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Gut Microbial Metabolite Imidazole Propionate 
Impairs Endothelial Cell Function and Promotes 
the Development of Atherosclerosis
Vanasa Nageswaran , Alba Carreras , Leander Reinshagen , Katharina R. Beck , Jakob Steinfeldt , Marcus Henricsson , 
Pegah Ramezani Rad , Lisa Peters , Elisabeth T. Strässler , Joseph Lim , Barbara J.H. Verhaar , Yvonne Döring , 
Christian Weber , Maximilian König , Elisabeth Steinhagen-Thiessen , Ilja Demuth , Nicolle Kränkel , David M. Leistner ,  
Michael Potente, Max Nieuwdorp, Petra Knaus , Wolfgang M. Kuebler , Marc Ferrell , Ina Nemet , Stanley L. Hazen , 
Ulf Landmesser ,* Fredrik Bäckhed ,* Arash Haghikia *

BACKGROUND: The microbially produced amino acid–derived metabolite imidazole propionate (ImP) contributes to the 
pathogenesis of type 2 diabetes. However, the effects of ImP on endothelial cell (EC) physiology and its role in atherosclerotic 
coronary artery disease are unknown. Using both human and animal model studies, we investigated the potential contributory 
role of ImP in the development of atherosclerosis.

METHODS: Plasma levels of ImP were measured in patients undergoing elective cardiac angiography (n=831) by ultra-high 
performance liquid chromatography coupled to tandem mass spectrometry. Odds ratios and corresponding 95% confidence 
intervals for coronary artery disease were calculated based on the ImP quartiles using both univariable and multivariable 
logistic regression models. The effects of ImP on functional properties of ECs were assessed using HAECs (human aortic 
endothelial cells). In a mouse model of carotid artery injury, the impact of ImP on vascular regeneration was examined. Additionally, 
atheroprone Apoe−/− mice fed a high-fat diet were treated with and without ImP (800 µg), and aortic atherosclerotic lesion 
area was evaluated after 12 weeks. Next-generation sequencing, Western blot analysis, small interfering RNA–based gene 
knockdown, and tamoxifen-inducible Cre-loxP experiments were performed to investigate ImP-mediated molecular mechanisms.

RESULTS: Plasma ImP levels in subjects undergoing cardiac evaluation were associated with increased risk of prevalent 
coronary artery disease. We found that ImP dose dependently impaired migratory and angiogenic properties of human ECs 
and promoted an increased inflammatory response. Long-term exposure to ImP compromised the repair potential of the 
endothelium after an arterial insult. In atheroprone Apoe−/− (apolipoprotein E−/−) mice, ImP increased atherosclerotic lesion 
size. Mechanistically, ImP attenuated insulin receptor signaling by suppressing the PI3K (phosphoinositide 3-kinase)/AKT 
pathway leading to sustained activation of the FOXO1 (forkhead box protein O1) transcription factor. Genetic inactivation 
of endothelial FOXO1 signaling in ImP-treated mice enhanced the angiogenic activity and preserved the vascular repair 
capacity of ECs after carotid injury.

CONCLUSIONS: Our findings reveal a hitherto unknown role of the microbially produced histidine-derived metabolite ImP in 
endothelial dysfunction and atherosclerosis, suggesting that ImP metabolism is a potential therapeutic target in atherosclerotic 
cardiovascular disease.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Endothelial cell (EC) dysfunction in the arterial vas-
cular tree is the earliest detectable change in the 
development of atherosclerosis.1 Impaired EC func-

tion compromises not only the ability to recover arterial 
integrity after injury but also promotes the adoption of 
a proinflammatory phenotype that attracts monocytes.2 
In patients with diabetes, EC dysfunction substantially 
increases the risk of atherosclerosis development. Tar-
geting endothelial dysfunction is thus an important strat-
egy for atherosclerotic cardiovascular disease (ACVD) 
prevention.3

In recent years, functional alterations of the gut 
microbiome and its metabolic activity have been 
increasingly acknowledged as causal factors of insu-
lin resistance4 and ACVD.5 One such example of the 
causal contribution of metaorganismal pathways to 
ACVD is the metabolite trimethylamine N-oxide, which 
is derived from microbial metabolism of trimethylamine-
containing nutrients such as choline and carnitine.6 
As shown in several animal models, trimethylamine 
N-oxide promotes the development of atherosclerosis
and increases vascular thrombogenicity and athero-
thrombosis5–9 with prognostic and clinical implications
for patients with atherosclerotic coronary artery dis-
ease (CAD)10–12 and ischemic stroke.12

Metagenomic approaches have linked specific gut 
microbiota composition with type 2 diabetes, as char-
acterized by a decrease in the abundance of butyrate-
producing bacteria and an increase in distinct potential 

opportunistic pathogens.13–15 This altered ecosystem is 
associated with alterations in microbial metabolism and 
metabolite production.16 Imidazole propionate (ImP), a 
histidine-derived metabolite, is increased in portal and 
peripheral blood of patients with type 2 diabetes com-
pared with normoglycemic controls.17,18 Importantly, when 
administered to mice, ImP caused glucose control impair-
ment17 and attenuated the glucose-lowering effect of 
metformin,19 demonstrating a causal role for circulatory 
ImP in the pathogenesis of type 2 diabetes. Furthermore, 
ImP independently correlates with reduced ejection frac-
tion and heart failure in clinical cohorts.20 However, to 
date, the effect of ImP on EC function and its role in 
ACVD is unknown.

In this study, we sought to determine the association 
between circulatory ImP levels and CAD risk in humans. 
We investigated the effect of increased blood levels 
of ImP on EC function and how elevated ImP levels 
impact endothelial repair capacity after vascular injury 
in a mouse model. Furthermore, we explored the role of 
ImP in the development of atherosclerotic lesions in an 
Apoe−/− (apolipoprotein E−/− ) mice.

MATERIALS AND METHODS
Data Availability
RNA-sequencing data were made publicly available in the 
European Nucleotide Archive under accession number 
PRJEB61803 (https://www.ebi.ac.uk/ena/browser/view/
PRJEB61803).

Material Availability
All data, analytic methods, and study materials are available to 
other researchers for purposes of reproducing these results or 
replicating these procedures by reasonable request directed to 
the corresponding author.21 Detailed materials have been incor-
porated in the article and are listed in the Major Resources 
Table in the Supplemental Material.

Nonstandard Abbreviations and Acronyms

αSMA	 α-smooth muscle actin
ACVD	 atherosclerotic cardiovascular disease
CAD	 coronary artery disease
DAPI	 4′,6-diamidino-2-phenylindole
EC	 endothelial cell
FOXO	 forkhead box O transcription factor
HAEC	 human aortic endothelial cell
ICAM-1	 intercellular adhesion molecule-1
ImP	 imidazole propionate
LDL	 low-density lipoprotein
LPHN2	 latrophilin 2
LRG1	 leucine-rich-2-glycoprotein 1
ORO	 oil red O
PE	 phenylephrine
PFA	 paraformaldehyde
PI3K	 phosphoinositide 3-kinase
PI3K-C2A phosphoinositide 3-kinase class IIα
TNF-α	 tumor necrosis factor-α
UrdA	 urocanate reductase
VCAM-1	 vascular cell adhesion molecule-1
VLDL	 very-low-density lipoprotein

Highlights

• Circulatory imidazole propionate (ImP) levels are
higher in patients with atherosclerotic coronary
artery disease (CAD) than in patients without CAD.

• ImP attenuates vascular repair capacity after injury
in mice.

• ImP promotes development of atherosclerosis in
Apoe−/− mice.

• ImP impairs insulin receptor signaling in endothe-
lial cells by suppressing the PI3K/AKT pathway
and subsequent activation of FOXO1 transcription
factor.

