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Abstract 

Background Interactions between the gut microbiota, diet, and host metabolism contribute to the development 
of cardiovascular disease, but a firm link between disease-specific gut microbiota alterations and circulating metabo-
lites is lacking.

Methods We performed shot-gun sequencing on 235 samples from 166 HF patients and 69 healthy control sam-
ples.  Separate plasma samples from healthy controls (n = 53) were used for the comparison of imidazole propion-
ate (ImP) levels. Taxonomy and functional pathways for shotgun sequencing data was assigned using MetaPhlAn3 
and HUMAnN3 pipelines.

Results Here, we show that heart failure (HF) is associated with a specific compositional and functional shift 
of the gut microbiota that is linked to circulating levels of the microbial histidine-derived metabolite ImP. Circulat-
ing ImP levels are elevated in chronic HF patients compared to controls and associated with HF-related gut micro-
biota alterations. Contrary to the microbiota composition, ImP levels provide insight into etiology and severity of HF 
and also associate with markers of intestinal permeability and systemic inflammation.

Conclusions Our findings establish a connection between changes in the gut microbiota, the presence, etiology, 
and severity of HF, and the gut-microbially produced metabolite ImP. While ImP appears promising as a circulating 
biomarker reflecting gut dysbiosis related to HF, further studies are essential to demonstrate its causal or contributing 
role in HF pathogenesis.
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Background
The gut microbiota comprises complex bacterial com-
munities whose metabolic activities and interactions with 
the immune system extend beyond the gut itself. Host-
microbiota interactions have been proposed to contrib-
ute to the pathogenesis of cardiometabolic diseases such 
type 2 diabetes (T2D), cardiovascular disease (CVD), 
and heart failure (HF) [1]. Over the last decade, several 
studies have reported that the gut microbiota composi-
tion and its predicted functional potential differ between 
subjects with HF and healthy controls [2–5]. A decreased 
abundance of taxa from the short chain fatty acid 
(SCFA)-producing Lachnospiraceae or Ruminococcaceae 
families is frequently observed. Nonetheless, significant 
heterogeneity exists in the reported microbiota compo-
sition across these studies, which may be attributed to 
factors such as variations in case mix, diet, sampling pro-
cedures, and sequencing techniques.

The gut microbiota produces numerous metabolites 
that can be absorbed into the systemic circulation [6]. 
The diet- and microbiota-dependent metabolite trimeth-
ylamine-N-oxide (TMAO) [7, 8], microbiota-generated 
secondary bile acids [9], and, more recently, the micro-
biota-derived phenylacetylglutamine [10] have all been 
found elevated in subjects with HF and to associate with 
various gut microbes. However, clear links between these 
metabolites and disease-related gut microbiota changes 
are lacking [11]. The microbially produced metabolite 
imidazole propionate (ImP), previously linked to T2D 
[12], was recently discovered to be increased in subjects 
with HF [13], but the bacterial taxa responsible for the 
elevated ImP in HF remain unknown.

Here, we characterize the gut microbiota composi-
tion in one of the largest HF cohorts to date (n = 166) 
and integrate these findings with targeted measurements 
of circulating ImP in subjects with and without HF. We 
expand on previous studies by linking circulating ImP 
not only to etiology and severity of HF but also to a spe-
cific gut compositional shift, altered intestinal perme-
ability, and systemic inflammation, overall establishing 
a HF-specific connection between gut dysbiosis and the 
production of a potentially harmful metabolite.

Methods
Study participants/cohorts
Study participants were recruited from two previous 
cohorts with similar sampling protocols for gut micro-
biota samples: Norwegian participants from the ran-
domized GutHeart study (N = 117) [14] (end points 
available in Additional file 1) and a cross-sectional study 
of subjects with chronic HF (N = 49) [4] (Fig.  1A). One 
participant was excluded since BMI was missing. Sub-
jects with HF were eligible for inclusion if they had a 

stable systolic HF with left ventricular ejection fraction 
(LVEF) < 40% and New York Heart Association (NYHA) 
functional class II–III with no changes in medications 
during the last 3 months prior to inclusion in the study. 
We included 69 stool samples from healthy controls 
who were selected based on their disease history which 
indicated overall good health and no regular medication 
usage. We also included plasma samples from a separate 
cohort of 53 apparently healthy individuals (median age 
67 years, 57% men), based on disease history and clinical 
examination, for comparison of ImP levels. No subjects 
included in the study had used any antibiotics or probiot-
ics in the last 3 months prior to sampling.

