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ABSTRACT
Uremic toxins are a class of toxins that accumulate in patients with chronic kidney disease (CKD). 
Indoxyl sulfate (IS), a typical uremic toxin, is not efficiently removed by hemodialysis. Modulation of 
IS production in the gut microbiota may be a promising strategy for decreasing IS concentration, 
thus, delaying CKD progression. In the present study, we identified isoquercitrin (ISO) as a natural 
product that can perturb microbiota-mediated indole production without directly inhibiting the 
growth of microbes or the indole-synthesizing enzyme TnaA. ISO inhibits the establishment of 
H proton potential by regulating the gut bacteria electron transport chain, thereby inhibiting the 
transport of tryptophan and further reducing indole biosynthesis. This non-microbiocidal mechan-
ism may enable ISO to be used as a therapeutic tool, specifically against pathologies triggered by 
the accumulation of the microbial-produced toxin IS, as in CKD. Herein, we have shown that it is 
possible to inhibit gut microbial indole production using natural components. Therefore, targeting 
the uremic toxin metabolic pathway in gut bacteria may be a promising strategy to control host 
uremic toxin production.
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Introduction

In recent years, the drugging of the gut microbiota 
has been proposed as a promising strategy for the 
treatment of different human diseases. In 2015 and 
2018, Hazen and colleagues identified the first small- 
molecule antagonist for the critical initiating micro-
bial TMA lyase step in atherosclerosis development 
and thrombosis potential.1,2 In 2018, Jiang and 

colleagues reported that metformin acts in part 
through the gut microbiota (Bacteroides fragilis– 
GUDCA–intestinal FXR axis) to improve metabolic 
dysfunction.3 Their studies showed that targeting the 
gut bacterial metabolic pathway may be a promising 
strategy for the treatment of human disease.

Chronic kidney disease (CKD), with a total glo-
bal prevalence of 10%, has become a significant 
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public health issue.4–6 Indoxyl sulfate (IS), a typical 
protein-bound uremic toxin molecule produced by 
gut bacteria, is normally cleared from the body via 
renal excretion. This microbial-derived metabolite 
accumulates in the body when kidney function 
decreases. The concentrations of IS are normally 
maintained at 10– 130 mg/day in healthy 
individuals.7 However, in dialysis patients with 
end-stage renal disease, circulating IS levels are 20 
times higher than normal.8,9

IS not only acts as a biomarker for CKD, but also 
serves as an active participant in CKD 
pathogenesis.10,11 In rodent animal models, admin-
istration of IS induces the expression of genes 
related to renal tubulointerstitial fibrosis and glo-
merular sclerosis, as well as reduced renal 
function.12 In addition to being a uremic toxin, IS 
has attracted considerable attention as a risk factor 
for cardiovascular dysfunction in CKD 
patients,13,14 and high serum IS levels are correlated 
with metabolic and cardiovascular disease in people 
with CKD.15–17

Accumulating evidence has shown that CKD 
progression can be delayed by decreasing the cir-
culating levels of IS.18–20 The clinical treatment of 
end-stage renal disease has traditionally focused on 
the removal of toxins by dialysis, while alternative 
methods that inhibit uremic toxin production have 
not attracted much attention. Therefore, interven-
tions that can decrease IS production are of con-
siderable interest for their potential therapeutic 
benefit for the treatment of CKD and related car-
diovascular diseases.

In mammals, IS formation occurs via a three- 
step meta-organism pathway. Following nutrient 
ingestion, indole can be formed from dietary tryp-
tophan by intestinal bacteria tryptophanases 
(TnaA).21 Following absorption into the portal 
vein, indole is metabolized to indoxyl and then 
sulfated to IS in the host liver.22 Microbial trypto-
phan catabolites are important for homeostasis in 
the gut in non-CKD settings. These metabolites are 
known to have beneficial effects on host health. 
Indole has been shown to activate the immune 
system through the aryl hydrocarbon receptor.23 

Furthermore, indole also strengthens intestinal 
epithelial barrier,24 regulates enteroendocrine cell 
secretion,25 reduces intestinal inflammation, and 
stimulates intestinal motility. The latest evidence 

suggests that indole is relevant to human nonalco-
holic fatty liver disease, and can significantly reduce 
the severity of liver steatosis and inflammation.26

In terms of CKD, indole, a critical precursor of 
IS, is harmful to the body. Therefore, one appro-
priate approach to decrease IS levels is to reduce 
indole production in the gut. AST-120, a kind of 
absorbent, has been reported to absorb indole in 
the gut, thus, decreasing the amount of absorbed 
indole leading to decreased IS concentrations and 
delayed CKD progression.27,28 These reports have 
proven that decreasing gut indole production may 
be an attractive and promising strategy for delaying 
CKD progression. However, modulation of the gut 
microbial metabolic pathway and indole produc-
tion by small molecules has not yet been reported.

