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Background: Patients with sepsis frequently develop septic cardiomyopathy, which is known to be closely related to excessive 
inflammatory responses. Indole-3-propionic acid (IPA) is a tryptophan metabolite with anti-inflammatory properties that have been 
demonstrated in various studies. In this study, we investigated the underlying mechanisms and therapeutic role of IPA in septic 
cardiomyopathy.
Methods: To investigate the role of IPA in septic cardiomyopathy, we constructed a lipopolysaccharide (LPS)-induced rat model of 
septic cardiomyopathy, and treated rats with IPA. Inflammatory factors and the NF-κB/NLRP3 pathway were evaluated in myocardial 
tissues and cells after IPA treatment using RT-qPCR, ELISA, Western blotting, and immunohistochemistry. To further elucidate the 
role of the aryl hydrocarbon receptor (AhR), we detected changes in inflammatory mediators and the NF-κB/NLRP3 pathway in 
in vivo and in vitro models of septic cardiomyopathy, which were treated with the AhR antagonist CH-223191 and/or AhR agonist 
FICZ.
Results: IPA supplementation improved cardiac dysfunction in rats with septic cardiomyopathy. IPA reduced inflammatory cytokine 
release and inhibited NF-κB/NLRP3 signaling pathway in myocardial tissue and in H9c2 cells. CH-223191 impaired the anti- 
inflammatory effect of IPA in LPS-treated cells, whereas FICZ exerted the same effect as IPA. IPA also exhibited anti- 
inflammatory activity by binding to the AhR. Our results indicated that IPA attenuated septic cardiomyopathy in rats via AhR/NF- 
κB/NLRP3 signaling.
Conclusion: Our study revealed that IPA improved left heart dysfunction and myocardial inflammation caused by sepsis via AhR/NF- 
κB/NLRP3 signaling, suggesting that IPA is a potential therapy for septic cardiomyopathy.
Keywords: Indole-3-propionic acid, septic cardiomyopathy, cardiac function, inflammation, aryl hydrocarbon receptor

Introduction
Systemic inflammatory response syndrome (SIRS), defined as sepsis, is a condition induced by infection or infectious 
factors. Unless controlled promptly, septic shock can progress to become life-threatening.1 Sepsis remains a major threat 
to global health, despite declining morbidity and mortality. In 2017, there were 48.9 million cases of sepsis and 
11 million deaths linked to sepsis worldwide, accounting for 19.7% of all deaths.2,3 Septic cardiomyopathy is 
a common complication of sepsis or septic shock, and typically manifests as left ventricular dilatation, reduced ejection 
fraction, and decreased contractility.4 The pathogenesis of sepsis-induced cardiac dysfunction includes the dysregulation 
of inflammatory mediators, mitochondrial dysfunction, oxidative stress, and endothelial dysfunction.5 Inhibiting one or 
more of these processes would be of great therapeutic significance for septic cardiomyopathy.

Journal of Inflammation Research 2024:17 5293–5309                                                     5293
© 2024 Zhang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Inflammation Research                                                         Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 4 April 2024
Accepted: 7 August 2024
Published: 13 August 2024

http://orcid.org/0009-0007-8836-6259
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


In the last few years, increasing attention has been paid to the function of intestinal flora metabolites. These 
metabolites are biologically active and have various functions. Indole-3-propionic acid (IPA), an intestinal flora 
metabolite of dietary tryptophan, has been shown to have various effects in different studies.6 Fang et al found that 
IPA attenuated sepsis by improving intestinal flora disorders in septic mice.7 Huang et al revealed that IPA promoted 
macrophage phagocytosis and mitigated liver and lung damage by activating the aryl hydrocarbon receptor (AhR).8 IPA 
protected against diastolic dysfunction and reduced myocardial inflammation in heart failure with preserved ejection 
fraction (HFpEF).9 IPA pretreatment has been shown to effectively inhibit the upregulation of Toll-like receptor 4 
(TLR4), MyD88, and nuclear factor-kappaB (NF-κB) and subsequent maturation of IL-1β and NLRP3 inflammasome in 
lipopolysaccharide (LPS)-treated C2C12 cells.10 IPA administration has also been shown to attenuate chondrocyte 
inflammation and extracellular matrix degradation via the AhR/NF-κB axis in in vivo and in vitro models of 
osteoarthritis.11 Additionally, IPA could repress proinflammatory cytokine levels and improve liver injury in non- 
alcoholic steatohepatitis (NASH) rats.12 Therefore, IPA has anti-inflammatory effects in several organs, but its role in 
septic cardiomyopathy and cardiomyocytes is unclear.