Sample collection, DNA extraction, and shotgun 
sequencing
Stool samples from all participants were collected in 
tubes with a DNA-stabilizing solution (Stratec Molecu-
lar GMBH, Berlin, Germany). Fecal DNA was extracted 
using the PSP Spin Stool DNA kit (Stratec Molecular 
GMBH) following the manufacturer’s protocol, modified 
by adding a bead-beating step as recommended in a pre-
vious study [15]. Briefly, 0.5 g of 0.1 mm zirconia beads 
and 4 zirconia beads of 3  mm (from the PSP kit) were 
added to 1.4 mL of homogenized stool for extraction. The 
samples were treated in a bead beater at room tempera-
ture at 5.5 ms for 3 × 60 s, with cooling steps in between. 
Heat incubation, prelysis, and the rest of the extraction 
procedure were performed according to the manufac-
turer’s protocol. All samples were analyzed by shotgun 
sequencing using 150  bp paired-end sequencing on the 
MGISEQ-T7 platform.

Metagenomic sequence data processing
The shotgun metagenomic sequencing generated ~ 12.18 
(× 2) billion reads for 235 samples. The samples had 
a median read count of 50,507,905 and mean read 
count of 52,054,095 (range 24,215,121–134,527,851). 
The KneadData pipeline (v0.10.0) was used to pre-
process and decontaminate the sequencing reads. Raw 
reads were trimmed to a quality of Phred score 20, and 
adapters and reads below the minimum length were 
removed using the trimmomatic tool (Version 0.39) in 
the kneadData pipeline [16]. Quality reads were then 
mapped against the human reference genome data-
base using bowtie2 [17], and reads mapped to the 
human genome were removed from the data. Taxo-
nomic profiling of the filtered sequence data was per-
formed using MetaPhlAn (v3.0.0.0) [18], with the 
database mpa_v30_CHOCOPhlAn_201901. Func-
tional read profiling was performed using HUMAnN3 
(v3.0.0) [18] including MetaPhlAn, DIAMOND 0.9.36 
[19], and the databases uniref90 (v201901) [20] and 
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mpa_v30_CHOCOPhlAn_201901, and we identified 502 
pathways from the MetaCyc database (metacyc.org).

To identify gut microbial functional features (GMM 
and KEGG gut metabolic modules), we used our anno-
tated functional genes data [21]. Regrouped and renamed 
gene family data from HUMAnN were grouped based 

on the KEGG module and GMMs using GMM.v1.07 
from the GOMixer r-package (available at raeslab.org/
gomixer) [22]. To test for differences in the distribu-
tions of KEGG modules and GMMs between HF and 
healthy controls, we used two-tailed Wilcoxon tests 
with Benjamini-Hochberg (BH) correction for multiple 

Fig. 1 Subjects with heart failure have a specific microbiota compositional shift. A Graphical representation of the cohorts used in the study. 
B Principal coordinate analysis of Bray–Curtis dissimilarities obtained for the metagenomic species profiles, by non-metric multi-dimensional 
scaling (NMDS) plot in heart failure (HF) and healthy controls (HC). Box plots and dot plots of the alpha diversity indices Shannon (C) and inverse 
Simpson (D) in HF compared to HC. Differences in distributions of Shannon diversity index and inverse Simpson were calculated using Wilcoxon 
tests. Multivariable linear regression models were fitted to estimate whether the differences remained after adjusting for age, sex, and BMI (model 
estimates are shown below the plots). E Relative abundance of bacterial phyla in HF and HC. F Compositional differences on species levels, 
displaying effect size from MaAsLin2 modeling, with age, sex, and BMI as covariates, in HF compared to HC (see also Additional file 2 Table S1-3)
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comparisons. Correlation analysis with Spearman’s 
correlation was performed to assess the concordance 
between microbial functional annotations (KEGG and 
GMM modules) from the HF study cohort and the Meta-
Cardis cohort.

