Central metabolism [36,37]

Cyclo (L, prolyl-l-valine) ✓ - - ✓ ✓ - ✓ - ✓
Diketopiperazine metabolism and peptide

biosynthesis [41–43]

L-leucine, N-cyclopropyl
carbonyl-butyl ester - - - - - - - ✓ ✓ Branched -chain amino acid catabolism [43]

Cyclo (leucycloprolyl) ✓ - - - ✓ - ✓ - - Diketopiperazine metabolism and peptide
biosynthesis [41,42]

Hexadecanamide ✓ ✓ ✓ ✓ ✓ - ✓ ✓ - Fatty acid amide metabolism [44–46]

9-Octadecenamide, (Z)- or
oleamide ✓ ✓ ✓ - - - ✓ ✓ - Fatty acid amide metabolism [44–46]

Nonanamide - - - - - - - ✓ ✓ Fatty acid amide metabolism [44–46]

Phenol,
2,2′-methylenebis(6-(1,1-
dimethylethyl)-4-methyl-

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ - Phenolic compound metabolism and
secondary metabolite biosynthesis [40]

https://doi.org/10.3390/nu18020279

https://doi.org/10.3390/nu18020279


Nutrients 2026, 18, 279 9 of 26

3.3. Quantification of Bacterial Metabolites

Following the approach described by [30], selected metabolites were quantified using
a PEG column, eliminating the need for derivatization. Analytical standards including
acetic acid, propionic acid, butyric acid, and the internal standard 2-ethylbutyric acid were
reconstituted in hexane and analyzed in full-scan mode across an m/z range of 20–500 amu
to confirm target m/z ratios and retention times (Table 2).

Table 2. Confirmative ion m/z range and retention time of targeted analytes.

Standards Target Ion m/z Confirmative Ions
m/z (n = 3) Retention Time

Acetic acid 60 43, 45 8.110
Propionic acid 74 74, 75 8.591

Butyric acid 88 60 9.061
2-ethyl butyric acid 116 88 9.692

The methodology described above was validated by determining the calibration
ranges of SCFAs using an internal standard (2-ethylbutyric acid). The limit of detection
(LOD) and limit of quantification (LOQ) are listed in Table 3.

Table 3. The data depicts the calibration range, limit of detection, and limit of quantification.

SCFA Standards Calibration Range Linear Regression (R2)
(n = 3)

LOD
(µg/mL, n = 7)

LOQ
(µg/mL, n = 7)

Acetic acid 100–1000 µg/mL Y = 0.008537x − 0.1101
R2 = 0.9940 1.41 4.26

Propionic acid 100–1000 µg/mL Y = 0.004861x − 0.06520
R2 = 0.9955 1.91 5.78

Butyric acid 100–1000 µg/mL Y = 0.007491x − 0.5757
R2 = 0.9906 16.1 48.5

SCFA concentrations in metabolites extracted from monocultures and co-cultures
were determined using selected ion monitoring (SIM). These data provided insights into
the relative abundance (%) of individual SCFAs compared to other metabolites, enabling
identification of dominant analytes (Figure 3). Overall SCFA concentrations were quantified
across dietary conditions (Figures 3 and 4).

In B. thetaiotaomicron, acetic acid levels were significantly elevated under high-
carbohydrate/high-fat conditions compared to control (p = 0.0001; Figure 4a). Propionic
acid increased under both high-fibre (p = 0.0008) and high-carbohydrate/high-fat diets
(p = 0.0002; Figure 4b), whereas butyric acid was most abundant under high-fibre condi-
tions (p < 0.0001; Figure 4c).

For L. fermentum, acetic acid was significantly higher in high-fibre cultures compared
to control (p < 0.0001; Figure 4d), while propionic acid remained low across all condi-
tions (Figure 4e). Butyric acid decreased significantly under high-carbohydrate/high-fat
conditions (p < 0.0001; Figure 4f).

Finally, in co-culture, acetic and propionic acid were significantly elevated under con-
trol conditions (p = 0.0429) compared to high-fibre (p = 0.0001) and high-carbohydrate/high-
fat diets (p < 0.0001; Figure 4g,h). Conversely, butyric acid was significantly higher under
high-fibre conditions (p = 0.0198; Figure 4i).
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Figure 3. Relative abundance (%) of SCFAs (acetic acid, propionic acid, and butyric acid) in dietary
manipulation metabolites quantified by GC-MS. The data was calculated based on the response
ratio of each SCFA peak area to the internal standard (a) B. thetaiotaomicron; (b) L. fermentum and
(c) Co-culture. The data is expressed as the percentage of each SCFA relative to the total SCFA
content. The values are depicted as the mean ± SEM (n = 3) with significance presented by * p < 0.05,
** p < 0.005 and *** p < 0.0005, respectively.

3.4. Endotoxin Removal from a Subset of Extracted Metabolites

Endotoxin removal from a subset of extracted metabolites was essential prior to
assessing biological effects in mammalian cells, particularly given the presence of Gram-
negative B. thetaiotaomicron [47]. This step ensured that observed cellular responses could
be attributed to metabolites rather than lipopolysaccharides (LPS), or a combination of
both. Consistent with expectations, endotoxin concentrations were minimal in L. fermentum
(<0.01 EU/mL) compared to B. thetaiotaomicron.

3.5. Impact of Diet-Manipulated Metabolites on INS-1 832/3 Cell Viability

The potential cytotoxicity of bacterial metabolites was evaluated at 24 and 48 h.
The data revealed a significant, albeit modest, cytotoxic effect at high concentrations
(1000 µg/mL) of B. thetaiotaomicron metabolites derived from control and carbohydrate/fat-
supplemented diets, as well as L. fermentum metabolites from control and high-
carbohydrate/high-fat conditions (Supplementary Figure S2). Notably, all subsequent ex-
periments were conducted using metabolite concentrations confirmed to be non-cytotoxic.
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Figure 4. The concentrations of SCFAs. B. thetaiotaomicron (a–c); L. fermentum (d–f) and co-culture
(g–i) measured using standard curves derived from the linearity of each specific fatty acid (n = 3).
The values are depicted as the mean ± SEM (n = 3) with significance presented by * p < 0.05 and
*** p < 0.0005, respectively. Circle—control (no diet metabolites); square—high fibre metabolites,
triangle—high carbohydrate/fat metabolites.

https://doi.org/10.3390/nu18020279

https://doi.org/10.3390/nu18020279


Nutrients 2026, 18, 279 12 of 26

3.6. Insulin Release and Intracellular ERK1/2 Signaling Induced by the Diet-Manipulated
Bacterial Metabolites

GSIS was performed following exposure of INS-1 832/3 cells to diet-modulated
bacterial metabolites at non-cytotoxic concentrations. Metabolites derived from high-
carbohydrate/high-fat diets originating from both monocultures and co-culture (Figure 5a–c)
significantly impaired insulin secretion across all experimental groups (ET+/–), indicat-
ing a detrimental effect on insulin sensitivity. In contrast, metabolites from high-fibre
diets, particularly those from L. fermentum and co-culture (Figure 5b,c), enhanced insulin
secretion, suggesting a protective role of fibre-associated metabolites. B. thetaiotaomicron
(Figure 5a) exhibited only modest changes under high-fibre conditions, which were not
statistically significant.

Notably, comparisons before and after LPS removal (Figure 5d,e) revealed that metabo-
lites from high-fibre and high-carbohydrate/high-fat diets produced by B. thetaiotaomicron
induced significantly lower insulin secretion compared to those from L. fermentum and
co-culture, highlighting the combined influence of LPS and bacterial metabolites. However,
insulin secretion remained lower in high-carbohydrate/high-fat conditions even after LPS
removal, indicating that diet-derived metabolites alone exert a detrimental effect.

Insulin secretion from pancreatic β-cells in response to high glucose is tightly coupled
with insulin gene expression, ensuring β-cell function and glucose homeostasis. ERK1/2
mitogen-activated protein kinases play a pivotal role in this process [48,49]. Previous
studies have demonstrated that ERK1/2 activity is required for glucose-stimulated in-
sulin gene expression via phosphorylation and activation of transcription factors such
as Beta2/NeuroD1 and PDX-1, leading to enhanced insulin promoter activity [50]. Ac-
cordingly, ERK1/2 expression and phosphorylation were assessed in INS-1 832/3 cells
following GSIS to evaluate β-cell responses to bacterial metabolites.

For B. thetaiotaomicron (Gram-negative), ERK1/2 phosphorylation was significantly
higher in samples without LPS removal (ET+) (p = 0.0260) (Figure 6a), suggesting that LPS
enhances ERK1/2 activation, likely via inflammatory signaling [14,51]. Under high-fibre
conditions, ERK1/2 phosphorylation increased in ET+ (p = 0.014), while insulin secretion
was modestly higher in ET− samples (p = 0.0493) despite reduced ERK1/2 activation in
ET− (Figure 6d). In contrast, high-carbohydrate/high-fat metabolites induced greater
ERK1/2 phosphorylation in ET+ samples compared to ET− samples (p < 0.0001), although
insulin secretion decreased in both conditions.