• Targeting ImP-producing gut microbial pathways
may provide a novel concept in cardiovascular dis-
ease prevention.

https://www.ebi.ac.uk/ena/browser/view/PRJEB61803
https://www.ebi.ac.uk/ena/browser/view/PRJEB61803
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.322346
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Human Studies
Blood samples were obtained from subjects enrolled in the 
LipidCardio study (German Clinical Trial Register; URL: drks.de; 
Unique identifier: DRKS00020915). The study was approved 
by the local research ethics committee (approval number: 
EA1/135/16), and all participants provided written informed 
consent. Study protocol and design of the LipidCardio study 
were described previously.21

Patients aged ≥18 years undergoing cardiac cath-
eterization at a single large academic center (Deutsches 
Herzzentrum der Charité, Campus Benjamin Franklin), 
except those with troponin-positive acute coronary syn-
dromes, were eligible for inclusion. Cardiac catheterization 
and coronary angiography were performed according to the 
standard protocols of the interventional cardiology unit and 
by discretion of the interventional cardiologist. The interven-
tional cardiologist routinely documented diagnostic findings. 
Comprehensive angiographic results at the time of enroll-
ment were recorded in the study database.

Blood samples were collected and processed to plasma 
before being frozen for storage. Between October 2016 and 
March 2018, 1005 consecutive patients were enrolled, from 
whom 831 blood samples were available for the current study. 
Comorbidities and cardiovascular risk factors, including diabe-
tes, arterial hypertension, and dyslipidemia, were evaluated.

Patient samples and clinical data used for correlating 
ImP levels with soluble VCAM-1 (vascular cell adhesion  
molecule-1) levels were obtained from the GeneBank study 
conducted at the Cleveland Clinic: Molecular Determinants of 
Coronary Artery Disease (URL: https://www.clinicaltrials.gov; 
Unique identifier: NCT00590200). GeneBank is a single-
site sample repository generated from consecutive patients 
undergoing elective diagnostic coronary angiography or elec-
tive cardiac computed tomographic angiography with exten-
sive clinical and laboratory characterization and longitudinal 
follow-up. Subjects were recruited between 2001 and 2007. 
Exclusion criteria for GeneBank included patients with a 
recent myocardial infarction (<4 weeks) or elevated troponin 
I (>0.03 mg/dL) at enrollment. Subjects with atherosclerotic 
CAD were defined as patients with adjudicated diagnoses 
of stable or unstable angina, myocardial infarction, history 
of coronary revascularization, or angiographic evidence of 
≥50% stenosis of at least 1 major coronary artery at the 
time of coronary angiography. All clinical study protocols 
and informed consent for human individuals were approved 
by the Cleveland Clinic Institutional Review Board. Written 
informed consent was obtained from all individuals. Soluble 
VCAM-1 levels were measured by ELISA according to the 
manufacturer’s protocol (Invitrogen, Waltham, MA).

Blood Tests and ImP Measurement
Laboratory workup was performed for total cholesterol, LDLs 
(low-density lipoproteins), triglyceride, creatinine, and full blood 
count. Blood samples were immediately processed to plasma 
and stored in Central Biomaterial Bank Charité (ZeBanC) at 
−80 °C until the time of analysis. Plasma levels of ImP were
quantified using ultra-high performance liquid chromatog-
raphy coupled to tandem mass spectrometry. Analyses were
performed in 2 different laboratories: the LipidCardio cohort
was measured at Sahlgrenska University Hospital, University

of Gothenburg, Sweden, and the GeneBank samples were 
assessed at the Cleveland Clinic. Both laboratories used the 
same internal standard (ImP-13C3) for their sample prepara-
tions. Samples from the European cohort were prepared and 
analyzed based on a previously published method with minor 
modifications.17 Briefly, 25 µL of plasma samples were extracted 
using 6 volumes of acetonitrile containing 100 nmol/L of 
internal standard (ImP-13C3, Astra Zeneca, Cambridge, United 
Kingdom) before drying the samples under a flow of nitrogen. 
Then, the samples were reconstituted with 5% HCl (37%) in 
1-butanol, subjected to n-butyl ester derivatization, and finally
reconstituted in 150 µL water:acetonitrile (9:1). ImP levels were 
determined using multiple reaction monitoring of the transitions
197/81 and 200/82 for the internal standard.

Samples from the GeneBank study were subjected to 
LC-MS/MS analysis on a chromatographic system consist-
ing of 2 Shimadzu LC-30 AD pumps (Nexera X2), a CTO 20 
AC oven operating at 30 °C, and a SIL-30 AC-MP autosam-
pler in tandem with 8050 triple quadruple mass spectrometer 
(Shimadzu Scientific Instruments Inc, Columbia, MD). The limit 
of quantification (LOQ) with a signal-to-noise cutoff of 10:1 
was 5 nmol/L. Values below the LOQ were reported as half 
the LOQ value. Three quality control samples were performed 
with each sample batch and inter-batch variations, expressed 
as coefficient of variation, were <10%. For data analysis, the 
LabSolution software (v5.89; Shimadzu) was used. Investigators 
performing analyses were blinded to sample identity other than 
barcode label.

Animal Models
Male wild-type C57BL/6J and Apoe−/− mice were purchased 
from Charles River Laboratories (Germany). Endothelial-
specific FOXO1 (forkhead box protein O1) knockout mice 
(Cdh5-CreERT2(+/−)/FOXO1fl/fl) on C57BL/6J background 
and control littermates without Cre recombinase (Cdh5-
CreERT2(+/+)/FOXO1fl/fl) were obtained through collaboration.22 
All mouse experiments were performed in our animal facility 
and were approved by the ethics committee on animal care and 
use in Berlin, Germany. Mice were maintained under 12-hour 
light cycle with access to food and water ad libitum.

Adult (19–20 weeks of age) male Apoe−/− mice were fed a 
high-fat diet (crude fat, 34%; cholesterol, 290 mg/kg; Ssniff, 
Germany; E15741) for 12 weeks. Simultaneously, ImP (800 
µg/d; Santa Cruz) or drinking water (used as control) was pro-
vided through drinking water to Apoe−/− mice. All mice were 
euthanized after 12 weeks of treatment. Blood was collected 
by cardiac puncture, and organs (heart and aorta) were iso-
lated and snap-frozen in liquid nitrogen or dry ice and stored at 
−80 °C for further analysis.

To investigate the effect of ImP on arterial injury, adult (10
weeks of age) male C57BL/6J mice were randomly assigned 
to either control group (n=6) or ImP group (n=6) for a total 
of 24 days (Figure 3A). Carotid artery injury in mice was per-
formed as described.23 Briefly, mice were first anesthetized 
via inhalation of 3% isoflurane in oxygen (1 L/min) and then 
kept at 1.5% isoflurane until the intervention was finalized. 
Body temperature was maintained using a heating pad kept 
at 37 °C, preventing hypothermia during the procedure. After 
shaving the left side of the neck, a small incision was made to 
expose the left carotid artery (LCA). Carotid injury was induced 

drks.de
https://www.clinicaltrials.gov
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to LCA by an electric impulse of 2 W for 2 s over a length of 4 
mm using bipolar microforceps (VIO 50 C; Erbe Elektromedizin 
GmbH). Three days after carotid injury, reendothelialization 
was assessed by injecting 50 µL of 5% Evans blue (Sigma) 
into the left heart ventricle 2 minutes before euthanasia. LCA 
was isolated, rinsed in PBS, and fixed on microscope slides. 
The Evans blue–stained denuded area was captured en face 
using a brightfield microscope (Axioskop 40; Zeiss), and the re-
endothelialization was calculated longitudinally as the ratio of 
blue-stained area to injured area and subtracted from 100% by 
using imaging software (ImageJ; National Institutes of Health).

To assess the regulatory role of FOXO1 on vascular regen-
eration in vivo, adult endothelial-specific FOXO1 knockout mice 
(13 weeks of age) were generated by crossing loxP-flanked 
FOXO1 mice (FOXO1fl/fl) with transgenic mice expressing the 
tamoxifen-inducible vascular endothelial-specific cadherin 
(Cdh5) promoter-driven CreERT2 recombinase.22,24 Specifically, 
FOXO1 deletion (Cdh5-CreERT2(+/−)/FOXO1fl/fl; n=7) was 
induced by intraperitoneal injections of tamoxifen (100 mg 
per kg body weight; Sigma) dissolved in peanut oil (Sigma) 
and administered once daily for a total of 5 consecutive days. 
Littermate animals homozygous for the floxed FOXO1fl/fl but 
lacking the expression of Cre recombinase were used as a con-
trol group (Cdh5-CreERT2(+/+)/FOXO1fl/fl; n=6). After tamoxifen 
induction, animals were treated with ImP in drinking water for a 
total of 3 weeks before carotid artery injury.

