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ORIGINAL ARTICLE

Microbial Metabolite 4EPS Inhibits AT1R to 
Reduce Blood Pressure and Aortic  
Aneurysm Outcome
Terri J. Harford , Khuraijam Dhanachandra Singh , Triveni R. Pardhi, Russell Desnoyer , Tarun Ravi , Zaira Palomino Jara , 
Ajay Zalavadia , Kate Stenson , Sathyamangla V. Naga Prasad , Sadashiva S. Karnik

BACKGROUND: Plasma accumulation of the gut microbial metabolite 4-ethylphenylsulfate (4EPS), derived from dietary amino 
acid, tyrosine, has been associated with cardiovascular, renal, metabolic, and neurological disorders. AngII (angiotensin II) 
infusion increases circulating 4EPS in mice, suggesting a potential mechanistic role. We hypothesized that 4EPS modulates 
AngII-regulated pathophysiology and disease progression by directly inhibiting AT1R (angiotensin II type 1 receptor).

METHODS: This hypothesis was tested by combining AT1R pharmacology, cell signaling assays, ex vivo vascular studies, an 
AngII-induced aortic aneurysm growth model, and plasma proteomics analysis.

RESULTS: in vitro, 4EPS reduced the binding of both AngII and the antagonist candesartan to AT1R and suppressed AngII-
induced calcium signaling. Ex vivo, 4EPS attenuated AngII-mediated vasoconstriction. In vivo, high-fat diet–fed ApoE-null 
mice coinfused with AngII and 4EPS showed significant blunting of blood pressure elevation and a marked reduction in aortic 
aneurysm–related mortality compared with mice infused with AngII alone. Analysis of aortic remodeling revealed increased 
elastin preservation and decreased thickening of the intimal and medial layers in 4EPS-treated animals. Plasma proteomics 
indicated alterations in actin–cytoskeletal signaling pathways consistent with reduced activation of ERK (extracellular-
regulated kinase) 1/2, filamin-A, and proteins involved in vascular smooth muscle cell motility.

CONCLUSIONS: These findings identify 4EPS as a benign, endogenous AT1R antagonist that diminishes AngII-mediated 
hemodynamic and vascular pathology. By suppressing cytoskeletal signaling associated with vascular remodeling, 4EPS 
provides significant protection against hypertension and aortic aneurysm progression in mice, revealing a previously 
unrecognized protective role for a gut microbial metabolite in modulating renin-angiotensin system activity. (Hypertension. 
2026;83:00–00. DOI: 10.1161/HYPERTENSIONAHA.125.25364.) • Supplement Material.
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The renin-angiotensin system (RAS) regulates ambi-
ent changes in blood pressure (BP) and cardiovas-
cular health through hormone AngII (angiotensin II).1 

Dysregulation of AngII signaling can lead to a wide spec-
trum of cardiovascular diseases (CVD).2–4 Recent studies 
in mice raised in germ-free and conventional environ-
ments suggested that responses to AngII, such as BP 
elevation, reactive oxygen species generation, vascular 
inflammation, immune cell infiltration into tissues, fibro-
sis of the heart and kidneys, and end-organ damage, 

are subdued in germ-free mice.1–7 The germ-free mouse 
studies thus suggested that microbiota affects the bal-
ance of benefits and risks of AngII on CVD outcomes.

Metabolism of dietary protein, lipid, and polysac-
charides by gut microbial flora is strongly linked to the 
cause of diseases, including CVD,1,5,8 obesity,6,7 and type 
2 diabetes.8 For instance, microbial metabolism of aro-
matic amino acids,9–11 branched-chain amino acids,12–14 
short-chain fatty acids,15–17 and N-acyl amides18 influ-
ence BP,1,19–21 kidney functions,22 insulin sensitivity, and 
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glucose homeostasis23 in mice. Gut microbiome–induced 
trimethylamine-N-oxide production promotes develop-
ment of atherosclerosis in mice.11,24–26 Human studies 
have examined the effects of several types of dietary 
components on CVDs.11,27 However, our understanding 
of the mechanism of microbial-metabolite interactions 
with RAS in CVD is a knowledge gap that has greatly 
limited clinical translational studies.

GPCRs (G-protein coupled receptors) mediate both 
positive and negative effects on host-health for several 
microbial metabolites. For example, phenylacetylgluta-
mine and phenylacetylglutamate are enriched in type 
2 diabetes, linked to CVD, and modulate adrenergic 
receptor signaling in vivo.2,28–30 The short-chain fatty 
acids,16,31 butyrate, propionate, and acetate modulate BP 
and cardiovascular health, via the GPCRs,16,32 Gpr4133 
and Olfr78.34,35 A recent study showed a significant 
alteration in several microbial metabolites, including an 
increase of 4-ethylphenylsulfate (4EPS) in wild-type 
C57BL/6J mice in response to AngII infusion.19 4EPS 
is a gut microbial metabolic product of the dietary pro-
tein aromatic amino acid tyrosine (Tyr).11 Elevated level 
of 4EPS is observed in CVD,11 chronic kidney disease 
(CKD),36–38 BP regulation,39 and autism spectrum dis-
eases (ASD).19,40 Despite these important insights, the 
molecular target and mechanisms by which 4EPS influ-
ences host physiology and function are unknown.

In this study, we tested the hypothesis that 4EPS 
directly interacts with AT1R (angiotensin type 1 recep-
tor). It is a GPCR component of RAS responsible for vas-
cular response to AngII. The hormone-binding pocket of 

NOVELTY AND RELEVANCE

What Is New?
We provide novel evidence that the microbial metabo-
lite 4-ethylphenylsulfate (4EPS) directly binds to AT1R 
(angiotensin II type 1 receptor), disrupting angiotensin 
binding and suppressing vascular contractile response 
to AngII (angiotensin II). This is the first demonstra-
tion that coinfusion of 4EPS with AngII inhibits blood 
pressure elevation in male mice and significantly 
attenuates both the pathophysiology and mortality 
associated with aortic aneurysm growth in a validated 
mouse model.

What Is Relevant?
Humoral influences of microbial metabolites on host 
physiology and pathology are increasingly recognized, 
yet the underlying mechanisms remain poorly under-
stood. Our findings identify 4EPS as a symbiotic modu-
lator capable of attenuating blood pressure and aortic 
aneurysm progression. Unlike synthetic angiotensin 
receptor blockers, which broadly suppress both harmful 
and beneficial AT1R signaling, 4EPS may offer a more 
biologically harmonious approach to antagonize AT1R.

Clinical/Pathophysiological Implications?
4EPS represents a promising therapeutic candidate. The 
development of more potent 4EPS analogs could estab-
lish a novel class of pharmacological tools that comple-
ment existing antihypertensive therapies while preserving 
beneficial AT1R (angiotensin II type 1 receptor) signaling, 
offering a foundation for microbiota-inspired drug discov-
ery aimed at improving cardiovascular outcomes.