For L. fermentum, LPS presence significantly reduced ERK1/2 phosphorylation com-
pared to ET− samples (p = 0.0037) (Figure 6b). High-fibre metabolites promoted insulin se-
cretion in ET+ samples despite lower ERK1/2 activation (p < 0.0001), whereas ET−samples
exhibited increased ERK1/2 activation with high insulin secretion. Conversely, high-
carbohydrate/high-fat metabolites caused reduced ERK1/2 phosphorylation (p < 0.0001)
and insulin secretion in ET+ samples, while ET− samples showed moderate ERK1/2
activation and elevated insulin secretion (Figure 6e).

In the co-culture, high-fibre metabolites induced ERK1/2 activation in both ET+
increased compared to ET− samples (p = 0.0411) (Figure 6c), but insulin secretion was
greater in ET− samples (p < 0.05). Conversely, high-carbohydrate/high-fat metabolites
without LPS removal resulted in markedly reduced ERK1/2 activation (p < 0.0001), with
insulin secretion remaining moderately low in both conditions (Figure 6f).
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Figure 5. The GSIS assay was utilized to quantify insulin secretion from INS-1 832/3 cells.
The cells were exposed to dietary metabolites (500 µg/mL, ET+/ET−) derived from monocul-
tures and co-cultures for a duration of 4 h. (a) B. thetaiotaomicron; (b) L. fermentum; (c) Co-culture;
(d) dietary influenced insulin secretion expressed as % as compared to control before LPS removal and
(e) dietary influenced insulin secretion expressed as % as compared to control before LPS removal. The
values are depicted as the mean ± SEM (n = 3) with significance presented by * p < 0.05, ** p < 0.005,
*** p < 0.0005) and **** p < 0.0001).
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Figure 6. Effects of bacterial metabolite-induced ERK1/2 activation in INS-1 832/3 cells.
The cells were treated with 500 µg/mL of dietary bacterial metabolite extracts (ET+/−) from
(a) B. thetaiotaomicron; (b) L. fermentum; and (c) co-culture for 4 h before GSIS. The relative band
intensity was calculated as the ratio of phospho-ERK1/2 to total ERK1/2. The comparison of insulin
secretion after GSIS alongside expression of ERK1/2 phosphorylation under the influence of ET+/−
dietary metabolites of (d) B. thetaiotaomicron; (e) L. fermentum, and (f) co-culture, in which the data is
expressed relative to the response in the control condition, set as 100%. Insulin secretion percentages
were measured in parallel. Significance * indicates the comparison between respective control and
diets in ERK1/2 activation, s indicates the comparison between insulin secretion between ET+ and
ET−, while # denotes the comparison between individual ET+ and ET− in ERK1/2 activation. The
data is presented as mean ± SEM, with representative blots shown alongside quantification (n = 5;
*/s/# p < 0.05, **/## p < 0.005, and ### p < 0.0005).

4. Discussion
This study employed a novel in vitro approach to examine interactions between dietary

composition, gut bacterial growth, metabolite profiles, and downstream effects on metabolic
pathways relevant to T2DM. The data demonstrated a clear cause-and-effect relationship
between diet and bacterial growth, associated shifts in metabolite abundance, and their
influence on disease progression.

To mimic eubiotic gut conditions, low-viscosity, low-degree-of-polymerization car-
boxymethyl cellulose (CMC) was selected as the high-fibre substrate. CMC is a chemically
defined, water-soluble polysaccharide composed of β-D-glucose and β-D-glucopyranose
units substituted with carboxymethyl groups and linked via β-1,4-glycosidic bonds [52,53].
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Its solubility and structural uniformity make it an ideal substrate for controlled in vitro
studies [54–57].

Unlike resistant starches or oligosaccharides, CMC can be efficiently utilized by fibre-
degrading bacteria such as B. thetaiotaomicron, a Gram-negative obligate anaerobe spe-
cialized in complex carbohydrate digestion. This species encodes glycoside hydrolases
and polysaccharide utilization loci (PULs) that enable the breakdown of polysaccharides
and fermentation into short-chain fatty acids (SCFAs), including acetate, propionate, and
butyrate. Consistent with this, B. thetaiotaomicron exhibited significant growth under high-
fibre conditions in this study (Figure 1a). These findings align with previous reports
demonstrating cellulose-degrading activity in CMC media by Bacteroides spp., linked to
PULs encoding glycoside hydrolases, β-1,4-glucanases, carbohydrate esterases, and related
enzymes [58–63].

L. fermentum, a Gram-positive facultative anaerobe, exhibited modest growth under
high-fibre conditions. This species primarily metabolizes simple sugars via glycolysis
and the phosphoketolase pathway [64–66]. CMC was selected as the fibre source because
it is not degraded by human enzymes, including cellulases that cleave β-1,4-glycosidic
bonds in cellulose and its derivatives [60,66]. Consequently, CMC passes through the
gastrointestinal tract without absorption or metabolism by host cells, remaining available
for bacterial fermentation. This property makes CMC an ideal substrate for controlled
in vitro studies of microbial metabolism and SCFA production.

To simulate dysbiotic dietary conditions, a combination of high glucose and low-
density lipoprotein (LDL) was used. Elevated glucose levels are known to increase intestinal
permeability, promote inflammation, and disrupt SCFA balance. LDL provides a host-like
lipid source for gut bacteria in vitro, mimicking high-fat dietary conditions in the absence of
host digestion. Normally, dietary fats are absorbed in the small intestine, leaving minimal
lipids for colonic microbes [67]. However, during high-fat intake or inflammation, LDL
components such as cholesterol and phospholipids can reach the colon. Certain gut bacteria,
including Lactobacillus and Bacteroides spp., produce lipases and bile salt hydrolases (BSH),
enabling lipid breakdown [67–70].

Ref. [71] demonstrated that gut bacteria metabolize endogenous cholesterol synthe-
sized by the liver. Their study identified sterol metabolism A genes in bacterial species
from the Bacillota and Bacteroidota phyla, including Bacteroides dorei and Lactobacillus. These
genes enable the conversion of cholesterol into coprostanol, reducing intestinal cholesterol
absorption and lowering circulating LDL levels. Consistent with these findings, Ref. [12]
employed an in vivo mouse model using cholesterol tagged with an alkyne group and
a novel labelling technique. Their results revealed that Bacteroides species, particularly
B. thetaiotaomicron, actively metabolize cholesterol by converting it into cholesterol-3-sulfate
via the enzyme BT_0416. This provides direct evidence that gut bacteria participate in
cholesterol metabolism. Accordingly, LDL serves as a relevant in vitro lipid source for
studying microbial responses under high-fat or dysregulated conditions. In our study
the data shows that high-glucose and LDL conditions impair the metabolic functions of
L. fermentum (Figure 1b). We hypothesize that combined exposure to glucose and LDL
overwhelms bacterial metabolic pathways, promoting dysbiosis. The literature suggests
that such dysbiotic states activate inflammatory pathways, potentially via TLR4 signaling
and endotoxemia, contributing to insulin resistance and the progression of T2DM [7,72,73].

In contrast, co-culture conditions showed no significant changes in bacterial growth
dynamics across diets (Figure 1c). This stability likely reflects synergistic interactions
between species, facilitated by cross-feeding and metabolic flexibility involving glycolysis,
fatty acid metabolism, and fermentation processes [8,9]. These mechanisms support SCFA
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production and help maintain a stable gut environment despite dietary perturbations.
Future studies with refined dietary manipulations will further elucidate these interactions.

Next, to characterize metabolic shifts, metabolites were extracted using an optimized
protocol [26]. Untargeted analysis revealed distinct signatures in high-fibre diets, including
short- and branched-chain fatty acids (Table 2). In contrast, high-carbohydrate/high-fat
diets lacked several previously identified metabolites, indicating that unhealthy diets
profoundly alter microbial metabolism.

In this study, untargeted GC-MS analysis revealed long-chain and branched aro-
matic compounds unique to high-carbohydrate/high-fat diet groups in both mono- and
co-cultures. These included L-leucine, N-cyclopropyl carbonyl-butyl ester, cyclo(L-prolyl-L-
valine), cyclohexane, and carboxylic acid 1-tert-butyl (Table 1). Previous studies suggest that
elevated levels of these metabolites, commonly associated with high-carbohydrate/high-
fat diets, may contribute to modulation of metabolic disease. Additionally, signatures
of secondary metabolite synthesis, altered bile acid metabolism, lipid degradation prod-
ucts (e.g., alkanes), and pathways linked to fatty acid amide metabolism were observed
(Supplementary Tables S1–S3). These findings indicate a microbiota-driven metabolic shift
that may underlie impaired insulin sensitivity [74–76].

Diketopiperazines, including cyclo(L-prolyl-L-valine) and cyclo(leucylprolyl), were de-
tected in high-fibre and control groups, reflecting active microbial fermentation of branched-
chain amino acids (BCAAs) using peptones and yeast extract as nitrogen sources in FAA
broth. Previously [77] reported that cyclo(leucylprolyl), identified in bacterial conditioned
media from Pseudomonas aeruginosa and Aeromonas dhakensis, exhibited strong cytotoxicity
against HeLa cells (89.5% inhibition) and moderate toxicity against normal keratinocytes
(59% inhibition). Thus, detection of cyclo(leucylprolyl) in high-fibre conditions suggests a
potential protective role of fibre-rich diets in disease modulation. Furthermore, phenolic
compounds such as phenol and 2,2′-methylenebis, known antioxidants, were identified,
underscoring the complex metabolic processes of gut bacteria and their influence on
host health.

