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Abstract 

Background  The human gut microbiome strongly influences host metabolism by fermenting dietary components 
into metabolites that signal to the host. Our previous work has shown that Intestinimonas butyriciproducens is a preva-
lent commensal bacterium with the unique ability to convert dietary fructoselysine to butyrate, a well-known signal-
ing molecule with proven health benefits. Dietary fructoselysine is an abundant Amadori product formed in foods 
during thermal treatment and is part of foods rich in dietary advanced glycation end products which have been 
associated with cardiometabolic disease. It is therefore of interest to investigate the causal role of this bacterium 
and fructoselysine metabolism in metabolic disorders.

Results  We assessed associations of I. butyriciproducens with metabolic risk biomarkers at both strain and functional 
levels using a human cohort characterized by fecal metagenomic analysis. We observed that the level of the bacterial 
strain as well as fructoselysine fermentation genes were negatively associated with BMI, triglycerides, HbA1c, and fast-
ing insulin levels. We also investigated the fructoselysine degradation capacity within the Intestinimonas genus using 
a culture-dependent approach and found that I. butyriciproducens is a key player in the butyrogenic fructoselysine 
metabolism in the gut. To investigate the function of I. butyriciproducens in host metabolism, we used the diet-
induced obesity mouse model to mimic the human metabolic syndrome. Oral supplementation with I. butyricipro-
ducens counteracted body weight gain, hyperglycemia, and adiposity. In addition, within the inguinal white adipose 
tissue, bacterial administration reduced inflammation and promoted pathways involved in browning and insulin 
signaling. The observed effects may be partly attributable to the formation of the short-chain fatty acids butyrate 
from dietary fructoselysine, as butyrate plasma and cecal levels were significantly increased by the bacterial strain, 
thereby contributing to the systemic effects of the bacterial treatment.

Conclusions  I. butyriciproducens ameliorates host metabolism in the context of obesity and may therefore be a good 
candidate for new microbiota-therapeutic approaches to prevent or treat metabolic diseases.
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Introduction
Diet, the human microbiome, and host genetics are 
determinants of metabolic status, in part through the 
production of metabolites via fermentation of dietary 
components by the gut microbiota [1, 2]. Understanding 
the metabolism of dietary components by the microbi-
ome is key to mediating the effects of the human micro-
biome on host metabolism. Mechanistic studies of the 
interactions between dietary components, the microbi-
ome, and the host are therefore urgently needed. Of great 
interest is the ability of the gut microbiota to metabolize 
dietary compounds that are  abundantly produced dur-
ing food processing: are they harmful xenobiotics or is 
the human microbiota capable of metabolizing them for 
good?

Fructoselysine is an abundant Amadori product formed 
by the non-enzymatic reaction between a reducing sugar 
and amino acids in foods during thermal processing and 
storage. The formation of Amadori compounds partially 
blocks amino acids from absorption, thereby reducing 
their bioavailability to the host [3]. It is estimated that 
the daily intake of Amadori products is approximately 
0.5–1 g, of which the vast majority reaches the colon for 
further digestion in healthy individuals [4]. More impor-
tantly, due to the reaction kinetics and the availability 
of free amino groups, there is simultaneous formation 
and oxidative fragmentation of Amadori compounds to 
form  α-dicarbonyls and subsequently advanced glyca-
tion end products (AGEs), such as CML and CEL [5]. 
These dietary AGEs have been associated with cardio-
vascular risks and diabetic complications [6–8]. To date, 
few intestinal bacteria have been reported to metabolize 
fructoselysine. Some probiotic strains, mainly Bifido-
bacterium and Lactobacillus spp. have been reported to 
convert fructoselysine to glucose and lysine and subse-
quently utilize the liberated glucose moiety but not lysine 
[9]. E. coli is able to degrade fructoselysine and use the 
released glucose for growth in vitro [10], while Collinsella 
intestinalis can metabolize fructoselysine to acetate and 
formate both in  vitro and in  vivo [11]. All these strains 
failed to use the liberated lysine moiety for growth. Intes-
tinimonas butyriciproducens showed exceptional meta-
bolic properties being able to use both the glucose and 
lysine moiety released from fructoselysine degradation to 
form butyrate via two separate pathways [12]. The con-
version of fructoselysine to butyrate is highly desirable. 
Butyrate serves as an energy source for colonocytes but 
also suppresses inflammation in various tissues [13–15] 
and is involved in the regulation of insulin release via gut 
hormone stimulation [14, 16]. This is in line with numer-
ous reports on the depletion of butyrate-producing spe-
cies in diabetic and obese subjects and supplementation 
of these species provided the metabolic benefits to the 

host [17–19]. It is therefore of great interest to explore 
the therapeutic potential of I. butyriciproducens in 
improving metabolic health via its unique ability to con-
vert fructoselysine to butyrate.

In this study, we investigated the associations between 
butyrogenic Intestinimonas butyriciproducens and fruc-
toselysine pathway genes and metabolic risk biomarkers 
in metabolically compromising individuals compared 
to healthy controls in the Swedish Impaired Glucose 
Tolerance (IGT) cohort (n = 1011) [20]. We then iso-
lated 4 human Intestinimonas isolates and studied their 
fructoselysine fermentation capacity and genomic char-
acteristics. We later administered the Intestinimonas 
butyriciproducens GL3 isolate to diet-induced obese mice 
to investigate the effects on obesity and host metabolism 
and to gain mechanistic understanding that is important 
for future proof-of-concept studies in humans.

Results
Intestinimonas butyriciproducens and fructoselysine 
fermentation were reduced in subjects with high 
metabolic risks
To investigate whether Intestinimonas butyriciprodu-
cens is associated with host metabolic health, we used 
metagenomic data from a Swedish cohort of 1011 indi-
viduals with pre-diabetes and treatment-naïve type 2 
diabetes (T2D) and healthy relatives [20]. Comparing 
the rarefied read abundances of I. butyriciproducens 
in subjects with different glycemic statuses ranging 
from normal glucose tolerance to T2D, we observed 
that the relative abundance of I. butyriciproducens was 
significantly reduced in groups with impaired fasting 
glucose (IFG, P = 0.034), impaired glucose tolerance 
(IGT, P = 0.02), combined glucose intolerance (CGI, 
P = 0.021) and type 2 diabetes (T2D, P = 0.055) as com-
pared to low-risk normal glucose tolerance (IrNGT) 
but not to high-risk normal glucose tolerance (hrNGT) 
(Fig. 1A). To further explore associations of I. butyric-
iproducens with metabolic risk factors, we correlated 
the relative abundance of identified fructoselysine path-
way genes and bacterial levels [12] with metabolic bio-
markers (Fig.  1B). This previously identified pathway 
consists of four main functions: fructoselysine uptake 
and degradation, lysine utilization, butyrate formation 
from glucose-6-phosphate and butyrate formation from 
lysine (Fig. 1B, Supplementary Table S1). We found that 
both the abundance of these functional group genes 
(either individually or as a group) and Intestinimonas 
butyriciproducens levels were negatively associated 
with metabolic risk, including triglycerides, BMI, fast-
ing glucose, and 2  h OGTT glucose. Genes involved 
in lysine utilization and the formation of butyrate 
from lysine were found to have stronger associations 
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than those involved in fructoselysine degradation and 
butyrate formation from glucose-6-phosphate, sug-
gesting that the conversion of lysine to butyrate may 
be beneficial for metabolic health. Notably, two genes 
involved in fructoselysine degradation: fructosely-
sine kinase (AF_949) and fructosamine deglycase 
(AF_00951) were not associated with risk factors, which 
may be explained by the presence of these two genes 
in the genomes of some pathogenic strains, including 
E. coli and Salmonella, which are commonly found in 
the human feces [10, 21]. However, these bacteria are 

unable to ferment lysine or produce butyrate. Thus, 
the association of these two fructoselysine conversion 
genes did not represent the ability of the microbiome 
to convert fructoselysine to butyrate. To investigate the 
associations of Intestinimonas butyriciproducens with 
metabolic risks via its unique ability to convert fruc-
toselysine to butyrate, we examined the associations 
between the total abundance of fructoselysine pathway 
genes and metabolic markers. We found significant 
negative correlations between the relative abundance of 
the fructoselysine pathway and body mass index (BMI, 
rho = − 0.15; P = 7.4e − 07), triglycerides (rho = − 0.19; 
P = 1.0e − 09), glycated haemoglobin (HbA1c, rho = 