Isoquercitrin (quercetin-3-O-D-glucopyranoside; 
ISO) is a monoglucoside of the most abundant natural 
flavonoid, quercetin, and is widely distributed in 
herbs, fruits, vegetables, and plant-source beverages 
such as wine and tea.29,30 In the present study, we 
found that ISO, a small molecule flavonoid, can mod-
ulate the production of indole in gut bacteria through 
regulation of the gut bacteria electron transport chain.

Results

ISO inhibits indole formation in gut single bacterial 
cultures and polymicrobial cultures

As an intercellular signaling molecule, indole is pro-
duced by the degradation of tryptophan by a large 
number of gram-positive and gram-negative 
bacteria.31 Early researchers found that Escherichia 
coli could produce and secret indole into the culture 
supernatant.32 In addition, studies have shown that 
the abundance of Enterobacteriaceae in the gut of 
CKD mice is significantly increased. Therefore, we 
chose E. coli as a model bacterium to examine 
whether the presence of ISO could inhibit indole 
production in gut bacterial cultures. E. coli cultures 
were incubated with 50 μM, 100 μM, and 200 μM 
ISO for 1, 2, 4, 8, 20, and 24 h, followed by measuring 
the concentrations of indole in intracellular and 
supernatants using High performance liquid chro-
matography-fluorescence detector (HPLC-FLD). 
The effect of ISO on bacterial growth was also eval-
uated by measuring the optical density at 600 nm 
(OD600nm).
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We found that ISO significantly inhibited E. coli 
indole production in a concentration dependent man-
ner (Figure 1a), both in intracellular and supernatant 
samples taken from the bacterial cultures. 
Importantly, ISO was non-bactericidal and non- 
bacteriostatic (i.e. no antibiotic activity), as it did not 
inhibit bacterial growth (Figure 1b). ISO does not have 
a general effect on E. coli growth, but it does affect the 
ability of E. coli to produce indole. The IC50 of ISO for 
indole synthesis inhibition is 98.39 μM (Figure 1c). 
Thereafter, we explored the impact of ISO on indole 
production and bacterial growth using mixed bacteria. 
We chose mouse/rat cecal contents and feces as phy-
siological polymicrobial sources to test the inhibitory 
effect of ISO on indole production. To obtain fecal 
mixed bacteria and cecal mixed bacteria we collected 
cecal contents and feces from C57BL/6 mice and 
Sprague-Dawley (SD) rats. The polymicrobes were 
then treated with 200 μM ISO and anaerobically incu-
bated for 12 h and 24 h. ISO significantly inhibited 

indole production in gut polymicrobial cultures, but it 
did not inhibit the growth of bacteria (Figure 1d, 1e 
1 g, and 1h). The IC50 of ISO on indole synthesis is 
104.50 μM and 200.20 μM in fecal bacteria and cecal 
contents bacteria, respectively (figure 1(f,i)). These 
results showed that the ability of ISO to inhibit indole 
production in complex microbial communities is 
lower than that of single organism.

ISO does not directly inhibit tryptophanase activity 
but reduces exogenous tryptophan transport into 
bacteria

Indole is generated by TnaA, which can hydrolyze 
tryptophan into indole, pyruvate, and ammonia33 

in the tryptophan pathway.21 Thus far, TnaA is the 
only enzyme known to produce indole in bacteria, 
and TnaA-catalyzed indole production is done 
entirely within the bacteria.31

