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Abstract

During episodes of acute inflammation, polymorphonuclear leukocytes (PMNs) are actively 

recruited to sites of inflammation or injury where they provide anti-microbial and wound-healing 

functions. One enzyme crucial for fulfilling these functions is myeloperoxidase (MPO), which 

generates hypochlorous acid from Cl- and hydrogen peroxide. The potential exists, however, that 

uncontrolled extracellular generation of hypochlorous acid by MPO can cause bystander tissue 

damage and inhibit the healing response. Previous work suggests that the microbiota-derived 

tryptophan metabolites 1H-indole and related molecules (“indoles”) are protective during 

intestinal inflammation, although their precise mechanism of action is unclear. In the present work, 

we serendipitously discovered that indoles are potent and selective inhibitors of MPO. Using both 

primary human PMNs and recombinant human MPO in a cell-free system, we revealed that 

indoles inhibit MPO at physiologic concentrations. Particularly, indoles block the chlorinating 

activity of MPO, a reliable marker for MPO-associated tissue damage, as measured by 

coulometric-coupled HPLC. Further, we observed direct interaction between indoles and MPO 

using the established biochemical techniques microscale thermophoresis and STD-NMR. Utilizing 

a murine colitis model, we demonstrate that indoles inhibit bystander tissue damage, reflected in 

decreased colon 3-chlorotyrosine and pro-inflammatory chemokine expression in vivo. Taken 

together, these results identify microbiota-derived indoles acts as endogenous immunomodulatory 
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compounds through their actions on MPO, suggesting a symbiotic association between the gut 

microbiota and the host innate immune system. Such findings offer exciting new targets for future 

pharmacological intervention.

Introduction

Acute inflammatory responses are characterized by the recruitment of large numbers of 

polymorphonuclear leukocytes (PMNs) to sites of infection or injury. In the intestine, for 

example, the accumulation of PMNs within the mucosa stands in stark contrast with their 

paucity in healthy tissue, and consequently the enumeration of PMNs in the intestinal 

mucosa is one reliable metric for grading severity of disease by histology(1, 2). Following 

migration to the site of insult, PMNs transmigrate through the intestinal epithelium into the 

intestinal lumen, where they fulfill antimicrobial roles through a variety of mechanisms(3). 

One such mechanism involves the generation of hypochlorous acid (HOCl) from hydrogen 

peroxide (H2O2) by the enzyme myeloperoxidase (MPO), the most abundant PMN protein at 

5% of the cell’s dry weight(4–6). PMNs, upon ingestion of microbes via phagocytosis, 

undergo a “respiratory burst” in which NADPH oxidase generates superoxide (O2
-·) through 

the reduction of molecular oxygen (O2)(7). Superoxide dismutase then catalyzes the 

disproportionation of O2
-· to H2O2. Within the phagosome, MPO utilizes H2O2 and free 

halide ions to generate hypohalous acids, with HOCl being the primary product due to 

MPO’s utilization preference for chloride (Cl-) anions(8). HOCl is a potent oxidizing agent 

and reacts indiscriminately with sulfur and nitrogen atoms, such as those found in the amine, 

amide, thiol, and thioester functional groups(9). Notably, HOCl reacts with aromatic groups 

such as the phenol moiety of tyrosine to generate chlorinated products – the modified amino 

acid 3-chlorotyrosine has been demonstrated to be a reliable marker of HOCl oxidation of 

tyrosine-containing proteins and a biomarker for MPO-mediated tissue damage(10–12). 

HOCl is a potent anti-bacterial agent, with efficacy in the sub-micromolar concentration and 

an estimated 1000-fold greater potency in the killing of E. coli than its precursor H2O2(13, 

14).

In addition to the release of MPO into phagocytic vesicles, PMNs also secrete MPO into the 

extracellular milieu through a process termed degranulation(15). Upon stimulation by a 

secretagogue such as IL-8, PMNs release specific granular proteins, including MPO, in a 

Ca2+-dependent manner(15, 16). Notably, MPO itself has been shown to induce 

degranulation in PMNs, potentially resulting in further secretion of inflammatory mediators 

in a positive feedback loop(17, 18). Although PMNs play crucial roles in gut homeostasis, 

including defense against invasive microbes and maintenance of epithelial barrier function, 

uncontrolled PMN activity in the intestinal mucosa has been demonstrated to promote 

bystander damage of tissue and can delay or block resolution of inflammation(19–21). As 

such, PMNs have been described as “double-edged swords” due to their roles in both 

resolution and propagation of inflammation, and inhibition of their main mediator MPO has 

been consequently proposed as a means of limiting pathogenic PMN activity(22, 23). 

Recently, MPO activity has also been reported in PMN-derived extracellular vesicles, or 

microparticles, that have been demonstrated to inhibit wound healing in both in vitro and in 
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vivo models of tissue repair, further implicating MPO in pathogenic inhibition of the healing 

response (24).