The metabolite 1,3-propanediol plays a crucial role in gut microbial central metabolism,
primarily through glycerol fermentation. Lactobacillus spp. utilize a B12-dependent glyc-
erol/diol dehydratase to convert glycerol into 3-hydroxypropionaldehyde, which is subse-
quently reduced to 1,3-propanediol and then to propanol, an intermediate in propionate
formation [36,37,78]. This process helps regenerate NAD+ and maintain redox balance in
Lactobacillus spp. and other members of the Bacillota phylum.

The detection of this metabolite exclusively in co-cultures underscores the importance
of cross-feeding between species [7,26]. Pathways involving L. fermentum and B. thetaio-
taomicron illustrate a synergistic microbial strategy that enhances energy efficiency and fer-
mentation, leading to improved metabolite production. In a healthy diet, these interactions
support beneficial fermentation and metabolic health. Conversely, in high-carbohydrate or
high-fat diets, excessive glycerol fermentation can disrupt microbial balance and generate
harmful by-products such as acrolein from 3-HPA, which may exacerbate oxidative stress
and inflammation [37,79].

Following targeted characterization, several key short-chain fatty acids (SCFAs) pro-
duced by the bacteria were quantified after dietary manipulation. The proposed biochemi-
cal pathways involving these metabolites, their association with dietary changes, and their
influence on β-cell function are illustrated in Figures 7 and 8.
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Figure 7. The proposed biochemical pathways involved in synthesizing and regulating SCFAs
under a high fibre diet. In B. thetaiotaomicron, a Gram-negative bacterium that degrades fibre, SCFA
synthesis occurs following glycolysis of CMC, resulting in elevated levels of butyrate and propionate
via the butyrate kinase and succinate pathways. The LPS produced by this bacterium are counteracted
by butyrate and propionate, potentially leading to reduced inflammation via TLR4 and improved
insulin sensitivity. On the other hand, L. fermentum, a probiotic Gram-positive bacterium that breaks
down CMC via the phosphoketolase pathway, leading to a higher production of acetate compared to
other SCFAs, with no LPS generated. However, in the co-culture, the production of 1,3-propanediol
metabolite was identified along with synergistic metabolic pathways that enhance the production
of butyrate, propionate, and acetate. This highlights the cross-feeding mechanisms, indicated by
dotted lines, and demonstrates the buffering effects of the co-culture in response to LPS-regulated
inflammation, leading to enhanced insulin sensitivity. The broad brown arrows with green border
indicate the increase of SCFAs under CMC diet, whereas the broad black arrow indicates the possible
downstream effect of these metabolites on INS-1 832/3 cells leading to increased insulin signaling.
This figure is adapted from Guraka et al., 2024 and 2025 [7,26].
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Figure 8. The proposed biochemical pathways involved in the synthesis and regulation of SCFAs
in a high carbohydrate/fat diet. In B. thetaiotaomicron, a Gram-negative bacterium that degrades
glucose, the process following glycolysis produces excess acetate via the acetyl-CoA and butyryl-CoA
pathways through the acetyl-CoA transferase route. This bacterium shows lower levels of propionate
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and butyrate, coupled with high fat (LDL) through the microbial lipases activity, potentially by
B. thetaiotaomicron, resulting in the production of coprostanol via cholesterol sulfotransferase by
degrading free cholesterol from LDL. This provides less favorable conditions for SCFA production.
Alongside the LPS produced by this bacterium, increased TLR4 activation leads to inflammation and
insulin resistance. In contrast, the other monoculture, L. fermentum, with its heterofermentative nature,
breaks down high glucose via the phosphoketolase pathway, resulting in lower acetate production and
displaying glucotoxic effects, with no LPS generated. It also facilitates lipase-mediated hydrolysis of
LDL, releasing free fatty acids. However, in their co-culture, SCFA production is reduced, potentially
due to the accumulation of toxic intermediate metabolites, such as 1,3-propanediol and free fatty acids.
The highlighted dysbiotic cross-feeding mechanisms are indicated by dotted lines, demonstrating the
combined effects of gluco- and lipotoxicity and LPS-induced inflammation, potentially leading to
insulin resistance. The thin black/red/blue arrows show the direction and change in the end product
in the pathways, and downstream signalling; Broad red arrows with green borderindicates the
significant effect in decrease of SCFAs under high glucose/LDL; whereas the broad red arrowindicates
the increase and decrease of imbalanced SCFA production. These figures are adapted from Guraka
et al., 2024 and 2025 [7,26].

Under high-fibre conditions, butyric and propionic acid levels increased in B. thetaio-
taomicron (Figures 3a and 4c). Butyrate production is primarily mediated by species within
the Bacillota phylum [1,80,81]. Data from the Integrated Microbial Genomes and Micro-
biomes database confirm that the genome of B. thetaiotaomicron encodes enzymes essential
for butyrate synthesis, notably butyrate kinase (EC 2.7.2.7), and for propionate production,
such as acetate kinase (EC 2.7.2.1) [82]. These findings indicate that B. thetaiotaomicron
efficiently converts dietary fibres into butyrate and propionate.

In contrast, fibre-rich diets for L. fermentum (Figure 4d) resulted in higher acetic acid
concentrations, consistent with its heterofermentative metabolism (Figure 7). L. fermentum
lacks the gene encoding phosphofructokinase, a key glycolytic enzyme, leading to the
production of lactate, acetate, ethanol, and CO2 [83]. Fermentable vegetable fibres have
been shown to promote rapid acetic acid accumulation by L. fermentum, highlighting its role
in shaping the SCFA profile and influencing gut microbial ecology and host metabolism [84].

The importance of co-culture becomes evident in the enhanced butyric acid production
under high-fibre conditions (Figures 3c and 4i). Butyrate serves as a major energy source
for colonocytes and exhibits anti-inflammatory and anti-carcinogenic properties [1,8,24,26].
The increased SCFA levels in co-culture suggest synergistic metabolic interactions between
B. thetaiotaomicron and L. fermentum, likely through cross-feeding mechanisms (Figure 7).
This cooperation underscores the ecological and functional relevance of co-cultures in
replicating the complex microbial environment of the gut [7].

A high-carbohydrate, high-fat diet significantly increased acetic acid levels in B. thetaio-
taomicron (Figures 3a and 4a), while markedly reducing acetic, propionic, and butyric acid
concentrations in L. fermentum and the co-culture (Figure 4d–i). Under physiological con-
ditions, acetate plays a role in regulating central metabolism. However, excessive acetate,
particularly in high-fat diets, can stimulate lipogenesis, contributing to obesity and insulin
resistance [84,85] (Figure 8). This is supported by recent findings showing that elevated
acetate levels drive lipogenesis and fat storage via insulin and ghrelin signaling in rats fed a
high-fat diet [86]. Consequently, dysbiotic diets may amplify toxic intermediates produced
by lipid pathways, such as those involved in triacylglycerol synthesis. This creates a vicious
cycle of glucotoxicity, lipotoxicity, and inflammation, ultimately impairing β-cell function
and promoting insulin resistance and metabolic dysfunction.

GSIS data revealed that metabolites extracted from bacteria exposed to a high-
carbohydrate, high-fat diet induced a dysbiotic metabolic shift. This shift resulted in
imbalanced SCFA levels and the presence of numerous long-chain secondary aromatic
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compounds, which impaired insulin secretion regardless of LPS presence. These effects
were most pronounced in B. thetaiotaomicron and the co-culture (Figure 5a,c).

The study demonstrated that metabolites from dysbiotic conditions negatively affect
β-cell function, characterized by reduced butyrate (in L. fermentum) and propionate (in
co-culture), alongside elevated acetate and propionate (in B. thetaiotaomicron). This suggests
that low or unbalanced SCFA levels driven by high glucose and fat may reduce FFAR2/3
activation, thereby disrupting insulin secretion from pancreatic β-cells and impairing
glucose metabolism.

In contrast, GSIS data indicated that high-fibre diets significantly enhanced insulin
secretion. In monoculture, SCFAs derived from high-fibre conditions, particularly acetate
from L. fermentum, exhibited protective effects by promoting insulin release (Figure 5b).
Meanwhile, B. thetaiotaomicron remained stable under ET+/− conditions (Figure 5a). These
findings imply that the insulinotropic effects of SCFAs (propionate and butyrate), which
regulate glucose homeostasis, are mediated via FFAR3-Gαi/o pathways associated with
high-fibre diets. Notably, co-culture conditions (Figure 5c) showed a greater increase
in insulin secretion than monocultures, particularly involving B. thetaiotaomicron. This
enhancement likely reflects cross-feeding interactions between B. thetaiotaomicron and L.
fermentum, creating favourable conditions for insulin production regardless of LPS presence.