Wire Myography
Isolated murine aortic segments of the ascending and 
descending aorta were mounted ex vivo into the chambers 
of a wire myograph (Multi Wire Myograph System 620M; 
Danish Myo Technology A/S) connected to PowerLab 4/35 
(PL3504; ADInstruments) and the software LabChart 8 
(ADInstruments). Following a 20-minute equilibration of the 
aortic tissue in physiological salt solution buffer, the ves-
sels were stretched until a tension of 2 mN/3.5 mN for the 
ascending/descending aorta was achieved. Subsequently, 
a normalization protocol was conducted in accordance with 
the manufacturer’s instructions. The maximum contraction 
was assessed by incubating the vessel segments in high 
potassium physiological salt solution buffer for 15 minutes. 
Following a period of washing, contraction against 50 nmol/L 
phenylephrine (PE; Sigma-Aldrich) in physiological salt solu-
tion was measured for 10 minutes. Subsequently, acetylcho-
line (ACh; Sigma-Aldrich) was added at 3-minute intervals 
in 8 increasing concentrations, covering a range from 10 
nmol/L to 100 µmol/L. Subsequent to a 30-minute washing 
period utilizing physiological salt solution, 50 nmol/L PE was 
added into the solution once more. After 10 minutes, sodium 
nitroprusside (SNP; Sigma-Aldrich) was supplemented in a 3- 
minute cycle, spanning a concentration range of 100 pmol/L 
to 100 nmol/L. Dose-response curves were fitted to a sigmoi-
dal curve using nonlinear regression. Data were normalized 
relative to the PE-induced maximal contraction and calculated 
as a percentage of the PE relaxation.

Lipid Analysis
Mouse plasma samples were subjected to fast-performance 
liquid chromatography (gel filtration on Superose 6 column; GE 
Healthcare). Different lipoprotein fractions were separated and 

evaluated based on flow-through time. Cholesterol levels were 
quantified using an enzymatic assay (c.f.a.s., Cobas; Roche 
Diagnostics) according to the manufacturer’s protocol.

En Face Determination of Atherosclerosis
Atherosclerotic plaques were visualized using an en face 
method. Aortic arch and distributing branches were dissected 
from the mouse and opened longitudinally using a stereomicro-
scope (SMZ745T; Nikon). Aortas were fixed overnight with 4% 
paraformaldehyde (PFA), stained with oil red O (ORO; Sigma), 
and the aortic arch plaque area was calculated as the percent-
age of ORO-stained area to total aortic arch area.

Histology
For histological analysis of the aortic roots at the base of the 
heart (basis cordis), tissues were embedded in Tissue-Tek 
OCT (Sakura) and frozen at −80 °C until further processing. 
Tissues were cut into 6-µm-thick cryosections of the aortic 
root using a cryostat microtome (Microm HM 560; Thermo 
Fisher Scientific) and were fixed on glass slides (Super Frost 
Plus; Thermo Scientific). Before ORO staining, sections 
were fixed in 4% PFA for 10 minutes and washed twice in  
PBS for 5 minutes. Tissue sections were then incubated in 
78% methanol for 5 minutes and stained for 10 minutes  
in fresh 0.5% ORO working solution dissolved in isopropa-
nol. Following ORO staining, samples were rinsed in distilled 
water and nuclei were counterstained in hematoxylin (Carl 
Roth) before mounting in Kaiser glycerol gelatin (Merk). The 
percentage plaque area to total aortic root area was calcu-
lated using the ImageJ software.

Hematoxylin/eosin staining was used to assess aortic root 
morphology. Briefly, tissue sections were fixed in 10% formalin 
for 10 minutes, washed in PBS, and stained in Mayer hematox-
ylin for 15 s. After staining, sections were rinsed in tap water for 
10 minutes and counterstained with eosin for 5 s. The sections 
were then dehydrated through graded ethanol and cleared in 
xylene, with each step repeated twice for 5 minutes. Images 
were taken using a Keyence fluorescence microscope.

Immunohistochemistry
Immunohistochemistry of frozen sections of the aortic roots 
was performed using the Avidin-Biotin Complex kits (Vector 
Laboratories). Briefly, acetone-fixed sections were washed 
in 1× PBS (without Ca2+ and Mg2+) before treatment with 
0.075% H2O2 for 10 minutes to block endogenous peroxidase 
activity. The slides were then blocked with 10% rabbit serum 
(Dako) in Avidin-Biotin blocking solution (Vector Laboratories) 
for 30 minutes each. Sections were incubated with primary 
antibody against CD68 (Abcam; 1 µg/mL) for 1 hour and 
washed in PBS before being incubated with anti-rat biotinyl-
ated secondary antibody (Dako; 1:100) for 1 hour. The slides 
were then incubated with ABC-HRP Kit for Peroxidase (Vector 
Laboratories) for 30 minutes followed by 3-amino-9-ethyl-
carbazole (Sigma) staining for 12 minutes. Aortic roots were 
counterstained in hematoxylin solution (Carl Roth) for 15 s and 
washed in deionized water before mounting with Kaiser gelatin 
medium (Merk). Macrophage accumulation in plaque area was 
determined by calculating the percentage of CD68-positive 
staining to total aortic root area.
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FOXO1 En Face Immunostaining
After euthanizing the mice, vessels were perfused through the 
left ventricle with 10 mL of 1× PBS, followed by 2% PFA in 
PBS for 10 minutes. The aorta was then isolated and carefully 
cut open longitudinally to expose the endothelial surface. After 
fixation, the aorta was washed 3× in PBS for 10 minutes, per-
meabilized with 0.3% Triton X-100 in PBS for 15 minutes, and 
blocked with 10% donkey serum in PBS containing 0.1% Triton 
X-100 for 1 hour on an orbital shaker. Tissues were incubated
with primary FOXO1 antibody (Cell Signaling; 1:100) in block-
ing buffer overnight at 4 °C in the dark. The following day, the
aortas were washed, incubated with secondary antibody using
DyLight-594–conjugated goat anti-rabbit IgG (H+L; Thermo
Fisher; 2 µg/mL) for 1 hour, washed again 3×, and nuclei were
counterstained with DAPI (4′,6-diamidino-2-phenylindole; 0.5
µg/mL in PBS) for 10 minutes. After the final rinse, tissues
were mounted on a slide with a coverslip using fluorescent
mounting medium (Dako) and imaged on the Leica TCS SPE-II
confocal microscope at ×40 oil immersion magnification.

Cell Culture
Primary human aortic ECs (HAECs; Cell Applications) were 
used between passages 7 and 9 for experiments. HAECs were 
cultured in endothelial growth medium-2 (PromoCell GmbH) 
supplemented with 10% fetal bovine serum, 100 units/mL 
penicillin, and 100 µg/mL streptomycin. Human THP-1 mono-
cytes were cultured in RPMI 1640 medium (Gibco) supple-
mented with 10% fetal bovine serum, 2 mmol/L L-glutamine, 
100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were 
grown to confluence at 37 °C and 5% CO2 before experiments.

Wound Healing Assay
Endothelial wound healing potential was assessed by cell 
scratch assay in vitro. HAECs (6×104 per well) were seeded 
on fibronectin-coated 24-well culture plate overnight, and then 
serum-starved (0.5% fetal bovine serum) for 5 hours at 37 °C 
in cell culture incubator before stimulation. The cells were 
scratched using a sterile 100 µL yellow pipette tip and treated 
with 10 nmol/L ImP, 100 nmol/L ImP, 10 ng/mL recombi-
nant TNF-α (tumor necrosis factor-α) or control for 16 hours. 
Pictures of the wound area were taken at times 0 and 16 hours 
post-migration using a phase-contrast microscope (EVOS XL 
Core; Thermo Fisher Scientific). The width of the scratch was 
measured and quantified by ImageJ software (v1.53s).

BrdU Cell Proliferation
ECs were seeded at a density of 5000 cells per well in a 96-well 
plate and allowed to adhere overnight in complete growth 
media. Cells were treated with or without 100 nmol/L ImP for 
24 hours or with mitomycin C (10 µg/mL) for 5 hours as posi-
tive control for inhibition of cell proliferation. BrdU incorporation 
analysis was performed according to the manufacturer’s proto-
col (Roche Diagnostics), and absorbance was measured at 450 
nm using a microplate reader (Tecan).