Alpha and beta diversity analyses
Taxonomic profiles obtained from MetaPhlAn (v3.0.0.0) 
[18] were imported and analyzed using the phyloseq 
v1.40.0 and Maaslin2 packages [23, 24] in R. To evalu-
ate the taxonomic and functional richness, as well as 
diversity, we employed several indices including the 
Shannon index, inverse Simpson index, and Chao1 
index. Beta-diversity was assessed by calculating the 
Bray–Curtis (BC) dissimilarity index. Ordinations were 
constructed using Non-Metric Multidimensional Scal-
ing (NMDS) analysis. Multivariable PERMANOVA, with 
age, sex, and BMI as covariates, was performed using the 
vegan::adonis2 function between HF groups limiting the 
999 permutations using the BH method to control for 
multiple comparisons.

Differential abundance analyses
To test for differences in the relative abundance differ-
ences between groups, we used Multivariable Associa-
tion Discovery in Population-scale Meta-omics Studies 
(MaAsLin2) which is a modified linear model normalized 
for use in sparse, compositional microbial communities 
(https:// hutte nhower. sph. harva rd. edu/ maasl in) [24]. Age, 
sex, and BMI were included as covariates. Analyses were 
carried out at the genus and species level.

The microbial dysbiosis index [25] was calculated for 
each sample, based on differentially abundant bacterial 
taxa from the MaAsLin2 analysis on species level. The 
microbial dysbiosis index was calculated as  log10 (sum of 
the abundances of the bacterial species increased in HF/
sum of the abundances of species decreased in HF).

Circulating markers
All participants had been fasting overnight prior to blood 
sampling. Serum and EDTA-plasma were separated by 
centrifugation at room temperature and 4  °C, respec-
tively, within 1  h of collection. The blood samples were 
stored at – 80  °C. An electrochemiluminescence immu-
noassay (ECLIA) was used to detect levels of NT-ProBNP 
as part of routine clinical care (Roche Diagnostics, Man-
nheim, Germany).

ImP in serum was measured at BEVITAL (bevital.
no) using a targeted metabolomics approach using a 
modification of a published liquid chromatography–
tandem mass spectrometry (LC–MS/MS) method [26]: 
the method was complemented with ImP using non-
labeled ImP (Sigma-Aldrich, St. Louis, MO 63178 USA) 

as calibrator and N1-methylnicotinamide-d4 (mNAM-
d4) as labeled internal standard. The internal standard 
(purity > 95%) was obtained from PharmAgra Labs (40 
McLean Road, Brevard, NC 28712). ImP was detected 
by positive-ion multiple reaction monitoring (MRM) 
at 141.1/123  m/z and mNAM-d4 at 141.3/78  m/z, and 
the retention times were 3.4 and 2.9  min, respectively. 
The lower limit of detection (LOD (S/N > 3) for ImP was 
2 nmol/L. Within- and between-run coefficients of varia-
tion (CVs) were ≤ 5.4%.

Concentrations of C-reactive protein (CRP) was ana-
lyzed by ELISA (DRG Instruments, Marburg/Lahn, 
Germany). The inter-assay coefficients of variation for 
NT-ProBNP and CRP were 5% and 6.9% respectively. 
Commercially available enzyme-linked immunosorbent 
assays (ELISAs) were used to measure LPS-binding pro-
tein (LBP), intestinal fatty acid-binding protein (I-FABP; 
sourced from Hycult Biotech, Uden, the Netherlands), 
and soluble CD14 (sCD14) from R&D Systems Europe 
(Abingdon, Oxon, UK). The inter-assay coefficients of 
variation for LPS, LBP, I-FABP, and sCD14 were 2.8%, 
9.6%, 14.4%, and 7.8%, respectively.

Food frequency questionnaires
The HF patients completed a self-administrated, vali-
dated Norwegian food frequency questionnaire, aiming 
to reflect dietary habits over the past year. The question-
naire contained around 180 food items, with serving size 
alternatives specified in household units and calculated 
in grams using the software developed at the Institute for 
Nutrition Research, University of Oslo [27].