One of the primary mechanisms by which the intestinal immune response is regulated is 

through the action of gut microbiota-derived metabolites(25). The human gut microbiota is 

composed of >1013 individual microbes, at least as numerous as the cells in the host body 

and is primarily constituted of eubacteria, although other constituents (including archaea, 

fungi, protists, and viruses) are present but not as well characterized(26, 27). The gut 

microbiota generates various metabolites that have been previously assessed for their 

association with inflammatory bowel disease (IBD) – although hampered by various 

limitations in approaches, population heterogeneity, and the confounding influence of IBD 

treatment on the gut microbiota itself (e.g. intestinal resection), several classes of 

metabolites have been found to be significantly dysregulated in IBD patients(28).

Previously, we demonstrated that the microbiota-derived metabolite indole 3-propionate 

(IPA) is important in the regulation of intestinal epithelial homeostasis(29). IPA is produced 

exclusively from tryptophan metabolism by select species of the gut microbiota, and its 

concentration has been found to be reduced in patients with active IBD and in mice treated 

with colitogens(29–31). IPA has been shown to exert its effects through aryl hydrocarbon 

receptor (AhR)-mediated induction of the IL-10 receptor, although other pathways such as 

indole-mediated regulation of epithelial barrier function via the pregnane X receptor (PXR) 

have also been uncovered(29, 32). Mice treated with IPA in the dextran sodium sulfate 

(DSS) and indomethacin models of intestinal inflammation were protected from disease, as 

indicated by statistically significant changes in colitis-associated metrics such as colon 

shortening and weight loss, versus untreated counterparts(29, 32). Importantly, other gut 

microbiota-derived indoles have been shown to exert a positive influence in models of 

intestinal inflammation, suggesting that this class of molecules plays a crucial role in 

maintaining intestinal epithelial homeostasis(29, 32–34). Differential metabolism of 

tryptophan by “disease-associated” gut microbiota constituents vs “healthy-gut” associated 

members points towards a causative role for tryptophan derivatives, such as indoles, in the 

pathogenesis of inflammatory disorders (33). Likewise, indole metabolites have been 

implicated in regulation of intestinal barrier function and corresponding protection against 

liver inflammation (35). Indole derivatives generated from human milk oligosaccharides by 

Bifidobacterium species have further been shown to reduce inflammation and are 

hypothesized to be beneficial for the reduction of infant morbidity and mortality (36). 

Finally, previous reports suggest that indole may potentially inhibit the chlorinating activity 

of MPO; however, it is unclear whether this activity mediates the observed anti-

inflammatory activity of indoles previously described in the context of acute intestinal 

inflammation (37).

In the present work, we provide evidence that indole metabolites specifically bind and 

inhibit PMN MPO activity. At physiologically relevant concentrations, indole and indole 

derivatives inhibit MPO activity in a competitive manner to reduce MPO-mediated tyrosine 

chlorination. Extensions of these studies reveal that delivery of IPA to mice with active 

colitis decreases inflammatory markers and specifically inhibits tissue tyrosine chlorination, 

a biomarker for in vivo tissue damage by MPO(10–12). Taken together, these results provide 
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a novel mechanism for microbial-derived indoles in the protection from bystander tissue 

damage mediated by PMN MPO.

Materials & Methods

Cell Culture and Reagents

T84 colorectal adenocarcinoma cells (ATCC# CCL-248) are a well-characterized in vitro 
model of the colonic intestinal epithelium and were grown as previously described(38–45). 

Briefly, cells were cultured at 37 °C, 5% CO2 in 1:1 DMEM/F-12 (Thermo-Fisher# 11330–

032) supplemented with heat-inactivated bovine calf serum (Hyclone# SH30072.03), 

GlutaMAX (Thermo-Fisher# 35050–061), and penicillin/streptomycin (Thermo-Fisher# 

15140–122). Cells were passaged weekly using trypsin (Thermo-Fisher# 25200–056) 

dissociation and sub-cultured into 6-well plates. IPA, 1H-indole (CAS# 120–72-9, hereafter 

referred to as “indole”), and indole 3-acetic acid (IAA) were purchased from Sigma-Aldrich. 

The MPO inhibitor 4-aminobenzoic acid hydrazine (4-ABAH) was purchased from Cayman 

Chemical (Cat# 14845).

Animal Studies

C57BL/6 mice were bred and maintained on-site at the University of Colorado Anschutz 

vivarium. All protocols were approved by the University’s Institutional Animal Care and 

Use Committee (IACUC). Induction of colitis in mice with the colitogen DSS was 

performed as previously described(29, 38, 42, 45–47). Briefly, DSS (MW = 36,000–50,000, 

MP Biomedicals# 0216011080) was administered at 2.5% (w/v) in drinking water to mice 

(9–12 weeks old) for 9 days. IPA was given at 0.1 mg/mL in drinking water through the 

course of the experiment to one age- and sex-matched cohort. At the conclusion of the 

experiment, mice were euthanized by CO2 asphyxiation + cervical dislocation and tissues 

collected. A portion of colon tissue was fixed in 10% neutral buffered formalin and stained 

using hematoxin and eosin (H&E) for histopathological analysis. Stained colon sections 

were graded for PMN infiltration and crypt abscesses in a blinded manner. A second portion 

of colon was harvested into lysis buffer for further analysis of protein content by Olink 

proximity extension technology. In some instances, colon tissue was digested for analysis of 

tyrosine and chlorinated tyrosine by EC-HPLC (see below).