Fig. 1  Negative associations between Intestinimonas butyriciproducens and fructoselysine fermentation genes and metabolic biomarkers 
in the human cohort. A Significant reduction of Intestinimonas butyriciproducens in IFG (impaired fasting glucose), IGT (impaired glucose tolerance), 
CGI (combined glucose intolerance), hrNGT (high-risk normal glucose tolerance) and T2D groups as compared to irNGT (low-risk normal glucose 
tolerance) control based on rarefied reads of Intestinimonas butyriciproducens in a Swedish prediabetes cohort (n = 1011; Spearman correlation). 
B Metagenomic analysis shows negative associations of individual FL pathway genes with different metabolic biomarkers (Wilcox rank-sum 
test). − P < 0.1; *P < 0.05; + P < 0.01; #P < 0.001. The fructoselysine (FL) degradation pathway consists of 4 separate sub-pathways: FL uptake 
and degradation, lysine utilization, butyrate from lysine, and butyrate from glucose-6-phosphate. The correlations of these individual sub-pathways 
with each metabolic biomarker are shown. C–F Significant negative associations between FL pathway gene abundance and BMI (body mass index, 
P = 7.4e − 07) (C), triglycerides (P = 1e − 09) (D), HbA1c (hemoglobin A1c, P = 0.002) (E) and fasting insulin (P = 2.4e − 07) (F), respectively
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− 0.10; P = 0.002), and fasting insulin (rho = − 0.16; 
P = 2.4e − 07) (Fig. 1C–F), suggesting a reduced capac-
ity to convert fructoselysine to butyrate in the microbi-
ome of subjects at high metabolic risk. These results are 
consistent with the observed reduced abundance of I. 
butyriciproducens in individuals with T2D or impaired 
glucose tolerance.

Intestinimonas as a key player in the butyrogenic 
fructoselysine metabolism in the gut
To investigate the ability of Intestinimonas to ferment 
fructoselysine, we next performed a conventional cul-
tivation technique using a selective medium on an agar 
plate to isolate Intestinimonas species from the human 
stools of three healthy volunteers. We obtained three 
Intestinimonas isolates and subsequently sequenced the 
16S rRNA genes and genomes to allow further genomic 
and physiological characterization. To determine the 
taxonomic relationship of these isolates, a phylogenetic 
tree was constructed using 16S rRNA gene sequences 
from three Intestinimonas isolates (strains GL3, IY4, and 
AS-BT) and other closely related species in Clostrid-
ium cluster IV (in green) and cluster XIVa (in orange) 
(Fig.  2A). While the 16S rRNA genes of the two strains 
IY4 and GL3 were highly similar (> 99.7 %) to Intestini-
monas butyriciproducens type strain DSM26588T (iso-
lated from mouse cecum) [22] and previously isolated 
Intestinimonas strain AF211, the 16S rRNA gene of the 
strain AS-BT was only 95 % similar to that of the type of 
strain, suggesting the strain AS-BT probably represents 

a new species of the Intestinimonas genus. Nevertheless, 
all three Intestinimonas isolates were able to grow and 
convert fructoselysine and lysine to butyrate and acetate 
with a similar degradation rate (Fig.  2B–E) and have 
complete fructoselysine pathway genes in their genomes 
(Supplementary Table  S2). Interestingly, we found that 
strain AS-BT did not have a complete vitamin B12 path-
way in its genome, whereas three other strains did (Sup-
plementary Table  S3), indicating the potential ability of 
strain GL3 and IY4 to synthesize pseudovitamin B12 as 
strain AF211 [23].

Antibiotic resistance at both functional and genomic 
levels is relevant to gut bacteria as it may imply the 
potential transfer of the antibiotic resistance capacity via 
horizontal gene transfer to the gut microbiome of recipi-
ents [24], and this is of particular interest for new gen-
eration therapeutic strains. We determined the minimum 
inhibitory concentration (MIC) of different antibiot-
ics as well as antibiotic resistance genes in their bacte-
rial genomes in four strains using Etest (Supplementary 
Table  S4). AS-BT clearly had a distinctly different MIC 
profile as compared to the other three strains (GL3, IY4, 
and AF211) which may be attributed to the distant taxo-
nomic position of this strain from three other Intestini-
monas isolates. In general, Intestinimonas isolates were 
susceptible to teicoplanin, chloramphenicol, vancomycin, 
cefotaxime, and oxacillin, which are inhibitors of cell wall 
synthesis in Gram-positive bacteria, but they showed 
relatively high MIC values with ciprofloxacin and sul-
famethoxazole, but no gene was attributed to resistance 

Fig. 2  Intestinimonas isolates and fructoselysine conversion. A A phylogenetic tree based on 16S rRNA genes from 4 Intestinimonas human isolates 
and Intestinimonas butyriciproducens DSM26588T (the type strain) and closely related species. Orange: species in Clostridium cluster XIVa and green: 
species in Clostridium cluster IV. Bar represents 10 % sequence divergence (B–E) fructoselysine conversion by Intestinimonas strain GL3, IY4, AS-BT 
and AF211. All data are presented as mean values ± SD (n = 2 biological replicates). FL: fructoselysine
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mechanisms for these two antibiotics. Although some 
vancomycin resistance genes (vanB, vanW, vanS, and 
vanR) were detected in the genomes (Supplementary 
Table S5), these genes were not sufficient to form a com-
plete operon conferring vancomycin resistance [25]. Two 
out of the four strains were resistant to erythromycin at 
very high levels, while all four strains were resistant to 
tetracycline at varying levels (from 2 to 16 µg/ml). Nota-
bly, the tetracycline resistance gene tetW was not found 
in the genome of GL3 whereas tetW was present in all 
the genomes from three other Intestinimonas strains. In 
contrast, a large number of gene copies for efflux pumps 
were found in all Intestinimonas genomes, with the high-
est number of 27 pumps from GL3 isolate, which may be 
an important mechanism to eliminate toxic compounds.

Intestinimonas butyriciproducens limits body weight gain 
in mice fed a high‑fat diet
Butyrate is known to be a signaling molecule that can 
modulate glucose metabolism and insulin sensitivity [26]. 
A decrease in both intestinal butyrate production and 
butyrate-producing bacteria in T2D has been observed 
in multiple cohorts [27, 28]. This is consistent with our 
observations in the Swedish (pre)diabetes cohort. There-
fore, supplementation with butyrate-producing bacteria 
may have therapeutic effects in the prevention or treat-
ment of type 2 diabetes. As strain GL3 has a favorable 
antibiotic resistance profile with the absence of tetW, we 
use Intestinimonas butyriciproducens GL3 strain (hereaf-
ter referred to as IB) to investigate the effects of Intestini-
monas butyriciproducens on systemic host metabolism, 
using the mouse diet-induced obesity (DIO) model 
[29]. C57BL/6  J mice were fed a high-fat diet (HFD) or 
a matched low-fat diet (LFD) for 13 weeks and subjected 
to oral gavage 3 times a week of placebo (only anaero-
bic PBS without bacteria) or IB solution. Importantly, 
the HFD contains significantly higher levels of protein-
bound fructoselysine as compared to a regular chow diet 
(Supplementary Figure  S1; 128.3 versus 567.5  mg/100  g 
protein, p = < 0.0001), making HFD an excellent source of 
dietary fructoselysine for butyrate production by IB. The 
high levels of FL in the HFD are probably due to the ther-
mal processing with the high sugar and protein content.

Although we did not observe changes in food intake 
between placebo and IB-treated mice, bacterial admin-
istration resulted in significantly less body weight gain 
in the HFD-fed mice as compared to placebo treatment 
(Fig. 3A; 15.1 g versus 11.5 g, p = 0.038). The difference in 
body weight between the placebo and IB groups became 
apparent after 11  weeks suggesting that the bacterium 
only affects the host only after a prolonged treatment 
and/or that the bacterial treatment becomes effective 
when mice develop exacerbated adiposity/metabolic 

dysregulation. Notably, the bacterial supplementation 
had no effects on body weight in the LFD-fed mice.

As butyrate-producing bacteria have been associated 
with insulin sensitivity in both human and mouse studies 
[26], we next assessed blood glucose levels in the fasting 
state and following intraperitoneal insulin injection. As 
expected, HFD feeding increased the fasting glucose lev-
els and bacterial supplementation significantly lowered 
fasting glucose concentrations (Fig. 3B; 11.3 mM versus 
9.4 mM glucose, p = 0.035). During the insulin tolerance 
test, blood glucose levels in IB-treated mice were consist-
ently lower than in placebo mice, with significantly lower 
levels at 45 min after glucose administration (7.3 versus 
5.6 mM glucose, p = 0.0416), suggesting an improvement 
of insulin sensitivity (Fig. 3C). Analysis of the area under 
the curve (AUC) showed a trend towards a reduced glu-
cose rate over time (Fig. 3D; AUC of 48.41 versus 42.08, 
p = 0.057) following bacterial administration.