The AhR is a ligand-activated transcription factor. It has been reported that IPA could alleviate metabolic disorders13 

and attenuate inflammation through its receptor AhR.8,11 The TLR4, NF-κB and NOD-like receptor 3 (NLRP3) pathways 
have gained considerable attention in septic cardiomyopathy over the past few years. Various studies have shown that 
suppression of the TLR4/NF-κB/NLRP3 pathway can improve left ventricular dysfunction and alleviate myocardial 
inflammation in mice with septic cardiomyopathy.14,15 Additionally, Sun et al revealed that IPA upregulated AhR 
production, inhibited the NF-κB/NLRP3 signaling pathway, and reduced the release of inflammatory cytokines in 
APP/PS1 mice.16 Fang et al also demonstrated that IPA exerted neuroprotective effects in mice with sepsis-related 
encephalopathy by inhibiting the NLRP3 inflammasome.17 Therefore, we assume that IPA supplementation inhibits the 
TLR4/NF-κB/NLRP3 signaling pathway and attenuates myocardial injury in septic cardiomyopathy rats.

We assessed the role of IPA in an animal model of septic cardiomyopathy. Our findings indicate that IPA enhances 
cardiac function via the AhR/NF-κB/NLRP3 axis. This study is the first to investigate the therapeutic benefits of IPA for 
septic cardiomyopathy, providing new insights into the treatment of this condition.

Methods
Materials
LPS and IPA were obtained from Sigma (St Louis, MO, USA). AhR agonist FICZ, AhR antagonist CH-223191, and NF- 
κB antagonist BAY 11–7082 were purchased from Medchem Express (Shanghai, China). Primary antibodies against IL- 
1β, IL-6, TNF-α, MyD88, caspase-1, NLRP3, and CD68 were purchased from Abcam (Cambridge, UK). Primary 
antibodies against NF-κB p65 and Phospho-NF-κB p65 were acquired from Cell Signaling Technology (Danvers, MA, 
USA). Primary antibodies against GSDMD, GAPDH, and Vinculin were purchased from Proteintech Group (Rosemont, 
USA). The secondary antibodies against rabbits and mice were acquired from Cell Signaling Technology (Danvers, MA, 
USA). ELISA kits for rat cardiac troponin T (c-TnT) and brain natriuretic peptide (BNP) levels were obtained from 
Elabscience Biotechnology (Wuhan, China). And the IPA ELISA kit was obtained from Shyqbio (Shanghai, China). 
H9c2 cells and raw264.7 cells were purchased from Procell Life Science&Technology Co, Ltd. (Wuhan, China). All 
other chemicals in this study were analytical grade.

Animals
The Animal Care and Use Committees of Xi’an Jiaotong University (Xi’an, Shaanxi, China) approved all animal 
procedures for animal welfare. The experiments followed the Guide for the Care and Use of Laboratory Animals 
(National Academies Press, 2011). The rats were maintained at 26°C under a 12:12 h light/12:12 h dark cycle for two 
weeks prior to the experiment, with free access to food and water.