In vitro MPO Assay

Recombinant human MPO (rhMPO) was purchased from R&D Systems (Cat.# 3174-

MP-250) and dissolved at 1 mg/mL using sterile ultrapure H2O. Aliquots were then frozen at 

−80 °C and thawed individually as needed. For analysis of MPO activity in the presence of 

indoles, MPO was used at 1.67 μg/mL final concentration in a reaction buffer consisting of 

133 mM sodium citrate, pH 4.2; 367 μg/mL 2,2′-Azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) diammonium salt (ABTS, Sigma-Aldrich# A9941, dissolved fresh in ultrapure 

H2O); and 6.53 mM H2O2 (Sigma-Aldrich# H1009, diluted fresh at time of experiment). 

Reactions were incubated 5min at room temperature, then quenched by addition of sodium 

dodecyl sulfate (SDS) to 0.5% (w/v). For competitive inhibition assays, the amount of initial 

ABTS was adjusted to the concentration given in the data figure and the background 

absorbance of samples without rhMPO subtracted from rhMPO-containing ones. For 
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determination of free-radical quenching by indole, the reactions were prepared as usual 

without indole, and indole was then added to the final concentration after the addition of 

SDS.

PMN Assays

Primary human PMNs were freshly isolated from healthy volunteers using gelatin or 

HistoPaque centrifugation as described in detail elsewhere (48). PMNs were resuspended in 

Hanks Balanced Salt Solution without divalent cations (HBSS-, Sigma-Aldrich# 4891, pH 

7.4, made according to the manufacturer’s instructions except that 10 mM HEPES was 

included). For quantification of effect of indole metabolites on PMN MPO activity, cells 

were incubated for 15 minutes at 4 °C with the indicated concentration of inhibitor in Hanks 

Balanced Salt Solution containing divalent cations (HBSS+) (Sigma-Aldrich# H1387, pH 

7.4, prepared as directed by the manufacturer except that 10mM HEPES was included) and 

with Triton X-100 at a final concentration of ~0.5% (v/v). The resulting lysate was added 

directly to the reaction mixture used for rhMPO/ABTS assays described above with rhMPO 

omitted from the reaction. Reactions were incubated for 10 minutes, then stopped using SDS 

and the oxidation of ABTS measured by absorbance at 405nm. For measurement of MPO 

release from activated PMNs by ELISA, PMNs were incubated with 1 μM phorbol 12-

myristate 13-acetate (PMA) and varying concentrations of indole for 15 minutes at 37 °C 

with gentle rotation. Afterwards, cells were gently spun and MPO quantified in the resulting 

supernatants using a commercial ELISA kit (Abcam# ab272101) according to the 

manufacturer’s instructions.

Analysis of Gene Expression by Quantitative Real-Time Reverse Transcription PCR (qRT-
PCR)

T84 cells were treated with HBSS+ with a final pH lowered to 6.0 using 12N HCl. HBSS+ 

pH 6.0 included H2O2 at 163 μM and rhMPO at 1.67 μg/mL. Indole was included in some 

samples at 0.833 mM final concentration. Cells were incubated for 30 minutes at 37 °C, 5% 

CO2 with rhMPO reaction mixture, then washed with PBS and incubated for a further 4hr in 

growth media. After this time, cells were collected in cold TRIzol reagent (Thermo-Fisher# 

15596–026), and lysates stored at −80 °C. Total RNA was purified from TRIzol lysates 

according to the manufacturer’s instructions. cDNA was synthesized from total RNA using 

iScript cDNA Supermix (Bio-Rad# 1708841), then analyzed on an Applied Biosystems 

7300 real-time PCR instrument using Power SYBR Green PCR Master Mix (Thermo-

Fisher# 4367659). Primers used for qRT-PCR are given in Table 1 and were ordered from 

Thermo-Fisher using sequences from Harvard PrimerBank (49).

Analysis of Inflammatory Markers using Olink

Proteins from colitic tissues (DSS±IPA) were measured with the Olink panel using 

proximity extension amplification (PEA) technology, a high-throughput multiplex proteomic 

immunoassay(50). The assay uses epitope-specific binding and hybridization of a set of 

paired oligonucleotide antibody probes, which is subsequently amplified using a quantitative 

PCR, resulting in log base-2 normalized protein expression (NPX) values.
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Analysis of MPO Chlorination Activity by EC-HPLC

Tyrosine (Tyr) conversion to 3-chlorotyrosine (3-Cl-Tyr) by rhMPO was performed by 

incubating rhMPO (stock 250 μg/ml) with Tyr (200 μM) and H2O2 (200 μM) in a solution 

containing 100 mM NaCl with or without indicated concentrations of indole or IPA. 