Intestinimonas butyriciproducens counteracts the fat 
accumulation and promotes lipid degradation 
and browning processes in inguinal white adipose tissue
Analysis of white adipose tissue (WAT) revealed a reduc-
tion in subcutaneous/inguinal white adipose tissue 
(iWAT) in IB-treated mice on HFD (2.43 versus 1.58 % 
BW, P = 0.023), while the proportion of visceral/epididy-
mal white adipose tissue (eWAT) relative to total body 
weight was unchanged between placebo and IB groups 
(Fig. 3E, F).

Since IB intake led to a reduction in the proportion of 
IWAT tissue, we next examined the expression of key 
metabolic genes in iWAT. We found that the expres-
sion of genes involved in mitochondrial metabolism 
and, in particular fatty acid oxidation, was strongly 
up-regulated following IB treatment in HFD-fed mice. 
Indeed, IB supplementation reduced the HFD-induced 
expression of Ppargc1a4 (peroxisome proliferator-acti-
vated receptor gamma coactivator 1-alpha, 0.007108 
versus 0.01577, P = 0.037), Ppara (peroxisome prolifer-
ator-activated receptor alpha, 0.009667 versus 0.03057 
P = 0.025), and Cpt1a (carnitine palmitoyltransferase 
1A, 0.1497 versus 0.3879, P = 0.017) to levels similar 
to those observed in LFD-treated mice (Fig.  4A–C). 
In contrast, the expression rates of the browning 
markers were downregulated in the HFD feeding but 
upregulated by oral IB treatment (Fig. 4D–H). Indeed, 
compared to placebo, bacterial supplementation in 
obese mice resulted in a significantly increased expres-
sion of the browning markers Ucp1 (uncoupling pro-
tein 1, 0.009592 versus 0.01908, P = 0.043), Cidea (cell 
death-inducing DFFA Like Effector A, 0.08147 versus 
0.2776, P = 0.023), Prdm16 (PR domain containing 16, 
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0.04065 versus 0.1585, P = 0.0023), Dio2 (Iodothyro-
nine deiodinase 1, 0.03754 versus 0.2598, P = 0.054) and 
Tbx1 (0.04912 versus 0.1597, P = 0.015). Based on these 
observations, we next assessed protein levels of PGC1α, 
CPT1, UCP1, and PRDM16 and found higher, although 
not significant, protein levels of PRDM16, UCP1, and 
PGC1α (Supplementary Figure  S2A–E). As the tran-
scriptional reprogramming observed in iWAT suggests 
an increase in energy expenditure and thermogenesis, 

we then asked whether similar changes occur in the 
brown adipose tissue (BAT). However, in BAT we did 
not find significant differences in the expression of 
genes involved in lipid and mitochondrial metabolism 
nor thermogenesis between the placebo and IB treat-
ment groups (Supplementary Figure S3).

Fig. 3  Diet-induced obesity mouse model: systemic effects of Intestinimonas butyriciproducens GL3 (IB). A Body weight gain, shown 
as the difference in body weight compared to baseline. B Fasting blood glucose levels assessed at the end of the study. C, D Intraperitoneal insulin 
tolerance test (IPITT): blood glucose levels before and after insulin injection (C) and area under the curve (AUC) of glucose excursion during IPITT 
(mM*minute) (D). E, F Relative weight of epididymal (eWAT) and inguinal white adipose tissue (iWAT), shown as a percentage of total body weight. 
Statistical differences between placebo and IB groups were assessed using the non-parametric Mann–Whitney U test. All data are presented 
as mean values ± SEM (N = 12/group). *P < 0.05
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Intestinimonas butyriciproducens constrains white 
adipose tissue inflammation and loss of insulin sensitivity 
in obesity
As WAT is an important modulator of systemic insulin 
sensitivity [30] and IB intake augmented glucose uptake 
after insulin injection, we next measured the intra-
iWAT expression of Irs2 (insulin receptor substrate 2), 

which mediates the cytoplasmic signaling of insulin [31]. 
Expression of Irs2 was markedly diminished in iWAT of 
obese mice, and in line with the amelioration of insulin 
resistance, IB treatment resulted in increased expres-
sion of Irs2 at both gene (Fig.  5A; 0.146 versus 0.3123, 
P = 0.0029) and protein levels (Fig.  5B; 0.314 versus 
0.8455, P = 0.0086).

Fig. 4  Inguinal white adipose tissue: gene expression after placebo and IB treatment. A–H Expression of genes encoding for proteins involved 
in A–C mitochondrial oxidative metabolism and fatty acid oxidation and in D–H WAT browning. Data are shown as 2^-dCt. Data are presented 
as mean ± SEM (N = 12/group). Mann–Whitney U test was used for statistical analysis between placebo and IB groups. *P < 0.05, **P < 0.01. Ppargc1a4: 
peroxisome proliferative activated receptor, gamma, coactivator 1-alpha, Ppara: Peroxisome proliferator-activated receptor alpha, Cpt1a: carnitine 
palmitoyl transferase 1-A, Ucp1: uncoupling protein 1, Cidea: cell death-inducing DFFA fragmentation like effector A, Prdm16: PR domain containing 
16, Dio2: Iodothyronine deiodinase 2, Tbx1: T-Box protein 1
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Fig. 5  Inguinal white adipose tissue: insulin receptor and cytokine levels. A Expression of Irs2 gene mRNA transcripts in inguinal WAT tissues 
from HFD-fed mice. B IRS2 protein expression levels in iWAT tissues from HFD-fed mice. IRS2 (insulin receptor substrate 2) levels are normalized 
to beta-actin levels. C Images of western blots assessing of IRS-2 and actin gene expression. D–F Pro-inflammatory cytokine levels detected in lysate 
of iWAT tissue from obese mice and normalized to protein concentrations. G Macrophage infiltration of iWAT, determined by immunohistochemical 
staining on FFPE (formalin-fixed paraffin-embedded). (H) Representative images were taken at × 10 magnification of F4/80 immunohistochemical 
staining and hematoxylin counterstaining on FFPE sections from placebo and IB-treated DIO mice section. Data are shown as a percentage 
of positive areas of the total area analyzed. All data are presented as mean values ± SEM (N = 12/group). Mann–Whitney U test was used for statistical 
analysis. *P < 0.05, **P < 0.01. TNF-α: tumor necrosis factor-alpha, IL-6: interleukin-6, IL-1β: interleukin-1 beta. IB: Intestinimonas butyriciproducens GL3 
strain



Page 9 of 19Rampanelli et al. Microbiome           (2025) 13:15 	

As the development of insulin resistance and adipose 
tissue inflammation are intertwined, we subsequently 
examined the production of relevant pro-inflammatory 
cytokines by iWAT in obese mice. This revealed that 
intestinal IB exerted anti-inflammatory effects, as IB 
treatment significantly reduced the intra-WAT secre-
tion of tumor necrosis factor (TNF)-α (0.5837 versus 
0.3859, P = 0.0048), interleukin (IL)-6 (1.003 versus 
0.6825, P = 0.0053) and IL-1β (0.4915 versus 0.3886, 
P = 0.0165) (Fig.  5D–F). In addition, staining for the 
macrophage marker F4/80 showed that macrophage 
recruitment was reduced, although not significantly, 
in IB-treated mice (Fig.  5G–H), possibly indicating 
that immune infiltrating cells as well as parenchymal 
cells were the source of the detected pro-inflammatory 
cytokines.