Tube Formation Assay
To evaluate the effect of ImP on tube formation, 1.5×104 HAECs 
per well were cultured on Matrigel using growth factor–reduced 

basement membrane extract (Gibco) in 96-well flat bottom 
plate and stimulated in conditioned medium with control, 50 
ng/mL IGF-1, 100 nmol/L ImP, or 10 ng/mL recombinant 
TNF-α for 16 hours. After tubular network was formed by 
HAECs, cells were stained with 6 µmol/L Calcein AM solu-
tion (R&D Systems) for 15 minutes at 37 °C. Representative 
images were taken using an inverted fluorescent microscope 
(BZ-X; Keyence Corporation), and tube formation was evalu-
ated with Angiogenesis Analyzer tool in ImageJ software 
(v1.53s) by quantifying the total number of segments normal-
ized to control.

Flow Cytometry of HAECs
Expression of cellular adhesion molecules of ICAM-1 (inter-
cellular adhesion molecule-1), VCAM-1, and E-selectin was 
assessed by fluorescence-activated cell sorting. HAECs 
(6×104 per well) were seeded on 24-well plates and stimu-
lated with control medium, 10 nmol/L ImP, or 100 nmol/L 
ImP for 24 hours before being washed and collected into  
fluorescence-activated cell sorting tubes (BD Biosciences). 
Cells were incubated with the following antibodies: CD54 
(AF700, HA58, 1:100), CD106 (APC, STA, 1:100), and CD62E 
(PE/Cy7, HAE-1f, 1:100) for 15 minutes at room temperature. 
All antibodies were purchased from BioLegend. Fluorescence-
minus controls and unstained HAECs were included in the 
measurements. Samples were acquired using Attune Nxt Flow 
Cytometer (Thermo Fisher Scientific), and cells were analyzed 
with Kaluza software (Beckman and Coulter).

Flow Adhesion Assay
Monocyte-EC interaction was investigated by a flow-based 
adhesion assay. HAECs were seeded in ibidi y-shaped cham-
ber slides (ibidi GmbH) for 5 hours and then incubated over-
night under sterile flow conditions using a shear stress of 20 
dyn/cm2. After acclimatization, cells were treated with control, 
10 nmol/L ImP, or 100 nmol/L ImP for 24 hours, respectively. 
Finally, THP-1 monocytes (1×106 cells/mL) were labeled with 
DiI cell staining solution (Invitrogen) before being perfused 
through the chambers for 30 minutes. After incubation, non-
adherent monocytes were removed with PBS, and cocultures 
were fixed with 4% PFA. The number of adherent monocytes 
to HAECs was quantified from different fields of view using 
a fluorescence phase-contrast microscope (BZ-X; Keyence 
Corporation).

Western Blotting
Whole-cell lysates from washed ECs were obtained using RIPA 
buffer (50 mmol/L Tris, 150 mmol/L NaCl, 1 mmol/L EDTA, 
1 mmol/L NaF, 1 mmol/L DTT, 10 mg/mL aprotinin, 10 mg/
mL leupeptin, 0.1 mmol/L Na3VO4, 1 mmol/L PMSF, and 0.5% 
NP-40, pH 7.5). Lysates were centrifuged for 10 minutes at 
14 000 rpm and 4 °C followed by protein determination with 
Pierce BCA Protein Assay Kit (Thermo Scientific) according to 
the manufacturer’s instructions. Proteins (20 µg) were sepa-
rated by 10% SDS-PAGE and transferred onto a PVDF mem-
brane (Merck). Membranes were blocked in 5% milk or BSA for 
1 hour at room temperature and incubated with primary antibod-
ies against PI3K-C2A (PI3K class IIα; Cell Signaling; 1:2000), 
phospho-AKT(Ser473; Cell Signaling; 1:1000), AKT (Cell 
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Signaling; 1:1000), phospho-FOXO1(Thr24; Cell Signaling; 
1:2000), FOXO1 (Cell Signaling; 1:2000), and GAPDH (Merck; 
0.02 µg/mL) overnight at 4 °C. Membranes were then incu-
bated with horseradish peroxidase–conjugated anti-rabbit 
or anti-mouse secondary antibody (Southern Biotechnology) 
for 1 hour at room temperature. Membranes used to detect 
phospho-target proteins were stripped in a low-pH glycine buf-
fer (1.5% glycine, 0.1% SDS, and 1% Tween-20, pH 2.2) for 
20 minutes, reblocked, and reprobed with antibodies against 
the total target protein and loading control (GAPDH). Proteins 
were detected with SuperSignal West Dura Extended Duration 
Substrate (Thermo Scientific), and the intensity of chemilu-
minescence was measured using a UVP ChemStudio PLUS 
imaging system (Analytik Jena).

Immunocytochemistry
HAECs were grown on fibronectin-coated glass slides and 
treated with versus without ImP (100 nmol/L) for 24 hours. 
Cells were then washed and fixed with 4% PFA for 15 min-
utes at room temperature. Permeabilization was performed in 
0.5% Triton X-100 in PBS for 15 minutes and blocking in 5% 
horse serum for 1 hour. HAECs were stained overnight for anti-
FOXO1 (Cell Signaling; 1:100) and DAPI (Roche Diagnostics; 
0.1 µg/mL) followed by DyLight-594–conjugated goat anti-
rabbit secondary antibody (Invitrogen; 1:100) for 1 hour. Cells 
were washed and mounted in Kaiser glycerol gelatin (Merck). 
The fluorescence intensity of nuclear FOXO1 staining was ana-
lyzed with a Keyence fluorescence microscope.

Small Interfering RNA Transfection
HAECs were plated at a density of 3×105 cells per well in a 
6-well format before being transfected with FOXO1 small inter-
fering RNA or scramble small interfering RNA (Santa Cruz) for
4 hours in Opti-MEM medium (Gibco) using Lipofectamine
RNAiMAX transfection kit (Invitrogen) according to the manu-
facturer’s protocol. FOXO1 gene silencing efficacy was con-
firmed on protein levels by Western blot analysis.

RNA Sequencing
Total RNA was extracted from ECs after stimulation with ImP 
(100 nmol/L) or control for 12 hours using the RNeasy Mini 
Kit (Qiagen) according to the manufacturer’s instructions. RNA 
purity and yield were assessed with NanoVue (GE Healthcare), 
and ribosomal RNA integrity was confirmed by agarose gel 
electrophoresis stained with ethidium bromide. Three replicates 
from 3 independent experiments were performed for next-
generation sequencing. RNA library preparation, sequencing, 
and alignment of the reads was outsourced to GENEWIZ from 
Azenta Life Sciences (Leipzig, Germany). Library preparation 
was performed using the NEBNext Ultra II Directional RNA 
Library Prep Kit following the manufacturer’s instructions (oli-
godT enrichment method). Samples were sequenced on the 
Illumina Novoseq 6000 platform with 150-bp paired-end reads. 
Sequences were trimmed to remove adapter sequences and 
nucleotides with poor quality using Trimmomatic (v0.36). The 
trimmed reads were mapped to the human genome reference 
ENSEMBL version 86 using the STAR aligner (v2.5.2b). Read 
counts were calculated with the featureCounts program in the 
Subread package (v1.5.2), only counting unique gene hits. The 

mean number of total reads per sample was 29.2±3.5 million, 
of which 99.6% were mapped, resulting in on average 25±3.8 
million counts per sample.