Reactions were allowed to proceed for 1hr at 37 °C and stopped by addition of excess 

methionine (2 mM).

Tyr and 3-Cl-Tyr were quantified using isocratic reversed-phase high-performance liquid 

chromatography with electrochemical coulometric array detection (EC-HPLC)(Coularray, 

Thermo Scientific, Waltham, MA). Separation was achieved using an Acclaim Polar 

Advantage II C18 column, 5 μm 120Å, 4.6 × 150 mm, (Thermo-Fisher) at a flow rate of 0.6 

mL/min in a mobile phase consisting of 10% acetonitrile in 50 mM sodium phosphate 

buffer, pH 3, containing 0.42 mM octanesulphonic acid as an ion-pairing agent. The data 

were collected and quantified using the Coularray software with comparison to Tyr (Sigma-

Aldrich) and 3-Cl-Tyr (Alfa Aesar, Ward Hill, MA) standards. For analysis of MPO 

chlorination in vivo, colon tissue from mice treated with DSS and either with/without IPA 

was sonicated and digested overnight at 37 °C using 5 mg/mL Pronase (1mg/ml, Sigma-

Aldrich# 10165921001). The digests were then spun to pellet insoluble material, and the 

resulting supernatants were filtered through 5 kDa molecular weight cutoff spin columns 

(Sartorius# VS0112) prior to HPLC analysis.

Nuclear Magnetic Resonance Spectroscopy (NMR) of rhMPO/Indoles

To study ligand binding, saturation transfer difference (STD) NMR experiments were 

conducted(51). In STD, a frequency selective train of pulses is applied at a protein resonance 

in a region outside the spectral region of the ligand. This results in efficient saturation of the 

protein spins via spin diffusion. In case of presence of ligand spins in proximity of the 

protein, the saturation is transferred to the ligand resulting in reduction of the NMR signal 

intensity. The experiment is performed once with the saturation pulses applied off-resonance 

(control), and then repeated with the saturation pulses applied on-resonance. Upon 

subtraction of the saturated from the reference spectrum, there will be peaks if binding 

occurs in the medium to weak range, while peaks cancel out in case of lack of binding or 

tight binding. The experiments were carried out on a 600 MHz triple-resonance Varian 

cryoprobe spectrometer at 25 °C. 1D 1H spectra were recorded with 16,384 complex points, 

512 scans, and an interscan delay of 1.5s. Selective saturation was achieved using a cascade 

of Gaussian pulses with lengths of 50 ms during a total time of 3 s. On-resonance saturation 

was applied at −0.5 ppm and off-resonance saturation at 20 ppm. To eliminate background 

protein resonances from the spectrum, a spin-lock filter (T1ρ-filter) was used for 30 ms. All 

spectra were processed using NMRPipe and analyzed with NMRDraw(52). The 

concentrations of the tested ligands and the protein were 1 mM and 9 μM, respectively. 

Protein and tested ligands were all dissolved in PBS, pH 6.0.

Microscale thermophoresis (MST) Experiments:

Measurements were carried out on a NanoTemper Monolith NT.115 pico instrument 

(NanoTemper Technologies) at 25°C using medium power and 20% excitation power (auto-

detect-pico-red). MPO::6xHis was fluorescently labeled by interacting 100 μL protein 
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solution (200 nM concentration) with 100 μL Red-Tris NTA dye (100 nM concentration). 

The reaction mixture was incubated at room temperature for 30 min followed by 

centrifugation for 10 min at 4°C with 15,000 × g. Then, between 5–50 nM of labeled 

MPO::6xHis and 16 two-fold dilution series of the tested ligands were loaded into 16 

standard capillaries (NanoTemper Technologies) (highest concentrations of indole, indole-3-

propionic acid, and 4-ABAH: 5 mM, 1.25 mM, and 5 mM). We observed sigmoidal 

behavior of the fluorescence level over time, which allowed characterization of the 

interactions. Raw data were analyzed using the NanoTemper software (MO affinity analysis 

v2.2.7). The signal-to-noise ratios for indole, indole-3-propionic acid, and 4-ABAH were 

12.9, 10.5, and 24.2, respectively.

Results

Indole Metabolites Inhibit MPO Activity In vitro

Based on our previous analysis of indole metabolites in inflammatory models (29), we 

examined the influence of indoles on PMN transmigration in vitro. Serendipitously, we 

observed that our endpoint for PMN transmigration (MPO) was diminished by the presence 

of indole and indole metabolites. The observation suggested that indoles inhibit the 

chlorinating activity of MPO. Upon further examination, such inhibition of MPO activity by 

indoles is consistent with a previous report suggesting that indole-containing molecules 

inhibit the chlorinating activity of MPO(37).