Oral intake of Intestinimonas butyriciproducens increases 
levels of cecal and plasma SCFAs butyrate and acetate
The short-chain fatty acids produced by the gut microbi-
ome have been shown to affect metabolism in both the 
local gut and peripheral organs [16, 32]. Peripheral effects 
include the liver [33], adipose tissue [34], and the car-
diovascular system [35]. To elucidate the mechanism of 
action of the bacterial treatment, we measured cecal and 
circulating levels of SCFAs. Plasma levels of butyrate and 
acetate were significantly increased in obese mice after IB 
treatment as compared to placebo (butyrate: 0.9817 ver-
sus 1.12 μM, P = 0.0367; acetate: 374.3 versus 664.3 μM, 
P = 0.0068) (Fig. 6A, B). Although the plasma fructosely-
sine concentrations were similar between the groups 
(Supplementary Figure S4A), the butyrate/fructoselysine 
ratio tended to increase in the HFD-fed mice receiving 

Fig. 6  Circulating levels of bacterial SCFA and dietary fructoselysine. A, B Plasma concentrations of butyrate and acetate in mice. C, D 
Concentration of cecal butyrate and acetate in mice. All data are shown as mean values ± SEM (N = 12/group). Mann–Whitney U test was used 
for statistical analysis. *P < 0.05, **P < 0.01. SCFAs and fructoselysine concentration were analyzed using LC–MS
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IB (P = 0.059, Supplementary Figure  S4B). The increase 
in cecal butyrate levels after IB administration was more 
pronounced (28.4 versus 48.2, P = 0.0281), whereas cecal 
acetate levels were unchanged (Fig. 6C, D). More impor-
tantly, the significant increase of cecal butyrate after IB 
treatment was only found in HFD-treated mice but not 
in the LFD treatment groups (Fig. 6C), suggesting in vivo 
production of butyrate by IB, probably using fructosely-
sine as a source, as seen in the bacterial cultures (Fig. 2).

To exclude that the observed changes in gut-derived 
metabolites were due to alterations in gut barrier func-
tion, we also examined the expression in the small 
intestine and colon of genes encoding for tight junc-
tion molecules: claudin-4 (Cldn4), occludin (Ocln) and 
zona occludens-1 (ZO-1), Tjp1 (tight junction protein 
1) (Supplementary Figure  S5A–F). At the protein level, 
occludin expression was significantly higher in lean IB-
treated mice than in the placebo group (1,2 versus 5,2, 
P = 0.0047), whereas ZO-1 expression was unaltered by 
IB supplementation (Supplementary Figure  S6A–C). 
These results indicate that IB did not have a negative 
effect on barrier integrity based on the expression of key 
epithelial tight junction proteins.

Taken together, these results highlight that the systemic 
effects of IB, observed in obese mice, are associated with 
the production of cecal butyrate and acetate, which are 
subsequently absorbed into the systemic circulation. The 
lack of changes in cecal and plasma butyrate and acetate 
in fed-LFD mice (Fig. 6A, B) suggests that the IB-associ-
ated cecal production of butyrate and acetate may have 
resulted from the higher fructoselysine content due to 
the high protein glycation in the HFD. Lastly, the benefi-
cial effects observed so far seem to be determined only 
by the transit of exogenous IB through the intestinal tract 
rather than by the persistence of the given strain. We did 
not find an increase in the relative abundance of Intestini-
monas in the fecal microbiota of the IB treatment groups 
as compared to placebo at the end of the study (Supple-
mentary Figure S7A-B).

Discussion
The Amadori product fructoselysine is abundant in pro-
cessed foods, but only a small fraction of these protein-
bound lysine Amadori products can be absorbed in the 
gut [3]. As a result, the majority of Amadori products are 
diverted to the lower gastrointestinal tract for microbial 
fermentation. We have previously demonstrated that I. 
butyriciproducens uniquely ferments fructoselysine to 
butyrate via the lysine and acetyl-CoA pathways simul-
taneously [12]. In the present study, we report three 
additional Intestinimonas isolates from human sub-
jects, all of which have the ability to convert fructosely-
sine to butyrate and harbor all genes for a complete 

fructoselysine pathway (Fig. 2). This indicates that Intes-
tinimonas is a key player in the intestinal fructoselysine 
fermentation to butyrate and that I. butyriciproducens 
is the most abundant species within the Intestinimonas 
genus in the human gut, in good agreement with our 
previous report [23]. In addition, we isolated a new Intes-
tinimonas species (AS-BT isolate) that shared many met-
abolic characteristics with I. butyriciproducens, except 
for the ability to synthesize pseudovitamin B12, an essen-
tial cofactor of lysine-5,6-aminomutase, a key protein 
involved in lysine/fructoselysine fermentation [36].

Interestingly, we found that the abundance of both I. 
butyriciproducens and fructoselysine pathway genes were 
negatively associated with several metabolic markers in 
a (pre-)diabetic cohort (n = 1011 subjects), suggesting 
a reduced capacity of the microbiome to convert fruc-
toselysine to butyrate in cardiovascular and metabolically 
compromised subjects compared to healthy individuals. 
The reduced capacity of the human microbiota to con-
vert fructoselysine to beneficial butyrate may lead to a 
higher fructoselysine accumulation and lower colonic 
butyrate levels, both of which are undesirable. While 
butyrate is required for a healthy colon, high levels of 
fructoselysine may facilitate its pH-driven conversion 
to  α-dicarbonyls  and  advanced glycation end products 
(AGEs), the levels of which have been associated with 
aging, atherosclerosis, and diabetes [37–40]. We have 
previously reported that the prevalence of Intestinimonas 
and fructoselysine fermentation genes were also associ-
ated with infant feeding modes [41]. In contrast, butyrate 
or short-chain fatty acids in general have been reported 
to be an important component in the control of body 
weight and insulin sensitivity [16]. This association from 
the cohort study is well in line with the results of the 
in vivo study, which showed that the administration of I. 
butyriciproducens GL3 strain (IB) exerts multiple meta-
bolic benefits in diet-induced obesity. Indeed, bacterial 
supplementation led to significantly reduced body weight 
gain, iWAT accumulation, and fasting glucose levels in 
obese mice. In addition, following insulin administration, 
blood glucose levels remained lower in the IB-treated 
mice as compared to placebo. These effects were accom-
panied by increased IRS2 expression, enhanced expres-
sion of genes critical for lipid catabolism, and reduced 
inflammation in iWAT of IB-treated obese mice. Finally, 
bacterial administration resulted in higher levels of circu-
lating and cecal butyrate.

Most of the observed IB-induced metabolic benefits 
in  vivo are likely due to increased SCFA production by 
this commensal bacterium. Indeed, previous reports have 
shown that sodium butyrate administration limits weight 
gain, and improves glucose kinetics, insulin sensitivity, 
energy expenditure as well as mitochondrial function in 
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DIO mouse models [26, 34, 42]. Similarly, oral admin-
istration of sodium acetate was sufficient to counteract 
obesity, ameliorate insulin resistance, and increase energy 
expenditure and oxidative metabolism in DIO mice [34].

The short-chain fatty acid butyrate and acetate exert 
pleiotropic effects on the host by serving as an energy 
source (accounting for approximately 10 % of the caloric 
requirement in humans), functioning as histone dea-
cetylase inhibitors, and signaling through host G pro-
tein–coupled receptors (GPRs) 41, 43 [43] and 109A/43 
[44]. In addition to their protective effects against adi-
posity, SCFAs are also known to be anti-inflammatory 
molecules [13, 45–47]. In line with this, we found that 
the administration of the butyrate-producing strain I. 
butyriciproducens GL3 significantly reduced the produc-
tion of TNF-α, IL-6, and IL-1β in iWAT. These effects are 
likely driven by SCFA-mediated inhibition of both the 
nuclear factor–κB (NF-κB) signaling and NLRP3 inflam-
masome activation [48–51]. Notably, both pathways 
are critical in the induction of meta-inflammation and 
obesity-induced insulin resistance [52, 53]. Accordingly, 
we observed that IB supplementation resulted in sig-
nificantly lower fasting blood glucose levels and a trend 
toward improved glucose disposal upon insulin injection. 
Thus, the IB-induced improvement in glucose homeo-
stasis may result from the inhibitory effects of SCFAs on 
local inflammation in iWAT and thus the maintenance of 
functional insulin signaling in adipocytes. Accordingly, 
we reported that the iWAT expression of IRS2 was sig-
nificantly increased upon IB administration as compared 
to placebo treatment. This effect is supported by previous 
reports demonstrating the ability of butyrate to increase 
the expression of the signaling molecules IRS1 and IRS2 
[54], thereby facilitating insulin signaling.

