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SUMMARY

Systemic inflammation relates to the pathophysiology of metabolic diseases such as obesity or type 2 
diabetes. Understanding aberrant microbiota-host interactions is essential for comprehending their 
pathogenesis. Gut bacteria produce bacterial membrane vesicles (bMVs) reflecting bacterial meta-

bolism and activity. Importantly, in animal models, these vesicles can reach organs and affect meta-

bolism by inducing inflammation. We investigated feces-derived gut bacteria and bMVs in participants 
diagnosed with prediabetes and in healthy controls. Vesicle and bacterial DNA repertoires were found 
to be vastly different, with Gram-negative bacterial taxa dominating at the vesicle level (Alistipes, Bar-

nesiella) and Gram-positive taxa (Anaerostipes, Collinsella) dominating at the bacterial level. We 
observed no compositional differences between participant-phenotype groups. Strikingly, vesicle rep-

ertoires characterized by elevated proportional abundance of Lachnospiraceae and Oscillospiraceae 
DNA were more proinflammatory, whereas the opposite was observed for vesicles rich in Akkerman-

siaceae DNA. These results may improve our understanding of microbe-host interactions relevant to 
metabolic and inflammatory diseases.

INTRODUCTION

The intestinal microbiome, a diverse community consisting of 

trillions of microorganisms, plays a crucial role in maintaining 

host health. 1 This microbial ecosystem regulates numerous 

physiological processes, including digestion, modulation of 

the immune system, pathogen defense and the regulation of 

satiety and mood. 1–4 A disturbance in the composition or func-

tion of the microbes inhabiting the lower intestinal tract has 

been implicated in diseases such as inflammatory bowel dis-

ease (IBD), 5 dementia, 6 obesity, 2,7 and type 2 diabetes 

(T2D). 2,8 In recent years, the influence of the microbiota on 

metabolic health has been extensively studied to help develop 

procedures for microbiota modulation toward an increased car-

diometabolic health.

Interkingdom communication between gut microbes and 

their human host occurs via numerous pathways. With regard 

to metabolic health, the microbiota facilitate energy acquisi-

tion from otherwise indigestible fibers, thereby producing 

short-chain fatty acids (SCFAs) such as acetate, propionate, 

and butyrate. 9 These SCFAs can exit the intestinal lumen to

reach metabolic organs such as the liver, adipose tissue, 

and skeletal muscle, where they help modulate energy ho-

meostasis. 2,9 They possess anti-inflammatory properties and 

constitute the main source of energy for the colonocytes 

that form the epithelial lining of the colon, thereby supporting 

gut barrier function. 2

In addition to gut-derived bacterial metabolites, the gut mi-

crobiota also produce bacterial membrane vesicles (bMVs) 

that can mediate interkingdom communication. 10,11 These 

membrane-delimited nanoparticles are produced by nearly all 

bacteria throughout their life cycle, as part of their natural 

biology as well as in response to stress and external 

cues. 12,13 They confer bacterial properties by encompassing 

various bioactive molecules, such as bacterial toxins, metabo-

lites, nucleic acids, lipids, and proteins. 10,14 Their carriage of 

bacterial DNA allows the characterization of these vesicles by 

means of the identification of bacterial producer strains. 15,16 

Importantly, bacterial membrane vesicles have been found to 

be able to disseminate functional DNA, such as antibiotic resis-

tance genes. 17,18 The membrane bilayer herein shields the ves-

icle’s cargo from nuclease activity, 19 and, upon contact with
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Figure 1. Vesicle repertoires (n = 24) characterized by 16S rRNA amplicon sequencing differ in composition from the bacterial compositions 

(n = 24) that produced them

(A) Linear relationships between the number of features (amplicon sequence variants/ASVs or Genera) detected in vesicle samples and the bacteria that pro-

duced them. Depicted are ordinary least squares linear regressions with 95% confidence intervals. For ASVs, p = 0.0098 (R 2 = 0.41), for Genera, p = 0.11 

(R 2 = 0.10).

(B) Principal component analysis (PCA) of CLR-transformed genus-level compositions (vesicles vs. bacteria). Aitchison distance PERMANOVA p < 0.001.

(C) Shannon diversity of bacterial and vesicle compositions at the genus and family levels. Boxplots compare bacteria and vesicles; Wilcoxon rank-sum test was 

performed at genus (p = 2.7 × 10 − 9 ) and family (p = 0.574). Boxes represent the interquartile range, and whiskers extend to 1.5x the interquartile range.

(D) Top 5 most discriminative taxa for vesicle and bacterial compositions at the genus taxonomic level.

(E) Iris plot displays the most prevalent taxa constituting vesicle or bacterial compositions. Compositions are grouped together based on similarity.
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host cells, facilitates delivery to, for example, Toll-like receptor 

9 (TLR9). 20 Other pathogen-recognition receptors that can be 

activated by bacterial membrane vesicles include TLR2, 

TLR4, TLR5, and cGAS. 21,22

In complex ecosystems, bMVs are involved in bacteria-bacte-

ria interactions (competitive or symbiotic) as well, and could 

therefore influence the bacterial composition of the gut micro-

biome itself. 23,24 Furthermore, these bMVs could modulate 

mucosal immunity and inflammation by transporting bacterial

Figure 2. No compositional differences in 

bacteria or vesicles between distinct meta-

bolic phenotypes

(A) Metabolic parameters, BMI, fasting plasma 

glucose levels, and plasma glucose levels 2 h post 

OGTT are elevated in PD.