Statistical analysis
For descriptive statistics, continuous variables were 
presented mean ± standard deviation. Categorical vari-
ables were presented as numbers and percent. Two-sided 
Wilcoxon tests were used to test for differences in dis-
tributions of continuous variables. Multivariable linear 
regression was used to estimate associations where age, 
sex, and BMI were included as covariates. ImP, CRP, 
LBP, sCD14, and IFABP were log (base 2)-transformed 
in regression analyses. The relationships between nutri-
tional variables from the food questionnaires and serum 
ImP levels were tested using Spearman’s correlations. 
To identify the taxa that were most predictive of ImP 
levels, we used a random forest model with ImP residu-
als (adjusted for age, sex, BMI, and type 2 diabetes) as 
dependent variable and bacterial taxa as independent 
variables using the randomForest package. Internal valid-
ity was tested using 200 resamplings (bootstrapping) of 
the random forest model fitting procedure, and taxa were 
ranked based on how often they were selected among 
the top 20 most predictive taxa within each resampled 

https://huttenhower.sph.harvard.edu/maaslin
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dataset. Statistical analyses and data visualizations were 
done in R (v. 3.3.2).

Results
HF encompasses specific compositional and functional 
shifts in the gut microbiota
To characterize the gut microbiome profiles for compo-
sition and potential functional pathways associated with 
HF, we performed shotgun sequencing of the total fecal 
genomic DNA in a Norwegian cohort of subjects with 
heart failure (HF, n = 166) and healthy controls (HC, 
n = 69). Subjects with HF were on average older (60.2 vs 
51.2  years) and had a higher BMI (28.3 vs 25.6  m2/kg) 
compared to the healthy controls (Table 1). All compar-
isons between subjects with HF and controls are there-
fore adjusted for age, BMI, and sex, as described in the 
“  Methods” section. A flow chart of the study design is 
shown in Fig. 1A.

The gut microbiota composition was altered in HF, 
supported by a statistically significant difference in mul-
tivariable Bray–Curtis dissimilarity indices (Fig. 1B). We 
used three distinct indices to assess functional gene rich-
ness and diversity in HF and healthy controls. The Shan-
non diversity index and Inverse Simpson index revealed 
statistically significantly reduced diversity and richness in 
HF subjects compared to HC (Fig. 1C, D). Disease status 
had a statistically significant effect on both indices also 

when adjusting for age, sex, and BMI (linear regressions 
p = 0.0044 and p = 0.027, respectively). HF-related dysbi-
osis appeared unrelated to both HF etiology and severity 
(Additional file 2: Fig. S1 A, B).

We next evaluated the taxonomic phyla driving the 
microbial compositional shifts. Subjects with HF dis-
played a significantly lower abundance of Firmicutes 
and Actinobacteria, and a higher relative abundance of 
Bacteroidetes compared to healthy controls (Fig. 1E and 
Additional file 3: Table S1-3), which was in line with pre-
viously published data on HF [3, 4, 11, 28]. At the genus 
level, we observed several differences between HF and 
healthy controls, including elevated abundance of genus 
Hungatella, Oribacterium, Campylobacter, Coprobacil-
lus, Intestinimonas, Lachnoclostridium, and Eisenber-
giella and reduced abundance of the genera Actinomyces, 
Adlercreutzia, Bifidobacterium, Asaccharobacter, Gem-
miger, Coprococcus, Faecalibacterium, Fusicatenibac-
ter, Enterorhabdus, Olsenella, Dorea, Anaerostipes, 
and Roseburia (Additional file 2: Fig. S1 C). In subjects 
with HF compared to HC, after adjusting for covari-
ates (e.g. age, sex, and BMI) and multiple comparisons 
(QFDR < 0.05), four bacterial species (Clostridium bolteae, 
Anaerotruncus colihominis, Clostridium symbiosum, and 
Streptococcus mutans) had a higher abundance, whereas 
five bacterial species (Faecalibacterium prausnitzii, 
Dorea formicigenerans, Actinomyces graevenitzii, Asac-
charobacter celatus, and Adlercreutzia equolifaciens) 
had a reduced abundance (Fig. 1E and Additional file 2: 
Fig. S2). These findings were consistent even when we 
performed a sub analysis in a subgroup of HF and HC 
matched for age, sex, and BMI (Additional file 2: Fig. S3 
and Additional file 3: Table S4). The differentially abun-
dant taxa in HF compared to HC were included to cal-
culate the HF-related dysbiosis index, demonstrating the 
depletion of SCFA producing microbes on species level, 
including F. prausnitzii, a known producer of butyrate, 
and D. formicigenerans, a known producer of acetate and 
propionate [3, 5].