Statistical Analysis
Statistical analyses for the in vitro and in vivo analyses were per-
formed by GraphPad Prism 9 (GraphPad Software Inc; v9.3.1 
to v10.1.0) and presented as mean±SEM. Normal distribution 
of data was assessed using the Shapiro-Wilk test and was 
analyzed by unpaired 2-tailed Student t test (for 2 groups) or 
1-way ANOVA followed by Bonferroni post hoc test for multiple
comparisons (for ≥3 groups). Data that passed the normality
test but with unequal variance were assessed by the Welch t
test or Brown-Forsythe and Welch ANOVA tests followed by
Dunnett T3 post hoc test for multiple comparisons. Otherwise,
nonparametric statistical analyses were performed using the
Mann-Whitney U test for 2 groups or the Kruskal-Wallis test
followed by the Dunn post hoc test for multiple comparisons
(for ≥3 groups). Data in dose-contraction curves are expressed
as a percentage of PE-induced vasoconstriction against the
log molar concentration of vasodilators (ACh and SNP) and
were fitting to a sigmoidal curve using nonlinear regression.
Overall differences in responses between the groups (con-
trol versus ImP) and across different concentrations were
assessed using 2-way ANOVA, followed by Bonferroni post
hoc analysis. Differential gene expression was performed using
the DESeq2 package (v1.36.0) in RStudio (v2022.07.2+576)
with R (v4.2.1)25. Read counts for control and ImP conditions
were analyzed with a Wald test and parametric fit to identify
differentially expressed genes. P values were adjusted using
false discovery rate multiple testing correction. Genes with an
adjusted P<0.1 were considered as differentially expressed
between control and ImP. Read counts were normalized using
DESeq2’s median of ratios method to account for sequenc-
ing depth and RNA composition.25 A volcano plot was drawn
using ggplot2 (v3.4.0). After zero mean, unit variance scaling
of the normalized read counts, a heatmap with differentially
expressed genes was drawn using the ComplexHeatmap pack-
age (v2.12.1). The dendrogram in this plot was constructed
with Ward method. The code for the differential gene expres-
sion analyses was shared in a Github repository (https://github.
com/barbarahelena/transcriptomics-imp-charite).

In the human studies, odds ratios and corresponding 95% 
CIs for CAD were calculated based on the ImP quartiles using 
both univariable and multivariable logistic regression models. 
In the multivariable models, adjustments were made for age 
and sex only, as well as established cardiovascular risk factors 
including age, sex, smoking status, hypertension, hypercholes-
terolemia, and diabetes. Significance was assumed at a 2-sided 
P value of P≤0.05.

RESULTS
Plasma Levels of ImP Are Associated With CAD
To investigate whether ImP is associated with CAD, we 
examined ImP plasma levels and CAD risk in a patient 
cohort (n=831) undergoing elective cardiac evalua-
tion. Levels of ImP in individuals with CAD were signifi-
cantly higher than in individuals without CAD. Patient 

https://github.com/barbarahelena/transcriptomics-imp-charite
https://github.com/barbarahelena/transcriptomics-imp-charite
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demographics, laboratory values, and clinical character-
istics of all patients are provided in the Table. We also 
compared these parameters between patients with and 
without CAD. Plasma levels of ImP were increased in 
patients with significant (≥50% stenosis) angiographic 
evidence of CAD (Figure 1A), as revealed by diagnos-
tic cardiac catheterization (Figure 1B) with a dose- 
dependent relationship between ImP levels and the 
prevalence of CAD (Figure 1C). This association was 
particularly pronounced in patients in the fourth quartile 
and remained significant after adjustments for both age 
and sex (model 1: odds ratio, 3.80 [95% CI, 2.39–6.15]; 
P<0.05) and even after further adjustments for cardio-
vascular risk factors including hypertension, dyslipidemia, 
diabetes, and smoking (model 2: odds ratio, 4.22 [95% 
CI, 2.60–6.97]; P<0.05). Notably, we found significantly 
higher levels of ImP in patients with diabetes than in con-
trols (Figure S1), confirming previous findings demon-
strating diabetogenic effects of ImP.17

ImP Impairs Migratory and Angiogenic 
Properties of ECs
Given the central role of endothelial dysfunction in 
atherosclerosis,26 we hypothesized that elevated ImP 
levels may contribute to the pathogenesis of ACVD by 
compromising the properties of ECs. We thus treated 
HAECs with ImP to assess its impact on the migra-
tion, proliferation, and angiogenic properties of ECs. 
ImP significantly reduced gap closure in an in vitro 
scratch injury assay, suggesting an impaired EC migra-
tory capacity (Figure 2A and 2B). Additionally, BrdU 
incorporation analysis revealed a significant decrease 
in EC proliferation rates in ImP-treated cells compared 
with untreated controls (Figure S2). To further address 

whether the reduced migratory and proliferative capac-
ities resulted in defective angiogenic activity, we next 
used a Matrigel angiogenesis assay. We observed sig-
nificantly reduced tube formation in ImP-pretreated 
ECs compared with control cells, indicating that ImP 
impairs angiogenic potential in ECs (Figure 2C and 
2D). Together, these results suggest that ImP may 
impair EC functions, which are important for wound 
healing in the vessel wall.

ImP Promotes Endothelial Inflammation by 
Inducing the Expression of Adhesion Molecules
We evaluated whether impaired EC functions were 
associated with proinflammatory activation, a hallmark 
feature that promotes atherogenesis. To this end, we 
performed FACS (fluorescence-activated cell sorting) 
analyses to evaluate the expression of EC adhesion 
molecules on HAECs as markers of endothelial inflam-
mation and observed a dose-dependent increase in 
the expression of ICAM-1, E-selectin, and VCAM-1; 
Figure 2E; Figure S3, gating strategy). The increased 
expression of adhesion molecules on ECs follow-
ing ImP treatment translated to increased monocyte 
adhesion (Figure 2F and 2G). Since activated endo-
thelium releases soluble VCAM-1 leading to increased 
circulatory soluble VCAM-1 levels in blood,26 we also 
investigated the interaction between circulating solu-
ble VCAM-1 and ImP levels in a second cohort (the 
GeneBank cohort) consisting of consecutive patients 
undergoing elective diagnostic coronary angiography 
or elective cardiac computed tomographic angiog-
raphy. Soluble VCAM-1 significantly correlated with 
circulating ImP levels (Figure S4) further supporting 
proinflammatory actions of ImP leading to increased 
expression of adhesion molecules.

ImP Impairs Arterial Regeneration After Carotid 
Injury and Endothelium-Dependent Aortic 
Relaxation
In view of the observed detrimental effects of ImP on 
EC functions in vitro, we evaluated the systemic rel-
evance of ImP-mediated effects on vascular regen-
eration using a mouse carotid artery injury model 
(Figure 3A). To this end, mice were subjected to ImP 
or control water via drinking water for 3 weeks before 
undergoing carotid artery injury. Three days after injury, 
vascular regeneration was evaluated by Evans blue 
staining, which determines the denuded area (blue 
stained). Our results show that treatment with ImP 
significantly impaired the wound healing process as 
compared with the control group (Figure 3B and 3C) 
and, thus, highlight the deleterious effects of ImP on 
vascular repair mechanisms in vivo.

Table.  Baseline Clinical Parameters and Laboratory Test 
Results

Characteristic
Overall, 
N=831 CAD, n=577

No CAD, 
n=254 P value*

Age, y 75 (66, 81) 76 (67, 81) 72 (62, 79) <0.001

Sex <0.001

 �Female 248 (30%) 124 (21%) 124 (49%)

 �Male 583 (70%) 453 (79%) 130 (51%)

Imidazol propio-
nate, nmol/L

12 (8, 24) 13 (8, 26) 10 (7, 18) <0.001

Hypertension 668 (80%) 477 (83%) 191 (75%) 0.012

Hypercholesteri-
naemia

497 (60%) 378 (66%) 119 (47%) <0.001

Diabetes 232 (28%) 178 (31%) 54 (21%) 0.005

Smoker 140 (17%) 98 (17%) 42 (17%) 0.90

Creatinine, 
mg/dL

0.97  
(0.84, 1.16)

1.00  
(0.84, 1.19)

0.92  
(0.81, 1.05)

<0.001

Values are expressed as median (IQR) and n (%). CAD indicates coronary 
artery disease; and IQR, interquartile range.

*Wilcoxon rank-sum test; Pearson χ2 test.

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.322346
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.322346
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.322346
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.322346
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To assess whether ImP-induced vascular dysfunc-
tion is endothelium dependent, we performed wire 
myography of freshly isolated murine aorta ex vivo. 
ImP treatment significantly impaired endothelium-
dependent vasorelaxation in response to ACh in both 
the ascending and descending aortas compared with 
the control group. Notably, no significant difference 
was observed in the endothelium-independent relax-
ation response to SNP between both groups, further 
supporting that ImP specifically induces EC dysfunc-
tion in vivo (Figure 3D).