Nonstandard Abbreviations and Acronyms

4EPS	 4-ethylphenylsulfate
AA	 aortic aneurysm
ACE	 angiotensin-converting enzyme
AngII	 angiotensin II
AngIV	 angiotensin 3-8 (Val-Tyr-Ile-His-Pro-Phe)
ARB	 angiotensin receptor blocker
ASD	 autism spectrum diseases
AT1R	 AngII type 1 receptor
BP	 blood pressure
CKD	 chronic kidney disease
Col3A1	 collagen 3a1
Colα1a	 collagen α1a
CVD	 cardiovascular disease
ERK	 extracellular-regulated kinase
FlnA	 filamin A
GPCR	 G-protein coupled receptors
HEK293	 human embryonic kidney 293
HFD	 high-fat diet
KIM-1	 kidney injury marker 1
MAPK	 mitogen-activated protein kinase
MOVAS	 mouse aortic vascular smooth muscle
RAS	 renin-angiotensin system
SMA	 smooth muscle actin
TGFβ	 transforming growth factor beta
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AT1R contains distinct subpockets that engage Tyr4 and 
Phe8 of AngII—residues critical for receptor activation. 
Due to its structural similarity to these amino acid side-
chains, 4EPS may bind to one or both subpockets and 
antagonize AngII-induced AT1R activation. We show 
that 4EPS is a benign antagonist orthosteric ligand of 
AT1R, reduces AT1R-binding of partial agonist, AngIV 
(angiotensin 3-8 [Val-Tyr-Ile-His-Pro-Phe]), and inverse 
agonist, candesartan. 4EPS inhibits AngII-induced 
mobilization of calcium in cells, contraction of vessels ex 
vivo, and an increase in acute systolic BP and diastolic 
BP in vivo. Coadministration of AngII+4EPS inhibits 
chronic elevation of BP and mitigates aortic aneurysm 
(AA) growth in a mouse model of AA, with no adverse 
effects on cardiac and renal functions. These findings 
suggest a potential protective role played by elevated 
circulating levels of 4EPS in reducing the health risks 
associated with AngII overactivity. Thus, our study pro-
vides specific insights into how 4EPS influences host 
physiology and pathology through benign antagonism 
of AT1R.

METHODS
For detailed methods, see the text and cited references in the 
Supplemental Material.41–43 The authors declare that all support-
ing data are included within the article and the Supplemental 
Material.

Cell Culture
HEK293 (human embryonic kidney 293) cells stably express-
ing rat AT1aR protein were grown in Dulbecco’s Modified 
Eagle Media (DMEM, Invitrogen) supplemented with 10% fetal 
bovine serum and G418 (1 mg/mL). Mouse vascular aortic 
smooth muscle cells were acquired from the ATCC (catalog 
no. ATCC CRL-2797).41,42 These cells are immortalized aortic 
smooth muscle cells from mice, using SV40 large T antigen. 
Mouse aortic vascular smooth muscle (MOVAS) cells obtained 
from ATCC and cultured in DMEM were tested for AT1R func-
tional state did not show a measurable Ca2+ response. MOVAS 
cells were then transfected with pcDNA-HA-AT1aR expression 
plasmid that contained hygromycin resistance. The MOVAS-
AT1R clone stably expressing HA-AT1R, as determined by 
FACS analysis using the anti–HA-Alexa Fluor 488 (catalog 
349 no. 2350S; Cell Signaling Technology, Danvers, MA) were 
grown in DMEM containing 0.2 mg/mL G418 and 200 μg/mL 
hygromycin. The EA.hy926 endothelial cells (ATCC CRL-2922) 
were cultured in DMEM supplemented with 10% fetal bovine 
serum. During experiments, serum was withdrawn for 3 hours 
(HEK: AT1aR) or 24 hours (MOVAS-AT1R) before treatment/
assessment as indicated.

Statistical Analysis
All statistical analysis was performed using GraphPad Prism 
10. Data are summarized as means±SEM with P<0.05 value 
set as significant. Significant values are also displayed as 
*P<0.05, **P≤0.01, ***P≤0.001, and ****P≤0.0001 in relevant 

places in the text and figures. Normality of the distribution of 
data was confirmed using the D’Agostino-Pearson normal-
ity test. Student t test was used when comparing 2 variables. 
Comparison of >2 variables was performed with 1-way ANOVA 
with Dunnett multiple comparison test when the normality test 
passed. If normality was not achieved, 1-way ANOVA was per-
formed using Kruskal Wallace followed by Dunnett multiple 
comparison. Concentration-response curves were done using 
nonlinear regression, and normality was also tested using the 
D’Agostino-Pearson normality test. Tail-cuff BP was analyzed 
by 1-way ANOVA followed by the Tukey test.

RESULTS
4EPS Reduces AngII Interaction With AT1R
Cheema and Pluznick19 previously reported that multiple 
microbial metabolites are increased in the plasma metab-
olome of AngII-infused C57BL/6J mice. We studied 6 
significantly increased metabolites shown in Figure 1 
for their direct influence on AngII activation of AT1R. 
HEK293 cells stably expressing rat AT1aR (HEK-AT1R, 
≈5 pmol/mg) were used as a model to measure changes 
in AngII-dependent intracellular Ca2+ response. The con-
centrations of the 6 metabolites chosen in the calcium 
mobilization experiments were based on clinical values 
reported in disease states. If the disease values are not 
reported, we used ≈100-fold increase over the concen-
tration found in nondisease human plasma.11 The effects 
of various metabolites on AT1R activation by AngII were 
monitored by EC50 shift (AngII potency change) and 
Emax change (AngII efficacy change). Together, these 
parameters characterize the overall effect of metabo-
lites on Ca2+ response to AngII in the HEK-AT1R cells 
across a range of concentrations (Figure 1). The Ca2+ 
response was inhibited ≈10-fold by 4EPS (P<0.0001) 
and <2-fold by PCG (P=0.0034) when compared with 
the AngII+vehicle–treated cells. The EC50 shift was not 
significant in treatment with the remaining 4 metabo-
lites. The Emax was decreased significantly by 4EPS 
(P=0.0002) and PCS (P<0.0001) when compared with 
the AngII+vehicle treatment. PCG and PCS are uremic 
toxins known to cause detrimental effects to cells in car-
diorenal diseases at 5-fold lower concentrations (0.0041 
mg/dL) than what we used in our assay.35–39 However, 
the antagonist-like effect of 4EPS on AngII-induced 
Ca2+ response is novel, and it looked a lot like the phar-
macological effects of an established antagonist, olmes-
artan, on EC50 and Emax. We, therefore, selected 4EPS 
for further investigation in this study by first confirming 
that AngII and 4EPS did not elicit a Ca2+ response in 
HEK cells not expressing the rat AT1aR. Second, we 
confirmed that the inhibitory effect of 4EPS was not due 
to a cytotoxic effect (Figure S1).