(B) No differences in bacterial compositional 

richness between groups.

(C) No differences in vesicle compositional 

richness between groups.

(D) No differences in mean vesicle size between 

groups.

(E) No differences in mean vesicle concentration 

between groups. 

(A–E) Bars represent mean ± standard deviation. 

Statistical testing of single-variable data was 

performed using unpaired two-tailed t-testing. 

Significance levels are indicated as ***p < 0.001, 

****p < 0.0001, ns; not significant.

(F) Principal component analysis (PCA) of CLR-

transformed genus-level bacterial compositions 

(HC vs. PD). Aitchison distance PERMANOVA 

p = 0.47.

(G) Principal component analysis (PCA) of CLR-

transformed genus-level vesicle compositions 

(HC vs. PD). Aitchison distance PERMANOVA p = 

0.879. BMI: body mass index in kg/m ̂2. OGTT: 

oral glucose tolerance test. HC: healthy control. 

PD: prediabetes.

antigens and proteases. 14,25 Vesicle-

mediated transport of such bacterial 

products has been found to be able to 

disturb normal gut barrier function. 26,27 

With respect to non-communicable 

diseases such as (pre)diabetes and 

obesity, the pathophysiological role of 

gut-derived bMVs is not well understood. 

Although researchers have reported 

certain bacterial taxa to be more abun-

dant than others in metabolic disease, 

causal relationships between the pres-

ence/abundance of such taxa and their 

vesicles in pathophysiology are not well 

defined. For example, an increase in the 

ratio between two prominent bacterial 

phyla, Firmicutes (Bacillota) and Bacter-

oidetes (Bacteroidota) (F/B ratio) has 

been reported in obesity, 28,29 although 

there is no definitive agreement on this 

paradigm. 30 Beyond phyla-level resolu-

tion, however, a consistent finding is that butyrate-producing 

genera are reduced, illustrating that analyses at deeper taxo-

nomic levels are required. 31 Various strategies exist to improve 

host (metabolic) health through the modulation of gut microbiota, 

such as probiotics, prebiotics, postbiotics, and fecal microbiota 

transplantation (FMT). 32 Such interventions aim to establish 

a more diverse, less inflammatory microbiome that is more 

proficient at producing SCFAs, for example. However, 

defining a healthy microbiome and properly understanding
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microbiota-host interactions in human metabolic health necessi-

tates the identification of all relevant communication pathways 

between bacteria and their host.

Studying gut-bacteria-derived bMVs, as a proxy of gut bac-

terial activity rather than solely their presence, could help 

explain metabolic disease pathophysiology. Importantly, 

research linking gut bacteria (and their metabolites/vesicles) 

to host metabolism often focuses on individual taxa of interest, 

whose abundance can be correlated to a phenotype or 

outcome. 11 For example, Akkermansia muciniphila, one of 

the hundreds of different bacterial species inhabiting the 

mammalian gut, has been found to produce bMVs that protect 

mice from high-fat diet-induced obesity. 33 Intestinal inflamma-

tion, a hallmark of obesity, 34,35 was previously reported to be 

reduced through the release of vesicles by Bacteroides fragi-

lis. 36,37 Such examples illustrate how, in a particular setting, 

single bacterial taxa could have a significant influence on 

host health through the production of bacterial membrane 

vesicles.

We aim to investigate the composition and functionality of gut 

bacteria and their vesicles in the context of prediabetes, to un-

cover mechanisms through which the microbiome could 

contribute to the pathophysiology of human metabolic disease. 

To this end, we characterize the feces-derived bacterial mem-

brane vesicle repertoire alongside its bacterial microbiome in 

study participants with prediabetes and healthy controls. In 

addition, we use an established in vitro human macrophage 

cell model to determine immunological properties of feces-

derived vesicles in both groups.

RESULTS

Bacterial compositions differ from vesicle compositions 

In general, the number of different bacterial amplicon sequence 

variants (ASVs) detected in a fecal sample correlates positively 

with the number of different vesicle ASVs detected in that sample 

(Figure 1A). This suggests that a larger number of distinct types 

of bacteria produce a larger number of distinct types of vesicles. 

Furthermore, Principal component-based composition analysis 

demonstrates highly distinct clustering between vesicle and 

bacterial DNA (Figure 1B). Intriguingly, on average the alpha di-

versity of vesicle compositions is lower than that of bacterial 

compositions, further suggesting that, in a given bacterial popu-

lation occupying a niche, not all bacteria appear to contribute to 

bMV production to an equal extent (Figure 1C). The main taxa 

constituting the vesicle and bacterial compositions, however, 

are vastly different. Gram-negative taxa, including Alistipes and 

Barnesiella, are overrepresented in vesicle repertoires while 

Gram-positive taxa, such as Anaerostipes and Collinsella, are 

overrepresented at the bacterial level (Figure 1D). In summary, 

the composition of feces-derived bacterial membrane vesicles 

is vastly different from the composition of their bacterial pro-

ducer strains in terms of the 16S rDNA repertoire (Figure 1E).