ImP Aggravates High-Fat Diet–Induced 
Atherosclerosis in Apoe−/− Mice
To investigate whether ImP could directly promote 
CAD, we assessed atherosclerosis development in 
Apoe−/− mice receiving ImP via drinking water for 12 
weeks (Figure 4A). As expected, this protocol induced 
a 12-fold increase in plasma ImP levels (Figure 4B), 
which aligns with the upper range observed in patients 
with the highest levels of ImP. Treatment with ImP nei-
ther affected blood levels of total cholesterol, nor did it 
affect atheroprone VLDL (very-low-density lipoprotein) 
and LDL (low-density lipoprotein) cholesterol compared 

with the control group (Figure 4C and 4D). In contrast, 
chronic ImP administration increased atherosclerotic 
lesion size with enhanced vascular smooth muscle 
cell (αSMA [α-smooth muscle actin]) activation and 
increased accumulation of CD68+ macrophages in the 
atherosclerotic lesion area of Apoe−/− mice (Figure 4E 
and 4F), highlighting the proatherogenic and proinflam-
matory effects of ImP, independent of circulating lipo-
protein levels. ImP treatment under standard laboratory 
diet showed no significant difference in plaque forma-
tion (Figure S5B and S5C).

ImP Suppresses PI3K/AKT Signaling and 
Promotes Activation of Nuclear FOXO1
To elucidate the underlying molecular mechanism, 
RNA sequencing of ImP-treated and untreated HAECs 
was performed. A total of 52 genes were differentially 
expressed between the ImP and control conditions, of 
which 18 genes were upregulated and 34 genes were 
downregulated in ImP-treated ECs compared with con-
trol (Figure 5A and 5B). Notably, several genes involved 
in angiogenesis were differentially expressed after ImP 
treatment, including ADGRL2, CALCRL, FLT1, TM4SF18, 
DCHS1, FLRT2, ANGPTL4, ARGHGAP22, and IL32 

Figure 1. Increased imidazole propionate (ImP) plasma levels are associated with atherosclerotic cardiovascular disease.
A, Box-whisker plots of circulating ImP levels in patients without coronary artery disease (Non-CAD) as compared with patients with CAD. 
Data are represented as box plots: the middle line is the median, the lower and upper hinges are the first and third quartiles, and the whiskers 
represent the 10th and 90th percentiles. B, Coronary angiography from patients with different ImP levels. The representative images show 
a patient with low ImP levels within the first quartile without any atherosclerotic alterations in the coronary arteries (left) and a patient with 
high ImP levels within the fourth quartile (right), exhibiting multiple stenotic segments (red arrows). C, Odds of CAD among all test subjects 
according to ImP quartile levels using multivariable logistic regression models. Unadjusted odds ratio, adjusted model 1 (age and sex), and 
adjusted model 2 (model 1 plus incidence of hypertension, dyslipidemia, diabetes, and smoking). Symbols represent odds ratio, and the 95% 
CIs are indicated by the line length. Data are shown as mean±SEM and were calculated using the Wilcoxon rank-sum test (n=831).

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.322346
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Figure 2. Imidazole propionate (ImP) impairs migratory and angiogenic properties, while also promoting inflammatory 
activation of endothelial cells.
A, Scratch wound healing assay. Representative migration images of human aortic endothelial cells (HAECs) treated with and without ImP 
or TNF-α (tumor necrosis factor-α) for 16 hours (×10 magnification; scale bars represent 200 µm). B, Quantification of migration capacity 
(n=4 for the TNF-α group and n=11 for all other groups). Comparison of wound healing area between control (Ctrl) and treatment with 10 
nmol/L ImP, 100 nmol/L ImP, or 10 ng/mL TNF-α. C, Matrigel tube formation assay. Representative images of endothelial tube formation upon 
16-hour treatment with IGF-1 (50 ng/mL), Ctrl, ImP (100 nmol/L), and TNF-α (10 ng/mL) were taken after Calcein AM staining (green; ×10
magnification; scale bars represent 100 µm). D, Endothelial tube formation was quantified by the total number of segments as percentages to
control (n=6 for IGF-1 group and n=9 for all other groups). E, ImP increases the expression of proinflammatory cellular adhesion molecules
ICAM-1 (intercellular adhesion molecule-1), VCAM-1 (vascular cell adhesion molecule-1), and E-selectin. Quantitative data are shown as the
percentage of gated mean fluorescence intensity (MFI) to control (n=15 for ICAM-1 and VCAM-1 analysis; n=7 for E-selectin analysis). F,
Representative images of DiI-labeled THP-1 monocytes (red dots) adhered to endothelial cells upon 24-hour stimulation with 10 and 100
nmol/L ImP (×10 magnification; scale bars represent 100 µm). G, Quantification of THP-1 monocyte adhesion to HAECs per field of view in
percentage (n=10 per group). Data are shown as mean±SEM and were calculated by 1-way ANOVA followed by the Bonferroni post hoc
analysis for multiple comparisons (B, D, and E) or by Kruskal-Wallis test followed by the Dunn post hoc analysis for multiple comparisons
(G). Data with unequal variances (D and E, E-selectin) were assessed by Welch ANOVA test with Dunnett T3 post hoc test for multiple
comparisons.
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(Figure S6). For example, LPHN2 (latrophilin 2) recep-
tor, also known as ADGRL2, was downregulated in 
response to ImP stimulation. This gene is linked to angio-
genic and neurotrophic effects in ECs and mouse tissue 
explants through deglycosylated LRG1 (leucine-rich-2- 
glycoprotein 1)/LPHN2 complex.27 Other proangiogenic 
genes downregulated by ImP were calcitonin receptor-
like (CALCRL), a G-protein–coupled receptor,28 vascu-
lar endothelial growth factor receptor 1 (FLT1),28,29 and 
transmembrane 4 L 6 family 18 (TM4SF18),29 which are 
known to promote endothelial migration and prolifera-
tion in vitro. The expression of 2 genes involved in heart 

development and morphogenesis regulating EC migra-
tion was also decreased by ImP: DCHS1, a member of 
the cadherin superfamily,30 and FLRT2, a member of the 
fibronectin leucine-rich transmembrane family. In con-
trast, the expression of angiogenesis-inhibitory genes, 
including angiopoietin-like 4 (ANGPTL4),31 a Rac- 
specific GTPase isoform of ARHGAP22 (p68RacGAP)32 
and interleukin 32 (IL-32),33 was upregulated by ImP. 
Thus, the gene expression pattern may provide insights 
into the underlying mechanisms responsible for the con-
sistent reduction in endothelial wound healing capacity 
observed after ImP treatment.

Figure 3. Imidazole propionate 
(ImP) impairs arterial regeneration 
after carotid injury (CI) and induces 
endothelial dysfunction in vivo.
A, Schematic illustration of the 
experimental setup for the murine CI 
model. Control (Ctrl) or ImP was provided 
to adult C57BL/6J mice in drinking 
water for a total of 24 days. At day 21, 
CI was induced to the left carotid artery, 
and vascular re-endothelialization was 
analyzed after a healing period of 3 days 
by Evans blue staining. B, Representative 
en face images of Evans blue–stained 
carotid arteries: uninjured carotid artery, 
injured carotid artery of the Ctrl and ImP 
groups. The blue-stained area corresponds 
to the denuded area of injured carotid 
arteries (×5 magnification; scale bar 
represents 500 µm). C, Quantification 
of re-endothelialization as the ratio of 
blue-stained area to total injured area 
in percentage. Data are shown as 
mean±SEM and were calculated by 
unpaired 2-tailed Student t test between 
the Ctrl and ImP groups (n=6 per group). 
D, Vascular reactivity and functional 
response of murine aortic segments of 
the ascending and descending aortas 
were assessed by ex vivo wire myography 
upon treatment of ImP or Ctrl condition 
(n=6). Endothelium-dependent relaxation 
was measured on phenylephrine (PE)-
contracted (50 nmol/L) aortic rings 
followed by cumulative dose-response 
curves to acetylcholine (ACh; 10 nmol/L 
to 100 µmol/L). Endothelium-independent 
aortic relaxation was noted with sodium 
nitroprusside (SNP; 100 pmol/L to 100 
nmol/L) during contraction with PE (50 
nmol/L). Dose-response curves were 
fitted to a sigmoidal curve using nonlinear 
regression. Maximal contraction response 
was calculated as a percentage of the 
PE. Data are shown as mean±SEM and 
were assessed for overall differences in 
responses between the groups (Ctrl vs 
ImP) and across different concentrations 
using 2-way ANOVA followed by the 
Bonferroni post hoc analysis for multiple 
comparisons.