Glucose-dependent activation of ERK1/2 is central to the regulation of GSIS in β-cells.
This response is mediated by membrane depolarisation, calcium influx, and subsequent
engagement of the MAPK pathway, culminating in ERK1/2 activation, a key signalling
axis for insulin release [49,87,88]. To determine whether diet-induced changes in insulin
secretion align with ERK1/2 signaling, ERK1/2 phosphorylation was assessed alongside
insulin release, providing mechanistic insight into β-cell regulation under distinct metabolic
conditions. Overall, insulin signaling and ERK1/2 activation varied with bacterial species
and dietary manipulation.

In B. thetaiotaomicron, metabolites derived from a high-fibre diet in the presence of en-
dotoxins were associated with decreased insulin signaling, supported by elevated ERK1/2
activation when LPS was not removed (Figure 6a). By contrast, under ET− conditions
(following LPS removal), ERK1/2 activation was reduced, and insulin secretion increased.
These findings indicate that LPS can attenuate the protective metabolic effects of a high-fibre
diet by augmenting ERK1/2 activity (noting that LPS removal is an experimental inter-
vention). Consistent with this, removal of LPS was associated with diminished ERK1/2
activity and enhanced insulin release, suggesting that LPS perturbs metabolic homeosta-
sis via ERK1/2-dependent and additional pathways. Thus, for B. thetaiotaomicron, LPS
appears to be a major contributor to the observed biological effects (Figure 4b,c), in line
with its recognized role in the pathophysiology of type 2 diabetes [49,50,87,88]. Conversely,
metabolites from a high-carbohydrate/high-fat diet under ET− conditions showed sub-
stantially reduced ERK1/2 phosphorylation accompanied by decreased insulin secretion
(Figure 6a). These observations suggest that insulin secretion is modulated not only by the
presence of LPS and ERK1/2 activation, but also, critically, by dietary composition. This
conclusion is supported by reduced butyric acid (Figure 4c), elevated acetic and propionic
acid (Figure 4a), and the presence of complex aromatic long-chain compounds (Table 1), all
of which are implicated in disease progression.

In contrast, L. fermentum under a high-fibre diet efficiently produced short-chain
fatty acids (SCFAs), particularly acetic acid (Figure 4d), and sustained higher insulin
levels irrespective of LPS removal, consistent with its Gram-positive status. Under
high-carbohydrate/high-fat conditions, SCFA levels were lower, especially butyric acid
(Figure 4f), and this was associated with markedly reduced ERK1/2 activation and de-
creased insulin secretion (Figure 6b).
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In high-fibre co-culture conditions, insulin secretion and ERK1/2 activation were in-
creased regardless of LPS removal (Figure 6c). This suggests that metabolites—particularly
butyric acid—may mitigate the inhibitory effects of LPS and enhance β-cell functionality.
The observed upregulation of ERK1/2 signaling could reflect a compensatory or stimula-
tory mechanism whereby dietary metabolites, including butyric acid and other bioactive
compounds, activate intracellular pathways beyond the classical FFAR3 Gαi/o inhibitory
axis that regulates insulin secretion. These findings highlight how interspecies bacterial in-
teractions can amplify beneficial metabolic effects by synergistically modulating metabolite
production and ERK1/2 activation.

Under high-carbohydrate/high-fat diet conditions, reduced ERK1/2 activation was
associated with lower insulin secretion. This supports the concept that diminished SCFA
levels, particularly propionic acid, in the context of glucotoxicity and lipotoxicity contribute
to impaired β-cell function. Under physiological conditions, propionate derived from the
diet enhances glucose-stimulated insulin release via FFAR2 activation and downstream
pathways, such as protein kinase C [89], while also protecting β-cells from apoptosis
induced by free fatty acids and inflammatory cytokines. Collectively, the data indicate that
a dysbiotic diet alters gut microbiota composition, reducing SCFA production (propionate,
acetate, and butyrate; Figure 8). This decline compromises protective signaling mechanisms,
promotes β-cell dysfunction, and ultimately impairs insulin secretion.

5. Conclusions
This in vitro study highlights the complex interplay among gut bacteria, dietary compo-

sition, bacterial metabolites, and their biological effects, illustrating a link in the cause-and-
effect dynamics between the gut microbiota and the pathogenesis of T2DM. The findings
demonstrate that a high-fibre diet improves glucose metabolism by activating ERK1/2 in
pancreatic β-cells, driven by increased butyric acid and other SCFAs such as acetic and
propionic acids, which act synergistically in co-culture regardless of LPS influence. In
contrast, high-carbohydrate/high-fat diets were associated with reduced propionic and
butyric acids, elevated acetic acid, and LPS-induced inflammation, collectively diminishing
ERK1/2 activation and contributing to insulin resistance.

While this study introduces a novel methodology for assessing the relationship be-
tween diet, gut microbiota, and metabolic health, it is important to acknowledge that the
human gut microbiome is highly complex and extends beyond the two dominant bacterial
populations examined here. Future work will incorporate a broader range of intestinal
bacterial genera to better capture this complexity. Additional studies will explore other mi-
crobial metabolites, such as bile acids and secondary SCFAs, as well as the secretome under
varying dietary conditions. Furthermore, we intend to refine and subdivide dietary condi-
tions to (a) investigate the impact of long-term, low-dose metabolite exposure on T2DM;
(b) better mimic diverse human diets in gut bacterial populations; and (c) deter-
mine whether complex fibres such as inulin, galacto-oligosaccharides (GOS), or fructo-
oligosaccharides (FOS) influence regulatory mechanisms, including imidazole propionate
synthesis, which has been linked to insulin resistance [90–93]. This level of experimental
control is achievable only through an in vitro approach, enabling a deeper understanding
of the mechanisms by which the gut microbiome influences metabolic disease pathogenesis
and potentially guiding the development of therapeutic strategies based on microbial
metabolites to restore eubiosis and improve metabolic outcomes.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nu18020279/s1, Table S1: Integrated peak list of B. thetaiotaomi-
cron common metabolites eluted at similar retention times under control, high-fibre and high carbo-
hydrate/fat conditions. Table S2: Integrated peak list of L. fermentum common metabolites eluted
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at similar retention times under control, high-fibre and high carbohydrate/fat conditions. Table S3:
Integrated peak list of co-culture common metabolites eluted at similar retention times under control,
high-fibre and high carbohydrate/fat conditions. Figure S1: (a) Bacterial identification via Sanger
sequencing and BLASTn analysis revealed Bacteroides thetaiotaomicron BFG109 with a 99% match. This
was obtained from one of ten PCR-amplified products using universal bacterial primers; (b) Bacterial
identification occurred through Sanger sequencing and BLASTn analysis, identifying the sample
as Limosilactobacillus fermentum L4 with a 99% sequence match, based on one of five PCR-amplified
products using Lactobacillus-specific primers. Figure S2: Alamar blue cell viability assessment of
diet-influenced metabolites. Figure S3: (a) Untargeted integrated total ion chromatograms of B.
thetaiotaomicron under dietary conditions; (b) Untargeted integrated total ion chromatograms of L.
fermentum under dietary conditions; (c) Untargeted integrated total ion chromatograms of co-culture
under dietary conditions. Figure S4: (a) Western blot images for ET+ metabolites exposed on INS-1
832/3 cells (a) B. thetaiotaomicrn, (b) L. fermentum and (c) co-culture. (n = 3); (b) Western blot images
for ET− metabolites (B. thetaiotaomicron, L. fermentum and co-culture) exposed on INS-1 832/3 cells
(n = 3).

Author Contributions: A.K., A.G.: Conceptualization, Methodology. A.K.: Validation. A.G.: Data
curation, writing, original draft preparation. A.G. and M.L.: Visualization, Investigation. A.K., M.L.,
G.Z., J.W., S.M., J.M., G.W.V.C., M.E.C. and G.T.: Writing-Reviewing and Editing. A.K. and G.T.:
Supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the University of Derby and Animal Free Research UK.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Silva, Y.P.; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids from Gut Microbiota in Gut-Brain Communication.

Front. Endocrinol. 2020, 11, 25. [CrossRef]
2. Arumugam, M.; Raes, J.; Pelletier, E.; Le Paslier, D.; Yamada, T.; Mende, D.R.; Fernandes, G.R.; Tap, J.; Bruls, T.; Batto, J.M.; et al.

Enterotypes of the Human Gut Microbiome. Nature 2011, 473, 174–180. [CrossRef] [PubMed]
3. Mobeen, F.; Sharma, V.; Prakash, T. Enterotype Variations of the Healthy Human Gut Microbiome in Different Geographical

Regions. Bioinformation 2018, 14, 560–573. [CrossRef]
4. Sankar, S.A.; Lagier, J.-C.; Pontarotti, P.; Raoult, D.; Fournier, P.-E. The Human Gut Microbiome, a Taxonomic Conundrum. Syst.