To test the hypothesis that 4EPS interferes with 
AngII binding to antagonize AT1R function, we per-
formed ligand binding studies using the partial agonist 
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125I-AngIV. The lower affinity of 125I-AngIV compared 
with 125I-AngII makes it a preferred probe for evaluating 
a benign antagonist (4EPS) in the binding experiment. 
Total membrane isolated from MOVAS stably expressing 
AT1aR was used for saturation binding assays. MOVAS-
AT1R cells are a model of vascular smooth muscle that 
form the basis for vascular tone and BP. Reduction of 
125I-AngIV binding in the presence of 4EPS (1 mM) was 
significant (*P<0.05, ****P<0.001) as seen in Figure 2A. 
Next, competition binding assays were performed. The 
antagonist tracer 3[H]-Candesartan displacement by 
Sar1-AngII±4EPS showed an increase in the inhibitory 
concentration (IC50) values in the presence of 4EPS 
and 4EPS analogs (Figure 2B). However, the change in 
IC50 did not reach significance (P=0.07). The reasons 
may be technical, that is, [Sar1]AngII binding is stronger 
than candesartan. Also, the higher receptor density in 
the membranes may mask the benign inhibitory effect 
of 4EPS.

Molecular modeling and unbiased docking analyses 
indicated that 4EPS occupies a subpocket within the 
orthosteric ligand binding site of AT1R (Figure 3; Figure 
S2). This subpocket accommodates the Phe8-COO― 
sidechain of AngII and AngIV, as well as the biphenyl 
imidazole scaffold of angiotensin receptor blockers 
(ARBs), such as candesartan and olmesartan (Figure 
S2). Occupancy of this subpocket by 4EPS is facili-
tated by AT1R residues Arg167, Lys199, and Trp84 (Figure 
S2). Previous studies have shown that mutagenesis of 
Arg167, Lys199, and Trp84 produce nonfunctional AT1R pro-
tein,42 precluding the mutagenesis approach to validate 
4EPS-AT1R docking model. We developed an innovative 
pharmacological approach43,46–50 described below to cir-
cumvent this hurdle.

Using SciFinder, we searched for 4EPS-like mol-
ecules in chemical space, identified 54 compounds, 
and performed induced-fit docking to AT1R (Figure 
S2). This analysis indicated that the docking score of 5 

Figure 1. Effect of microbial metabolites on AngII (angiotensin II)-mediated AT1R (angiotensin II type 1 receptor) activation 
monitored by Ca++ release assay.
Top, The HEK293 (human embryonic kidney 293)–AT1R cells were preincubated with vehicle (normal saline), olmesartan (OLM; 100 nM), or 
metabolites, incubated with calcium 5 dye, and then stimulated with indicated doses of AngII in triplicate, in 3 independent experiments (n=3), 
as described previously.41,44,45 The concentration of 4-ethylphenylsulfate (4EPS) and other metabolites used was selected based on reported 
clinical values in disease states, representing approximately a 100-fold increase over concentrations observed in nondisease human plasma.11 
Each metabolite+AngII dose, along with respective vehicle-only controls, was tested in separate triplicate wells (noncumulative dose-response 
protocol) to prevent the influence of receptor desensitization and AT1R tachyphylaxis. Intracellular calcium changes were quantified as ΔF/F 
(Fmax−Fmin) and reported as calcium response (RFU [relative fluorescence units]) using FlexStation3 equipped with SoftMax Pro software, as 
authenticated in previous studies.44,45 The concentration-response data analysis was performed using GraphPad Prism 10 nonlinear regression 
comparison. Middle, The EC50 shift and Emax change for calcium response to AngII on compound treatment were assessed to determine P 
values shown in the table (n=3). Using the clonally selected HEK-AT1R line minimizes biological heterogeneity and provides reproducible 
higher signaling amplitude in this assay. However, future work using primary cells or multiple cell lines would extend the generalizability of 4EPS 
effect on AT1R signaling to assess biological variabilities, including genetic variation and the influence of sex. Bottom, Structures of bacterially 
derived metabolites shown.
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Figure 2. Effect of 4-ethylphenylsulfate (4EPS) and analogs on orthosteric ligand binding to AT1R (angiotensin II type 1 
receptor): these studies were performed using mouse aortic vascular smooth muscle (MOVAS)–AT1R cells, which are a model 
of vascular smooth muscle that form the basis for vascular tone and blood pressure as described previously.41,45

A, The saturation binding assays used MOVAS-AT1R membranes incubated with orthosteric partial agonist, 125I-AngIV (control) concentrations 
ranging between 1.6 and 27 nM (specific activity, 16 Ci/mmol) in the presence of 1 mM of 4EPS and the 4EPS analogs, (Continued )
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compounds (Table S1) was higher than 4EPS. Of these, 
only S4, S40, and S46 were commercially available 
as potential tools to pharmacologically interrogate the 
4EPS binding site of AT1R. In 125I-AngIV binding analy-
sis, S4, S40, and S46 (1 mM) reduced the binding of 
radioligand (Figure 2A). Order of inhibitory potency was 
S46 ≈ S40 > S4≈4EPS, which indicated that replace-
ment of the ethyl group in 4EPS by tertbutyl in S4 had 
a minor effect, and replacement with bulkier phenyl in 
S46 and benzyl in S40 had a larger effect (Figure 2C). 
In the 3H-Candesartan tracer displacement, in the pres-
ence of 4EPS, S4, S40, and S46, inhibitory potency 
of S46 >S4≈4EPS>S40 was observed (Figure 2B, 
right), again showing S46 having the greatest effect 
in displacement. As compound S46 was most effec-
tive at displacement, we evaluated S46 effects on 
AT1R activation using the calcium assay and found that 
this compound inhibited the response in HEK-AT1aR 
cells (Figure 2D). Due to the limited availability of  
pharmaceutical-grade S46, we did not perform detailed 
ex vivo and animal studies on the S46 compound. The 
studies below focus on the natural microbial metabolic 
product, 4EPS.

4EPS Reduces AngII-Induced Vascular 
Reactivity Ex Vivo
The initial ex vivo wire myography analysis of the iliac 
artery and abdominal aorta from naïve mice is shown in 
Figure S3. As described previously,41 integrity of endo-
thelium and the vessel-wall was assessed by measur-
ing contraction/relaxation responses to treatment of 
high potassium physiological salt solution followed by 
phenylephrine and acetyl- β-methyl choline. To ensure 
that the changes in vasoconstriction were AT1R specific, 
contraction of aortic explants was then assessed using 
5-HT. The contractile response for 5-HT is mediated by 
a distinct GPCR that signals via the Gq-protein, similar 
to AT1R. Dose-response curves showed that preincu-
bation of aortic explants with 4EPS (100 µM) did not 
alter 5-HT–mediated vasoconstriction as compared with 
vehicle (Figure S4). Both vessels were then treated with 

multiple concentrations of 4EPS alone, which did not 
show vasoconstriction or relaxation response. Treatment 
with 300 nM AngII produced robust vasoconstriction. We 
observed 75% reduction (P=0.0001) at 300 µM 4EPS, 
and 50% reduction (P=0.001) at 150 µM in the iliac 
artery. When these doses were applied to the abdominal 
aorta, both doses resulted in ≈70% reduction (P=0.01). 
However, 300 µM 4EPS did not alter responses induced 
by 1 µM phenylephrine, 1 µM 5-HT, and 1 µM acetyl-β-
methyl choline. These data indicated that the 4EPS spe-
cifically prevented AngII-induced vasoconstriction. We 
selected 100 µM dose of 4EPS on the abdominal aorta 
to conduct further studies.