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.322346
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Moreover, we found reduced expression of PIK3C2A, 
which encodes phosphatidylinositol-4-phosphate 
3-kinase catalytic subunit type 2 (Figure 5C), an enzyme

that belongs to the PI3K (phosphoinositide 3-kinase) 
family,34 which is known to be activated upon insulin 
receptor stimulation.35 Western blot analysis confirmed 

Figure 4. Imidazole propionate (ImP) aggravates high-fat diet (HFD)–induced atherosclerosis in Apoe−/− (apolipoprotein E−/− ) mice.
A, Schematic illustration of the mouse model of atherosclerosis. Apoe−/− mice were fed a HFD and treated with and without ImP (800 µg/d) in 
drinking water for 12 weeks (n=8). B, Plasma levels of ImP in Apoe−/− mice after 12-week treatment of HFD and exposure to drinking water or 
ImP (800 µg/d). C, Evaluation of levels of total cholesterol (TC), VLDL (very-low-density lipoprotein), LDL (low-density lipoprotein) cholesterol, 
and HDL (high-density lipoprotein) cholesterol in fasting plasma of control mice or ImP-treated mice fed an HFD. D, Ultra-high performance 
liquid chromatography (UHPLC)–derived lipoprotein fractions in plasma from control vs ImP mice fed an HFD. Lipoproteins were detected by 
absorbance at 505 nm and at different elution times. E, Representative images of oil red O (ORO)–stained en face aortic arch and of aortic 
root sections stained with ORO, αSMA (α-smooth muscle actin), CD68 (macrophages), and hematoxylin/eosin (HE; scale bars represent 1 
mm for en face images or 100 µm for aortic root images). F, Quantification of atherosclerotic plaque area in en face aortic arch and total aortic 
root area, as well as of αSMA and CD68 of control vs ImP-treated mice as percentages. Data are shown as mean±SEM and were calculated 
by 2-tailed Mann-Whitney U test (B) or unpaired 2-tailed Student t test (C and F; n=8 per group). Unequal variance analysis in data (F, ORO 
staining of the aortic root) was assessed by the Welch t test.
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Figure 5. Imidazole propionate (ImP) suppresses PI3K (phosphoinositide 3-kinase)/AKT signaling and promotes nuclear 
translocation of FOXO1 (forkhead box O transcription factor) in endothelial cells.
RNA-sequencing analysis of human aortic endothelial cells (HAECs). A, Heatmap with 52 differentially expressed genes between ImP and 
control conditions (adjusted P<0.1). Read counts were transformed to Z scores (ie, zero mean, unit variance scaling). The dendrogram on the 
right was drawn using hierarchical clustering (Ward method). B, Volcano plot. Red dots represent genes with lower expression (Continued )
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reduced expression of PI3K-C2A at the protein level 
(Figure 5D). To further explore whether ImP modulates 
signaling pathways linked to PI3K, we pretreated ECs 
with ImP for 24 hours followed by insulin receptor acti-
vation with IGF-1 stimulation. We observed that ImP 
reduced AKT phosphorylation (at the activation site of 
Ser473; Figure 5E through 5G) and increased FOXO1 
activation. Since the FOXOs are established effec-
tors of the PI3K/AKT pathway and essential regula-
tors of EC growth,36 we sought to examine whether 
dysregulation of FOXO family members links ImP-
induced suppression of the PI3K/AKT pathway with 
impaired angiogenic activity in ECs. FOXO1 is the pre-
dominant FOXO family member in ECs.37 Activation of 
the PI3K pathway, for example, upon insulin receptor 
stimulation, inhibits FOXO1 through AKT-dependent 
phosphorylation, resulting in DNA-binding inhibition, 
FOXO1 nuclear exclusion, and subsequent cytoplasmic 
sequestration.37 Nuclear exclusion of FOXO1 leads to 
the activation of a number of angiogenesis-promoting 
genes in ECs, thereby promoting endothelial angio-
genic activity.36 In this study, ImP decreased phosphor-
ylation of FOXO1 at AKT-dependent site (Figure 5H 
through 5J) and led to FOXO1 nuclear translocation 
both in vitro (Figure 5K and 5L) and in vivo (Figure 5M 
and 5N).

SiRNA-mediated FOXO1 knockdown abolished 
the ImP-induced increase in ICAM-1 and VCAM-1 
levels compared with control HAECs (Figure 6A and 
6B). Consistent with these observations, we found 
improved vascular regeneration after carotid injury 
in ImP-treated EC-specific FOXO1 knockout mice 
(Cdh5-CreERT2(+/−)/FOXO1fl/fl) compared with control 
littermates without Cre recombinase activity (Cdh5-
CreERT2(+/+)/FOXO1fl/fl; Figure 6C through 6E). 
Together, these findings support the involvement of a 
FOXO1-dependent pathway in ImP signaling leading 
to reduced vascular regeneration and a proinflamma-
tory response.

DISCUSSION

Our study demonstrates that elevated plasma levels of 
the gut microbial metabolite ImP are associated with 
increased prevalence of CAD in humans even after 
adjusting for traditional cardiovascular risk factors. Fur-
thermore, we provide evidence that ImP causally contrib-
utes to the development of atherosclerosis by impairing 
EC functions in both in vitro and in vivo models.

Mechanistically, we identified that ImP disrupts endo-
thelial PI3K/AKT signaling and activates the nuclear 
FOXO1 transcription factor, thereby restricting the pro-
liferative and migratory activities of ECs. This impairment 
leads to a reduced capacity for endothelial regeneration 
following arterial injury in vivo. Ultimately, these effects 
of ImP accelerate the progression of atherosclero-
sis, thereby linking it to the pathophysiology of ACVD 
(Graphic Abstract).

Accelerated vascular disease is a major determinant 
of increased morbidity and mortality risk in patients with 
diabetes,38 and injury to the arterial wall is considered 
a crucial step for the onset and progression of athero-
sclerotic vascular disease.1 Endothelial denudation upon 
arterial wall injury induces a cascade of cellular and 
molecular actions, ultimately leading to vascular wall 
remodeling, which initiates or promotes the develop-
ment of atherosclerotic vascular disease.39 This process 
includes leukocyte chemotaxis with secretion of an array 
of cytokines and growth factors that govern the migration 
and proliferation of smooth muscle cells and interstitial 
collagen gene expression, leading to extracellular matrix 
deposition following injury.40 While proper EC repair may 
mitigate pathological alterations of the vascular wall by 
stabilizing vulnerable plaques, impaired regenerative 
capacity of the endothelium facilitates adverse vascular 
wall remodeling, thereby promoting atherosclerosis.41,42

A dysfunctional endothelium often emerges in lesion-
prone regions of the arterial vasculature and induces early 
atherosclerotic changes.1 This dysfunction is characterized 