Next, we evaluated the shifts in potential microbial 
functions in HF. From the multivariable MaAsLin2 anal-
ysis on MetaCyc-based pathways, 52 pathways exhib-
ited significant difference in abundance between HF and 
healthy controls. Most of these pathways were down-
regulated in HF (QFDR < 0.05, Additional file 2: Fig. S4 A). 
Employing the gut specific metabolic modules (GMMs), 
we identified 35 metagenome functions based on Kyoto 
Encyclopedia of Genes and Genomes (KEGG) and nine 
GMMs modules significantly altered in abundance in HF 
compared to healthy controls (QFDR < 0.05, Additional 
file  2: Fig. S4 B, C). Among these, four GMMs were 
highly enriched in HF, including metabolism of amino 
acids (MF0030_glutamate degradation I, MF0058_lysine 

Table 1 Demographic and clinical characteristics of study 
participants

Values are expressed as mean ± standard deviation, or percentage. BMI body 
mass index, NYHA New York Heart Association functional classification, LVEF left 
ventricular ejection fraction. Statistical significance was tested using Wilcoxon 
tests (age and BMI) or Fisher’s exact test (sex and smoking status)

Characteristics Healthy 
controls (HC, 
n = 69)

Heart failure 
(HF, n = 166)

p-value

Age (years) 51.7 (3.7) 60.2 (9.2)  < 0.001

Sex, female, n (%) 35 (51%) 44 (27%)  < 0.001

BMI,  m2/kg 25.6 (3.3) 28.3 (5.1)  < 0.001

Smoke, n (%):  < 0.001

Ex-smoker 0 (0%) 25 (16%)

Non-smoker 61 (88%) 82 (53%)

Etiology of heart failure, n (%):

Ischemic 80 (48%)

Non-ischemic 76 (46%)

NYHA class, n (%):

II 106 (64%)

III 59 (36%)

LVEF, (%) 28.7 (7.1)

Diabetes, n (%) 38 (23%)

Hypertension, n (%) 46 (38%)
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degradation II and MF0052_arginine degradation II) 
and SCFA production (MF0093_propionate production 
I). To confirm our findings, we tested if the microbial 
functional shift in HF was consistent with deposited data 
from the MetaCardis consortium [2] which included 
subjects with HF and healthy controls. There was a 
modest, yet significant correlation between HF-related 
functional shifts between the two cohorts (r = 0.4, 
p < 2 ×  2e−16) although this should be interpreted with 
caution as different methods have been applied (KEGGs 
and GMMs) (Additional file 2: Fig. S4 D).

Imidazole propionate (ImP) is increased in HF 
and associated with HF-related dysbiosis
As some of the species exhibiting the largest differences 
in abundance between HF and healthy controls, such 
as C. bolteae, C. symbiosum, and F. prausnitzii, have 

been linked to production of ImP [12], a microbial his-
tidine metabolite recently found elevated in HF [13], we 
next measured circulating levels of this metabolite in 
the current cohort. Subjects with HF displayed signifi-
cantly higher levels of ImP compared to healthy controls 
(Fig.  2A), and the difference persisted when adjusting 
for known confounding factors (age, sex and BMI, linear 
regression p < 0.001).

Upon evaluating bacterial functions related to his-
tidine metabolism, we observed a significant increase 
in bacterial KEGG orthologs involved in histidine deg-
radation and transport compared to healthy controls 
(Fig.  2B). We therefore sought to investigate whether 
the disease-related microbiota alterations in HF could 
contribute to circulating ImP levels. To this end, we 
investigated whether ImP associated with the HF-
related dysbiosis index. Indeed, elevated ImP levels 