Next, we evaluated the antagonism potential of 4EPS 
in a physiological system, mouse aortic explants from 
ApoE-null mice fed high-fat diet (HFD) and infused with 
different ligands as schematized in Figure 4A. The ApoE-
null mice fed HFD represent a pathophysiological model 
prone to develop aortic aneurysms and vascular remod-
eling, along with hypertension when subjected to AngII 
infusion as described earlier.41 Contractile responses 
were measured on 300 nM AngII stimulation in aorta 
explants, confirmed for integrity of the endothelium and 
vessel-wall by treatment with high potassium physiologi-
cal salt solution followed by phenylephrine and methyl 
choline. A stronger contraction in response to AngII 
stimulation (P=0.0016) was observed in the aorta from 
male mice infused with AngII (1.4 mg/kg per day) for 
28 days. In contrast, mice coinfused with AngII+4EPS 
and AngII+olmesartan elicit reduced contraction (Fig-
ure 4B, left). Interestingly, mice infused with 4EPS (2.5 
mg/kg per day) alone for 28 days did not affect vascular 
response. When female mice were assessed, all changes 
to AngII (300 nM) regardless of infusion, were not sig-
nificant (Figure 4B, right).

We then determined the effect of acute 4EPS (100 
µM) addition in the myography chamber on contraction. 
Preincubation with 4EPS (100 µM) resulted in a signifi-
cant reduction in AngII-mediated constriction regardless 
of the infusion (P=0.0001, in Figure 4C). Application of 
4EPS (100 µM) alone directly to aortic segments did 
not affect vaso-response. Graphical representation of 

Figure 2 Continued.  S4, S40, and S46. B, The left cartoon shows schematic competition binding. Middle graph shows effect of 4EPS 
(1 mM) on competitive displacement of orthosteric antagonist, [3H]-candesartan (4 nM) by 0.04 to 1000 nM concentrations of [Sar1] AngII 
(angiotensin II) under equilibrium conditions. Two independent experiments were performed, each with triplicate, and the resulting specific 
binding values were pooled to generate the displayed curves. Binding kinetics analyzed by the nonlinear curve-fitting program GraphPad Prism 
10 suggested that 4EPS competed [3H]-candesartan binding. Right graph shows the effect of 1 nM to 1 mM 4EPS analogs on direct binding 
of [3H]-candesartan (4 nM). The binding kinetics were analyzed by the nonlinear curve-fitting program and Student t test to determine mean 
IC50 values indicated for each analog using the GraphPad Prism 10 program. C, Analysis of significance of inhibition of 125I-AngIV binding 
caused by 4EPS and 4EPS analogs. One-way ANOVA with Dunnett test was used to determine significance of the decrease of 125I-AngIV 
binding in boxed data points in A, which compares 125I-AngIV only and AngIV+4EPS or analogs. D, Significant inhibition of orthosteric full-
agonist ligand, AngII-induced AT1R activation by the most potent metabolite analog, 4EPS-S46. More detailed ex vivo and animal studies 
on S46 will be possible only when enough pharmaceutical-grade compound is commercially available. Current studies focus on the naturally 
produced microbial metabolic product, 4EPS. The 125I-AngIV binding assay used 1 mmol/L 4EPS to test potential antagonistic effects at 
the highest achievable concentration under controlled in vitro conditions for maximal interrogation for proof-of-concept. In contrast, live cell 
functional assays apply a dynamic 4EPS range to avoid nonpharmacological effects associated with high concentrations. RFU indicates 
relative fluorescence unit.
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contraction curves depicted in Figure 4D shows that 
preincubation with 4EPS resulted in a reduction in vaso-
constriction induced by AngII. Both male and female 
ApoE-null mice fed a HFD were used in the myography 
experiments. Female data shows poor response to AngII; 
for instance, the effect of AngII stimulation was not sig-
nificant (P=0.4140) in female mice aorta explants.

4EPS Reduces AngII-Induced Increase of BP
Telemetry monitored acute BP response in mice indicated 
that IP injection of either AngII alone or AngII+4EPS 
causes a transient increase in BP. In mice coinfused with 
AngII+4EPS, a significant reduction in the change of 
systolic BP (P=0.0199), diastolic BP (P=0.0106), and 
MAP (P=0.0176) was observed when compared with 
mice infused with AngII alone (Figure 5A). However, the 
inhibition of acute BP increase by 4EPS is significantly 
weaker compared with AngII+olmesatran coinfusion.

Chronic BP changes in mice were measured by the 
noninvasive tail-cuff method using the chronic infusion 
protocol schematized in Figure 4A. Basal BP readings 
were taken 10 days into HFD, and elevated BP read-
ings were taken at 14 and 28 days after osmotic pump 
implantation. Body weight and the weight of organs in 
the mice on HFD, infused for 28 days with vehicle, AngII, 
4EPS, AngII+4EPS, and AngII+olmesartan, were not sig-
nificantly affected (Figure S5). Systolic BP significantly 
increased at 14 (P=0.0246) and 28 days (P=0.0013) 
of AngII infusion, diastolic pressure increased at 28 days 
(P=0.0308), and mean pressure increased significantly 

at 14 (P=0.0220) and at 28 days (P=0.0002) of AngII 
infusion when compared with basal BP. In mice coinfused 
with AngII+4EPS, there was no significant increase in 
all 3 BP parameters (Figure 5). Together, these obser-
vations suggest that coinfusion with 4EPS blocked the 
hemodynamic effects of AngII, which is similar to the 
effect of ARB, olmesartan.

4EPS Reduces AngII-Induced Aortic Aneurysm 
Formation in ApoE-Null Mice
We determined the effects of 4EPS on AngII-induced 
AA in ApoE-null male mice maintained on HFD. Five 
28-day treatment groups described in the methods 
received either vehicle, AngII, AngII+4EPS, 4EPS alone, 
or AngII+olmesartan. 100% of mice survived in the vehi-
cle (n=12), 4EPS alone (n=7), and AngII+olmesartan 
(n=6) groups. In the AngII group (n=16), 50% mortality 
was recorded. The mortality in the AngII+4EPS group 
(n=14) was 14.3%, suggesting substantial (P=0.0488) 
protection by 4EPS (Figure 6A). Coinfusion with 4EPS 
did not cause any change in the weights of liver, spleen, 
lungs, heart, and kidneys, normalized to overall body 
weights. However, overall body weight was reduced in 
AngII, AngII+4EPS, and 4EPS only groups, which may be 
due to lean/fat mass changes (Figure S5). In the female 
ApoE-null mice infused with AngII, coinfused with 4EPS 
or olmesartan, no significant change was observed.