No differences in bacterial or vesicle compositions 

between participant groups

Participants in the prediabetes (PD) group were characterized by 

elevated BMI, increased fasting plasma glucose levels, and 

increased plasma glucose levels 2 h post-OGTT compared to 

HC participants (Figure 2A and Table 1). Between phenotypes, 

no differences were observed in alpha diversity of bacteria 

(Figure 2B) or vesicles (Figure 2C). Moreover, no differences in 

mean vesicle size (Figure 2D) or mean vesicle concentrations 

(Figure 2E) were observed between groups. Further grouping 

of participants with respect to fasting glucose and glucose toler-

ance did not indicate differences stratified by DNA compositions 

(Table S1). In comparing overall bacterial (Figure 2F) or overall 

vesicle (Figure 2G) compositions using principal component 

analysis, no distinct clustering was observed between 

phenotypes.

Vesicle-associated DNA predicts inflammatory potential 

While no overall compositional differences were observed be-

tween participant groups, the abundance of certain taxa was 

correlated with the inflammatory properties of normalized vesicle 

repertoires. At the class level, regression analysis indicated that 

the proportional abundance of Verrucomicrobiae inversely 

correlated with inflammatory markers IL-1β and IL-6, which 

were produced by THP-1 macrophages in response to exposure 

to normalized vesicle amounts. While not reaching statistical sig-

nificance following FDR correction, the opposite was observed 

for Clostridia abundance (Figures 3A and S2). No differential 

abundances of these bacterial classes could be observed be-

tween participant phenotypes at the class level (Figure 3B) or 

lower taxonomic levels within these classes (data not shown). 

The bacterial compositions (Figure S3) and the absolute amount 

of vesicle-associated DNA (Figure S4) were poor predictors of 

vesicle-induced inflammation. In order to further investigate the 

relationship between vesicle composition and function, we strat-

ified vesicle repertoires 50/50 by the abundance of the DNA from 

the taxa of interest (e.g., 50% of samples with the lowest relative 

abundance of a taxon vs. 50% of samples with the highest rela-

tive abundance of this taxon). The main Verrucomicrobiae anti-

inflammatory driver belonged to the Akkermansiaceae family 

and the main Clostridia proinflammatory drivers belong to the 

Oscillospiraceae and Lachnospiraceae families. The 50% of 

vesicle repertoires characterized by the lowest proportional 

abundance of Akkermansiaceae induced significantly more IL-

1β in our THP-1 model, and the same trend can be observed 

for IL-6 and TNFα. For Oscillospiraceae and Lachnospiraceae, 

the opposite can be observed, with more inflammatory cytokine

Table 1. Baseline study population characteristics

HC group (n=12) 

Mean (SD)

PD group (n=12) 

Mean (SD) p-value

BMI (kg/m 2 ) 23.9 (1) 30.09 (2.5) <0.0001

Age (yrs) 53.7 (12) 59.3 (6.5) 0.18

Weight (kg) 76.8 (6.4) 97.3 (9.6) <0.0001

Length (cm) 179 (5.9) 180 (6.3) 0.85

WH_ratio 0.92 (0.04) 1.01 (0.05) <0.001

Fasting gluc (mM) 5.0 (0.3) 6.1 (0.7) <0.001

2h gluc OGTT (mM) 4.1 (1.2) 8.3 (2.6) <0.0001

Unpaired student’s t test used for significance index.

BMI, Body mass index; OGTT, Oral glucose tolerance test.
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release induced by the 50% of vesicle repertoires richest in these 

Clostridia DNA signatures (Figure 3C).

Isolated bacterial membrane vesicle repertoires are 

characterized by a negligible presence of host-derived 

vesicle signatures

Western blot analyses showed no marked differences in the 

presence of contaminating host extracellular vesicles (as deter-

mined by the presence of typical eukaryotic extracellular vesicle 

markers CD63 and CD81) (Figures 4 and S5–S7). Furthermore, 

OmpA, a marker for Gram-negative bacteria, was detectable in 

bMV repertoires but not in host cells or their derived EVs 

(Figures 5 and S8).

DISCUSSION

This study aimed to investigate the nature and properties of gut-

derived bacterial membrane vesicles (bMVs) in individuals with 

prediabetes. Our results reveal significant complexity in the rela-

tionship between gut microbiota, bMV production, and host 

(metabolic) responses. One of the key findings of this study 

was that the DNA composition of gut-derived bMVs did not

Figure 3. A: Vesicle composition by DNA determines inflammatory potential, but differences are not phenotype-specific

(A) Pearson’s regression analyses overview at class taxonomic level indicating relative taxa abundances correlating positively (proinflammatory) and negatively 

(antiinflammatory) with outcome. Heatmap shows Spearman’s rank correlation coefficients. *p < 0.05, (uncorrected). Filled circles indicate significance after 

Benjamini-Hochberg false discovery rate correction, q < 0.05.