Tissue inflammation and insulin resistance are closely 
linked to exacerbated intracellular lipid accumulation. In 
this regard, the transcriptional changes observed in iWAT 
upon bacterial treatment indicate an induction of fatty 
acid beta-oxidation via the PGC1-α and PPAR-α path-
ways which are master transcriptional regulators of mito-
chondrial biogenesis and oxidative metabolism [55]. The 
increased circulating levels of SCFAs found in IB-treated 
mice could explain the relatively lower iWAT weight with 
IB supplementation. Indeed, both in  vitro and in  vivo 
butyrate has been shown to activate the PGC1alpha 
pathway and fatty acid oxidation pathway by increasing 
the CPT1 activity [26, 56, 57] as well as reducing adipo-
cyte expansion [58]. As these are hypothetical pathways 
involved in lipid metabolism in IB-treated obese mice, we 
should be cautious in drawing conclusions because dur-
ing the in vivo study we could not determine the activity 
levels of key enzymes and transcription factors, such as 
CPT1a and PPARs, nor quantify the mitochondrial fatty 

acid oxidation rates within the inguinal adipocytes. In 
addition, we have shown that IB administration results in 
local anti-inflammatory effects in iWAT, which are likely 
related to the reduced WAT depots. Consistent with the 
ability of butyrate to promote energy expenditure in vivo, 
the transcriptional signature of iWAT in IB-treated mice 
suggests the initiation of WAT browning/beiging. Yet 
protein expression could not confirm the occurrence of 
this process in all samples. Of note, the main effects of 
IB were detected in inguinal WAT rather than visceral 
(epididymal) WAT, a plausible explanation is that iWAT 
is more susceptible to modulations by external stimuli 
due to the higher expression of the browning markers 
UCP1, Cidea, and Pdrm16, as well as the beige markers 
Tbx1 and P2rx5 than eWAT at steady state [59].

Lastly, the observations that elevated plasma SCFA lev-
els were found only in obese mice but not in lean mice 
following bacterial administration and the lack of dif-
ferences in all measured clinical parameters between 
placebo- and IB-treated lean mice, underscore that the 
bacterial SCFA production is driven by the dietary dif-
ferences. In fact, the high protein glycation in the HFD 
may lead to increased fructoselysine accumulation, thus 
providing  additional sources for butyrate formation by 
I. butyriciproducens. Furthermore, the anti-inflamma-
tory effects of I. butyriciproducens could be attributed, 
at least in part, to the utilization of a critical precursor, 
fructoselysine, of α-dicarbonyls and AGEs, which are 
increased in type 2 diabetes and associated with dia-
betic complications by inducing oxidative stress and 
pro-inflammatory cytokine release [60–63]. Given that 
the mice were sacrificed after 6  h of fasting, i.e., thus 
during fructoselysine depletion, the observed significant 
increase in circulating and cecal butyrate levels may be 
an underestimate of the levels present in the fed state fol-
lowing bacterial administration.

Notably, the relative abundance of administered IB 
found in the feces was not increased by IB treatment; 
this could be explained by potential engraftment at a 
more proximal site in the gastrointestinal tract or by 
the inability of exogenous IB to stably engraft the colon 
due to competition with the endogenous Intestinimonas 
strains (detected at baseline). Nevertheless, the reported 
metabolic benefits together with the significant increase 
in butyrate concentrations, suggest that exogenous IB 
was metabolically active in the mouse intestine and that 
passage of IB may be sufficient to achieve metabolic 
improvements in DIO mice.

Overall, this study highlights the important role of 
the gut microbiota in regulating host physiology and 
particularly host metabolism and supports the develop-
ment of microbiome-targeting approaches to prevent or 
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ameliorate metabolic disorders, such as obesity and type 
2 diabetes.

Conclusions
In summary, we found that Intestinimonas plays a 
key role in the conversion of dietary fructoselysine to 
butyrate in the gut and that Intestinimonas butyricip-
roducens abundance and fructoselysine pathway genes 
were negatively correlated with multiple risk biomarkers 
in a cohort study. In  vivo, I. butyriciproducens counter-
acts adiposity, and improves glucose metabolism and tis-
sue inflammation by converting dietary fructoselysine to 
butyrate and acetate in DIO mice.

Material and methods
Metagenomics analysis in the Swedish IGT cohort
The rarefied abundance levels of metagenomics species 
(CAG00017), annotated as Intestinimonas butyricipro-
ducens, and 33 KEGG orthologies (KOs) involved in the 
fructoselysine metabolism were obtained from a previous 
study aiming to characterize the gut microbial changes 
in prediabetes and diabetes based on the Swedish IGT 
cohort (n = 1011) [20]. The relative differences of IB 
were then compared across individuals with distinct glu-
cose intolerance levels versus the healthy control group. 
To examine the potential importance of fructoselysine 
metabolism to glucose intolerance, the relative abun-
dances of each KO and/or the whole pathway (based on 
aggregated sum values of all KOs) were associated with 
12 common clinical variables, such as the levels of fasting 
glucose, insulin, HbA1c, and triglycerides, indicative of 
the T2D status, respectively. The study was approved by 
the IRB of Sahlgrenska Hospital, Gothenburg University, 
and all subjects provided written informed consent.

Isolation of Intestinimonas from human stool
Fresh fecal samples were collected in 15 ml falcon tubes 
containing anaerobic phosphate buffer (pH 7) and later 
stored in 25 % glycerol in 5 ml anaerobic bottles kept at 
– 80  °C freezer. 0.5 ml of these fecal slurries was trans-
ferred to 10  ml anaerobic bicarbonate-buffered mineral 
salt medium (CP medium) containing 40  mM lysine as 
energy and carbon source to enrich lysine-fermenting 
bacteria. The headspace was filled with CO2/N2 (1:4) at 
1.5  atm and incubation was at 37  °C. Subsequently, the 
enrichment cultures were transferred two more times 
in the same medium before being plated on YCFA agar 
medium containing 40 mM lysine as substrate (YCFA_L). 
Single colonies were picked and plated at least 3 times 
on the same medium, which resulted in an axenic cul-
ture. The purity of the strains, designated as strain 
GL3, AS-BT, and IY4 was confirmed by 16S rRNA gene 
sequencing and microscopy. The strains were routinely 

maintained in YCFA_L medium at 37  °C. 16S gene 
sequences of three isolates and strain AF211 were aligned 
with the multiple sequence aligner SINA [64] and merged 
with the Silva SSU Ref database (release 111). A phyloge-
netic tree of three isolates and Intestinimonas AF211 and 
closely related strains was constructed in the ARB soft-
ware package (v. 6) by an algorithm [65].

Enrichment medium was done in an anaerobic bicar-
bonate-buffered mineral salt medium (CP medium) [66] 
consisting of (l−1): 0.53 g Na2HPO4. 2H2O, 0.41 g KH2PO4, 
0.3  g NH4Cl, 0.11  g CaCl2. 2H2O, 0.10  g MgCl2. 6H2O, 
0.3 g NaCl, 4.0 g NaHCO3 and 0.48 g Na2S. 9H2O as well 
as alkaline and acid trace elements (each 1  ml  l−1) and 
vitamins (0.2  ml  l  −1) [66]. The alkaline trace element 
solution contained the following (mM): 0.1 Na2SeO3, 0.1 
Na2WO4, 0.1 Na2MoO4, and 10 NaOH. The acid trace 
element solution was composed of the following (mM): 
7.5 FeCl2, 1 H3BO4, 0.5 ZnCl2, 0.1 CuCl2, 0.5 MnCl2, 0.5 
CoCl2, 0.1 NiCl2 and 50 HCl. The vitamin solution had 
the following composition (g l−1): 0.02 biotin, 0.2 niacin, 
0.5 pyridoxine, 0.1 riboflavin, 0.2 thiamine, 0.1 cyanoco-
balamin, 0.1 p-aminobenzoic acid and 0.1 pantothenic 
acid.

YCFA medium (l−1): 10  g soy peptone, 10  g yeast 
extract, 4 g NaHCO3, 2.7 g sodium acetate, 4.5 g K2HPO4, 
0.7  g KH2PO4, 0.9  g NH4Cl, 0.9  g NaCl, 0.09  g MgSO4, 
0.09  g CaCl2, 1  ml vitamin solution (1  mg biotin, 1  mg 
cobalamin, 3 mg PABA, 5 mg folic acid, 15 mg pyridox-
amine in 100  ml H2O), 1  ml resazurine (0.5  g/l), 0.5  g 
L-cysteine. In case of agar medium, 10  g noble agar 
(DIFCO) was added to YCFA liquid before autoclave. 
The agar medium was then brought inside an anaerobic 
chamber and poured on agar plates. Those plates were 
then left slightly open for 30 min till the agar got dried. 
The plates were kept for a maximum a week in the cham-
ber before use. All streaking and plating were performed 
in the anaerobic chamber while the plate incubation was 
done in anaerobic jars filled with N2/CO2 in the gas phase 
by a gas exchange machine.