To examine mechanisms of MPO inhibition by indoles, we expanded our analysis using 

primary human PMNs. Incubation of PMN lysates with IPA, indole, or IAA (each at 1 mM) 

resulted in significant inhibition of peroxidase activity, as measured by ABTS oxidation at λ 
= 405nm (Figure 1A). Indole was also found to inhibit PMN-derived MPO in a dose-

dependent manner, although it was not as efficient as the commercial inhibitor 4-ABAH 

under our in vitro reaction conditions (Supplemental Figure 1A). Although we utilized 

cellular lysates in these analyses, indoles have been previously shown to freely diffuse 

across lipid membranes; therefore, it would be expected that indoles could similarly inhibit 

intracellular MPO (i.e. in the phagosome) with corresponding effects on post-phagocytosis 

phenomena, a theory actively under exploration by our group (53, 54). We also asked 

whether indole could affect the in vitro secretion of MPO (degranulation) from activated 

PMNs. To answer this, primary human PMNs were activated with 1 μM PMA and with 

varying concentrations of indole, and MPO in the resulting supernatants was quantified 

using a commercial ELISA kit (55). We observed that the inclusion of indole during PMN 

activation had no influence on the quantity of extracellular MPO, suggesting that indole does 

not impact degranulation of activated PMNs (Supplemental Figure 1B).

As MPO is the most abundant protein (and therefore peroxidase) in PMNs, we surmised that 

these metabolites were inhibiting MPO(6). However, the possibility existed that IPA, indole, 

and IAA could also inhibit other components necessary for MPO activity in PMNs, such as 

NADPH oxidase. To answer this question, we measured the activity of rhMPO in a minimal, 

cell-free system using H2O2 and varying concentrations of IPA, indole, or IAA. We found 

that these indole metabolites inhibited rhMPO in a dose-dependent manner (Figure 1B), 

indicating that the previously observed inhibition of whole-cell PMN MPO was due to direct 
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action of indole metabolites on MPO itself rather than any secondary action and 

recapitulating our earlier results showing dose-dependent inhibition of MPO by indole in 

PMNs. In addition, we found that the inhibition of MPO by indole occurred competitively, 

as increasing the initial concentration of ABTS allowed for the inhibition of indole to be 

overcome (Supplemental Figure 2A). Increasing the initial concentration of the other 

substrate, H2O2, was found to be detrimental to rhMPO activity, presumably from loss of 

enzyme activity due to oxidative stress or protein denaturation(56, 57). As free radical 

scavengers have been shown to eliminate ABTS absorbance at 405nm, and because indoles 

have been previously described as antioxidants, we asked whether our observed inhibition of 

MPO by indoles was due to quenching of the ABTS radical cation(58, 59). Addition of 

indole to a complete cell-free rhMPO reaction showed no change in absorbance at 405nm 

(Supplemental Figure 2B), indicating that the amount of ABTS radical cation remained 

unchanged by indole and the previously observed inhibition of MPO by indole metabolites 

was likely due to an influence on the enzyme itself.

Finally, we asked whether inhibition of MPO activity by indole could diminish pro-

inflammatory signaling in vitro. For this, we exposed T84 intestinal epithelial cells with 

rhMPO +/− indole and assessed pro-inflammatory gene expression by qRT-PCR. Our 

hypothesis was that, even in the absence of immune cells and gut microbiota, indole 

metabolites could singularly reduce MPO-mediated induction of inflammation. We found 

that expression of the potent PMN chemoattractant IL-8 (CXCL8) was significantly reduced 

by inclusion of indole at a physiological concentration (0.833 mM) (Figure 1C), indicating 

that the inhibition of MPO by indole could prevent pro-inflammatory stimulus in a minimal, 

in vitro system. These results suggest that indoles regulate PMN activity, and thereby 

modulate inflammatory stimulus, through inhibition of MPO.

Indoles Inhibit Tyrosine Chlorination by MPO

We further sought to clarify the ability of indoles to inhibit the activity of MPO in vitro, as 

some reports have described the ability of indoles to quench ABTS absorbance in an 

enzyme-free system(60). To do so, we adapted our previous cell-free rhMPO assay for the 

measurement of tyrosine chlorination. As mentioned in the Introduction, MPO-derived 

HOCl reacts with the phenol moiety of tyrosine to generate 3-chlorotyrosine, and this 

chlorinated amino acid has been demonstrated to be a reliable biomarker of PMN-mediated 

tissue damage in vivo(10–12). As such, a reduction in tyrosine chlorination by indoles would 

suggest a protective mechanism during acute intestinal inflammation. As shown in Figure 

2A, tyrosine and 3-chlorotyrosine were distinctly detectable by HPLC coupled to 

electrochemical coulometric detection. Utilizing this established method, rhMPO was 

reacted with H2O2, free tyrosine, and, as appropriate, various concentrations of indole and 

indole 3-propionic acid. Indole and IPA both inhibited chlorination of free tyrosine in a 

dose-dependent manner (Figure 2B), with the highest indole/IPA doses tested (1 mM) 

completely abolishing tyrosine chlorination. This complete inhibition is noteworthy as 

indole has been reported at millimolar concentrations in healthy adults and suggests a robust 

mechanism for regulation of PMN chlorinating activity(61, 62).
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Characterization of the Interaction between Indoles and MPO via STD-NMR and MST