(B) Comparison of proportional abundance of taxa (class) constituting vesicle repertoires by phenotype group. Bars represent mean ± standard deviation.

(C) 50% highest-proportion (n = 10) vs. 50% lowest-proportion (n = 10) dichotomized comparison of cytokine induction by taxa of interest (family). Bars represent 

mean ± standard error of the mean. B and C: Statistical testing was performed using unpaired two-tailed t-testing. Significance levels are indicated **p < 0.01, 

*p < 0.05, ns; not significant. C: No FDR correction was performed in this specific design, as statistical analyses were hypothesis-driven and focused on a limited 

number of biologically pre-specified cytokines. HC: healthy control. PD: prediabetes.

Figure 4. Western blot analysis of classical 

eukaryotic vesicle markers CD63 and CD81

To determine the contamination of gut-derived 

bMV repertoires by human host extracellular 

vesicles (EVs), detection of the human EV markers 

CD63 and CD81 was performed on bMV samples. 

As positive controls for the used antibodies, pri-

mary Adipocyte stem cell lysate, and its separated 

EVs were included. Eukaryotic EV markers were 

positive in the control samples only.

directly mirror the bacterial communities 

by which they were produced. Certain 

bacterial taxa were found to contribute 

disproportionately to bMV DNA, although 

in general, an increased richness in bac-

teria followed an increased richness in 

bMV DNA. Interestingly, the proportion 

of DNA from Gram-negative bacteria 

was much higher at the vesicle level. 

This suggests that bMV composition 

might be a function of not only bacterial 

presence but also their inherent biology 

(i.e., cell wall composition), or a conse-

quence of Gram-negative bacteria more 

readily ‘‘loading’’ bMVs with their DNA. 

Gram-positive bacteria, which lack an outer membrane and 

have a thicker peptidoglycan layer, 14 appear to be less promi-

nent contributors to bMV repertoires in our study. The first 

described bacterial membrane vesicles, termed outer mem-

brane vesicles (OMVs), were indeed derived from Gram-negative 

bacteria. 10,38 The unique structural architecture of the Gram-

negative bacterial cell envelope herein facilitates the formation 

of these OMVs, as it is characterized by an inner and outer mem-

brane, separated by a periplasmic space. 38 Small portions of the 

outer membrane can be pinched off to form an OMV. 14 In line 

with our results, the formation of Gram-positive bacteria-derived 

bMVs appears rarer. Vesiculation by Gram-positive bacteria has 

been described as a consequence of bacterial cell death, but 

also as a result of endolysin-induced protrusion of the cyto-

plasmic membrane through the peptidoglycan layer. 14,39 The 

cytoplasmic membrane material can herein be released into 

the extracellular milieu as bMVs. 40 Discovered later and less 

studied, bMVs derived from Gram-positive bacteria appear to 

be less ubiquitous than Gram-negative bMVs. Electron micro-

scopic imaging of purified bMV samples allows the observation 

of nanosized vesicles (Figures 6 and 7). Cryogenically prepared 

samples can even be observed with a corona of associated
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molecules, potentially indicating peptidoglycan or transmem-

brane proteins (Figure 6).

Importantly, with respect to participants with prediabetes (BMI 

>25 kg/m 2 and impaired fasting glucose and/or impaired 

glucose tolerance) and healthy controls (BMI <25 kg/m 2 , normo-

glycemic), we did not observe compositional differences in bac-

teria or bMVs, nor differences in vesicle characteristics isolated 

from fecal samples. Here, it should be noted that the currently 

studied population was relatively small and study participants 

did not exhibit extreme phenotypic traits or comorbidities as 

seen in type 2 diabetes and (morbid) obesity. Instead, data 

reflect continuous relationships and not group-based 

differences.

In obesity and type 2 diabetes, bacterial compositions are 

often found to be less diverse, 41,42 and can be characterized 

by outgrowth of opportunistic taxa such as Blautia and Rumino-

coccus (fam. Lachnospiraceae) 43,44 at the cost of bacterial taxa 

often perceived as benign, such as Akkermansia and Bifidobac-

terium. 44–47 Once more, bacterial composition analysis might 

only reflect bacterial presence rather than activity, while 

analyzing vesicles allows insights into bacterium-host or bacte-

rium-bacterium interactions in disease. Indicatively, feces-

derived bMV repertoires were previously identified as a more 

effective differentiation marker between healthy controls and pa-

tients with IBD than stool bacteria themselves. 48 This suggests 

that bMV production reflects a degree of bacterial activity and 

functionalities not fully capturable by the compositional analysis 

of gut bacteria alone.