Appl. Microbiol. 2015, 38, 276–286. [CrossRef]
5. Ursell, L.K.; Metcalf, J.L.; Parfrey, L.W.; Knight, R. Defining the Human Microbiome. Nutr. Rev. 2012, 70, S38–S44. [CrossRef]
6. Nogal, A.; Valdes, A.M.; Menni, C. The Role of Short-Chain Fatty Acids in the Interplay between Gut Microbiota and Diet in

Cardio-Metabolic Health. Gut Microbes 2021, 13, 1897212. [CrossRef]
7. Guraka, A.; Sreedharan, S.; Arasaradnam, R.; Tripathi, G.; Kermanizadeh, A. The Role of the Gut Microbiome in the Development

and Progression of Type 2 Diabetes and Liver Disease. Nutr. Rev. 2025, 83, e2025–e2047. [CrossRef] [PubMed]
8. González-Bosch, C.; Boorman, E.; Zunszain, P.A.; Mann, G.E. Short-Chain Fatty Acids as Modulators of Redox Signaling in

Health and Disease. Redox Biol. 2021, 47, 102165. [CrossRef] [PubMed]
9. He, J.; Zhang, P.; Shen, L.; Niu, L.; Tan, Y.; Chen, L.; Zhao, Y.; Bai, L.; Hao, X.; Li, X.; et al. Short-Chain Fatty Acids and Their

Association with Signalling Pathways in Inflammation, Glucose and Lipid Metabolism. Int. J. Mol. Sci. 2020, 21, 6356. [CrossRef]
10. Heinemann, U.; Schuetz, A. Structural Features of Tight-Junction Proteins. Int. J. Mol. Sci. 2019, 20, 6020. [CrossRef]
11. Jardon, K.M.; Canfora, E.E.; Goossens, G.H.; Blaak, E.E. Dietary Macronutrients and the Gut Microbiome: A Precision Nutrition

Approach to Improve Cardiometabolic Health. Gut 2022, 71, 1214–1226. [CrossRef] [PubMed]
12. Le, H.H.; Lee, M.-T.; Besler, K.R.; Comrie, J.M.C.; Johnson, E.L. Characterization of Interactions of Dietary Cholesterol with the

Murine and Human Gut Microbiome. Nat. Microbiol. 2022, 7, 1390–1403. [CrossRef] [PubMed]
13. Suzuki, T. Regulation of the Intestinal Barrier by Nutrients: The Role of Tight Junctions. Anim. Sci. J. 2020, 91, e13357. [CrossRef]

https://doi.org/10.3390/nu18020279

https://doi.org/10.3389/fendo.2020.00025
https://doi.org/10.1038/nature09944
https://www.ncbi.nlm.nih.gov/pubmed/21508958
https://doi.org/10.6026/97320630014560
https://doi.org/10.1016/j.syapm.2015.03.004
https://doi.org/10.1111/j.1753-4887.2012.00493.x
https://doi.org/10.1080/19490976.2021.1897212
https://doi.org/10.1093/nutrit/nuae172
https://www.ncbi.nlm.nih.gov/pubmed/39673297
https://doi.org/10.1016/j.redox.2021.102165
https://www.ncbi.nlm.nih.gov/pubmed/34662811
https://doi.org/10.3390/ijms21176356
https://doi.org/10.3390/ijms20236020
https://doi.org/10.1136/gutjnl-2020-323715
https://www.ncbi.nlm.nih.gov/pubmed/35135841
https://doi.org/10.1038/s41564-022-01195-9
https://www.ncbi.nlm.nih.gov/pubmed/35982311
https://doi.org/10.1111/asj.13357
https://doi.org/10.3390/nu18020279


Nutrients 2026, 18, 279 23 of 26

14. Boulangé, C.L.; Neves, A.L.; Chilloux, J.; Nicholson, J.K.; Dumas, M.-E. Impact of the Gut Microbiota on Inflammation, Obesity,
and Metabolic Disease. Genome Med. 2016, 8, 42. [CrossRef]

15. Brown, E.M.; Clardy, J.; Xavier, R.J. Gut Microbiome Lipid Metabolism and Its Impact on Host Physiology. Cell Host Microbe 2023,
31, 173–186. [CrossRef] [PubMed]

16. Cani, P.D.; Amar, J.; Iglesias, M.A.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.M.; Fava, F.; Tuohy, K.M.; Chabo, C.; et al.
Metabolic Endotoxemia Initiates Obesity and Insulin Resistance. Diabetes 2007, 56, 1761–1772. [CrossRef]

17. Eguchi, K.; Nagai, R. Islet Inflammation in Type 2 Diabetes and Physiology. J. Clin. Investig. 2017, 127, 14–23. [CrossRef]
18. Sun, K.-Y.; Xu, D.-H.; Xie, C.; Plummer, S.; Tang, J.; Yang, X.F.; Ji, X.H. Lactobacillus Paracasei Modulates LPS-Induced

Inflammatory Cytokine Release by Monocyte-Macrophages via the up-Regulation of Negative Regulators of NF-kappaB Signaling
in a TLR2-Dependent Manner. Cytokine 2017, 92, 1–11. [CrossRef]

19. Artasensi, A.; Pedretti, A.; Vistoli, G.; Fumagalli, L. Type 2 Diabetes Mellitus: A Review of Multi-Target Drugs. Molecules 2020, 25,
1987. [CrossRef]

20. Galicia-Garcia, U.; Benito-Vicente, A.; Jebari, S.; Larrea-Sebal, A.; Siddiqi, H.; Uribe, K.B.; Ostolaza, H.; Martín, C. Pathophysiology
of Type 2 Diabetes Mellitus. Int. J. Mol. Sci. 2020, 21, 6275. [CrossRef]

21. Reed, J.; Bain, S.; Kanamarlapudi, V. A Review of Current Trends with Type 2 Diabetes Epidemiology, Aetiology, Pathogenesis,
Treatments and Future Perspectives. Diabetes Metab. Syndr. Obes. Targets Ther. 2021, 14, 3567–3602. [CrossRef]

22. Zheng, Y.; Ley, S.H.; Hu, F.B. Global Aetiology and Epidemiology of Type 2 Diabetes Mellitus and Its Complications. Nat. Rev.
Endocrinol. 2018, 14, 88–98. [CrossRef] [PubMed]

23. Cunningham, A.L.; Stephens, J.W.; Harris, D.A. Gut Microbiota Influence in Type 2 Diabetes Mellitus (T2DM). Gut Pathog. 2021,
13, 50. [CrossRef] [PubMed]

24. Larsen, N.; Vogensen, F.K.; Van Den Berg, F.W.J.; Nielsen, D.S.; Andreasen, A.S.; Pedersen, B.K.; Al-Soud, W.A.; Sørensen, S.J.;
Hansen, L.H.; Jakobsen, M. Gut Microbiota in Human Adults with Type 2 Diabetes Differs from Non-Diabetic Adults. PLoS ONE
2010, 5, e9085. [CrossRef]

25. Parada Venegas, D.; De La Fuente, M.K.; Landskron, G.; González, M.J.; Quera, R.; Dijkstra, G.; Harmsen, H.J.M.; Faber,
K.N.; Hermoso, M.A. Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and Immune Regulation and Its Relevance for
Inflammatory Bowel Diseases. Front. Immunol. 2019, 10, 277.

26. Guraka, A.; Duff, R.; Waldron, J.; Tripathi, G.; Kermanizadeh, A. Co-Culture of Gut Bacteria and Metabolite Extraction Using Fast
Vacuum Filtration and Centrifugation. Methods Protoc. 2024, 7, 74. [CrossRef]

27. Guo, X.; Xia, X.; Tang, R.; Zhou, J.; Zhao, H.; Wang, K. Development of a Real-Time PCR Method for Firmicutes and Bacteroidetes in
Faeces and Its Application to Quantify Intestinal Population of Obese and Lean Pigs. Lett. Appl. Microbiol. 2008, 47, 367–373.
[CrossRef]

28. Janda, J.M.; Abbott, S.L. 16S rRNA Gene Sequencing for Bacterial Identification in the Diagnostic Laboratory: Pluses, Perils, and
Pitfalls. J. Clin. Microbiol. 2007, 45, 2761–2764. [CrossRef] [PubMed]

29. Jost, T.; Lacroix, C.; Braegger, C.P.; Chassard, C. New Insights in Gut Microbiota Establishment in Healthy Breast Fed Neonates.
PLoS ONE 2012, 7, e44595. [CrossRef]

30. Kim, K.-S.; Lee, Y.; Chae, W.; Cho, J.-Y. An Improved Method to Quantify Short-Chain Fatty Acids in Biological Samples Using
Gas Chromatography–Mass Spectrometry. Metabolites 2022, 12, 525. [CrossRef]

31. Zhu, J.-H.; Mao, Q.; Wang, S.-Y.; Liu, H.; Zhou, S.-S.; Zhang, W.; Kong, M.; Zhu, H.; Li, S.-L. Optimization and Validation of Direct
Gas Chromatography-Mass Spectrometry Method for Simultaneous Quantification of Ten Short-Chain Fatty Acids in Rat Feces. J.
Chromatogr. A 2022, 1669, 462958. [CrossRef]

32. Akhtar, M.; Chen, Y.; Ma, Z.; Zhang, X.; Shi, D.; Khan, J.A.; Liu, H. Gut Microbiota-Derived Short Chain Fatty Acids Are Potential
Mediators in Gut Inflammation. Anim. Nutr. 2022, 8, 350–360. [CrossRef] [PubMed]