We next sought to determine the nature by which indoles and MPO interact. As a starting 

point, we defined whether indole and MPO directly interact using microscale 

thermophoresis analysis (MST). In MST, the binding of a nonfluorescent ligand to a 

fluorescent protein is measured through the induction of temperature gradients(63). Using a 

fluorescently labeled MPO, we compared the binding affinity of indole and the MPO 

inhibitor 4-ABAH by MST. As shown in Figure 3, we found that both indole and 4-ABAH 

show saturable binding and possess affinities of 272.0 ± 77.4 μM, and 409.0 ± 66.7 μM, 

respectively. Interestingly, we observed indole to possess a stronger binding affinity to MPO 

than the commercially available inhibitor 4-ABAH. The reason for the discrepancy between 

the observed higher affinity of indole for MPO versus 4-ABAH by MST, despite the 

increased efficacy of 4-ABAH in our cell-based assays, is unclear but could stem from the 

nuances of the in vitro assays used to examine MPO/inhibitor interactions in this work.

We extended these results to examine direct binding of indole and MPO. To accomplish this, 

we examined the interaction between rhMPO (9 μM) and either indole, IPA, or tryptophan (1 

mM) using ligand-based Saturation Transfer Difference NMR (STD-NMR). The resulting 

STD-NMR plots are shown in Figure 4 and reflect the difference in 1H-NMR signal between 

the ligand reference spectrum and the ligand spectrum following MPO-transferred 

saturation(64, 65). As shown in Figures 4A and 4B, indole and IPA, respectively, both 

demonstrate binding to rhMPO under the conditions used as indicated by the peaks in the 

NMR plots. In contrast, their precursor tryptophan does not demonstrate appreciable binding 

to rhMPO by STD-NMR (Figure 4C). As IPA and tryptophan differ only by the presence of 

an amine group on the α-carbon, this suggests that the amine group in tryptophan prevents 

association with MPO. Finally, as a control the known MPO inhibitor, 4-ABAH(66, 67), was 

tested for binding to MPO by STD-NMR. Although it demonstrated no STD signature 

(Figure 4D), this was most likely due to its strong, irreversible inhibition of MPO (IC50 = 

0.3 μM) and would account for the potent inhibition of PMN-derived MPO described above. 

As STD-NMR relies on the measurement of the signal of bulk free ligand after the release of 

the bound ligand following saturation transfer, a very strongly bound ligand would produce a 

similar STD-NMR plot to one that does not bind at all. Taken together, these results 

demonstrate that indole binds MPO in a specific manner to inhibit MPO enzymatic activity.

Influence of IPA on tissue damage in murine colitis

The infiltration of PMNs is a hallmark of intestinal inflammation and is well-documented in 

both murine models of colitis and in biopsies from human UC and CD patients(3). 

Infiltrating PMNs secrete various pro-inflammatory factors including MPO which, in turn, 

generates the potent oxidant HOCl – a potential source of bystander tissue damage. 

Previously, our group observed amelioration of intestinal inflammation and protection 

against colitic disease in mice administered the gut microbiota-derived metabolite IPA(29). 

To assess the role of IPA in regulating MPO-mediated bystander tissue damage, we exposed 

mice to either vehicle (water) or IPA (0.1 mg/ml) ad libitum during the course of DSS colitis 

and collected colon tissue for histologic, biochemical and RNA analyses. As shown in 

Figure 5A, DSS-induced colitis resulted in the formation of significant tissue damage, 

including the formation of large crypt abscesses. To examine the impact IPA on MPO-
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mediated tissue damage, we quantified the levels of 3-Cl-Tyr in whole mouse colon tissue 

following acute DSS colitis either with or without IPA intervention. Administration of IPA 

significantly reduced colonic 3-Cl-Tyr (Figure 5B), demonstrating that the inhibition of 

MPO activity by indole/IPA correlates with the protective effect of IPA in vivo. Further 

analysis of pro-inflammatory markers in murine colonic tissue using Olink PEA technology 

revealed that the chemokines Cxcl1, Ccl3, and Ccl5 were decreased in DSS/IPA-treated 

mice compared to their DSS-only counterparts (Figure 5C). These data indicate that IPA 

functions to diminish PMN MPO-mediated tissue damage during intestinal inflammation in 
vivo.

Discussion

PMNs function as a “first line of defense” against pathogens and are the vanguard of 

immune cells recruited to nascent sites of inflammation(68). PMNs have also recently been 

found to be indispensable for wound healing and re-vascularization following injury, 

suggesting additional roles beyond elimination of pathogens(69, 70). However, dysregulated 

PMN activity can be destructive to healthy tissue and can result in a feedback loop of 

uncontrolled inflammation(21, 23). This is especially evident in IBD, where PMN 

infiltration is a histopathological hallmark of active disease(21, 71, 72). A significant feature 

of active IBD is dysbiosis of the gut microbiota, with an accompanying shift in microbiota-

derived metabolites(73–75). Gut microbiota metabolites have been previously demonstrated 

to regulate the immune response, both locally in the gastrointestinal tract and 

systemically(76, 77). Of these metabolites, tryptophan derivatives, such as the indole and 

indole derivatives, have attracted significant attention for their ability to regulate multiple 

aspects of both innate and adaptive immunity(29, 78–81). Importantly, indole metabolites 

have been observed to be dysregulated in patients with active IBD and in mouse models of 

colitis, and restoration of depleted indoles in animal models of IBD reduce disease 

severity(29). These observations suggest that indole metabolites might be used both as a 

biomarker for disease and as a therapeutic.