Fig. 2 Imidazole propionate is associated with dysbiosis in heart failure. A Serum levels of ImP in heart failure (HF) and healthy controls (HC) 
is shown as box plots and dot plots. Statistical significance was tested using Wilcoxon tests. A multivariable linear regression model was fitted 
to estimate whether the difference remained after adjusting for age and sex (model estimates are shown below the plot). B Distributions 
of gene abundances based on Kyoto Encyclopedia of Genes and Genomes (KEGGs) for histidine biosynthesis, degradation, and transport in HC 
and HF are shown as box plots and dot plots. Statistical significance was tested using Wilcoxon tests. C Distributions of the dysbiosis index 
(material and methods) are shown for quartiles of serum ImP. Statistical significance was calculated using a Wilcoxon test and a linear regression 
analysis where ImP was modeled continuously  (log2-transformed) with age, sex, and BMI as covariates (model estimates for  log2(ImP) is shown 
below the plot). D Top bacterial species associated with serum ImP from a bootstrapped random forest analysis. The bacterial species’ ranks are 
indicated by how often they were selected in the bootstrap repetitions (material and methods). Red dots: elevated in HF; blue dots: decreased in HF. 
See also Additional file 2 Table S5



Page 7 of 12Raju et al. Genome Medicine           (2024) 16:27  

associated with a higher degree of dysbiosis, an effect 
that persisted after adjusting for age, sex, and BMI 
(Fig.  2C). Using random forest with resampling, we 
observed specific bacterial species associated with ImP 
production in HF with high internal validity (Fig. 2D). 
Several of the bacterial species associated with ImP 
production were also differentially abundant in HF 
relative to healthy controls (Fig. 1E). Of note, a group 
of Clostridia (clostridioforme, bolteae, and symbio-
sum) and Ruminococcus gnavus were the most impor-
tant bacterial species positively associated with ImP 
after adjustment for age, sex, BMI, and diabetes status 
(Additional file 3: Table S5). These bacteria have pre-
viously been found to be more abundant in individu-
als with type 2 diabetes and prediabetes [29, 30], and 
in inflammatory bowel disease [31], and are putative 
ImP-producers [12, 32]. Furthermore, bacteria with 
anti-inflammatory properties such as Bacteroides ova-
tus [33, 34] and Prevotella copri [35] were negatively 
correlated with ImP levels. Thus, these observations 
suggest a potential link between a pro-inflammatory 
microbiota composition and ImP production and are 
in line with the initial observation that ImP levels were 
elevated in individuals with gut inflammation [36].

ImP is associated with markers of intestinal permeability 
and systemic inflammation
Several studies have shown that microbiota-driven 
low-grade inflammation is detrimental for cardio-
metabolic diseases [37], with intestinal permeability 
and microbial by-products including LPS as potential 
contributing factors. For this reason, we evaluated 
if ImP serum levels were associated with low-grade 
inflammation and markers of intestinal permeability in 
subjects with HF. Subjects with ImP levels above the 
75th percentile had higher levels of C-reactive protein 
(CRP) and LPS-driven inflammatory response pro-
teins (LPS binding protein, LBP and soluble CD14, 
sCD14) compared to subjects below the 25th percen-
tile (p = 0.007, p = 0.024, and p = 0.044, respectively; 
Fig. 3A–C). Moreover, serum levels of intestinal fatty-
acid binding protein (I-FABP), a marker of intestinal 
permeability, were also significantly higher in sub-
jects with high levels of ImP (p < 0.001, Fig. 3D). When 
modeling ImP as a continuous variable, ImP was only 
positively associated with CRP and IFABP, effects 
that remained significant when adjusting for age, sex, 
and BMI. Taken together, our data suggest that ImP 
is associated with increased systemic inflammation 
which could potentially be driven by increased intesti-
nal permeability.

Circulating ImP levels are associated with severity 
and etiology of HF
Next, we investigated whether HF-related dysbiosis or 
circulating ImP levels were related to etiology and sever-
ity of HF. First, subjects with ischemic HF displayed 
significantly higher levels of serum ImP compared to 
subjects with non-ischemic HF (Fig.  4A). Second, we 
observed significantly higher levels of ImP in individuals 
with impaired LV systolic function as measured by LVEF 
(Fig. 4B), but this effect was largely explained by age, sex, 
and BMI. Meanwhile, NT-proBNP, a marker of cardiac 
wall stress, was significantly increased with increasing 
ImP quartiles (Fig. 4C), and this was supported by a mul-
tivariable linear regression model with age, sex, and BMI 
included as covariates (p = 0.003). Finally, as previously 
shown in a non-HF population, subjects with T2D com-
pared to subjects without displayed significantly higher 
levels of ImP (Additional file 2: Fig. S5) [12].