Genome sequencing and fructoselysine pathway gene 
analysis
Strain GL3, IY4, and AS-BT were cultivated in 50  ml 
YCFA_L liquid medium overnight at 37  °C. The bacte-
rial cells were harvested at the late exponential phase by 
centrifuging at 4700  rpm at 4  °C. The cell pellets were 
used for DNA extraction using MasterPure™ Gram Posi-
tive DNA Purification Kit (Epicentre) according to the 
manufacturer’s instructions. After checking the quality 
on a Nanodrop, 30 µl of high-quality DNA solution was 
sent in dry ice to GATC for draft genomes using Illumina 
sequencing technology. Draft genome assemblies were 
constructed using the MyPro assembly pipeline [67]. Raw 
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reads were quality-checked using FastQC [68, 69]. Reads 
were trimmed and subsampled to a total coverage of 
100 × (50 × for forward reads, 50X for reverse reads), then 
assembled using 4 different assembly tools: VelvetOp-
timiser [70], Edena [71], SOAPdenovo [72] and SPAdes 
[73]. The resulting contigs were ordered with r2cat 
[74] using the Intestinimonas butyriciproducens AF211 
genome (CP011307) as a reference and overlapping 
contigs merged resulting in the final genome asse`mbly. 
Genome assemblies were then annotated using RAST 
[75]. The annotation was done by RAST server [75]. 
Functional prediction of proteins was verified manually 
by BLASTing the amino acid sequences in Pfam [76], 
Brenda, Interpro [77], and Uniprot databases. In addi-
tion, the screening of antibiotic resistance genes was 
done using ABRICATE against the NCBI, ARG-ANNOT, 
ResFinder, and VFDB databases.

Fructoselysine growth experiment
Conversion of fructoselysine was tested in CP medium 
containing 5  mM fructoselysine (provided by TRC, 
North York, Canada). The inoculum was 2.5 % from 
active cultures of strain GL3, IY4, AS-BT, and AF211 for 
the growth test. All strains were pre-cultured in YCFA 
containing 20  mM lysine. The bacterial cultures were 
sampled during the growth up to 48 h for substrate and 
end metabolite measurements as described below.

Antibiotic resistance profile
The E-test was done to identify minimal inhibitory con-
centrations (MICs) according to the manufacturer’s pro-
tocol (bioMérieux, France). Both strains were pre-grown 
in RCM broth (overnight cultures) and 50 µl was spread 
on RCM agar plates (1.5 % w/v agar) until the agar sur-
face was dry and the liquid was absorbed by the agar. 
Two E-test strips were used per antibiotic and considered 
duplicates. Antibiotics tested included ciprofloxacin, 
cefotaxime, erythromycin, oxacillin, teicoplanin, tetra-
cycline, tobramycin, vancomycin, and sulfamethoxazole. 
The concentration range was 0.016–256 µg/ml for chlo-
ramphenicol, oxacillin, tetracycline, tobramycin, and 
vancomycin, and 0.016–32 µg/ml for ciprofloxacin, cefo-
taxime, erythromycin, teicoplanin and sulfamethoxazole. 
MIC values were recorded directly from the strips after 
24 h, 48 h, and rechecked after 4 days.

As tetW gene was detected in the genomes of most 
Intestinimonas strains and some of Intestinimonas 
strains were found to be resistant in erythromycin from 
the Etest, tetracycline and erythromycin were selected 
to perform the MIC test in liquid according to EFSA 
guideline. The test was done in 10  ml YCFA medium 
containing lysine as substrate in anaerobic bottles filled 
with CO2/N2 (1:4) at 1.5  atm. The concentration of 

tetracycline was twofold reduction in each bottle from 
256 to 1  µg/ml. The 256 ug/ml tetracycline bottle was 
prepared in a 20  ml growth medium by adding 1  ml of 
tetracycline filter-sterilized stock solution (5.12  mg/ml) 
to a 19 ml complete medium. This medium was then seri-
ally diluted two-fold to get concentrations of 128, 64, 32, 
16, 8, 4, 2, and 1 µg/ml. All these bottles were inoculated 
2 % with an overnight culture. The growth was monitored 
by OD measurement at 24 h, 48 h, 72 h, and 96 h. Bottles 
without tetracycline were used as a positive control. MIC 
test for erythromycin in liquid was done in the same way 
by replacing tetracycline with erythromycin.

Animal studies
All animal studies were approved by the Institute Ethical 
Committee. C57BL6/J male mice were purchased from 
Charles River at the age of 4  weeks, fed a regular chow 
diet and kept under regular 12 h/12 h light/dark cycles. 
Mice were acclimatized for at least 1  week prior to the 
start of the animal study. To determine the impact of IB 
on whole-body metabolism, male mice were randomized 
in 4 groups (N = 12) receiving 3 times/week 2 × 109 CFU 
Intestinimonas butyriciproducens GL3 or placebo solu-
tion (anaerobic PBS) by oral gavage and fed ad  libitum 
a low-fat diet (LFD, 10 %kcal from fat, Research Diets, 
D12450Ji) or high-fat diet (HFD, 60 %Kcal from fat, 
Research Diets, D12492i). The in  vivo study lasted for 
14 weeks: mice were fed LFD/HFD for 13 weeks and IB/
placebo supplementation started 1 week before switching 
to special diets. To minimize cage effects on the micro-
biota composition and avoid fighting between cohoused 
male mice, 3 mice were housed in one cage [78]. Body 
weight and food consumption were monitored once 
a week. At the end of the study, insulin-tolerance test 
(ITT) was performed in obese mice on HFD: after 6-h 
fasting, mice received an intraperitoneal injection of 
insulin (0.5 U/kg); blood glucose levels were assessed by 
tail prick using glucometer strips at 0, 15, 30, 45, 60 and 
90 min post-injection. To avoid unnecessary discomfort 
and suffering due to potential hypoglycemic events, lean 
mice fed a LFD were not subjected to ITT. Mice were 
sacrificed under anesthesia (5 % isoflurane, O2 flow of 
2  L/min), blood was collected by cardiac puncture, and 
harvested organs were stored in formalin (for later par-
affin-embedding) and snap-frozen in liquid nitrogen. 
White-adipose tissues were weighed immediately after 
collection.

Targeted liquid chromatography tandem mass 
spectrometry
Protein‑bound fructoselysine in the two diets
Protein-bound fructoselysine in the two diets was indi-
rectly quantified through furosine upon acidic hydrolysis 
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according to the method of Troise et  al. [71]. A Nexera 
U-HPLC system coupled with a LCMS-8050 triple quad-
rupole mass spectrometer (Shimadzu Corporation, 
Kyoto, Japan) was used and for the separation of furo-
sine and its internal standard d4-furosine, a core–shell 
Kinetex HILIC column (2.6 µm, 2.1 mm × 100 mm, Phe-
nomenex) was thermostated at 30 °C, with a flow rate of 
0.4 mL/min. The mobile phases consisted of 0.1 % formic 
acid (solvent A), 0.1 % formic acid in acetonitrile (sol-
vent B), and 50 mmol/L ammonium formate (solvent C). 
Positive ionization multiple reaction monitoring (MRM) 
mode was used, and profile data were acquired and ana-
lyzed through LabSolutions (Shimadzu Corporation).

Free fructoselysine and SCFA in the growth medium, mouse 
cecum, and plasma samples
Fructoselysine, lysine, and SCFAs in CP medium and 
mice caecum were analyzed by liquid chromatography 
high-resolution tandem mass spectrometry (LC–MS/
MS) by means of a Vanquish Core LC system interfaced 
to an Exploris 120, hybrid quadrupole Orbitrap mass 
spectrometer (Thermo Fisher Scientific, Bremen, Ger-
many). For fructoselysine and lysine quantification in the 
CP medium, samples were diluted in a solution acetoni-
trile/water (50:50, v/v) according to the linearity range 
used for the calibration curve. For fructoselysine quantifi-
cation in caecum and plasma, the analytical protocol was 
adapted from Wolf et  al. [7], with minor modifications. 
Briefly, 20 µL of plasma or 20 µL of caecum supernatants 
were diluted in ice-cold methanol (ratio 1:3). Suspensions 
were centrifuged at 18,000 × g for 10 min, 4 °C and 50 µL 
were dried under vacuum in a centrifugal evaporator 
(Savant, Thermo Fisher Scientific). Dried samples were 
resuspended in a solution consisting of 50 % acetonitrile 
in water. Lysine and its Amadori compound were sepa-
rated at 35  °C through a zwitterionic sulfobetaine col-
umn (Atlantis Premier BEH, Z-HILIC, 100 × 2.1, 1.7 µm, 
Waters, Milford, MA) with the following gradient of sol-
vent B (minutes/%B): (0/5), (1/5), (2/50), (6/50). Mobile 
phases consisted of 0.1 % formic acid in acetonitrile (sol-
vent A) and 0.1% formic acid in water (solvent B) and the 
flow rate was 0.2  mL/min. The analyzer resolution was 
set at 60,000 (FWHM at m/z 200), fructoselysine and 
lysine were identified and quantified in product ion scan 
positive mode screening the precursor ions (C12H24N2O7 
[M + H] + 309.1656, for fructoselysine and C6H14N2O2 
[M + H] + 147.1128 for lysine) and monitoring for both 
fructoselysine and lysine the characteristic fragment ion 
at m/z 84.0808. A linear calibration curve was built in the 
range 100–10,000 nM and the concentration reported in 
mM was measured through the standard addition tech-
nique by using CP medium, caecum, or plasma as blank 
samples.