In the present work, we demonstrate that MPO, both derived from primary human PMNs 

and recombinant enzyme, is inhibited by indoles at physiologic concentrations. This 

inhibition blocks generation of the oxidant HOCl and chlorination of tyrosine residues both 

in vitro and in vivo, and the effect of indole appears to be independent of PMN 

degranulation. As 3-chlorotyrosine is a biomarker that is indicative of PMN-associated 

tissue damage, this inhibition suggests a mechanism for the protective influence observed by 

histological examination of IPA-treated mice subjected to the colitogen DSS(10–12). This is 

supported by findings that indoles reduce expression of pro-inflammatory chemokines both 

in vitro and in vivo. Within this study, we further demonstrate that indoles bind to 

recombinant MPO, an observation reinforced by in vitro data showing that MPO inhibition 

by indoles is due to competitive inhibition. Such observations are consistent with previous 

work(37) showing that various indole ring substituted molecules inhibit the chlorinating 

activity of MPO. It is notable that the peroxidation activity of MPO proceeds through redox 

intermediates, termed MPO-I and MPO-II, where only MPO-I can oxidize chloride ion. 

Using spectral scanning, Ximenes et al. demonstrated that MPO inhibition by indole 

occurred through the accumulation of the redox intermediate MPO-II, which lacks 
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chlorinating activity. Taken together, the data presented herein provide a compelling 

argument for the mechanism by which indoles modulate PMN activity, and thereby acute 

inflammation, through regulation of the principle PMN inflammatory protein MPO. One 

possibility that cannot be excluded is the nonspecific interaction of cationic MPO and 

indole, which shows an effective negative charge at acidic pH values (82, 83). Given the 

specific binding of indole to MPO indicated by NMR and MST, we hypothesize that 

nonspecific electrostatic interactions do not fully account for the observed interaction; 

however, an increase in binding affinity promoted by electrostatic interactions remains a 

distinct possibility that should be explored further in future investigations.

The suppression of pro-inflammatory chemokines by indole metabolites in the in vivo DSS 

model of IBD suggests that indoles help alleviate the previously described positive feedback 

loop of inflammation mediated in part by MPO through bystander tissue damage (17, 18, 21, 

23). Given that unregulated MPO activity in the context of acute intestinal inflammation is a 

driving force for expression of pro-inflammatory cytokines and chemokines, it is logical that 

inhibition of MPO by indoles can indirectly suppress their induction through reduction of 

inflammatory stimuli. To this extent, MPO inhibitors have been commercially developed and 

have been shown to be beneficial in the treatment of extraintestinal inflammatory disorders, 

including pulmonary, endothelial, and neurological inflammatory diseases (84–86). 

Although the potential direct effect of indoles on pro-inflammatory gene expression cannot 

be discounted, as demonstrated by the cell permeable nature of indoles and their previously 

shown ability to influence mammalian transcription, we surmise that the direct inhibition of 

MPO by indoles is a major contributing factor to the decrease in pro-inflammatory 

chemokine expression and interruption of the MPO-driven inflammatory positive feedback 

loop through ameliorating bystander tissue damage (53, 54, 78).

The endogenous nature of indole metabolites and their ability to regulate MPO in a dose-

dependent manner may be evidence of co-evolution between gut bacteria and the host 

immune system. Selection pressure would result in the maintenance of mechanisms for 

avoiding an inappropriate immune response, such as the secretion of anti-inflammatory 

metabolites. This can be seen in the ability of other microbiota metabolites, such as SCFAs 

and polyamines, to exert anti-inflammatory influences on both the mucosa and immune 

cells(76, 87, 88). Given the ubiquity of indoles in the gut environment and their role in 

maintaining intestinal homeostasis, it would not be off base to surmise that the human GI 

tract has adapted to “require” these metabolites at certain concentrations for intestinal 

homeostasis. Indeed, the presence of microbial metabolites in other fluids, such as serum 

and cerebrospinal fluid, suggest that these metabolites may in fact regulate multiple bodily 

systems beyond the GI tract(89). IPA specifically has been previously assessed for its roles 

in ameliorating neurodegenerative disorders (such as Alzheimer’s Disease) and chronic 

kidney disease(90–93). Similarly, IAA has been linked to the reduction of inflammation in 

hepatocytes and macrophages, as well as prevention of nonalcoholic fatty liver disease(94, 

95). These observations suggest that diseases other than IBD may in fact be dependent on 

gut microbiota-derived metabolites, a concept supported by correlative studies that identify 

co-morbidity between IBD and extra-intestinal inflammatory disorders such as asthma and 

rheumatoid arthritis(96, 97). Future studies might consider the hypothesis that manipulation 
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of the gut microbiota and/or its metabolites may be a unified means of addressing varied 

inflammatory disorders(98, 99).