Taken together our data confirm and extend our recent 
findings [13] that ImP not only is increased in subjects 
with HF but also correlates with disease severity.

Reduced fiber intake is associated with serum levels 
of imidazole propionate
An unhealthy dietary pattern has been shown to be a 
contributing determinant of circulating ImP in T2D [12], 
prompting us to also investigate whether this applied 
to the present HF cohort. While nutrient intake overall 
showed no clear associations with ImP, there was a weak 
but significant negative correlation between ImP and die-
tary fiber (Spearman’s rho =  − 0.2, p < 0.05), driven by a 
negative correlation between ImP and vegetables (Spear-
man’s rho =  − 0.24, p < 0.05, Additional file 2: Fig. S6).

Discussion
The gut microbiota produces a large number of metabo-
lites with potential impact on cardiometabolic diseases, 
but a clear link between the specific gut microbiota 
alterations associated with the disease and the circulat-
ing microbiota-derived metabolites has been lacking [6]. 
Here, we show in the largest study of gut metagenomes 
in HF to date that some of the most enriched bacterial 
species also are strongly associated with higher circu-
lating levels of the microbially derived metabolite ImP. 
Although the compositional shifts in the gut microbiota 
of subjects with HF compared with healthy controls are 
in line with other studies [2–5, 13, 38], the dysbiosis did 
not correlate with severity and etiology of HF, in contrast 
to circulating levels of the microbial-derived metabolite 
ImP.

Our results independently confirm and expand our 
recent observation that ImP levels are elevated in 
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subjects with HF [13]. The gut microbial composition has 
been shown to differ within cities, regions, and countries 
[39, 40], whereas our previous study showed a consist-
ent association between ImP and HF across geographi-
cally distinct cohorts [13]. Hence, metabolites such as 
ImP, rather than metagenomic data, can indeed serve as 
relevant indicators of altered microbial function across 
populations, potentially providing valuable insights into 
the metabolic activities of the microbiome.

In a search for bacterial species associated with ImP 
levels, we identified a group of Clostridia (clostridio-
forme, bolteae, and symbiosum), in addition to R. gnavus, 
Erysipelatoclostridium ramosum, and Intestinibacter bar-
tlettii, all of which have previously been shown in type 2 
diabetes to positively correlate with ImP production [12]. 
Accordingly, we found significantly higher ImP levels in 
subjects with HF and with T2D, and higher levels in sub-
jects with ischemic cardiomyopathy, hence connecting 

Fig. 3 Imidazole propionate is associated with increased systemic inflammation and gut permeability markers. Distributions of CRP (A), LBP (B), 
sCD14 (C), and I-FABP (D) are shown as box plots and dot plots. Statistical significance was tested using Wilcoxon tests. Below each plot, model 
estimates from univariable and multivariable (age, sex, and BMI) linear regressions and scatterplots of ImP versus each of the four markers are 
shown. CRP, LBP, sCD14, and IFABP were  log2-transformed in the regression analyses. CRP, C-reactive protein; I-FABP, intestinal fatty acid binding 
protein; LBP, LPS-binding protein; sCD14, soluble CD14
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this metabolite to important etiologies of chronic HF. So 
far, no studies have reported ImP in relation to coronary 
artery disease, but considering our findings, such studies 
are warranted.

Cardiometabolic diseases such as HF, atherosclerotic 
heart disease, and T2D are all partly driven by chronic low-
grade inflammation, which could be a common mechanis-
tic link between ImP and these conditions [1, 12]. ImP was 
originally identified as elevated in urine in subjects with 
gastrointestinal inflammation in the 1970s and has also 
been associated with inflammatory bowel disease [36, 41]. 
ImP has been shown to be associated with pro-inflamma-
tory cytokines in subject with type 2 diabetes, and in the 
present study, we found ImP levels to associate with higher 
levels of CRP [12] as well as sCD14, both reliable markers 
of systemic inflammation and monocyte activation, which 
are involved in HF pathogenesis [42].