Male Sprague–Dawley rats (8 weeks) were purchased from Beijing Vital River Laboratory Animal Technology 
(Beijing, China). The rats were randomly divided into the following four groups: (1) Control group (Control), in which 
rats were intraperitoneally administered saline; (2) LPS group (LPS), in which rats were intraperitoneally administered 
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LPS (10 mg/kg);18–20 (3) IPA group (IPA), in which rats were treated with IPA (20 mg/kg/day)8,11,12 by gavage for 7 
consecutive days before saline injection; (4) LPS+IPA group (LPS+IPA), in which rats were treated with IPA (20 mg/kg/ 
day) by gavage for 7 consecutive days before LPS injection; and (5) LPS+IPA+CH-223191 group (LPS+IPA+CH), in 
which rats were intraperitoneally administered CH-223191 (5 mg/kg/day)8 for 7 consecutive days before IPA gavage.

Echocardiography
After anesthesia with isoflurane, echocardiograms were performed on rats using a MyLab ultrasound (Esaote SpA, 
Genoa, Italy). Cardiac function was evaluated 24 h after saline or LPS administration, and the following parameters were 
collected: ejection fraction (EF), fractional shortening (FS), left ventricle (LV) end-systolic diameter (LVEDd), and LV 
end-diastolic diameter (LVEDs).

Elisa
At the end of the experiment, the rats were sacrificed, and serum was collected. The serum levels of cardiac Troponin 
T (cTn-T), B-type natriuretic peptide (BNP) proteins and IPA were determined according to the manufacturer’s 
instructions.

Immunohistochemistry
After dewaxing, dehydration, and antigen repair, heart tissue sections were treated with 3% H2O2 for 10 min and 10% 
goat serum for 30 min at 37°C to remove endogenous peroxidase. The slides were incubated overnight at 4°C in a CD68 
primary antibody solution. Subsequently, the sections were incubated with a secondary antibody against rabbit IgG at 
37°C for 1 h and with DAB for 5 min at room temperature. Finally, the sections were observed under a microscope and 
photographed.

Tunel
Paraffin sections of heart tissue were deparaffinized in xylene for 10 min followed by fresh xylene for 10 min. Sections 
were deparaffinized sequentially with anhydrous ethanol for 5 min, 90% ethanol for 2 min, 70% ethanol for 2 min, 
distilled water for 2 min, and then DNase-free protease potassium (20 μg/mL) was added to the sections. After incubation 
at 37°C for 30 min, the potassium protease was washed 3 times with phosphate-buffered saline. TUNEL test solution was 
then added and incubated without light at 37°C for 1 h. The sections were then washed 3 times with phosphate-buffered 
saline, and finally sealed with fluorescence quenching sealing solution and observed under the fluorescence microscope. 
The apoptosis level of cardiomyocyte was assessed by calculating the ratio of TUNEL-positive cells to the total cells.

Cell Culture and Treatment
H9c2 cells were cultured in high-glucose Dulbecco’s modified eagle medium (DMEM, Gibco) with 1% penicillin/ 
streptomycin and fetal bovine serum (FBS; 10%). When the cell density reached 70%–80%, H9c2 cells were primed with 
different drug treatments. The groups were as follows: (1) control group; (2) LPS group, in which the cells were exposed 
to LPS (10 μg/mL) for 24 h to induce cardiomyocyte injury;21–23 (3) IPA group, in which the cells were exposed to IPA 
(500 μM) for 24 h;12,24 (4) LPS+IPA group, in which the cells were treated with LPS and IPA for 24 h; (5) LPS+IPA 
+CH-223191 group, in which the cells were treated with CH-2232191 (10 μM) 2 h before LPS and IPA stimulation;9,25 

(6) LPS+FICZ group, in which the cells were treated with LPS and FICZ (400 nM) for 24h;26 (7) LPS+BAY 11–7082 
group, in which the cells were treated with BAY 11–7082 (10 μM) 2 h before LPS stimulation;27,28 (8) LPS+BAY 11– 
7082+IPA group, in which the cells were treated with BAY 11–7082 (10 μM) 2 h before LPS and IPA stimulation. After 
these treatments, cells from different groups were collected for protein or RNA extraction and analysis.