33. Layden, B.T.; Angueira, A.R.; Brodsky, M.; Durai, V.; Lowe, W.L. Short Chain Fatty Acids and Their Receptors: New Metabolic
Targets. Transl. Res. 2013, 161, 131–140. [CrossRef] [PubMed]

34. Vernocchi, P.; Del Chierico, F.; Putignani, L. Gut Microbiota Metabolism and Interaction with Food Components. Int. J. Mol. Sci.
2020, 21, 3688. [CrossRef]

35. Vidal-Veuthey, B.; González, D.; Cárdenas, J.P. Role of Microbial Secreted Proteins in Gut Microbiota-Host Interactions. Front. Cell.
Infect. Microbiol. 2022, 12, 964710. [CrossRef]

36. Engels, C.; Ruscheweyh, H.-J.; Beerenwinkel, N.; Lacroix, C.; Schwab, C. The Common Gut Microbe Eubacterium Hallii Also
Contributes to Intestinal Propionate Formation. Front. Microbiol. 2016, 7, 713. [CrossRef]

37. Zhang, J.; Sturla, S.; Lacroix, C.; Schwab, C. Gut Microbial Glycerol Metabolism as an Endogenous Acrolein Source. MBio 2018, 9,
e01947-17. [CrossRef] [PubMed]

38. Razquin, C.; Ruiz-Canela, M.; Clish, C.B.; Li, J.; Toledo, E.; Dennis, C.; Liang, L.; Salas-Huetos, A.; Pierce, K.A.; Guasch-Ferré, M.;
et al. Lysine Pathway Metabolites and the Risk of Type 2 Diabetes and Cardiovascular Disease in the PREDIMED Study: Results
from Two Case-Cohort Studies. Cardiovasc. Diabetol. 2019, 18, 151. [CrossRef]

https://doi.org/10.3390/nu18020279

https://doi.org/10.1186/s13073-016-0303-2
https://doi.org/10.1016/j.chom.2023.01.009
https://www.ncbi.nlm.nih.gov/pubmed/36758518
https://doi.org/10.2337/db06-1491
https://doi.org/10.1172/JCI88877
https://doi.org/10.1016/j.cyto.2017.01.003
https://doi.org/10.3390/molecules25081987
https://doi.org/10.3390/ijms21176275
https://doi.org/10.2147/DMSO.S319895
https://doi.org/10.1038/nrendo.2017.151
https://www.ncbi.nlm.nih.gov/pubmed/29219149
https://doi.org/10.1186/s13099-021-00446-0
https://www.ncbi.nlm.nih.gov/pubmed/34362432
https://doi.org/10.1371/journal.pone.0009085
https://doi.org/10.3390/mps7050074
https://doi.org/10.1111/j.1472-765X.2008.02408.x
https://doi.org/10.1128/JCM.01228-07
https://www.ncbi.nlm.nih.gov/pubmed/17626177
https://doi.org/10.1371/journal.pone.0044595
https://doi.org/10.3390/metabo12060525
https://doi.org/10.1016/j.chroma.2022.462958
https://doi.org/10.1016/j.aninu.2021.11.005
https://www.ncbi.nlm.nih.gov/pubmed/35510031
https://doi.org/10.1016/j.trsl.2012.10.007
https://www.ncbi.nlm.nih.gov/pubmed/23146568
https://doi.org/10.3390/ijms21103688
https://doi.org/10.3389/fcimb.2022.964710
https://doi.org/10.3389/fmicb.2016.00713
https://doi.org/10.1128/mBio.01947-17
https://www.ncbi.nlm.nih.gov/pubmed/29339426
https://doi.org/10.1186/s12933-019-0958-2
https://doi.org/10.3390/nu18020279


Nutrients 2026, 18, 279 24 of 26

39. Tang, Q.; Fan, G.; Peng, X.; Sun, X.; Kong, X.; Zhang, L.; Zhang, C.; Liu, Y.; Yang, J.; Yu, K.; et al. Gut Bacterial L-Lysine Alters
Metabolism and Histone Methylation to Drive Dendritic Cell Tolerance. Cell Rep. 2025, 44, 115125. [CrossRef]

40. Wang, X.; Qi, Y.; Zheng, H. Dietary Polyphenol, Gut Microbiota, and Health Benefits. Antioxidants 2022, 11, 1212. [CrossRef]
41. Bofinger, M.R.; De Sousa, L.S.; Fontes, J.E.N.; Marsaioli, A.J. Diketopiperazines as Cross-Communication Quorum-Sensing Signals

between Cronobacter sakazakii and Bacillus cereus. ACS Omega 2017, 2, 1003–1008. [CrossRef]
42. Kapadia, C.; Kachhdia, R.; Singh, S.; Gandhi, K.; Poczai, P.; Alfarraj, S.; Ansari, M.J.; Gafur, A.; Sayyed, R.Z. Pseudomonas

Aeruginosa Inhibits Quorum-Sensing Mechanisms of Soft Rot Pathogen Lelliottia Amnigena RCE to Regulate Its Virulence
Factors and Biofilm Formation. Front. Microbiol. 2022, 13, 977669. [CrossRef]

43. Ogilvie, C.E.; Czekster, C.M. Cyclic Dipeptides and the Human Microbiome: Opportunities and Challenges. Bioorganic Med.
Chem. 2023, 90, 117372. [CrossRef]

44. Kado, D.M. Night-to-Night Sleep Duration Variability and Gut Microbial Diversity: More Evidence for a Brain-Gut Microbiome-
Sleep Connection. Sleep 2024, 47, zsae005. [CrossRef]

45. Mueller, G.P.; Driscoll, W.J. Chapter 3 Biosynthesis of Oleamide. In Vitamins & Hormones; Elsevier: Amsterdam, The Netherlands,
2009; Volume 81, pp. 55–78, ISBN 978-0-12-374782-2.

46. Needham, B.D.; Kaddurah-Daouk, R.; Mazmanian, S.K. Gut Microbial Molecules in Behavioural and Neurodegenerative
Conditions. Nat. Rev. Neurosci. 2020, 21, 717–731. [CrossRef]

47. Simpson, B.W.; Trent, M.S. Pushing the Envelope: LPS Modifications and Their Consequences. Nat. Rev. Microbiol. 2019, 17,
403–416. [CrossRef] [PubMed]

48. De La Fuente-Vivas, D.; Cappitelli, V.; García-Gómez, R.; Valero-Díaz, S.; Amato, C.; Rodriguéz, J.; Duro-Sánchez, S.; Von
Kriegsheim, A.; Grusch, M.; Lozano, J.; et al. ERK 1/2 Mitogen-activated Protein Kinase Dimerization Is Essential for the
Regulation of Cell Motility. Mol. Oncol. 2025, 19, 452–473. [CrossRef]

49. Lavoie, H.; Gagnon, J.; Therrien, M. ERK Signalling: A Master Regulator of Cell Behaviour, Life and Fate. Nat. Rev. Mol. Cell Biol.
2020, 21, 607–632. [CrossRef] [PubMed]

50. Khoo, S.; Griffen, S.C.; Xia, Y.; Baer, R.J.; German, M.S.; Cobb, M.H. Regulation of Insulin Gene Transcription by ERK1 and ERK2
in Pancreatic β Cells. J. Biol. Chem. 2003, 278, 32969–32977. [CrossRef]

51. Carvalho, B.M.; Abdalla Saad, M.J. Influence of Gut Microbiota on Subclinical Inflammation and Insulin Resistance. Mediat.
Inflamm. 2013, 2013, 1–13. [CrossRef] [PubMed]

52. Costa, E.M.; Silva, S.; Pereira, C.F.; Ribeiro, A.B.; Casanova, F.; Freixo, R.; Pintado, M.; Ramos, Ó.L. Carboxymethyl Cellulose as a
Food Emulsifier: Are Its Days Numbered? Polymers 2023, 15, 2408. [CrossRef]

53. Panyod, S.; Wu, W.-K.; Chang, C.-T.; Wada, N.; Ho, H.-C.; Lo, Y.-L.; Tsai, S.-P.; Chen, R.-A.; Huang, H.-S.; Liu, P.-Y.; et al. Common
Dietary Emulsifiers Promote Metabolic Disorders and Intestinal Microbiota Dysbiosis in Mice. Commun. Biol. 2024, 7, 749.
[CrossRef]

54. Fischer, F.; Romero, R.; Hellhund, A.; Linne, U.; Bertrams, W.; Pinkenburg, O.; Eldin, H.S.; Binder, K.; Jacob, R.; Walker, A.;
et al. Dietary Cellulose Induces Anti-Inflammatory Immunity and Transcriptional Programs via Maturation of the Intestinal
Microbiota. Gut Microbes 2020, 12, 1829962. [CrossRef] [PubMed]

55. Lattimer, J.M.; Haub, M.D. Effects of Dietary Fibre and Its Components on Metabolic Health. Nutrients 2010, 2, 1266–1289.
[CrossRef]

56. Ramakrishnan, R.; Kim, J.T.; Roy, S.; Jayakumar, A. Recent Advances in Carboxymethyl Cellulose-Based Active and Intelligent
Packaging Materials: A Comprehensive Review. Int. J. Biol. Macromol. 2024, 259, 129194. [CrossRef]