For acetate, butyrate, and isobutyrate separation in CP 
growth experiments, supernatants were directly diluted 
in o-phosphoric acid (0.5 % final concentration in water, 
1:10, v:v), while for mice caecum content, samples were 
centrifuged at 4  °C, 18,000 × g for 15  min and superna-
tants diluted 1:10 v/v in 0.5 % o-phosphoric acid. Sam-
ples were centrifuged at 18,000 × g before transferring 
clear supernatants to a glass vial. Analytes were separated 
through a graphite column thermostated at 40 °C (Hyper-
carb, 100 × 1.0, 1.7 µm, Thermo Fisher Scientific) with the 
following gradient of solvent B (minutes/%B): (0/0), (2/0), 
(6/75), (8/75). Mobile phases consisted of 0.1% formic 
acid in water (solvent A) and 0.1 % formic acid in acetoni-
trile (solvent B) and the flow rate was 0.1 mL/min. H-ESI 
parameters were as follows: static spray voltage 3.2  kV, 
ion transfer tube, and vaporizer temperature were both 
at 280 °C; sheath gas flow and auxiliary gas flow were 35 
and 7 arbitrary units. Acetate and butyrate were quanti-
fied in full MS scan positive ion mode screening the two 
precursor ions (C2H4O2 [M + H] + 61.0284 and C4H8O2 
[M + H] +  89.0597) with a mass accuracy below 3  ppm. 
A linear calibration curve was built in the range of 0.5–
10 mM by using acetate and butyrate as internal stand-
ards and concentration reported in mM. Profile data 
were collected using Xcalibur 4.5 (Thermo Fisher Sci-
entific, Waltham, MA) and fragmentation spectra were 
recorded by using Free Style software (v. 1.8, Thermo 
Fisher Scientific, Waltham, MA, USA). Analytical per-
formance robustness, sensitivity, reproducibility, repeat-
ability, linearity, accuracy, carry over and matrix effects 
were evaluated through authentic analytical standards in 
the Trace Finder environment (v. 5.1, Thermo Fisher Sci-
entific, Waltham, MA, USA).

SCFA concentration in mouse plasma samples was quan-
tified according to the procedure detailed by Mazzoli et al. 
[78] with minor modifications. Briefly, 10  µL of plasma 
were spiked with 1  µL of 13C-SCFA internal standard 
mix (final concentration 0.1 mM for each carbon labeled 
compound). Upon protein precipitation, suspensions 
were derivatized with 60  µL of 3-nitrophenylhydrazine 
(200  mM) and 10  µL of N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide (EDC, 120  mM in 6 % pyridine). The 
derivatization reaction was stopped with the addition of 
10 µL quinic acid (200 mM) and incubation under shak-
ing at room temperature for 15 min. Samples were centri-
fuged and supernatants were diluted up to 1 mL with 10:90 
methanol:water solution (v/v). Hydrazone derivative quan-
titation was achieved by a U-HPLC system (Ultimate 3000 
RS, Thermo Fisher Scientific) interfaced to a linear ion trap 
hybrid Orbitrap high-resolution mass spectrometer (LTQ 
Orbitrap XL, Thermo Fisher Scientific). Chromatographic 
separation included a reversed-phase C18 column ther-
mostated at 40 °C (Kinetex C18 PS, 100 × 2.1 mm, 2.6 µm, 
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Phenomenex, Torrance, CA, USA) with the following gra-
dient of solvent B (minutes/%B): (0/5), (5/5), (12.3/35), 
(13.3/85), (14/99), (16/99). Mobile phases consisted of 
water (solvent A) and acetonitrile (solvent B) and the flow 
rate was 0.2 mL/min. LC stream was interfaced to an elec-
trospray ion source (ESI) working in negative ion mode 
scanning the ion in the m/z range 100–400 with a capillary 
temperature was 300  °C. Analytes profile data in full MS 
mode were collected using Xcalibur 2.1 (Thermo Fisher 
Scientific). The calibration curve was performed by inter-
nal standard technique in the linearity range 1–1000 µM 
by using the same procedure detailed above for plasma 
samples. Analytical performances for the three procedures 
are detailed in Supplementary Table S6.

RNA isolation
RNA was isolated from iWAT tissues, which were stored 
at 80 ˚C until analysis, using standard RNA isolation pro-
tocol. In short, biopsies were mixed with 1  ml TriPure 
(Roche) and homogenized using a ceramic beads homog-
enizer. After adding 0.2  ml chloroform to 1  ml Tripure 
solution, samples were centrifuged (15  min, 12,000 × g, 
4 ˚C). The aqueous phase was transferred and mixed with 
0.5  ml isopropanol and centrifuged (15  min, 12,000 × g, 
4 ˚C). Afterwards, the pellets were resuspended in 1 ml 
of 70 % ethanol and centrifuged (15 min, 7500 × g, 4 ˚C). 
RNA was eluted in 20  µl RNAse free water. RNA con-
centrations were measured using the NanoDrop 1000 
(Thermo Scientific).

DNA isolation from mouse fecal samples
Mouse fecal samples were lysed in Lysing Matrix E tubes 
(MP Biomedicals) containing ASL buffer (Qiagen). Sam-
ples were lysed after homogenization by 2 min vortexing 
with subsequent two heating cycles at 90  °C for 10 min 
followed by three bead beating bursts at 5.5  m  s − 1 for 
60 s in a FastPrep-24 instrument (MP Biomedicals). Sam-
ples were cooled on ice after each bead-beating burst for 
5 min. The fecal DNA supernatants were collected after 
two centrifugation cycles at 4  °C. Supernatants of the 
centrifugation steps were pooled, and aliquots of 600 µL 
from each sample were purified with the QIAamp DNA 
Mini kit (QIAGEN) in the QIAcube instrument (QIA-
GEN). Finally, DNA was eluted in 200  µL of AE buffer 
(10 mM Tris–CL, 0.5 mM EDTA, pH 9.0).

Real time quantitative polymerase chain reaction 
(RT‑qPCR)
For analysis of gene expression in mouse tissues har-
vested at the end of the animal study, 1 μg of RNA was 
converted to cDNA with SensiFAST cDNA synthesis kit 
(Meridian Bioscience) according to the manufacturer’s 
instructions. qPCR was performed on a CFX Opus 384 

PCR machine (BioRad) using SensiFAST SYBR No-ROX 
Green (Meridian Bioscience). The following QPCR pro-
gram was used: 10 min at 95 °C, followed by 45 cycles of 
15 s at 95  °C for denaturation, 30 s at 60  °C for anneal-
ing and elongation, and melting curve (65 to 95 °C at an 
increment of 0.5 °C/5 s).

Gene expression was normalized with the expression 
of the housekeeping gene Hprt; relative gene expression 
was calculated with the “delta Ct” method and shown as 
2ˆ- delta Ct. In order to assess the relative abundance of 
Intestinimonas in feces, samples were brought to a DNA 
concentration of 5 ng/μl and the set of universal primers 
BAC1396 and PROK1492R and of PFF590f and PFF702r 
[12] were used to quantify, respectively, total bacteria and 
Intestinimonas. Data are shown as a percentage of total 
bacteria in feces. The following PCR program was used: 
10  min at 95  °C, followed by 40  cycles of 15  s at 95  °C 
denaturation, 30 s at 60 °C annealing, 45 s at 72 °C elon-
gation, and ending with melting curve (60 to 95 °C at an 
increment of 0.5 °C every 5 s). All primers were manufac-
tured by Sigma-Aldrich; primer sequences are provided 
in Supplementary Table S7.