Raw264.7 cells were cultured in in high-glucose Dulbecco’s modified eagle medium (DMEM, Gibco) with 1% 
penicillin/streptomycin and fetal bovine serum (FBS; 10%). Cells were pretreated with IPA (500 μM)12 for 1 h, followed 
by 500 ng/mL lipopolysaccharide treatment for an additional 6h. After these treatments, cells from different groups were 
collected for protein or RNA extraction and analysis.
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Western Blot
Proteins and cell lysates from the ventricle tissue were extracted using RIPA. Next, 40 μg of proteins were separated on 
SDS/PAGE gels and transferred to 0.22-μm PVDF membranes (Millipore, Billerica, MA, USA). The membranes were 
blocked with 5% non-fat milk in TBS containing 0.1% Tween-20 (TBST) for 1 h and then incubated with primary 
antibodies overnight at 4°C. After being washed with TBST for 30 min, the membranes were incubated with the 
appropriate secondary antibodies for 1 h at room temperature. After a 30-min wash, the membranes were visualized using 
a chemiluminescence apparatus. The band intensities were measured and quantified using ImageJ.

Real-Time PCR
RNA was isolated from the cells using an RNA Isolation Kit (Takara, 9767) following the manufacturer’s protocol. Subsequently, 
cDNA was synthesized using a PrimeScript RT kit (Takara, RR047A). The target genes were amplified and quantified using Fast 
Start Essential DNA Green Master (Roche, 06924204001). The obtained data were analyzed using the 2−ΔΔCq method, with 
GAPDH serving as the internal standard control. The primers used in our study were as follows: 
GGCACAGTCAAGGCTGAGAATG (forward) and ATGGTGGTGAAGACGC-CAGTA (reverse) for rat GAPDH; 
CCGTTTCTACCTGGAGTTTGT (forward) and GTTTGCCGAGTAGACCTCATAG (reverse) for rat IL-6; 
CGTGTTCATCCGTTCTCTACC (forward) and GCAATCCAGGCCACTACTT (reverse) for rat TNF-α; 
GGTGAAGGTCGGTGTGAACG (forward) and CTCGCTCCTGGAAGATGGTG (reverse) for raw cells GAPDH; 
GGTGTGTGACGTTCCCATTA (forward) and ATTGAGGTGGAGAGCTTTCAG (reverse) for raw cells IL-1β; 
TAGTCCTTCCTACCCCAATTTCC (forward) and TTGGTCCTTAGCCACTCCTTC (reverse) for raw cells IL-6; 
CGATGGGTTGTACCTTGTCTAC (forward) and GCAGAGAGGAGGTTGACTTTC (reverse) for raw cells TNF-α.

Statistical Analysis
All results are presented as the mean ± SD and were analyzed using GraphPad Prism 9.0. Multiple comparisons among 
different groups were analyzed by one-way ANOVA followed by Bonferroni’s test (multiple groups). Statistical 
significance was considered when P < 0.05.

Results
IPA Improved Cardiac Dysfunction in Septic Cardiomyopathy
After IPA gavage for 7 consecutive days, the concentration of IPA in the serum of rats was significantly elevated (Figure 
S1). We investigated the effects of IPA on cardiac function and myocardial damage in a rat model of septic cardiomyo-
pathy. Our findings revealed that IPA reduced LPS-induced left ventricular dysfunction and improved EF and FS 
(Figure 1A–D). In addition, we examined the serum BNP and Troponin T levels in each group. The results showed 
that IPA administration reversed elevated BNP and Troponin T levels after LPS stimulation, which in turn reduced 
myocardial damage (Figure 1E and F). Therefore, we conclude that IPA treatment prevents LPS-induced cardiac damage.