In summary, we have identified indole metabolites as a class of anti-inflammatory 

compounds through their regulation of the PMN protein MPO and demonstrated in vitro and 

in vivo that indoles at physiologic concentrations modulate MPO activity to prevent 

inflammation and diminish PMN-mediated bystander damage. From this perspective, indole 

and its metabolites appear to be promising candidates as selective and reversible inhibitors 

of MPO.
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3-Cl-Tyr 3-chlorotyrosine

4-ABAH 4-aminobenzoic acid hydrazine

ABTS 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium 

salt

DSS Dextran Sodium Sulfate

EC-HPLC Electrochemical Coulometric array detection coupled High 

Performance Liquid Chromatography

IAA Indole-3-acetic acid

IPA Indole-3-propionic acid

MPO Myeloperoxidase

MST Microscale Thermophoresis

PMA phorbol 12-myristate 13-acetate

PMN Polymorphonuclear leukocyte

rhMPO recombinant human MPO

STD-NMR Saturation Transfer Difference Nuclear Magnetic Resonance 

Spectroscopy
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Figure 1. Indole metabolites inhibit neutrophil myeloperoxidase activity.
(A) Primary human PMN lysates were incubated with or without indole derivatives at 1 mM, 

and myeloperoxidase (MPO) activity was measured by ABTS assay at 405nm. (B) 

Recombinant human MPO (rhMPO) was incubated in the presence various indole 

metabolites at various doses and measured by ABTS. Data represented as percent of 

maximum absorbance at 405nm. All concentrations of indole compounds significantly 

reduced A405 by one-way ANOVA (**** p < 0.0001). (C) Expression of il8 in T84 cells 

was evaluated by qRT-PCR after treatment with either 10 μg/mL rhMPO or rhMPO + 0.833 

mM indole as described in the Materials & Methods section. Gene expression was 

normalized to actb and compared with untreated control cells. p < 0.001 using t test (two 

tailed, two sample heteroscedastic).
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Figure 2. Indole and Indole 3-propionic acid (IPA) inhibit MPO-mediated tyrosine chlorination.
(A) EC-HPLC tracing of tyrosine and 3-chlorotyrosine. (B) Recombinant MPO and H2O2 

were reacted with free tyrosine in vitro and with varying concentrations of either indole or 

IPA. Chlorination of tyrosine was detected by EC-HPLC as demonstrated in Fig. 2A, with 

increased detection of 3-chlorotyrosine reflected in a greater detected peak area (y-axis). 

Decrease in peak area was significant for both indole and IPA at all concentrations tested. 

**** p < 0.0001 by one-way ANOVA.
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Figure 3. Indole interacts with and binds MPO by microscale thermophoresis (MST).
(A) Indole binds to rhMPO at a higher affinity compared to a commercially available MPO 

inhibitor, (B) 4-ABAH. MST assays yielded the indicated KD values: Indole: 272 ± 77.4 

μM; 4-ABAH: 409 ± 66.7 μM. Sixteen serial dilutions of every ligand were mixed with 

fluorescently labeled his-tagged rhMPO in standard capillary tubes. (Data are presented as 

mean ± SEM).
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Figure 4. Indole metabolites exhibit ligand binding to myeloperoxidase by NMR Saturation 
Transfer Difference (STD).
1D 1H-STD NMR spectra of 9 μM rhMPO in association with 1 mM aqueous solutions of 

the ligands (A) indole, (B) indole-3-propionic acid, (C) tryptophan, (D) 4-ABAH. The 

corresponding ligand structure is shown on top of each spectrum.
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Figure 5. Indole-3-propionic acid (IPA) alters intestinal crypt abscess and chemokine expression 
in a dextran sodium sulfate (DSS) colitis model.
(A) Staining of colon tissue from DSS-treated mice reveals significant inflammation-

associated alterations, including formation of large crypt abscesses (see inset); (B) Mouse 

colon samples were digested with Pronase overnight at 37 ˚C to yield free amino acids, and 

levels of chlorinated tyrosine (3-Cl-Tyr) in animals administered DSS were detected by EC-

HPLC (N = 5 mice/group). (C) Tissue chemokine expression in mice with treated with/

without DSS and with/without IPA was quantified using Olink proximity extension 

amplification. Results indicate that expression of pro-inflammatory chemokines is 

significantly increased in DSS colitis and decreased with the addition of IPA treatment. N = 

4–5 mice per group.
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Table 1:

qRT-PCR primers used in this study

Primer Name Fwd Seq. (5’–>3’) Rev Seq. (5’–>3’) Source

Human actb CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT Harvard PrimerBank ID# 4501885a1

Human il8 (cxcl8) TTTTGCCAAGGAGTGCTAAAGA AACCCTCTGCACCCAGTTTTC Harvard PrimerBank ID# 10834978a1
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