Western blotting
iWAT tissues were lysated in RIPA buffer (Thermo Fisher 
Scientific) containing protease and phosphatase inhibi-
tors (cOmplete™ Protease inhibitor and PhosSTOP Phos-
phatase Inhibitor Cocktails, Sigma) using a ceramic beads 
homogenizer. After centrifugation, the lipid layer was 
removed and protein concentration was determined by 
BCA assay (Thermo Fisher Scientific). β-mercaptoethanol 
was added as a reducing agent to sample lysates. Samples 
were loaded on 4–12% NuPage Bis–Tris polyacrylamide 
gels (Invitrogen). Proteins were transferred to PVDF 
membranes (BioRad), which were blocked in 5 % milk 
in TBS-T (Tris Buffered Saline–Tween-20). Membranes 
were incubated overnight a 4  ˚C with primary antibod-
ies: rabbit antibodies anti-IRS2, anti-UCP1, anti-alpha-
tubulin (Cell Signaling), anti-PGC1 alpha, anti-CPT1A, 
anti-PRDM16 (Abcam), anti-ZO-1 (Thermofisher). 
Horseradish peroxidase (HRP)-conjugated secondary 
antibodies (polyclonal goat anti-rabbit IgG or monoclo-
nal goat anti-mouse IgG, Dako, 1:3000) were incubated 
for 1 h at room temperature. HRP activity was visualized 
with peroxidase substrate for enhanced chemilumines-
cence and imaged with ChemiDoc MP Imaging System 
(BioRad). Densitometric quantification analysis was per-
formed using the ImageJ software. All protein levels were 
normalized to the loading control (β-actin or α-tubulin).

ELISA
Sections of frozen iWAT tissues were cut and homog-
enized in 400  µl RIPA buffer (Thermo Fisher Scientific) 
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containing protease and phosphatase inhibitors (cOm-
plete™ Protease inhibitor and PhosSTOP Phosphatase 
Inhibitor Cocktails, Sigma) using a ceramic beads 
homogenizer. Protein concentration was determined 
with BCA assay (Thermo Fisher Scientific). The tis-
sue concentrations of TNF-α, IL-6, and IL-1β cytokines 
were quantified using respectively the mouse TNFalpha/
IL-6 DuoSet ELISA (R&D Systems) and ELISA MAX™ 
Deluxe Set Mouse IL-1β (BioLegend) according to the 
manufacturers’ protocol. The absorbance was measured 
at an optical density (OD) of 450 nm and 570 nm using 
the Tunable Microplate Reader VersaMax (Molecular 
Devices, USA). The cytokine levels were normalized for 
protein concentrations.

Histology and immunohistochemical staining
Tissues were fixed in 10 % buffered formalin overnight, 
dehydrated in 70 % ethanol, and embedded in paraffin. 
Sections of 4  µm were cut and stained for macrophage 
marker F4/80. Formalin-fixed paraffin-embedded (FFPE) 
sections were deparaffinized in 100 % xylene and rehy-
drated in ethanol (100 %, 96 %, and 70 %) and H2O, fol-
lowed by a block of endogenous peroxidase in 3 % H2O2 
methanol for 20 min and heat-induced epitope retrieval 
(HIER) in citrate buffer pH 6.0 at 100  °C for 10  min. 
iWAT sections were incubated with the following anti-
bodies: FITC anti-mouse F480 (BioLegend) diluted 
1:5000 for 2  h at room temperature, rabbit anti-FITC 
(Bio-Rad) diluted 1:1000 for 1  h at room temperature, 
finally BrightVision Poly-HRP-conjugates goat anti-rab-
bit IgG (ImmunoLogic) diluted 1:2 for 30  min at room 
temperature. Staining was visualized with 3,3 Diamin-
obenzidine (DAB) kit (Sigma Aldrich) and counterstain-
ing was performed using hematoxylin. Per sections, 10 
pictures were captured at random using a Leica MC170 
HD stand-alone microscope camera (Danaher Corpora-
tion, USA). Subsequently, analysis of the digital images 
was conducted using ImageJ software.

Statistical analysis of the in vivo data
Statistical differences between the placebo and IB-treated 
groups were assessed using Mann Whitney test, and the 
differences were considered statistically significant with P 
values < 0.05.
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Supplementary Material 1. Supplementary Figure S1: (A) Concentrations of 
protein-bound fructoselysine measured in standard chow diet and high-
fat diet (HFD). Concentrations in diet shown as ratios of mg protein-bound 
fructoselysine per 100g of dietary proteins. Data are shown as mean 
values ± SEM (N = 3/group), **** P < 0.001. Fructoselysine concentrations 
were analyzed using LC–MS/MS. A detailed detection method is described 
in the Methods section. Supplementary Figure S2: (A-D) Protein expression 
of PGC1α, CPT1A, UCP1 and PRDM16 in inguinal WAT of DIO mice ana-
lyzed by western blotting. (E) Images of the western blots performed on 8 
samples from HFD placebo group and 8 samples from the HFD IB group. 
Supplementary Figure S3: (A-F) Expression levels of genes encoding mol-
ecules involved in mitochondrial metabolism, lipid metabolism and mito-
chondrial uncoupling in brown adipose tissue samples. Data analyzed 
by Mann–Whitney U test. Ppargc1a4 (Peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha), Ppara (Peroxisome proliferator-acti-
vated receptor alpha), Pparg1 (Peroxisome proliferator-activated receptor 
gamma 1), Cpt1a (Carnitine palmitoyltransferase 1A), Ucp1/2 (Uncoupling 
protein) 1/2. Supplementary Figure S4: (A) Plasma concentrations of 
fructoselysine and (B) ratios of plasma butyrate / fructoselysine in mice. All 
data are shown as mean values ± SEM (N = 12/group). Mann–Whitney U 
test was used for statistical analysis. SCFAs and fructoselysine concentra-
tions were analyzed using LC–MS/MS. Supplementary Figure S5: (A-F) 
Expression levels of genes encoding critical molecules for intestinal barrier 
function in (A-C) the small intestine and (D-F) the colon. Differences 
between placebo and IB groups analyzed with Mann–Whitney U test. All 
data are shown as mean values ± SEM (N = 12/group). Cldn4 (Claudin-4), 
Ocln (Occludin), Tjp1 (Zona occludens 1). Supplementary Figure S6: (A-B) 
Quantification of tight-junction protein expression in small intestinal 
samples from placebo and IB-treated mice fed LFD or HFD. Expression 
normalized to the level of alpha-tubulin. (C) Images of westernblots used 
to analyze the protein expression of occludin and ZO-1 in8 samples per 
treatment group. Differences between placebo and IB groups analyzed 
with Mann–Whitney U test. All data are shown as mean values ± SEM 
(N = 12/group); ** P < 0.01. Supplementary Figure S7: Relative abundance 
of Intestinimonas detected in mouse feces as compared to total bacteria 
detection by qPCR method at baseline (A) and at the end of the study (B). 
All data are shown as mean values ± SEM (N = 12/group);. Supplementary 
Table S1: Grouping of genes for individual metabolism. Supplementary 
Table S2: Fructoselysine pathway genes found in genomes of four Intes-
tinimonas strains. + : presence;-: absence. Supplementary Table S3: Genes 
involved in pseudovitaminB12 synthesis in 4 Intestinimonas strains. + : 
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presence;-: absence. Supplementary Table S4: Antibiotic resistance profiles 
of 4 Intestinimonas strains. Minimal inhibitory concentrations are indicated 
(µg/ml). Supplementary Table S5: Numbers of resistance genes detected 
in the genomes of four Intestinimonas strains (AF211, AS-BT, IY4 and GL3). 
Supplementary Table S6: Elemental composition and retention time of the 
analytes quantified through the three procedures described in material 
and methods section, HILIC-MS/MS for lysine and fructoselysine, reversed 
phase (RP) LC–MS/MS upon derivatization for SCFA in plasma, LC–MS/MS 
for SCFA in fecal supernatants (PGC); in bold internal standard used for 
quantification and recovery of the derivatization procedure. Error (Δ ppm) 
was calculated as the ratio between the difference of the theoretical mass 
minus the experimental mass and the theoretical mass, multiplied per one 
million. In the case of reversed phase (RP), each compound is intended as 
hydrazone derivative and reported in italic. For porous graphite column 
(PGC), target analytes were detected and quantified in their native form 
without any derivatization. Supplementary Table S7: primer sequences for 
assessing the expression of transcripts by qPCR in mouse tissues.
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