IPA Attenuated Cardiac Inflammation and Inhibited NF-κB/NLRP3 Signaling in Septic 
Cardiomyopathy
We detected changes in inflammatory factors in the rat myocardium. The expression levels of IL-1β, IL-6, and TNF-α 
were significantly elevated in the LPS group, but not in the control group. However, after IPA administration, the levels 
of IL-1β, IL-6, and TNF-α were significantly reduced (Figure 2A–D). We also examined macrophage infiltration in the 
myocardial tissues of each group. The data demonstrated that macrophage infiltration was attenuated in the myocardial 
tissues of rats with septic cardiomyopathy supplemented with IPA (Figure 2E and F). And we found that IPA attenuated 
LPS-induced macrophage inflammatory activation (Figure S2).

We evaluated the effects of IPA on myocardial inflammatory pathways in rats with septic cardiomyopathy. The results 
indicated that the protein levels of MyD88 and NF-κB, which are downstream of TLR4, were increased by LPS treatment 
(Figure 3A–C). In addition, the expression of caspase-1 and NLRP3 significantly increased in septic cardiomyopathy, suggesting 
activation of the NLRP3 inflammasome (Figure 3D and E). However, IPA supplementation inhibited the activation of the above 
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proteins. Furthermore, TUNEL staining showed that LPS injection significantly induced cardiomyocyte apoptosis, which was 
attenuated by IPA treatment (Figure 3F and G). Thus, IPA attenuated cardiac inflammation and suppressed the activation of the 
NF-κB/NLRP3 signaling pathway in LPS-treated rats.

Figure 1 The effect of IPA treatment on cardiac function and heart injury in SIC rats. (A) Representative echocardiography M-mode images of each group, (B) Left 
ventricular ejection fraction (LVEF), (C) Left ventricular fractional shortening (LVFS), (D) Left ventricular diameter at end-systolic (LVIDs), (E) The level of BNP in the serum, 
(F) The level of cTnT in the serum. The results are shown as mean ± SD (n=5), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no significant.
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Protective Effects of IPA are Dependent on AhR
Previous studies have demonstrated that IPA exerts its anti-inflammatory activity via the AhR.8,11 Hence, we hypothe-
sized that IPA exerts cardioprotective effects via the AhR. To verify our hypothesis, we treated septic rats with CH- 
223191. We found that treatment with CH-223191 significantly suppressed the protective effect of IPA on the hearts of 
septic rats. Rats in the IPA+CH223191 group had worse cardiac function (Figure 4B and C) and more severe myocardial 

Figure 2 The effect of IPA treatment on myocardial inflammation in SIC rats. (A) Representative images of Western blot in SIC rats with or without IPA administration, (B) 
IL-1β level, (C) IL-6 level, (D) TNF-α level, (E) Representative images of the immunohistochemistry staining for CD68, (F) The expression level of CD68 positive cells. The 
results are shown as mean ± SD (n=5), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no significant.
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Figure 3 The effect of IPA treatment on NF-κB/NLRP3 pathway related proteins in SIC rats. (A) Representative images of Western blot in SIC rats with or without IPA 
treatment, (B) MyD88 level, (C) NF-κB level, (D) NLRP3 level, (E) caspase-1 level, (F) TUNEL staining of each group; (G) The levels of Tunel positive cells of each group. 
The results are shown as mean ± SD (n=5), *p < 0.05, **p < 0.01, ****p < 0.0001. ns, no significant.
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Figure 4 Protective effects of IPA are dependent on AhR. (A) Representative echocardiography M-mode images of each group, (B) LVEF, (C) LVFS, (D) The level of BNP in 
the serum, (E) The level of cTnT in the serum, (F) Representative images of Western blot, (G) IL-1β level, (H) IL-6 level, (I) TNF-α level. The results are shown as mean ± 
SD (n=5), *p < 0.05, **p < 0.01, ****p < 0.0001. ns, no significant.
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injury (Figure 4D and E) than those in the LPS+IPA group. Additionally, the expression of proinflammatory factors was 
upregulated in CH-223191- and IPA-treated septic rats (Figure 4F–I). We then examined the expression of proteins 
associated with the NF-κB/NLRP3 pathway, and found elevated protein expression of MyD88, caspase-1, and NLRP3, 
and increased phosphorylation of NF-κB (Figure 5). These results show that CH223191 weakens the inhibitory effect of 
IPA on the NF-κB/NLRP3 pathway. In summary, IPA played an anti-inflammatory role by activating the AhR.