57. Zennifer, A.; Senthilvelan, P.; Sethuraman, S.; Sundaramurthi, D. Key Advances of Carboxymethyl Cellulose in Tissue Engineering
& 3D Bioprinting Applications. Carbohydr. Polym. 2021, 256, 117561. [CrossRef]

58. Béchon, N.; Mihajlovic, J.; Lopes, A.-A.; Vendrell-Fernández, S.; Deschamps, J.; Briandet, R.; Sismeiro, O.; Martin-Verstraete, I.;
Dupuy, B.; Ghigo, J.-M. Bacteroides thetaiotaomicron Uses a Widespread Extracellular DNase to Promote Bile-Dependent Biofilm
Formation. Proc. Natl. Acad. Sci. USA 2022, 119, e2111228119. [CrossRef] [PubMed]

59. Fernandez-Julia, P.J.; Munoz-Munoz, J.; Van Sinderen, D. A Comprehensive Review on the Impact of β-Glucan Metabolism by
Bacteroides and Bifidobacterium Species as Members of the Gut Microbiota. Int. J. Biol. Macromol. 2021, 181, 877–889. [CrossRef]
[PubMed]

60. Guan, Z.-W.; Yu, E.-Z.; Feng, Q. Soluble Dietary Fibre, One of the Most Important Nutrients for the Gut Microbiota. Molecules
2021, 26, 6802. [CrossRef]

61. Luis, A.S.; Briggs, J.; Zhang, X.; Farnell, B.; Ndeh, D.; Labourel, A.; Baslé, A.; Cartmell, A.; Terrapon, N.; Stott, K.; et al. Dietary
Pectic Glycans Are Degraded by Coordinated Enzyme Pathways in Human Colonic Bacteroides. Nat. Microbiol. 2017, 3, 210–219.
[CrossRef]

62. Ndeh, D.; Munoz Munoz, J.; Cartmell, A.; Bulmer, D.; Wills, C.; Henrissat, B.; Gray, J. The Human Gut Microbe Bacteroides
Thetaiotaomicron Encodes the Founding Member of a Novel Glycosaminoglycan-Degrading Polysaccharide Lyase Family PL29.
J. Biol. Chem. 2018, 293, 17906–17916. [CrossRef]

https://doi.org/10.3390/nu18020279

https://doi.org/10.1016/j.celrep.2024.115125
https://doi.org/10.3390/antiox11061212
https://doi.org/10.1021/acsomega.6b00513
https://doi.org/10.3389/fmicb.2022.977669
https://doi.org/10.1016/j.bmc.2023.117372
https://doi.org/10.1093/sleep/zsae005
https://doi.org/10.1038/s41583-020-00381-0
https://doi.org/10.1038/s41579-019-0201-x
https://www.ncbi.nlm.nih.gov/pubmed/31142822
https://doi.org/10.1002/1878-0261.13732
https://doi.org/10.1038/s41580-020-0255-7
https://www.ncbi.nlm.nih.gov/pubmed/32576977
https://doi.org/10.1074/jbc.M301198200
https://doi.org/10.1155/2013/986734
https://www.ncbi.nlm.nih.gov/pubmed/23840101
https://doi.org/10.3390/polym15102408
https://doi.org/10.1038/s42003-024-06224-3
https://doi.org/10.1080/19490976.2020.1829962
https://www.ncbi.nlm.nih.gov/pubmed/33079623
https://doi.org/10.3390/nu2121266
https://doi.org/10.1016/j.ijbiomac.2023.129194
https://doi.org/10.1016/j.carbpol.2020.117561
https://doi.org/10.1073/pnas.2111228119
https://www.ncbi.nlm.nih.gov/pubmed/35145026
https://doi.org/10.1016/j.ijbiomac.2021.04.069
https://www.ncbi.nlm.nih.gov/pubmed/33864864
https://doi.org/10.3390/molecules26226802
https://doi.org/10.1038/s41564-017-0079-1
https://doi.org/10.1074/jbc.RA118.004510
https://doi.org/10.3390/nu18020279


Nutrients 2026, 18, 279 25 of 26

63. Vera-Ponce De León, A.; Jahnes, B.C.; Duan, J.; Camuy-Vélez, L.A.; Sabree, Z.L. Cultivable, Host-Specific Bacteroidetes Symbionts
Exhibit Diverse Polysaccharolytic Strategies. Appl. Environ. Microbiol. 2020, 86, e00091-20. [CrossRef]

64. Yetiman, A.; Horzum, M.; Akbulut, M. Evaluation of Metabolic and Functional Properties of Cholesterol-Reducing and GABA-
Producer Limosilactobacillus fermentum Strain AGA52 Isolated from Lactic Acid Fermented Shalgam by Using In Vitro and in Silico
Probiogenomic Approaches. Probiotics Antimicrob Proteins 2024, 16, 334–351. [CrossRef]

65. Law, R.C.; Nurwono, G.; Park, J.O. A Parallel Glycolysis Provides a Selective Advantage through Rapid Growth Acceleration.
Nat. Chem. Biol. 2024, 20, 314–322. [CrossRef] [PubMed]

66. Rahman, M.d.S.; Hasan, M.d.S.; Nitai, A.S.; Nam, S.; Karmakar, A.K.; Ahsan, M.d.S.; Shiddiky, M.J.A.; Ahmed, M.B. Recent
Developments of Carboxymethyl Cellulose. Polymers 2021, 13, 1345. [CrossRef] [PubMed]

67. Wit, M.; Trujillo-Viera, J.; Strohmeyer, A.; Klingenspor, M.; Hankir, M.; Sumara, G. When Fat Meets the Gut—Focus on Intestinal
Lipid Handling in Metabolic Health and Disease. EMBO Mol. Med. 2022, 14, e14742. [CrossRef]

68. Allayee, H.; Hazen, S.L. Contribution of Gut Bacteria to Lipid Levels: Another Metabolic Role for Microbes? Circ. Res. 2015, 117,
750–754. [CrossRef] [PubMed]

69. Schoeler, M.; Ellero-Simatos, S.; Birkner, T.; Mayneris-Perxachs, J.; Olsson, L.; Brolin, H.; Loeber, U.; Kraft, J.D.; Polizzi, A.;
Martí-Navas, M.; et al. The Interplay between Dietary Fatty Acids and Gut Microbiota Influences Host Metabolism and Hepatic
Steatosis. Nat. Commun. 2023, 14, 5329. [CrossRef]

70. Yao, L.; Seaton, S.C.; Ndousse-Fetter, S.; Adhikari, A.A.; DiBenedetto, N.; Mina, A.I.; Banks, A.S.; Bry, L.; Devlin, A.S. A Selective
Gut Bacterial Bile Salt Hydrolase Alters Host Metabolism. eLife 2018, 7, e37182. [CrossRef]

71. Kenny, D.J.; Plichta, D.R.; Shungin, D.; Koppel, N.; Hall, A.B.; Fu, B.; Vasan, R.S.; Shaw, S.Y.; Vlamakis, H.; Balskus, E.P.; et al.
Cholesterol Metabolism by Uncultured Human Gut Bacteria Influences Host Cholesterol Level. Cell Host Microbe 2020, 28,
245–257.e6. [CrossRef]

72. Do, M.H.; Lee, E.; Oh, M.-J.; Kim, Y.; Park, H.-Y. High-Glucose or-Fructose Diet Cause Changes of the Gut Microbiota and
Metabolic Disorders in Mice without Body Weight Change. Nutrients 2018, 10, 761. [CrossRef]

73. Satokari, R. High Intake of Sugar and the Balance between Pro- and Anti-Inflammatory Gut Bacteria. Nutrients 2020, 12, 1348.
[CrossRef]

74. Alcock, J.; Lin, H.C. Fatty Acids from Diet and Microbiota Regulate Energy Metabolism. F1000Research 2015, 4, 738. [CrossRef]
75. Basak, S.; Banerjee, A.; Pathak, S.; Duttaroy, A.K. Dietary Fats and the Gut Microbiota: Their Impacts on Lipid-Induced Metabolic

Syndrome. J. Funct. Foods 2022, 91, 105026. [CrossRef]
76. Oliphant, K.; Allen-Vercoe, E. Macronutrient Metabolism by the Human Gut Microbiome: Major Fermentation by-Products and

Their Impact on Host Health. Microbiome 2019, 7, 91. [CrossRef] [PubMed]
77. Khan, N.A.; Soopramanien, M.; Maciver, S.K.; Anuar, T.S.; Sagathevan, K.; Siddiqui, R. Crocodylus Porosus Gut Bacteria: A

Possible Source of Novel Metabolites. Molecules 2021, 26, 4999. [CrossRef] [PubMed]
78. Dishisha, T.; Pereyra, L.P.; Pyo, S.-H.; Britton, R.A.; Hatti-Kaul, R. Flux Analysis of the Lactobacillus Reuteri Propanediol-

Utilization Pathway for Production of 3-Hydroxypropionaldehyde, 3-Hydroxypropionic Acid and 1,3-Propanediol from Glycerol.
Microb. Cell Fact. 2014, 13, 76. [CrossRef]