Figure 5 Continued.  in ImP-treated HAECs compared with control group, while blue dots represent genes with higher expression. x 
axis denotes the log2-fold change values, and the y axis shows the −log10 adjusted P values. C, Transcript counts from genes of PI3K 
(phosphoinositide 3-kinase) family of different isoforms including PIK3C2A, PIK3C2B, PIK3CB, and PIK3C3. Quantitative data are from 
3 independent experiments (n=3). D, Dose-dependent quantification of PI3K(C2A) protein levels in endothelial cells stimulated with control 
medium, 10 nmol/L ImP, 100 nmol/L ImP, or 500 nmol/L ImP. Below are representative Western blots of PI3K(C2A) expression normalized to 
GAPDH (n=6 per group). E, Endothelial cells were treated with 100 nmol/L ImP for 24 hours followed by IGF-1 stimulation for 0, 5, and 15 
minutes. Representative Western blots show protein levels of phospho-AKT(Ser473), AKT, and GAPDH (n=4 per group). F, Time-dependent 
quantification of relative AKT(Ser473) phosphorylation normalized to total AKT protein expression. G, Quantification of relative total AKT 
protein levels normalized to GAPDH expression. H, Representative Western blots illustrate the protein expression of phospho-FOXO1(Thr24), 
FOXO1, and GAPDH expression (n=6 per group). I, Time-dependent quantification of relative FOXO1(Thr24) phosphorylation normalized 
to total FOXO1 protein expression. J, Quantification of relative FOXO1 protein level normalized to GAPDH expression. K, Immunostaining 
of human aortic endothelial cells showing nuclear sublocalization of FOXO1 (red) and DAPI (4′,6-diamidino-2-phenylindole)-stained nucleus 
(blue; ×40 magnification; scale bars represent 10 µm). L, Quantification of nuclear FOXO1 intensity between control and 100 nmol/L ImP 
(n=8 per group). M, FOXO1 (red) en face immunostaining of aorta from mice treated with and without ImP via drinking water. Nuclei were 
counterstained by DAPI (blue; ×40 oil immersion magnification; scale bars represent 50 µm). N, Quantification of nuclear FOXO1 intensity in 
the aorta of control and ImP groups (n=6). Data are shown as mean±SEM and were calculated by 1-way ANOVA followed by the Bonferroni 
post hoc analysis (D), 2-way ANOVA followed by the Bonferroni post hoc analysis for multiple comparisons between control and ImP at 
different time points (F and I, independent experiments of n=6), or unpaired 2-tailed Student t test between 2 groups (C, G, J, L, and N). 
Unequal variance analysis in data (J) was assessed by the Welch t test.

http://dx.doi.org/10.1161/ATVBAHA.124.322346
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by an impairment of fundamental cellular properties such 
as migration and proliferation, which are essential for vas-
cular repair.43 Additionally, a dysfunctional endothelium 
is associated with increased vascular inflammation and 
matrix degradation, which contribute to plaque vulner-
ability and the risk of rupture, thereby promoting acute 
atherothrombotic events.1,44 Despite enormous efforts to 
elucidate the mechanisms of EC dysfunction over the past 
decades, contributing pathways at the systems level are 
not fully understood. One hypothesis is that defective insu-
lin receptor signaling, for example, due to impaired glucose 
tolerance or diabetes,3 is a major cause of EC dysfunction, 
compromising the regenerative potential and being asso-
ciated with a substantially increased risk of ACVD.45

In recent years, increasing evidence has dem-
onstrated that alterations of the gut microbiota, its 

metabolic capacities, intestinal gene expression, and 
intestinal immune system are important contributing 
factors to cardiometabolic diseases,13–15,46 which may 
contribute to endothelial dysfunction and ACVD.47 The 
altered microbiota associated with cardiometabolic 
diseases can produce disease-causing and disease- 
modifying metabolites.48 For instance, trimethylamine 
N-oxide, a metabolite produced by gut microbial metab-
olism of trimethylamine-rich nutrients like choline and
carnitine, has been shown to promote atherosclerosis in
animal models5 and is associated with poorer prognosis
in patients with coronary heart disease, chronic kidney
disease, and ischemic stroke.10 The gut microbiota- 
dependent trimethylamine N-oxide pathway contributes
to both development of renal insufficiency and mortality
risk in chronic kidney disease.12,49 Conversely, short-chain

Figure 6. Inhibition of endothelial-specific FOXO1 (forkhead box O transcription factor-1) restores imidazole propionate (ImP)-
mediated effects on endothelial inflammation and vascular damage.
A, Quantification of FOXO1 knockdown in endothelial cells on protein levels. Below are the representative Western blots of FOXO1 protein 
levels after 4 hours of small interfering RNA (siRNA) transfection. Total FOXO1 protein expression was normalized to GAPDH expression 
(n=5 for the FOXO1 siRNA group and n=6 for all other groups). B, Flow cytometric analysis representing data of cellular adhesion surface 
expression of ICAM-1 (intercellular adhesion molecule-1; n=12) and VCAM-1 (vascular cell adhesion molecule-1; n=16) in FOXO1-silenced 
human aortic endothelial cells (HAECs) followed by ImP treatment for 24 hours. Control groups include control medium, scramble (Scr) 
siRNA, and FOXO1 siRNA. C, Schematic illustration of endothelial-specific FOXO1 knockout mice using tamoxifen-inducible Cre-loxP system. 
LoxP-flanked FOXO1 mice (FOXO1fl/fl) were crossbred with transgenic mice expressing the tamoxifen-inducible vascular endothelial-specific 
cadherin (Cdh5) promoter-driven CreERT2 recombinase (Cdh5-CreERT2:+/−). Deletion of FOXO1 in endothelial cells was induced in the 
presence of Cre recombinase through intraperitoneal injections of tamoxifen (100 mg/kg per body weight) once a day for 5 consecutive days. 
FOXO1 knockout mice are referred to as Cdh5-CreERT2(+/−)/FOXO1fl/fl, while control animals were littermates without Cre recombinase 
activity and are referred to as Cdh5-CreERT2(+/+)/FOXO1fl/fl. D, Representative en face images of Evans blue–stained carotid arteries: 
uninjured carotid artery, and injured carotid artery from control littermates (Cdh5-CreERT2(+/+)/FOXO1fl/fl) and from FOXO1 deficiency mice 
(Cdh5-CreERT2(+/−)/FOXO1fl/fl). The blue-stained area corresponds to the denuded area of injured carotid arteries (×5 magnification; scale 
bar represents 500 µm). E, Quantification of re-endothelialization as the ratio of blue-stained area to total injured area in percentage (n=6 
per group). Data are shown as mean±SEM and were calculated by 1-way ANOVA followed by the Bonferroni post hoc analysis (A), Kruskal-
Wallis test followed by the Dunn post hoc analysis for multiple (B) or unpaired 2-tailed Student t test between control littermates without Cre 
recombinase activity, and FOXO1 deficiency animals upon ImP treatment (E).
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fatty acids, such as acetic, propionic, and butyric acids, 
produced through microbial fermentation of dietary fibers 
have demonstrated positive effects on host metabolism 
and cardiovascular health.50,51

The microbially produced, histidine-derived metabolite 
ImP is increased in the portal and peripheral blood of 
patients with obesity and type 2 diabetes compared with 
controls.17 These findings were confirmed in patients of 
different geographic location, and ImP was found to be 
associated with low bacterial gene richness.18 Recently, 
ImP was found to be increased in patients with heart 
failure.20 However, it is unknown how ImP affects EC 
function and ACVD. Our findings demonstrate a link 
between ImP levels and increased risk for prevalent CAD 
in humans, and we provide evidence of potential causal-
ity using chronic administration of ImP to atherosclerosis 
prone chronic administration of ImP to atherosclerosis 
prone mice in a lipid-independent mechanism.

Our studies indicate that ImP exerts deleterious 
effects on ECs, resulting in a reduced regenerative 
capability of the endothelium after vascular injury. Spe-
cifically, we show that ImP impairs the ability of ECs to 
activate insulin receptor–induced PI3K/AKT signaling 
by downregulating PI3K-C2A. This disruption in PI3K/
AKT signaling is accompanied by decreased phosphory-
lation and increased nuclear accumulation of FOXO1, 
which may underlie the weakened repair capacity of the 
endothelium. These findings are consistent with previous 
reports showing that FOXO1 plays a pivotal role in endo-
thelial function by linking metabolic activity, including gly-
colysis and mitochondrial respiration, to cellular growth 
states.36 Notably, FOXO1 deficiency in ECs appears to 
counteract the harmful effects of ImP on EC function, 
thereby enhancing vascular repair mechanisms.

Taken together, these findings offer a rationale for 
developing novel preventive strategies aimed at reduc-
ing gut microbial production of ImP. One such approach 
could involve specifically inhibiting the enzymatic activity 
of UrdA (urocanate reductase), which converts uroca-
nate, a metabolite of L-histidine, into ImP. In this context, 
previously reported high-resolution structures of UrdA 
provide critical insights into the conformational changes 
associated with substrate and product binding, paving 
the way for future interventions targeting the enzyme’s 
active site to modulate microbial ImP production.52

In conclusion, our findings demonstrate a link between 
ImP and EC dysfunction, which involves a deregulated 
PI3K/AKT/FOXO1 signaling axis. Moreover, they dem-
onstrate a causal role of ImP in the development of 
ACVD and thus suggest therapeutic effects of targeting 
ImP-producing gut microbial pathways in cardiovascular 
disease prevention.
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