IPA Reduced Inflammation and Inhibited NF-κB/NLRP3 Signaling in a Septic 
Cardiomyopathy Cell Model
We next examined the anti-inflammatory effects of IPA in in vitro models. The results showed that the mRNA expression 
levels of IL-6 and TNF-α were significantly elevated in H9c2 cells after LPS stimulation (Figure 6A and B). However, 
their elevated expression levels were reversed after IPA treatment. We also evaluated the effect of IPA on the NF-κB/ 
NLRP3 pathway in LPS-treated cells. Similarly, the LPS-induced upregulation of proteins such as MyD88, NF-κB and 
NLRP3 was reversed by IPA treatment. (Figure 6C–H). Our data demonstrated that IPA played a protective role against 
LPS-treated H9c2 cells by inhibiting the inflammatory pathway.

Figure 5 Protective effects of IPA are dependent on AhR. (A) Representative images of Western blot, (B) MyD88 level, (C) NF-κB level, (D) NLRP3 level, (E) caspase-1 
level. The results are shown as mean ± SD (n=5), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no significant.
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AhR Mediated the Beneficial Effects of IPA
We further investigated the role of AhR in in vitro experiments. We treated H9c2 cells with the AhR antagonist CH- 
223191. Consistent with previous results, IPA reversed the expression of IL-6 and TNF-α, and suppressed the NF-κB/ 

Figure 6 The effect of IPA treatment on inflammation related RNAs and proteins in LPS-induced H9c2 cells. (A) IL-6 RNA level, (B) TNF-α RNA level, (C) Representative 
images of Western blot, (D) IL-1β level, (E) MyD88 level, (F) NF-κB level, (G) NLRP3 level, (H) caspase-1 level. The results are shown as mean ± SD (n=4), *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001. ns, no significant.
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NLRP3 signaling pathway. After treatment with CH-223191, the mRNA expression of inflammatory factors was elevated 
(Figure 7A and B), and NF-κB/NLRP3 pathway-related proteins were activated (Figure 7C–H). These results are 
consistent with those of in vivo experiments and indicated that the cardioprotective effect of IPA depended on AhR 
activation.

AhR Activation Inhibited Inflammation and NF-κB/NLRP3 Signaling
To further explore the effect of AhR, H9c2 cardiomyocytes were treated with the AhR agonist, FICZ. The RT-PCR 
results showed that FICZ reduced the expression of IL-6 and TNF-α (Figure 8A and B). We also examined the effect of 
FICZ on the NF-κB/NLRP3 pathway in LPS-treated cardiomyocytes. The upregulation of MyD88, NF-κB, and NLRP3 
expression was reversed by FICZ treatment (Figure 8C–H). These results demonstrated that AhR activation exerted an 
anti-inflammatory effect, which was consistent with the results of IPA-treated cells.

The Effect of IPA Was Approved by AhR / NF-κB / NLRP3 Pathway
We further investigated the involvement of NF-κB / NLRP3 in the effects of IPA on inflammation in in vitro models. We 
treated H9c2 cells treated with NF-κB antagonist, BAY 11–7082. The mRNA expression levels of TNF-α and IL-6 were 
successfully alleviated with IPA treatment in LPS-treated cells. However, this therapeutic effect of IPA was weakened in 
cells treated by BAY 11–7082 (Figure 9A and B). Consistently, Western blotting revealed that IPA significantly inhibited 
the expression of NF-κB/NLRP3 pathway related proteins, whereas BAY 11–7082 attenuated the protective effect of IPA 
(Figure 9C–H). The findings indicated that NF-κB inhibition blunted the effect of IPA in alleviating LPS-caused 
inflammation.