79. Moghe, A.; Ghare, S.; Lamoreau, B.; Mohammad, M.; Barve, S.; McClain, C.; Joshi-Barve, S. Molecular Mechanisms of Acrolein
Toxicity: Relevance to Human Disease. Toxicol. Sci. 2015, 143, 242–255. [CrossRef]

80. Louis, P.; Flint, H.J. Formation of Propionate and Butyrate by the Human Colonic Microbiota. Environ. Microbiol. 2017, 19, 29–41.
[CrossRef]

81. Gao, Z.; Yin, J.; Zhang, J.; Ward, R.E.; Martin, R.J.; Lefevre, M.; Cefalu, W.T.; Ye, J. Butyrate Improves Insulin Sensitivity and
Increases Energy Expenditure in Mice. Diabetes 2009, 58, 1509–1517. [CrossRef]

82. Horvath, T.D.; Ihekweazu, F.D.; Haidacher, S.J.; Ruan, W.; Engevik, K.A.; Fultz, R.; Hoch, K.M.; Luna, R.A.; Oezguen, N.; Spinler,
J.K.; et al. Bacteroides Ovatus Colonization Influences the Abundance of Intestinal Short Chain Fatty Acids and Neurotransmitters.
Iscience 2022, 25, 104158. [CrossRef]

83. Duar, R.M.; Lin, X.B.; Zheng, J.; Martino, M.E.; Grenier, T.; Pérez-Muñoz, M.E.; Leulier, F.; Gänzle, M.; Walter, J. Lifestyles in
Transition: Evolution and Natural History of the Genus Lactobacillus. FEMS Microbiol. Rev. 2017, 41, S27–S48. [CrossRef]

84. Bose, S.; Ramesh, V.; Locasale, J.W. Acetate Metabolism in Physiology, Cancer, and Beyond. Trends Cell Biol. 2019, 29, 695–703.
[CrossRef] [PubMed]

85. Byrne, C.S.; Chambers, E.S.; Morrison, D.J.; Frost, G. The Role of Short Chain Fatty Acids in Appetite Regulation and Energy
Homeostasis. Int. J. Obes. 2015, 39, 1331–1338. [CrossRef] [PubMed]

86. Perry, R.J.; Peng, L.; Barry, N.A.; Cline, G.W.; Zhang, D.; Cardone, R.L.; Petersen, K.F.; Kibbey, R.G.; Goodman, A.L.; Shulman,
G.I. Acetate Mediates a Microbiome–Brain–β-Cell Axis to Promote Metabolic Syndrome. Nature 2016, 534, 213–217. [CrossRef]
[PubMed]

https://doi.org/10.3390/nu18020279

https://doi.org/10.1128/AEM.00091-20
https://doi.org/10.1007/s12602-022-10038-2
https://doi.org/10.1038/s41589-023-01395-2
https://www.ncbi.nlm.nih.gov/pubmed/37537378
https://doi.org/10.3390/polym13081345
https://www.ncbi.nlm.nih.gov/pubmed/33924089
https://doi.org/10.15252/emmm.202114742
https://doi.org/10.1161/CIRCRESAHA.115.307409
https://www.ncbi.nlm.nih.gov/pubmed/26450886
https://doi.org/10.1038/s41467-023-41074-3
https://doi.org/10.7554/eLife.37182
https://doi.org/10.1016/j.chom.2020.05.013
https://doi.org/10.3390/nu10060761
https://doi.org/10.3390/nu12051348
https://doi.org/10.12688/f1000research.6078.1
https://doi.org/10.1016/j.jff.2022.105026
https://doi.org/10.1186/s40168-019-0704-8
https://www.ncbi.nlm.nih.gov/pubmed/31196177
https://doi.org/10.3390/molecules26164999
https://www.ncbi.nlm.nih.gov/pubmed/34443585
https://doi.org/10.1186/1475-2859-13-76
https://doi.org/10.1093/toxsci/kfu233
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.2337/db08-1637
https://doi.org/10.1016/j.isci.2022.104158
https://doi.org/10.1093/femsre/fux030
https://doi.org/10.1016/j.tcb.2019.05.005
https://www.ncbi.nlm.nih.gov/pubmed/31160120
https://doi.org/10.1038/ijo.2015.84
https://www.ncbi.nlm.nih.gov/pubmed/25971927
https://doi.org/10.1038/nature18309
https://www.ncbi.nlm.nih.gov/pubmed/27279214
https://doi.org/10.3390/nu18020279


Nutrients 2026, 18, 279 26 of 26

87. Youl, E.; Bardy, G.; Magous, R.; Cros, G.; Sejalon, F.; Virsolvy, A.; Richard, S.; Quignard, J.; Gross, R.; Petit, P.; et al. Quercetin
Potentiates Insulin Secretion and Protects INS-1 Pancreatic B-cells against Oxidative Damage via the ERK1/2 Pathway. Br. J.
Pharmacol. 2010, 161, 799–814. [CrossRef]

88. Ikushima, Y.M.; Awazawa, M.; Kobayashi, N.; Osonoi, S.; Takemiya, S.; Kobayashi, H.; Suwanai, H.; Morimoto, Y.; Soeda, K.;
Adachi, J.; et al. MEK/ERK Signaling in β-Cells Bifunctionally Regulates β-Cell Mass and Glucose-Stimulated Insulin Secretion
Response to Maintain Glucose Homeostasis. Diabetes 2021, 70, 1519–1535. [CrossRef]

89. Pingitore, A.; Chambers, E.S.; Hill, T.; Maldonado, I.R.; Liu, B.; Bewick, G.; Morrison, D.J.; Preston, T.; Wallis, G.A.; Tedford,
C.; et al. The Diet-derived Short Chain Fatty Acid Propionate Improves Beta-cell Function in Humans and Stimulates Insulin
Secretion from Human Islets In Vitro. Diabetes Obes. Metab. 2017, 19, 257–265. [CrossRef]

90. Koh, A.; Molinaro, A.; Ståhlman, M.; Khan, M.T.; Schmidt, C.; Mannerås-Holm, L.; Wu, H.; Carreras, A.; Jeong, H.; Olofsson,
L.E.; et al. Microbially Produced Imidazole Propionate Impairs Insulin Signaling through mTORC1. Cell 2018, 175, 947–961.e17.
[CrossRef]

91. Koh, A.; Mannerås-Holm, L.; Yunn, N.-O.; Nilsson, P.M.; Ryu, S.H.; Molinaro, A.; Perkins, R.; Smith, J.G.; Bäckhed, F. Microbial
Imidazole Propionate Affects Responses to Metformin through P38γ-Dependent Inhibitory AMPK Phosphorylation. Cell Metab.
2020, 32, 643–653.e4. [CrossRef]

92. Molinaro, A.; Bel Lassen, P.; Henricsson, M.; Wu, H.; Adriouch, S.; Belda, E.; Chakaroun, R.; Nielsen, T.; Bergh, P.-O.; Rouault, C.;
et al. Imidazole Propionate Is Increased in Diabetes and Associated with Dietary Patterns and Altered Microbial Ecology. Nat.
Commun. 2020, 11, 5881. [CrossRef] [PubMed]

93. Xu, T.-C.; Liu, Y.; Yu, Z.; Xu, B. Gut-Targeted Therapies for Type 2 Diabetes Mellitus: A Review. World J. Clin. Cases 2024, 12, 1–8.
[CrossRef] [PubMed]

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/nu18020279

https://doi.org/10.1111/j.1476-5381.2010.00910.x
https://doi.org/10.2337/db20-1295
https://doi.org/10.1111/dom.12811
https://doi.org/10.1016/j.cell.2018.09.055
https://doi.org/10.1016/j.cmet.2020.07.012
https://doi.org/10.1038/s41467-020-19589-w
https://www.ncbi.nlm.nih.gov/pubmed/33208748
https://doi.org/10.12998/wjcc.v12.i1.1
https://www.ncbi.nlm.nih.gov/pubmed/38292634
https://doi.org/10.3390/nu18020279

	Introduction 
	Methods 
	Human Faecal Sample Collection 
	Isolation and Identification of Gut Bacteria 
	Bacterial Culture 
	Manipulation of Gut Bacteria Under Different Dietary Conditions In Vitro 
	Metabolite Extraction and Untargeted Characterization 
	Quantitative GC-MS Analysis 
	Endotoxin Quantification 
	Mammalian Cell Culture 
	Diet-Manipulated Metabolite Exposure 
	Cytotoxicity Assessment 
	Glucose-Stimulated Insulin Secretion Assay (GSIS) 
	ERK Pathway Activation in INS-1 832/3 Cells 
	Statistical Analysis 

	Results 
	Influence of Dietary Conditions on the Growth of Bacterial Populations 
	Untargeted Characterisation of Extracted Metabolites 
	Quantification of Bacterial Metabolites 
	Endotoxin Removal from a Subset of Extracted Metabolites 
	Impact of Diet-Manipulated Metabolites on INS-1 832/3 Cell Viability 
	Insulin Release and Intracellular ERK1/2 Signaling Induced by the Diet-Manipulated Bacterial Metabolites 

	Discussion 
	Conclusions 
	References