Figure 1. ISO significantly inhibits the production of indole by intestinal bacteria from different sources. (a) ISO used at 50, 100, and 
200 μM inhibited the production of indole in E. coli in a dose-dependent manner. Red line: control group, black line: 200 μM ISO-treated 
group, dark gray line: 100 μM ISO-treated group, and light gray line: 50 μM ISO-treated group. Red point: control group, blue block: 
200 μM ISO-treated group. (b) Colony-Forming Unit/ml (CFU/ml) of E. coli after an 8 h treatment with or without 200 μM ISO. Dose 
response curves and IC50 of indole production inhibition rate after (c) E. coli, (f) feces mixed bacteria and (i) cecal mixed bacteria co- 
incubated with ISO (25, 50, 100, 200, 400 μM) for 8 h. At 200 μM, ISO inhibited indole production in mixed intestinal bacterial samples 
collected from (d) mouse feces, (e) rat feces, (g) mouse cecal contents and (h) rat cecal contents. All the data were normalized with OD 
or intracellular protein. *P < .05, **P < .01, ***P < .001 vs. control group.
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We hypothesized that ISO might inhibit TnaA 
enzyme activity, thereby decreasing TnaA- 
catalyzed indole production. To test this hypoth-
esis, TnaA was extracted from E. coli, incubated 
with 200 μM ISO, and we determined the enzyme 
activity using an enzymatic reaction assay. We 
found that TnaA enzyme activity was not affected 
by ISO (P >.5; Figure 2a), thereby suggesting that 
ISO does not directly inhibit TnaA enzyme activity 
and does not interfere with the transformation of 
tryptophan to indole.

In gut bacteria, indole production generally 
depends on the presence of exogenous tryptophan, 
which is taken up into bacteria and converted into 
indole by TnaA.33 As the uptake of tryptophan into 
gut bacteria is another key pathway for indole pro-
duction, we postulated that ISO may intervene in 
the transportation of tryptophan into gut bacteria. 

Luria-Bertani (LB) medium contains approxi-
mately 0.51 mM tryptophan. After bacteria were 
treated with ISO for 1, 4, 8, and 24 h, we found 
that tryptophan consumption was significantly 
lower compared to the control group at 4– 24 h 
(Figure 2b). To further confirm the inhibitory effect 
of ISO on tryptophan consumption, the concentra-
tion of intracellular and extracellular (i.e. in the 
culture media) isotope labeled DL-tryptophan-D8 
(Trp-D8) was determined by Ultra-performance 
liquid chromatography coupled with triple- 
quadrupole tandem mass spectrometry (UPLC- 
TQ/MS). In this assay, 0.02 mL Trp-D8 (5 mM) 
was added to 0.48 mL LB medium (the final con-
centration of Trp-D8 was 200 μM) which was then 
incubated with E. coli and 200 μM ISO for 8 h. In 
ISO group, the intracellular Trp-D8 level was 
0.08 nmol/μg protein, which was lower compared 

Figure 2. ISO does not directly inhibit tryptophanase activity but reduces exogenous tryptophan transport into E. coli. (a) Effect of ISO 
on TnaA activity. AU = 1 μg indole produced/min/OD600nm of bacteria. (b) Effect of ISO on tryptophan consumption (left), and the 
change in concentration of isotope labeling DL-tryptophan-D8 in the intracellular fraction (middle) and supernatant (right) after an 8 h 
treatment with 200 μM ISO. Tryptophan (Trp) consumption (100%) was calculated as [initial tryptophan (μM) – supernatant 
tryptophan (μM)]/initial tryptophan concentration (μM). (c) Inhibitory effect of ISO on intracellular TnaA enzyme content. AU = 
1 μg indole produced/min/OD600nm of bacteria. (d) The influence of the absence or presence of cAMP (5 mM, 8 h) on the effects of ISO 
on tryptophan consumption (left) and indole production (right). (e) Effect of ISO on tryptophan consumption (left) and indole 
production (right) in E. coli after treatment with 0.5% PS80 for 8 h. (f) Anaerobic growth of E. coli and its indole-production curve (left), 
inhibition rates of indole biosynthesis in E. coli following treatment with ISO during different phases of growth (right). All the data were 
normalized with OD or intracellular protein. *P < .05, **P < .01, ***P < .001 vs. control group under the same experimental conditions. 
## P < .01, ### P < .001 vs. control group (0 μM ISO).
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with control group (0.80 nmol/μg protein). 
Similarly, in ISO group, Trp-D8 level in superna-
tant was 74.86 μM, which was higher compared 
with control group (51.64 μM). This result sug-
gested that ISO reduced the transport of trypto-
phan into bacteria.

Under physiological conditions, when exogen-
ous tryptophan is transported into bacteria, the 
presence of intracellular tryptophan induces TnaA 
gene expression and TnaA protein synthesis. 
Therefore, if exogenous tryptophan uptake was 
inhibited by ISO, intracellular TnaA protein 
amount would be downregulated. Following treat-
ment with ISO, intracellular TnaA levels in E. coli 
decreased significantly (Figure 2c). These data con-
firm that ISO intervenes in tryptophan consump-
tion and decreases intracellular TnaA levels, 
thereby decreasing indole production.