Discussion
IPA inhibited cardiomyocyte inflammation and attenuated cardiac dysfunction in septic cardiomyopathy through the 
AhR/NF-kB/NLRP3 mechanism. Our in vivo findings showed that IPA protected cardiac function by attenuating 
cardiomyocyte inflammation. Furthermore, in vitro studies have demonstrated that IPA activated AhR and inhibited 
the NF-κB/NLRP3 pathway in cardiomyocytes. Our findings indicated that IPA had protective effects against septic 
cardiomyopathy.

Sepsis is defined as a dysregulated host response to infection that results in life-threatening multiple organ dysfunc-
tion. Prolonged inflammation may lead to persistent organ damage and long-term mortality.29 Sepsis often causes 
congestive heart failure with reduced ejection fraction, which worsens patient prognosis and increases mortality.30,31 

Several studies have attempted to elucidate the pathophysiological mechanisms of septic cardiomyopathy. The release of 
inflammatory factors, infiltration of macrophages, and activation of inflammatory pathways have been observed in LPS- 
treated animal models.14,32 These findings suggest that inflammation in cardiomyocytes contributes to the progression of 
septic cardiomyopathy. Our study showed that intraperitoneal injection of LPS (10 mg/kg) into rats for 24 h not only 
induced septic myocardial dysfunction and myocardial injury, but also promoted the expression of inflammatory factors 
in cardiac tissue, including IL-1β, TNF-α, and IL-6.

The NF-κB/NLRP3 signaling pathway is critical for the pathophysiology of septic cardiomyopathy. Upon LPS 
stimulation, TLR4 was specifically activated, followed by activation of the downstream NF-κB/NLRP3 signaling 
pathway to produce inflammatory cytokines.33,34 IL-1β, TNF-α, and IL-6 are major inflammatory factors contributing 
to myocardial dysfunction in sepsis. NF-κB is activated and upregulates NLRP3 expression following LPS recognition 
by TLR4. The NLRP3 inflammasome participated in the development of septic cardiomyopathy, and inhibition of the 
NLRP3 signaling axis reduced LPS-induced cardiac injury.35 In the present study, we examined changes in NF-κB/ 
NLRP3 pathway-related proteins in patients with septic cardiomyopathy. We found that the NF-κB/NLRP3 pathway was 
activated in LPS-treated in vivo models, and we obtained the same results by treating H9c2 cells with LPS. Our results 
confirm the rapid and severe cardiac inflammation caused by sepsis.

Gut microbiota and its metabolites are associated with human health and disease.36–38 Tryptophan is an essential 
amino acid critical for maintaining physiological homeostasis. Dietary tryptophan is mainly converted to IPA via 
Clostridium sporogenes in the intestine.39 IPA regulated intestinal barrier function and decreased intestinal inflammation 
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Figure 7 AhR mediated the beneficial effects of IPA. (A) IL-6 RNA level, (B) TNF-α RNA level, (C) Representative images of Western blot, (D) IL-1β level, (E) MyD88 level, 
(F) NF-κB level, (G) NLRP3 level, (H) caspase-1 level. The results are shown as mean ± SD (n=4), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no significant.
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Figure 8 AhR activation inhibited inflammation and NF-κB/NLRP3 signaling. (A) IL-6 RNA level, (B) TNF-α RNA level, (C) Representative images of Western blot, (D) IL- 
1β level, (E) MyD88 level, (F) NF-κB level, (G) NLRP3 level, (H) caspase-1 level. The results are shown as mean ± SD (n=4), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001. ns, no significant.
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Figure 9 The effect of IPA was approved by AhR/NF-κB/NLRP3 pathway. (A) IL-6 RNA level, (B) TNF-α RNA level, (C) Representative images of Western blot, (D) IL-1β 
level, (E) MyD88 level, (F) NF-κB level, (G) NLRP3 level, (H) caspase-1 level. The results are shown as mean ± SD (n=4), **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no 
significant.
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by binding to the pregnane X receptor (PXR).40,41 In septic mice, IPA reduced sepsis-induced mortality by modulating 
intestinal flora and reducing the serum levels of inflammatory cytokines.7 In human and murine models of sepsis, IPA has 
been shown to improve survival and host control of infection.8 IPA supplementation attenuated diastolic dysfunction, 
oxidative stress, inflammation, and intestinal epithelial barrier damage in the preserved ejection fraction (HFpEF) mouse 
model.9 Our study showed that IPA treatment attenuated cardiac dysfunction and myocardial inflammatory injury in rats 
with septic cardiomyopathy. The expression of the pro-inflammatory factors IL-1β, IL-6, and TNF-α was significantly 
lower in the LPS + IPA group than in the LPS group. In addition, IPA inhibited the expression of NF-κB/NLRP3 
pathway-associated proteins, including NF-κB, MyD88, caspase-1, and NLRP3. Similarly, IPA inhibited NF-κB/NLRP3 
pathway activation and reduced mRNA expression of inflammatory factors in LPS-treated H9c2 cells. In addition, IPA 
inhibited the expression of pyroptosis-related protein GSDMD in LPS-induced cells (Figure S3). Our results revealed 
that IPA improved cardiac function and myocardial inflammatory injury in an in vivo and in vitro model of septic 
cardiomyopathy.