Moreover, bMVs have been found capable of crossing epithe-

lial barriers, either through translocation facilitated by their small 

size, 49,50 or through the disruption of barrier integrity. 26,50 In an-

imal studies, such translocations of gut microbiota-produced 

bMVs from the intestinal lumen into systemic circulation have 

previously been described. 51–53 In these studies, homing of

Figure 5. Detectability of bacterial vesicle 

marker in gut-bMV repertoires

Western blot analysis of Escherichia coli outer 

membrane protein A (OmpA). OmpA can be de-

tected in some of the gut-bMV repertoires as 

vesicles by this taxon (family Enterobacteriaceae), 

which can contribute to vesicle production. OmpA 

was selected, given that no pan-bacterial vesicle 

marker is available. Positive control: E. coli K12 

monoculture-derived vesicles. Negative control: 

Staphylococcus aureus monoculture-derived 

vesicles.

bMVs to distant host organs induced 

localized inflammation and altered host 

energy metabolism. 53 Diabetic pheno-

types were, for example, observed 

following the translocation of Pseudo-

monas panacis vesicles originating from 

the gastrointestinal tract to systemic cir-

culation in mice. 53 In humans, effects on 

host metabolism or tissue inflammation 

resulting from the translocation of spe-

cific microbiota-derived bMVs have not yet been documented. 

However, the translocation of gut-luminal content due to 

compromised gut barrier integrity has been described in IBD, 54 

HIV, 55 aging, 56 and alcohol consumption. 57 As such, further 

research on gut bacterial signatures such as bMVs in systemic 

circulation in the context of human metabolic disease is urgently 

warranted.

Given that feces-derived bMVs carry bacterial immunogenic 

signatures such as LPS, 53,58 LTA, 53 or outer membrane pro-

teins, 59 we sought to compare the inflammatory potentials of 

the bMV repertoires obtained from our study participants 

in vitro, given that a low-grade systemic inflammation caused 

by circulating bacterial endotoxins is described in human meta-

bolic disease. 35 The in vitro use of human macrophage cultures 

has been an effective way to investigate the biological effects of 

bMVs on human cells. 60 In this study, it enabled the characteriza-

tion of their inflammatory potential to reveal substantial differ-

ences between vesicle repertoires. However, given the large 

within-group variation, no significant differences between phe-

notypes could be detected in the population studied. It has 

been reported previously that extracellular vesicles of host/eu-

karyotic origin can contaminate feces-derived vesicle reper-

toires, 61 and as such, vesicle count data can be skewed by the 

presence of these particles. Nevertheless, the presence of 

host-EV-derived membrane markers could not be demonstrated 

in our bMV repertoires (Figure 4), while the presence of an 

Enterobacteriaceae membrane marker, OmpA, could be indi-

cated (Figure 5). In previous work by our group, the contami-

nating presence of host-EVs in bMV repertoires was indeed 

found to be minor. 60

Our results indicate that bMVs rich in DNA from Gram-positive 

taxa such as Oscillospiraceae and Lachnospiraceae, induced 

more pronounced inflammatory responses in these cells, while 

bMVs rich in Gram-negative Akkermansiaceae DNA induced
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less inflammatory responses. In humans, colonization with spe-

cific genera such as Akkermansia is generally perceived as 

benign, as the presence of these bacteria in the intestinal lumen 

of study participants and patients is concomitant with healthier 

metabolic outcomes such as reduced cholesterol levels and 

increased insulin sensitivity. 62,63 These observed differences in 

inflammatory responses suggest that specific bacterial taxa 

may have a greater impact on host metabolism and immune re-

sponses through bMV production and dissemination, as func-

tional characteristics of bMVs are derived from their parent bac-

teria. This implies that targeting specific microbial species or 

their vesiculation may offer a therapeutic strategy for modulating 

inflammation and improving metabolic health. However, the pre-

cise mechanisms inducing gut-microbial vesiculation and those 

by which bMVs influence host metabolism, remain to be further 

elucidated.

In summary, individuals with prediabetes showed no signifi-

cant differences in gut bacterial or vesicle composition 

compared with healthy controls. Nevertheless, these bMVs dis-

played distinct inflammatory properties ex vivo. The use of 

marker-gene sequencing in characterizing the bacterial origins 

of bMV repertoires herein allows an extra perspective on micro-

biome-host interactions, as these bMVs mediate microbiological 

activity. Understanding the complex interplay between gut mi-

crobiota, host metabolism, and health is crucial in addressing 

the rising global prevalence of metabolic disorders such as dia-

Figure 6. CryoTEM images (200 kV) of gut-

bacteria derived membrane vesicles 

analyzed in this study

(A–D) Arrows indicate spherical nanosized bMVs 

enclosed by a lipid bilayer. Scale-bars denote 

100 nm.

betes and obesity. Studying bMVs in gut-

host communications may lead to the 

expansion of biomarkers for metabolic 

diseases, and opens avenues for thera-

peutic modulation through, for example, 

probiotics, prebiotics, and postbiotics.

Limitations of the study 

This study reports on the ex vivo charac-

terization of feces-derived bacterial 

membrane vesicles (bMVs), which were 

used to stimulate in vitro differentiated 

THP-1 macrophages. One of the main 

findings is that DNA-determined compo-

sitionality is a predictor for the inflamma-

tory potential of bMVs, with potential rele-

vance for gut- and metabolic health. 