AA growth progression in mice was monitored by 
measuring the maximal aortic lumen diameter using 
ultrasonography with the Vevo2100 echocardiography 

Figure 3. Model of 4-ethylphenylsulfate (4EPS) interaction with the orthosteric pocket of AT1R (angiotensin II type 1 receptor).
Chemical structure of olmesartan (OLM; A), 4EPS (B), and the last 3 residues of AngII (angiotensin II; C). Modeled docking poses42,43,46–55 
of indicated ligands within the orthosteric ligand binding pocket of AT1R (D through F). The green regions represent hydrophobic areas, 
whereas the orange regions indicate hydrophilic areas. The ethylphenyl group of 4EPS occupies the position of Phe8 in AngII and the biphenyl 
position in OLM. The sulfate group of 4EPS takes the place of the backbone carbonyls of Pro7-His6 in AngII and the carboxylic group of OLM, 
indicating that 4EPS has inhibitory potential against both AngII and angiotensin receptor blockers. The gray surface in D through F represents 
the protein interface with orthosteric ligands, AngII, 4EPS, and ARBs.
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system (Visualsonics). AngII infusion led to increased 
suprarenal abdominal aortic diameter at both 14 (1.5-
fold increase, P=0.0133) and 28 days (2-fold increase, 
P<0.0005). In contrast, a significant increase (1.3X 
increase, P=0.0147) in lumen diameter was observed 
at only 28 days, which suggests delays in the progres-
sion of abdominal aortic aneurysms in the AngII+4EPS 
group (Figure 6B). Histopathology analysis employing 
Aperio ImageScope circumvents problems for accu-
rate measurements of intima/media in the hematoxylin 
and eosin–stained sections. Examination of suprare-
nal abdominal aortic sections demonstrated a signifi-
cant (P=0.0099) thickening of the aortic wall intima/
media layers associated with thrombus in AngII-
infused mice (Figure 6C). Evidence of elastolysis was 
assessed by monitoring changes in elastin content 
and structural alterations within the tunica, media lay-
ers of the aorta, by Aperio ImageScope. Elastin con-
tent measurement showed a significant decrease in 

the AngII-infused group compared with AngII+4EPS, 
4EPS, AngII+olmesartan, and the vehicle control 
group (P<0.0001). Infusion with 4EPS, AngII+4EPS, 
and AngII+olmesartan did not significantly differ as 
compared with the vehicle control group (P=0.9711, 
P=0.9996, P=0.8832, respectively; Figure 6D). Again, 
infusion of 4EPS alone exhibited no alterations to 
intima/media thickness, elastin area, and elastin scor-
ing, supporting it being a benign antagonist.

4EPS Alters Molecular Pathways Underlying 
AngII-Induced AA
Unbiased proteomic analysis on the mice plasma of 
AngII+4EPS compared with AngII treatment groups 
identified potential molecular signaling mecha-
nisms51–55,61–74 responsible for reduced vascular remod-
eling. Significantly altered protein data (Table S2) was 
analyzed by Ingenuity Pathway Analysis, String, and GO 

Figure 4. Ex vivo assessment of 4-ethylphenylsulfate (4EPS) effect on aortic contractile response to AngII (angiotensin II).
A, Graphical experimental design. ApoE-null mice on high-fat diet (HFD) were infused with AngII (1.4 mg/kg per day) vehicle or 4EPS (2.5 
mg/kg per day) for 4 weeks. B, Wire myography measured vascular contraction of infrarenal abdominal aorta (2 sections, 2 mm apart were 
used per mouse) in male mice, shaded (n=5–7), female mice, unshaded (n=3–8), infused with ligands as indicated, and stimulated with AngII 
(300 nM). Average value of 2 sections from each mouse was used in aortic contractile response calculations. Magnitude of contraction (mN, 
milli-Newton; max-min) was normalized to maximal contraction caused by high potassium physiological salt solution (KPSS). Significance was 
calculated using 1-way ANOVA with Dunnett test compared with vehicle-infused using GraphPad Prism. C, Vasoconstriction was assessed 
in male mice pretreated with vehicle or 4EPS (100 µM) before stimulation with AngII (n=7–8). Graph depicts percent contraction, with 300 
nM AngII-induced contraction in vehicle-pretreated mice as 100%. D, Graphical representation of AngII contraction response observed in 
a representative mouse aortic ring recorded with LabChart. After initial quality assessment (see methods), each vessel was first exposed to 
300 nM AngII, then washed and allowed to recover (assessed by KPSS response) before AngII (300 nM)+4EPS (100 µM) cotreatment (blue 
curve). After another wash and recovery, a final 300 nM AngII response was recorded. Green graph shows mean±variation of initial and final 
AngII responses. Vehicle vs 4EPS effects were analyzed using Student t test. BP indicates blood pressure; and OLM, olmesartan.
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to identify altered canonical pathways, diseases and bio-
logical functional responses to our treatments. The key 
canonical pathways identified were in actin cytoskeleton 
signaling and ERK (extracellular-regulated kinase)/MAPK 

(mitogen-activated protein kinase) signaling. Alteration in 
biofunction pathways involves changes in chemotaxis of 
blood cells (granulocytes, neutrophils, phagocytes), adhe-
sion property of vascular endothelial cells, production of 