The AhR is a ligand-activated transcription factor that integrates environmental, dietary, microbial, and metabolic 
cues to regulate complex transcriptional programs.42 The AhR is expressed in multiple tissues and is involved in many 
aspects of health and disease. An increasing number of studies have shown that endogenous metabolites exert anti- 
inflammatory effects in various tissues by activating the AhR. Zhuang et al found that 3-IAld (Indole-3-aldehyde) 
attenuated inflammation in IL-1β-induced chondrocytes through the AhR/NF-κB signaling pathway.43 Qiao et al revealed 
that quinolinic acid suppressed NLRP3 inflammasome activation and inflammatory cytokine secretion by activating AhR 
in a model of psoriasis.44 Moreover, dietary supplementation with tryptophan or AhR ligands protected mice against 
E. coli-induced mastitis by activating the AhR.45 These studies demonstrated that AhR activation inhibits the NF-κB/ 
NLRP3 pathway, which in turn exerts anti-inflammatory effects. To verify that AhR mediates the anti-inflammatory 
effects of IPA, we treated septic rats and LPS-intervened H9c2 cells with the AhR antagonist CH-223191. Our results 
showed that supplementation with CH-223191 attenuated the cardioprotective effects of IPA in septic rats. Compared to 
the LPS+IPA group, the LPS+IPA+CH-223191 group exhibited the aggravation of myocardial injury and activation of 
the NF-κB/NLRP3 inflammatory pathway. We obtained the same results in H9c2 cells treated with CH-223191. We also 
used FICZ (AhR agonist) to treat H9c2 cells. We found that AhR activation inhibited the NF-κB/NLRP3 pathway and 
reduced the release of inflammatory factors. Finally, we treated LPS-induced cells with the NF-κB antagonist BAY 11– 
7082. We found that BAY 11–7082 could impair the anti-inflammatory function of IPA. The results revealed that the 
effect of IPA was approved by AhR/NF-κB/NLRP3 pathway. Our results demonstrated that inhibition of the AhR 
diminished the anti-inflammatory effects of IPA, whereas activation of the AhR produced the same anti-inflammatory 
effects, revealing that the endogenous IPA suppressed the NF-κB/NLRP3 signaling pathway via AhR activation.

Our study has some limitations. A major shortcoming is that we did not validate the function of AhR in knockout 
mice, which should be investigated in future studies. In addition, our animal and cellular models were obtained from rats, 
whereas primary cardiomyocyte samples from human patients would make this work even more meaningful.

Conclusion
Collectively, our results demonstrated that IPA attenuated cardiomyocyte inflammation and suppressed NF-κB/NLRP3 
signaling partially through the AhR, which effectively improved cardiac function and alleviated myocardial inflammation 
in LPS-induced septic cardiomyopathy rats. This treatment offers a potentially therapeutic strategy for septic 
cardiomyopathy.
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