However, the gut microbiota and, inher-

ently, also its vesicle production are high-

ly dynamic, and cross-sectional analyses 

do not facilitate an understanding of the 

composition/functionality as it changes 

over time (influenced by e.g., diet, travel, 

and disease conditions). Furthermore, 

statistical power in investigating phenotype-specific differences 

is limited because of the use of a relatively small number of study 

participants with prediabetes and overweight/obesity. Here, the 

investigation of more discordant phenotypes (e.g., study partic-

ipants exhibiting type 2 diabetes and morbid obesity) could 

improve resolution.
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31. Khan, M.T., Nieuwdorp, M., and Bä ckhed, F. (2014). Microbial modulation 

of insulin sensitivity. Cell Metab. 20, 753–760. https://doi.org/10.1016/j. 

cmet.2014.07.006.

32. Hou, S., Yu, J., Li, Y., Zhao, D., and Zhang, Z. (2025). Advances in Fecal 

Microbiota Transplantation for Gut Dysbiosis-Related Diseases. Adv. 

Sci. 12, 2413197. https://doi.org/10.1002/advs.202413197.

33. Ashrafian, F., Keshavarz Azizi Raftar, S., Lari, A., Shahryari, A., Abdolla-

hiyan, S., Moradi, H.R., Masoumi, M., Davari, M., Khatami, S., Omrani, 

M.D., et al. (2021). Extracellular vesicles and pasteurized cells derived 

from Akkermansia muciniphila protect against high-fat induced obesity

10 iScience 29, 115088, March 20, 2026

iScience
Article

ll
OPEN ACCESS



in mice. Microb. Cell Fact. 20, 219. https://doi.org/10.1186/s12934-021-

01709-w.
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40. Toyofuku, M., Cá rcamo-Oyarce, G., Yamamoto, T., Eisenstein, F., Hsiao, 

C.C., Kurosawa, M., Gademann, K., Pilhofer, M., Nomura, N., and Eberl, L. 

(2017). Prophage-triggered membrane vesicle formation through peptido-

glycan damage in Bacillus subtilis. Nat. Commun. 8, 481. https://doi.org/ 

10.1038/s41467-017-00492-w.

41. Zhou, Z., Sun, B., Yu, D., and Zhu, C. (2022). Gut microbiota: an important 

player in type 2 diabetes mellitus. Front. Cell. Infect. Microbiol. 12, 834485. 

https://doi.org/10.3389/fcimb.2022.834485.

42. Scheithauer, T.P.M., Rampanelli, E., Nieuwdorp, M., Vallance, B.A., 

Verchere, C.B., van Raalte, D.H., and Herrema, H. (2020). Gut micro-

biota as a trigger for metabolic inflammation in obesity and type 2 dia-

betes. Front. Immunol. 11, 571731. https://doi.org/10.3389/fimmu. 

2020.571731.

43. Dash, N.R., Al Bataineh, M.T., Alili, R., Al Safar, H., Alkhayyal, N., Prifti, E., 
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-CD63 Thermo Fisher Invitrogen Cat#10628D; RRID:AB_2532983

Mouse monoclonal anti-CD81 Santa Cruz Biotechnology Cat#sc-7637; RRID:AB_627190

Rabbit polyclonal anti-OmpA Abbexa Cat#abx110631

Donkey-anti-rabbit IRDye®-800CW LI-COR Biotechnology Cat#926-32213

Donkey-anti-mouse IRDye®-800CW LI-COR Biotechnology Cat#926-32212

Bacterial and virus strains

Escherichia coli K-12 MG1655 ATCC 47076

Biological samples

Fecal samples from study participants 

(adults with prediabetes and overweight, 

n=12 & healthy adults, n=12)

Maastricht University Medical Center+ NCT03711383

Chemicals, peptides, and recombinant proteins

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich P8139-1MG

β-mercaptoethanol Merck 1.15433.0050

Phosphate buffered Saline Gibco 10010023

E.coli O111:B4 LPS Sigma-Aldrich LPS25

fetal bovine serum Bodinco BV Batch BDC-11933

RPMI 1640 medium Gibco 11875034

Antibiotic-Antimycotic Gibco 15240062

Paraformaldehyde Sigma-Aldrich 8187150100

Glutaraldehyde Sigma-Aldrich G5882-50 ML

Methylcellulose/uranyl acetate Electron Microscopy Sciences 18560

Critical commercial assays

Human IL-1 beta Uncoated ELISA Kit Invitrogen 88-7261-88

Human TNF alpha Uncoated ELISA Kit Invitrogen 88-7346-88

Human IL-6 Uncoated ELISA Kit Invitrogen 88-7066-88

QIAmp DNA Mini Kit Qiagen 51306

PicoGreen Quant-iT Invitrogen P7589

AMPure XP beads Beckman Coulter A63881

MiSeq V3 reagent kit Illumina MS-102-3003

Qubit dsDNA quantification assay kit Invitrogen Q32852

AccuPrime High fidelity DNA polymerase Thermo Fisher Scientific 12346086

Deposited data

16S rRNA gene amplicon sequencing data European Nucleotide Archive (ENA) Accession: PRJEB96207