Figure 5. Acute and chronic blood pressure (BP) response to 4-ethylphenylsulfate (4EPS) coinfusion with AngII (angiotensin II).
Treatment with 4EPS alone did not cause BP change in mice under acute and chronic experimental setups, but 4EPS coinfusion with 
AngII interfered with BP change. To account for variability in acute BP response due to first-pass metabolism of compounds in the liver and 
proteolytic processing of AngII in the endothelium by ACE2 (angiotensin-converting enzyme 2), the mice in each treatment group were given 
the same treatments on 3 separate days. A, Systolic BP (SBP) and diastolic BP (DBP) monitored by radiotelemetry in conscious freely moving 
mice in response to acute treatment. C57B6 mice were given 50 µL bolus IP injections of saline, AngII (0.2 mg/kg), AngII+4EPS (0.2 and 
0.4 mg/kg respectively), and AngII+olmesartan (OLM; 0.2 mg/kg and 0.4 mg/kg, respectively) while pressure was monitored. Three mice per 
group, each given the same treatments on 3 separate days, allowing 48 hours in between treatments. Telemetry data collection and analysis 
are described in the methods. Telemetry raw data is shown in Figure S10. The ΔSBP, ΔDBP, and ΔMAP traces show Average±SE of a total 
of 9 readings/treatment group. The bar graphs show changes in SBP and DBP from baseline, and the significance of difference is calculated 
using an average of 8 consecutive points at peak response. Analysis performed by 1-way ANOVA with Dunnett posttest using GraphPad 
Prism. B, BP changes measured by the CODA noninvasive tail-cuff method in response to 14- and 28-day chronic infusions in ApoE-null male 
mice. Mice on high-fat diet (HFD) were infused with vehicle (saline), 4EPS 2.5 mg/kg per day, AngII (1.4 mg/kg per day), AngII+4EPS (AngII 
1.4 mg/kg per day, 4EPS 2.5 mg/kg per day). Please note that HFD and HFD+4EPS treatments in mice did not show any change in BP in 28 
days. Analysis performed by 1-way ANOVA with Tukey posttest using GraphPad Prism.
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Figure 6. Effect of 4-ethylphenylsulfate (4EPS) on survival and pathology of AngII (angiotensin II) induced aneurysm.
ApoE-null mice on high-fat diet (HFD) for 2 weeks were implanted with osmotic pumps for infusion of indicated ligands for 28 days. A, 
Kaplan-Meier simple survival curves were generated in GraphPad Prism 10 using Log-rank test for significance, n=6–16 based on treatment 
groups. Survival in 4EPS cotreatment group was same as that of the saline and AngII+olmesartan (OLM) groups. B, Representative long-axis 
ultrasound images of aortic lumen diameter monitored on days 14 and 28, as described previously.56 (Continued )
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NO, and reactive oxygen species. In the String database 
analysis, the top hit identified was molecules associated 
with elastin fibers and kidney disease. GO analysis elu-
cidated changes associated with integrin signaling, blood 
coagulation, and inflammation (Figure S6). Gene Ontol-
ogy analysis of 4EPS treatment led to alterations in only 
8 unique products in total, as compared with AngII+4EPS 
with 57 products (Figure S6A).

The predicted 4EPS influence on AngII-induced 
actin-cytoskeletal signaling may be relevant to under-
standing vascular wall remodeling changes observed in 
the 4EPS+AngII coinfused mice in Figure 6. Using the 
MOVAS-AT1R cells, we monitored cell migration capa-
bility (see methods) in a wound-healing assay shown 
in Figure S7. MOVAS-AT1R cells, growth arrested in 
serum-free media, were incubated with saline control, 
AngII (1 µm), or AngII+4EPS (100 µm) over 24 hours. 
Images were acquired at 0, 8, and 24 hours. Cell migra-
tion is observed in all treatment conditions. However, 
AngII+4EPS treatment diminished migration of cells 
when compared with the AngII alone treatment, which 
substantially increased migration capability in compari-
son to saline control. As expected, treatment with 4EPS 
(100 µm) alone showed no changes in migration capabil-
ity as compared with AngII.

Next, we monitored alterations in expression and 
phosphorylation of FlnA (filamin A), a key actin cross-
linking biomechanical signal transducer protein, which 
has been associated with changes in hypertension and 
CVDs.51,52 AngII activation increases FlnA phosphory-
lation and recruitment to AT1R, which is known to be 
crucial for regulating the actin cytoskeleton dynamics. 
Treatment of MOVAS-AT1R cells with AngII increased 
phosphorylation of FlnA in comparison to treatment 
with AngII+4EPS (Figure S8A). There was no signifi-
cant effect on FlnA expression. These data suggest that 
4EPS directly inhibits AT1R-FlnA-cytoskeleton coupling 
induced by AngII. As the proteomic analysis suggested 
alterations in ERK/MAPK signaling, ERK expression 
and phosphorylation were assessed (Figure S8B and 
S8C). ERK phosphorylation is critical for the increase 
in Ca2+

i stimulated smooth muscle contractions. In both 
MOVAS AT1R and HEK-AT1R cells, AngII treatment led 

to an increase in ERK phosphorylation as compared with 
AngII+4EPS.

Our plasma proteomics data indicated an inverse 
association of 4EPS with chronic renal impairment, in 
contrast to literature reports that indicated a positive 
correlation with CKD and end-stage renal disease. We 
assessed circulating 4EPS levels in our experimen-
tal mice by measuring plasma 4EPS by mass spec-
trometry (Figure S9A). We observed that AngII-treated 
mice exhibited ≈2 ng/mL of 4EPS. This is a ≈7-fold 
(P=0.0148) increase of 4EPS in plasma compared with 
vehicle-treated mice, similar to that reported in a study by 
Cheema and Pluznick.19 Plasma 4EPS levels significantly 
exceeded in AngII+4EPS coinfused mice (200 ng/mL; 
P<0.0001) than 4EPS only infused mice (≈30 ng/mL; 
P=0.0003). This striking increase suggests that 4EPS 
clearance may be impaired in this treatment group. Con-
sistent with this speculation, a study by Emans et al74 
reported reduced glomerular filtration rate in rats after 
8 days of AngII infusion via osmotic minipumps.75 Simi-
larly, Xu et al75 demonstrated alterations in kidney func-
tion markers in C57BL/6 mice treated with AngII at the 
same dose used in our study.76 Together, these findings 
support the hypothesis that elevated plasma 4EPS levels 
in the AngII+4EPS group may result from reduced renal 
clearance due to AngII-induced kidney dysfunction.

To evaluate potential renal dysfunction, we assessed 
markers of kidney damage by monitoring mRNA levels 
of Colα1a (collagen α1a), TGFβ (transforming growth 
factor beta), KIM-1 (kidney injury marker 1), and SMA 
(smooth muscle actin; Figure S9B). There was no 
change in Colα1a or TGFβ in AngII, AngII+4EPS, and 
AngII+olmesartan treatment. However, AngII infusion led 
to a significant increase in KIM-1 and SMA, with no con-
current change in AngII+4EPS infusion. These observa-
tions suggest potential retention of 4EPS in circulation 
in the AngII+4EPS coinfused mice but lack of 4EPS-
associated renal injury.