A common finding of previous gut microbiota studies 
in cardiovascular disease has been depletion of bacteria 
with the potential of producing SCFAs. In this cohort, we 
found a depletion of SCFA-producing microbes on the 
species level, including F. prausnitzii and D. formicigen-
erans [43]. On a functional level, we identified pathways 
related to metabolism of amino acids and SCFA produc-
tion, consistent with deposited data from the MetaCardis 
consortium [2]. SCFAs are the main energy source for 
colonocytes and therefore vital for maintaining the integ-
rity of the mucosal barrier [11, 44]. We therefore hypoth-
esized that the association between ImP and low-grade 
inflammation could be partly explained by an impaired 
gut mucosal barrier. Interestingly, ImP levels were associ-
ated with I-FABP, a marker of enterocyte damage, as well 
as LBP and sCD14, markers of LPS-driven inflammatory 
response.

A likely hypothesis is that ImP could contribute to a 
chronic low-grade inflammation observed in metabolic 
diseases [1]. ImP induces insulin resistance in  vivo by 
inducing mTORC1 signaling through p38γ/δ, and MKK6-
deficient mice lacking p38γ/δ do not develop heart hyper-
trophy [45, 46]. In addition, ImP inhibits AMPK signaling, 
which is a key sensor of cellular energy [47]. Since both 
pathways have been linked with cardiac fibrosis, hypertro-
phy, and HF [48, 49], ImP may contribute to HF through 
these mechanisms. However, further studies using chronic 
delivery of ImP in animal models of HF are required to 
clarify if and how ImP directly affects HF pathogenesis. It 
should also be noted that Ruminococcus gnavus has been 
associated with several chronic inflammatory diseases, 
possibly through its ability to produce proinflammatory 
polysaccharides [32, 50], which could also contribute to 
the association between ImP and gut inflammation.

Diet has major impact on gut microbiota composi-
tion and function, and our unadjusted analyses showed 
that ImP production was negatively associated with 
dietary intake of fiber and vegetables. It is known that 
long-term low-fiber diet can lead to a dysbiotic micro-
bial environment. Here, we confirm this observation, as 
has been shown for type 2 diabetes, that also in HF an 
unhealthy diet with reduced intake of fiber and vegeta-
bles can induce changes in the microbiota with increased 
capacity to produce ImP [12, 51]. This fits with our pre-
vious observation that much of the HF-related dysbio-
sis, including depletion of SCFA producing microbes, is 
associated with low fiber intake [28].

The present study has some limitations including 
lack of an independent validation cohort to confirm the 
associations with changes in the gut microbiome, and 
our cohort did not include subjects with HF in NYHA 

Fig. 4 Imidazole propionate in relation to severity and etiology of heart failure. Imidazole propionate serum levels (quartiles) are shown in relation 
to etiology of heart failure (A), percentage of LVEF (B), and serum levels of NT-ProBNP (C) as box plots and dot plots. Statistical significance 
was tested using Wilcoxon tests. For LVEF and NT-ProBNP, univariable and multivariable (age, sex, and BMI) linear regression model estimates for ImP 
are shown. LVEF, left ventricular ejection fraction; NT-proBNP, amino-terminal pro B-type natriuretic peptide
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class I or IV. Nevertheless, this is the largest study of 
gut metagenomes in HF to date, using a stringent cor-
rection for multiple comparisons, and together with 
our recent report of elevated ImP levels in HF [13], this 
makes a strong case for the involvement of ImP in car-
diometabolic diseases including HF. Moreover, further 
studies are needed in order to understand the bacterial 
enzymes responsible for the ImP production beside the 
known pathways [52].

Conclusions
In summary, our findings establish a link between 
disease-specific changes in the gut microbiota, the 
presence, etiology, and severity of HF, and the gut 
microbially produced metabolite ImP. Using an inde-
pendent cohort, we extend on our recent data linking 
ImP to HF [13]. Intriguingly, our findings suggest that 
exploring strategies to inhibit bacterial ImP produc-
tions by directly targeting gut microbes (“drugging the 
bug”) may be a promising treatment strategy for HF 
and other cardiometabolic diseases in individuals with 
elevated ImP levels.
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