Experimental models: Cell lines

THP-1 monocytes ATCC TIB-202, RRID: CVCL_0006

Oligonucleotides

16S rRNA gene V4 primer 515 Forward Eurofins 5 ′ -GTGCCAGCMGCCGCGGTAA-3 ′

16S rRNA gene V4 primer 806 Reverse Eurofins 5 ′ -GGACTACHVGGGTWTCTAAT-3 ′

Software and algorithms

R R foundation V4.2.0

DADA2 Bioconductor V1.28.0
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects

Fecal samples were collected from Caucasian male participants diagnosed with prediabetes (n = 12) and healthy normoglycemic 

controls (n = 12). Prediabetic participants were included based on a BMI > 25 kg/m 2 and impaired fasting glucose (plasma glucose

≥ 6.1 mmol/L and ≤ 7.0 mmol/L) and/or impaired glucose tolerance (plasma glucose ≥ 7.8 mmol/L and ≤ 11.0 mmol/L). Healthy 

controls were included based on a BMI between 20 and 24.9 kg/m 2 , fasting plasma glucose < 6.1 mmol/L, and normal glucose toler-

ance (plasma glucose 2 h post ingestion of a 75 g glucose beverage < 7.8 mmol/L).

Fecal samples were self-collected at home and immediately frozen. Sample collection was approved by the Medical Ethical Com-

mittee of Maastricht University Medical Center and monitored by the Clinical Trial Center Maastricht (NCT03711383). All participants 

provided written informed consent.

Cell-lines

THP-1 monocytes (ATCC TIB-202, from a male patient) were used for in vitro stimulation experiments.

METHOD DETAILS

Fecal bacterial DNA extraction

Stored fecal samples (0.5 g) were thawed and resuspended in 5 mL sterile PBS and centrifuged at 5,000 × g for 15 min at 4 ◦ C to pellet 

bacteria. Pellets were subjected to bead-beating and column-based DNA extraction using the QIAmp DNA Mini Kit (Qiagen, 51306).

Bacterial membrane vesicle isolation and purification

Bacterial membrane vesicles (bMVs) were isolated using consecutive ultracentrifugation and size exclusion chromatography steps. 

Fecal samples (0.5 g) were suspended in PBS and centrifuged at 5,000 × g for 15 min at 4 ◦ C. Supernatants devoid of bacteria were 

ultracentrifuged at 40,000 rpm for 150 min at 4 ◦ C under vacuum to pellet bMVs. Pellets were resuspended in PBS, filtered through 

0.22 μm filters, and concentrated by ultrafiltration (100 kDa MWCO at 4000G (room temperature, 1 minute intervals). 500 μL concen-

trates were subjected to SEC using qEV 35 nm columns, and 1 mL fractions 4–6 were pooled and stored at − 80 ◦ C.

Nanoparticle tracking analysis

Particle size and concentration were determined using a ZetaView PMX 120 nanoparticle tracking analyzer (Particle Metrix). Calibra-

tion was performed using 100 nm polystyrene beads (Particle Metrix, Art. 110-0020). Samples were diluted 1:500 in PBS (Gibco, Cat#
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Formvar/carbon-coated copper grids Electron Microscopy Sciences FCF200-Cu
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10010023) prior to measurement. Measurements were performed at room temperature and analyzed using ZetaView software (Par-

ticle Metrix).

Western blot analysis

Vesicle protein was analyzed by western blotting for CD63 (1:1,000, non-reducing conditions), CD81 (1:1,000, non-reducing condi-

tions), and outer membrane protein A (OmpA; 1:2,500, reducing conditions) (Table S2 and Figure S5). Samples were prepared in 6× 

Laemmli sample buffer (G-Biosciences, Cat# 786-701) with or without β-mercaptoethanol (Merck, Cat# 1.15433.0050) depending on 

reducing conditions. Equal particle numbers (5 × 10 8 vesicles) were loaded onto 4–12% Criterion XT Bis-Tris gels (Bio-Rad, Cat# 

345-0124) using XT MES running buffer (Bio-Rad, Cat# 161-0789). Precision Plus Protein Standards All Blue (Bio-Rad, Cat# 161-

0373) were used as molecular weight markers. Proteins were transferred to 0.45 μm nitrocellulose membranes (GE Healthcare, 

Cat# RPN303D) at 100 V for 1 h. Membranes were blocked for 1 h in Intercept blocking buffer (LI-COR, Cat# 927-70001). Proteins 

were detected using fluorescently labeled secondary antibodies (1:10,000) and imaged on an Odyssey Infrared Imaging System 

(LI-COR). All antibodies were diluted in TBS containing 0.1% Tween-20. Image acquisition and analysis were performed using Image 

Studio software (LI-COR).