DISCUSSION
Our lead-off question was whether the microbial 
metabolites reported by Cheema and Pluznick19 directly 

Figure 6 Continued.  The lumen diameters outlined in red were measured using Vevo Lab software on images acquired on Vevo2100 using 
ms550 probe. Aortic lumen diameter changes in different treatment groups (n=4–6) compared with HFD are indicated; significance was 
determined using 1-way ANOVA and Tukey multiple comparison test using GraphPad Prism 10. C, Representative images of hematoxylin and 
eosin (H&E)–stained and Verhoeff-vanGieson staining (VVG)–stained infrarenal segment of Aorta tissue from different treatment groups, with 
scale bar 300 µm as described in earlier studies.41,57–60 D, Serial sections of aorta images were used for analysis of intima/media thickness. 
For assessment of wall thickness, media/intima measurements were taken from 4 to 6 serial images/animal (n=4–6 mice per group). Average 
thickness of aorta in a mouse is calculated from 40 measurement bars placed per image. Elastin measurement was performed blinded by our 
histology core, using image analysis software scoring for the entire area of VVG stain per image, as described in earlier articles.56–58 A total of 6 
to 13 images/group was used to calculate the elastin area/animal (4–6 mice per group). Please note that ImageScope, powered by a machine 
learning algorithm, was employed to circumvent problems for accurate measurements of intima/media in the H&E-stained sections and elastin 
content in VVG-stained sections. In addition, visual elastin scoring of deidentified images was also performed by 4 independent reviewers by 
inspecting 7 to 11 images per treatment group. Data analysis was performed using 1-way ANOVA with Dunnett multiple comparison test using 
GraphPad Prism 10.
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modulate AT1R signaling underlying the vaso-regulatory 
actions of AngII. Using the HEK-AT1R cell signaling 
platform—where AngII stimulation elicits a transient and 
saturable calcium response—we demonstrated that only 
4EPS out of the 6 microbial metabolites tested (Fig-
ure 1) significantly reduced both the EC50 and Emax for 
AT1R activation by AngII. The calcium responses to AngII 
and AngII+4EPS were dependent on AT1R expression 
in HEK cells, and inhibition by the ARB, olmesartan was 
more potent than that produced by 4EPS. Although inter-
ference with AT1R signaling by 4EPS suggests func-
tional interaction, whether 4EPS directly binds to AT1R 
is not established by signaling studies. Radioligand- 
binding studies in MOVAS-AT1R cell membrane pro-
vided evidence for 4EPS direct binding to AT1R. Specific 
binding of the partial agonist 125I-AngIV was system-
atically reduced by 4EPS (Figure 2A). Displacement of 
the AT1R blocker ³H-candesartan by [Sar¹]AngII was 
accelerated (left-shifted) in the presence of 4EPS in 
competitive binding assays (Figure 2B), suggesting that 
4EPS interferes with the binding of both ARBs and 
AngII. Previous mutagenesis and structural studies have 
defined discrete orthosteric binding sites for ARBs and 
AngII.42,51,52 Unbiased in silico docking analysis confirmed 
that 4EPS interacts with AT1R residues Arg167, Lys199, 
and Trp84—key components of the orthosteric bind-
ing pocket (Figure 3; Figure S2B). These residues also 
engage 4EPS like all established orthosteric ligands. In 
the model, 4EPS occupies the same space that accom-
modates the Phe8 residue of AngII critical for recep-
tor activation,53 which explains the molecular basis of 
competitive inhibition exerted by 4EPS. The predicted 
molecular interaction was further validated by a series 
of 4EPS analogs (Figure S2A). Analogs bearing bulkier 
benzyl and phenyl substitutions exhibited stronger inhibi-
tion of 125I-AngIV binding than analogs with smaller ethyl 
or tertbutyl groups (Figure 2A), consistent with stronger 
predicted binding in silico. Furthermore, the 4EPS-S46 
inhibited AT1R activation more potently (Figure 2D).

Collectively, these results demonstrate that 4EPS 
directly binds within the orthosteric pocket of AT1R, by 
sterically hindering the interaction of ARBs as well as 
AngII-Phe8 with AT1R, thereby attenuating activation of 
AT1R signaling by AngII. 4EPS may also interfere with 
AT1R inhibition by ARBs. Thus, 4EPS acts as a benign 
antagonist of AngII signaling. The discovery that a gut-
derived microbial metabolite can function as a benign 
AT1R antagonist represents a novel mechanism of host-
microbe interaction targeting the RAS. The physiological 
implications of this effect are discussed below.

We next assessed the physiological relevance of this 
mechanism by measuring ex vivo vascular response and in 
vivo BP response (Figures 4 and 5). Ex vivo wire myogra-
phy revealed that 4EPS significantly (P=0.0016) reduced 
contraction of aortic rings from AngII-infused mice. 
Acute treatment with 4EPS diminished AngII-induced 

contractile responses by ≈50% (P<0.0001; Figure 4B). 
In vivo, 4EPS coinfusion with AngII markedly blunted 
increases in systolic, diastolic, and mean arterial pres-
sures (Figure 5). Importantly, 4EPS alone had no effect 
on basal vascular tone or BP, indicating that 4EPS inhibi-
tory action is AngII-dependent. These results are con-
sistent with the cellular findings and suggest that 4EPS 
exerts a humoral effect that modulates host vascular 
responses via inhibition of AT1R signaling.

To further explore the in vivo pathophysiological rele-
vance, we examined the effect of 4EPS on AngII-induced 
abdominal AA formation in HFD-fed ApoE-null genotype 
mice, an experimental AA model that recapitulates human 
risk factors such as hypercholesterolemia, obesity, and 
hypertension.61–63 Coinfusion of 4EPS prevented AngII-
induced elevations in systolic, diastolic, and mean arte-
rial pressures (Figure 5B) compared with the elevated 
BP response on AngII-infused control mice. Mass spec-
trometry confirmed significant increases in plasma 4EPS 
levels in AngII, 4EPS, and AngII+4EPS groups (Figure 
S9A), supporting the conclusion that attenuation of 
AngII-induced hypertension is associated with elevated 
circulating 4EPS. Thus, a 4EPS increase in the plasma 
prevents elevation of BP. Histological analyses showed 
that 4EPS coinfusion prevented AngII-induced thicken-
ing of the aortic intima–media (P=0.0099) and loss of 
elastin content (P=0.001; Figure 6), both indicators of 
vascular remodeling and a precursor to the progression 
of AA.63–66 Reduced elastin content reflects elastolysis 
and weakening of aortic wall which has been associated 
with increased aneurysm dissection, hypertension and 
congenital disorders including Marfan Syndrome.64–66 
Ultrasound imaging further revealed attenuation of aortic 
dilation in the AngII+4EPS group compared with AngII 
alone in 14- and 28-day groups, without changes in 
relative body and organ weights (Figure S5). We have 
previously shown that AngII infusion induces AA located 
in the suprarenal abdominal aortic region in 64% male 
ApoE-null mice on high-fat western diet.41 In this study, 
the protective effect of 4EPS translated into delays in 
AA formation, significantly improved overall survival, with 
aneurysm-related mortality reduced from 50% (AngII) to 
14.3% (AngII+4EPS; P=0.0488).