Negative-staining transmission electron microscopy

Purified bMVs were deposited on Formvar/carbon-coated copper grids (Electron Microscopy Sciences) at approximately 1 × 10 10 

vesicles/mL and incubated at room temperature for 20 min. Grids were fixed with 2% paraformaldehyde and 1% glutaraldehyde in 

100 mM phosphate buffer for 20 min, washed with water, and contrasted with methylcellulose/uranyl acetate (Electron Microscopy 

Sciences) for 10 - 12 min on ice. Excess liquid was removed by blotting and grids were air-dried. Grids were examined using a Tecnai 

G2 Spirit transmission electron microscope (Thermo Fisher Scientific) operated at 120 kV.

Cryo-transmission electron microscopy

Three microliters of purified bMV suspension were applied to glow-discharged holey carbon grids (Electron Microscopy Sciences). 

Grids were maintained at 95% humidity, blotted with filter paper, and plunge-frozen in liquid ethane using a Vitrobot (Thermo Fisher 

Scientific). Vitrified samples were transferred to a Tecnai Arctica cryo-transmission electron microscope (Thermo Fisher Scientific) 

operated at 200 kV.

16S rRNA gene amplification and sequencing

For bacterial and vesicle-associated DNA, amplification of the 16S rRNA gene variable region followed by Illumina sequencing was 

performed. The V4 region was amplified using primers 515F (5 ′ -GTGCCAGCMGCCGCGGTAA-3 ′ ) and 806R (5 ′ -GGAC-

TACHVGGGTWTCTAAT-3 ′ ), synthesized by Eurofins, Netherlands. PCR mixes (50 μL total reaction volume) contained 1 μL of 

each primer (10 pmol/μL), 0.2 μL AccuPrime High Fidelity DNA polymerase (Thermo Fisher Scientific), 5 μL AccuPrime buffer II,

1 μL template DNA, and 41.8 μL water. PCR cycling conditions consisted of an initial denaturation at 94 ◦ C for 3 min, followed by 

35 amplification cycles for bMV DNA templates or 25 cycles for bacterial DNA templates (94 ◦ C for 30 s, 50 ◦ C for 45 s, and 72 ◦ C 

for 60 s), and a final extension at 72 ◦ C for 10 min. Amplicon size and quality were verified on 1% agarose gels. Amplicon libraries 

were purified using Agencourt AMPure beads on a Zephyr G3 NGS automated workstation (PerkinElmer). DNA concentrations 

were quantified using PicoGreen Quant-iT (Invitrogen), and libraries were pooled at equimolar concentrations to a final concentration 

of 1 ng/μL. Sequencing was performed on an Illumina MiSeq system using the MiSeq v3 reagent kit.

Cell culture stimulation and harvest

THP-1 monocytes (ATCC TIB-202, RRID: CVCL_0006) were seeded in 6-well polystyrene culture plates (Greiner) at a density of

3 × 10 5 cells/mL in 2 mL RPMI 1640 medium (Gibco, Cat# 11875034) supplemented with 10% fetal bovine serum (Bodinco BV, Batch 

BDC-11933) and 1× Antibiotic-Antimycotic (Gibco, Cat# 15240062). Cells were differentiated with phorbol 12-myristate 13-acetate 

(PMA; Sigma-Aldrich, Cat# P8139-1MG) at 50 ng/mL for 24 h at 37 ◦ C in 5% CO 2 . Cells were washed and incubated for an additional 

24 h in unsupplemented RPMI 1640 medium prior to stimulation.

Cells were stimulated with purified bMVs at 5 × 10 7 vesicles per well for 24 h at 37 ◦ C in 5% CO 2 . Conditioned media were collected 

for cytokine quantification by ELISA.

Cytokine ELISA

Conditioned media were analyzed using human uncoated enzyme-linked immunosorbent assay (ELISA) kits for IL-6, TNFα, and IL-1β 
(Thermo Fisher Scientific; catalog numbers listed in the key resources table). For each assay, wells were pre-coated with 100 μL of 

capture antibody and incubated at 4 ◦ C overnight. The next morning, wells were washed, and 100 μL of sample or standard was 

added and incubated at room temperature for 2 h. After washing, 100 μL of detection antibody was added and incubated for 1 h. 

After washing, 100 μL of HRP-conjugated (strept)avidin was added and incubated for 30 min. Plates were washed and developed 

with 100 μL of TMB substrate. Reactions were terminated by addition of 100 μL stop solution after 15 min, and absorbance was 

measured at 450 nm using a Spectramax iD3 platereader (Molecular Devices). Cytokine concentrations were calculated from stan-

dard curves.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Sequencing data processing

Amplicon data were processed using DADA2 (v1.28.0) and classified using the SILVA 138.1 database. Downstream analysis was 

performed in R (v4.2.0) using microViz (v0.12.1).

Statistical analysis

Group-based differences in beta-diversity were assessed using PERMANOVA with Bray–Curtis distances at the genus level. Bacte-

rial richness, diversity, and relative abundances were compared using Mann–Whitney tests. Cytokine data and group parameter 

comparisons were analyzed using unpaired two-tailed t tests. Statistical analyses were performed in RStudio (v2024.04.0+735) 

and GraphPad Prism (v8.02), with α = 0.05.
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