Proteomic analysis of plasma (Table S2) revealed 
that 4EPS attenuated AngII-induced activation of actin 
cytoskeletal signaling, consistent with preservation of 
vascular wall architecture. Although changes in angiotensin- 
converting enzyme levels were observed, their con-
tribution to 4EPS-mediated effects requires further  
investigation. Functional assays demonstrated that 4EPS 
suppressed AngII-induced cell migration (Figure S6) and 
reduced phosphorylation of FlnA (Figure S7), a cytoskel-
etal protein known to interact with the filamin binding 
motif of AT1R located on its helix-8.51,52 AT1R activation 
produces engagement with FlnA and induces filamin 
phosphorylation in cells. By dampening AT1R activation, 
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4EPS may inhibit downstream biomechanical signaling 
to the actin cytoskeleton, thereby preventing aortic wall 
remodeling. Recent genetic and molecular studies have 
shown a direct role of FlnA in AA pathology in humans 
and mice.52

Our results establish AT1R as a molecular target of 
4EPS, providing mechanistic insight into the interface 
between gut microbial metabolites, RAS regulation, and 
cardiovascular functions.1–13 It is one of a dozen pos-
sible metabolites produced by the participation of gut 
microbial and host enzymatic pathways. For instance, 
4EPS is generated through microbial conversion of 
dietary tyrosine to 4-hydroxy phenylpropionic acid, and 
after absorption, the sulfonation reaction is performed 
by the host liver enzymes. Although several gut-derived 
metabolites have been associated with CVD risk, their 
direct molecular targets remain largely undefined. In this 
context, our identification of AT1R as a target for 4EPS 
provides a foundation for assessing both the potential 
benefits and risks of microbially derived metabolites in 
CVD pathophysiology.

Link between 4EPS and several neurological and 
psychiatric disorders, including anxiety, depression, and 
neurodegenerative diseases40,67–70 may involve blood-
brain barrier crossing of 4EPS. Interaction with brain 
AT1Rs may influence neural function and brain activity, 
for example, related to Autism spectrum disorders.40,67–70 
4EPS may be a component of the gut-brain axis impli-
cated in the regulation of stress responses and the mod-
ulation of the immune system.71 Elevated 4EPS has been 
reported in CKD and heart failure³8.

Cheema and Pluznick19 observed >8-fold increases 
in 4EPS in conventional mice plasma on AngII treatment. 
In the present study, the basal 4EPS levels in naïve C57/
B6 mice were below the level of detection, and AngII 
infusion increased the plasma 4EPS levels ≈2- to 8-fold 
(P=0.0148), whereas AngII+4EPS coinfusion resulted 
in an ≈80-fold elevation (P=<0.0001; Figure S9). Nota-
bly, 4EPS coinfusion attenuated markers of kidney injury, 
indicating possible reno-protective effects that merit 
future investigation.

If 4EPS acts as a benign antagonist of AT1R, whether 
4EPS is elevated in disease states such as type 2 diabe-
tes,8 chronic heart failure,11 neurological changes,40 and 
CKD38 represents a pathogenic factor, or an adaptive 
compensatory response remains unclear. Human metab-
olome databases reported that plasma 4EPS concentra-
tions in healthy humans range from 0.02 to 0.03 μM, and 
its levels linked to diseases are not established.11 Our 
experimental infusions achieved a 40- to 80-fold eleva-
tion, which was AA protective (Figure S8A), compared 
with 3000% increase observed in animal models of 
CKD36–39 and 40-fold increase in autism spectrum dis-
order (ASD) mice. Thus, 4EPS link to ASD pathogenesis 
was not supported in mice, and 4EPS levels were not 
significantly altered in patients with ASD.67–73 Another 

study that linked 4EPS to reduced oligodendrocyte 
maturation in neurological disease referenced a 6-fold 
increase in plasma 4EPS in ASD children.72,73 Importantly, 
large-scale clinical studies found no association between 
4EPS levels and major adverse cardiovascular events, 
including myocardial infarction, stroke, and mortality.8,11 
These findings, together with our data, suggest that ele-
vated 4EPS exerts protective or adaptive effects against 
AngII-mediated vascular injury. Outside of a therapeutic 
window, whether a high plasma concentration of 4EPS is 
pathogenic needs further studies.

Receptor specificity analyses indicate that 4EPS does 
not inhibit vasoconstriction induced by phenylephrine or 
serotonin, arguing against significant interaction with 
amine GPCRs. Computational modeling predicted low 
affinity for AT2R and no interaction with MAS or MAS-
related GPCRs. Given that AT2R blockade exacerbates 
aneurysm formation,41 the protective actions of 4EPS are 
likely mediated through AT1R rather than AT2R. Ongoing 
studies aim to determine whether 4EPS modulates other 
GPCR targets.

In summary, our in vitro, ex vivo, and in vivo data 
together support the conclusion that AT1R is the molec-
ular target of 4EPS. Both the calcium messenger signal-
ing and the biomechanical signal transduction through 
protein-protein interaction triggered by AT1R are attenu-
ated by 4EPS. Elevation of 4EPS in some disease states 
may provide an adaptive advantage.

Limitations
This study shows the benign antagonism mechanism of 
4EPS on AngII-mediated AT1R signaling through in vitro 
and cell-based experiments. However, translating these 
findings to physiological and pathological settings in 
vivo reveals a sex-dependent effect. In male mice, 4EPS 
effectively mitigates AngII-induced aortic contraction, 
BP elevation, and AA progression, consistent with its 
role as a benign antagonist. In contrast, a muted 4EPS 
effect in female mice may seem confounding. Previous 
studies have shown that females exhibit a diminished 
AngII/AT1R response due to several factors, including 
the influence of sex hormones on gene expression and 
increased gene dosage of the AT2R, which is encoded 
on the X chromosome.76–79 AT2R is a well-known physi-
ological antagonist of AT1R. Taken together, the protec-
tive effects of 4EPS are pronounced in males and likely 
masked in females. Further studies will be necessary to 
clarify the observed divergence in vascular response to 
AngII and 4EPS between males and females.

Perspectives
Hypertension is a major contributor to diseases, and 
growing evidence links gut microbiome-derived metabo-
lites to the pathology of CVDs. Among these, the 4EPS 
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level has been observed to increase in CVD, CKD, ASD, 
and hypertension, leading to the prevailing assumption 
that 4EPS effects are deleterious. However, the role of 
4EPS, particularly in relation to the RAS and its molecu-
lar targets, remained unclear. We investigated whether 
4EPS interacts with AT1R and studied its impact on 
AngII-induced signaling, vasoconstriction, and AA forma-
tion in mice. The results indicate that, contrary to pre-
vailing assumptions 4EPS is mechanistically protective 
rather than harmful. Notably, while elevated 4EPS has 
been linked to disease states, its causal role remains 
unproven in human studies, and associations with condi-
tions such as T2DM, congestive heart failure, and CKD 
are not firmly established. Thus, 4EPS may function as 
an endogenous antagonist of AngII under normal con-
ditions, with its regulation potentially disrupted during 
disease. Furthermore, the discovery that 4EPS inter-
feres with the binding of ARBs raises important clinical 
implications, indicating that plasma levels of 4EPS could 
influence the efficacy of ARB-based therapies. If 4EPS 
is excessively reduced or scavenged outside of a defined 
therapeutic window, disease outcomes could worsen. 
Our study challenges conventional interpretations of 
4EPS as a harmful metabolite and proposes that har-
nessing the gut microbiome’s capacity to produce ben-
eficial molecules like 4EPS may offer a novel therapeutic 
approach for treating CVD.
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