The second messenger cyclic adenosine mono-
phosphate (cAMP) can amplify and transduce sig-
nals in bacteria.34 In E. coli, the cAMP receptor 
protein (CRP) is activated after binding with 
cAMP, the CRP-cAMP complex regulates the tran-
scription of TnaA and TnaB.35 Exogenous cAMP 
(5 mM) promotes tryptophan consumption and 
indole production, which is likely due to increased 
TnaA/B gene expression and TnaA/B protein 
synthesis (Figure 2d). However, in the presence of 
cAMP, ISO still significantly inhibits tryptophan 
consumption and indole synthesis, thereby suggest-
ing that ISO does not directly act on TnaA gene 
expression and, thus, TnaA protein synthesis in 
E. coli.

Tryptophan is transported by TnaB permease, 
which is found in the bacterial plasma membrane 
and plays an important role in the transport of 
tryptophan. Polysorbate-80 (PS80), a nonionic sur-
factant, increases the permeability of the bacterial 
membrane.36,37 Therefore, in the presence of PS80, 
tryptophan directly passes through the bacterial 
membrane without the aid of TnaB permease. 
Accordingly, we hypothesized that in the presence 
of PS80 more tryptophan molecules would enter 
the bacteria, leading to attenuation of the inhibitory 
effect of ISO on tryptophan transport. As we pos-
tulated, tryptophan intake increased when 0.5% (v/ 
v) PS80 was added to the LB medium (Figure 2e). 
As a consequence, the inhibitory effect of ISO on 
indole production and tryptophan consumption 

decreased after treatment with 0.5% (v/v) PS80 
for 8 h.

Furthermore, we compared the inhibitory ability 
of ISO on indole production for different bacterial 
growth phases. After incubation for 1 h, bacterial 
growth fell into the log phase with significantly 
increased indole production (figure 2f). Co- 
incubation with log phase bacteria for 10 h resulted 
in approximately 80% inhibition of ISO. When ISO 
was co-incubated with lag phase bacteria, the inhi-
bition rate decreased to 50%. The inhibitory effect 
of ISO on indole-production almost completely 
disappeared when co-incubated with stationary 
phase bacteria for 10 h. These experiments sup-
ported the hypothesis that ISO represses trypto-
phan transport into bacteria.

ISO dissipates proton motive force by intervening in 
respiratory chain complex activity

The transport of exogenous tryptophan into bac-
teria requires the synergism of proton-motive force, 
which is generated by electron transport chains 
embedded in the bacterial membrane.38 Thus, we 
were curious to understand whether ISO inhibits 
tryptophan transport by decreasing the proton- 
motive force. We used fluorescence microscopy 
and a membrane potential probe, carbocyanine dye 
DiOC2 (3; 3,3ʹ-Diethyloxacarbocyanine Iodide) to 
analyze the cell membrane potential. At low con-
centrations, DiOC2(3) emits a green fluorescence in 
bacterial cells, but it becomes concentrated in cells 
with a normal membrane potential, causing the dye 
to self-associate and the fluorescence emission to 
shift to red. Freshly incubated E. coli cells exhibit 
medium-red staining by DiOC2(3), indicating 
a normal state of membrane potential (Figure 3(a, 
b)). After treatment with ISO for 1 h, bacteria 
showed weaker red fluorescence intensity, indicat-
ing decreased membrane potential. According to 
the ImageJ analysis, the proportion of red fluores-
cence intensity decreased from 20.08% to 6.69%. 
Similar results were obtained when bacteria were 
treated with the membrane potential dissipating 
agent carbonyl cyanide 3-chlorophenylhydrazone 
(CCCP) for 5 min.

According to the chemiosmotic hypothesis, elec-
trons flow through the respiratory chain embedded 
in the E. coli membrane and form a proton 
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gradient. Complex I is an important complex in the 
respiratory chain and can generate proton 
potential.39 The activity of bacterial membrane 
complex I was evaluated at 1 h or 8 h after incuba-
tion with ISO. Bacterial respiratory chain complex 
I activity decreased when E. coli was incubated with 
ISO for 1 h (Figure 3c).

NADH-ubiquinone oxidoreductase (complex I) 
is the core point for electrons to pass through the 
E. coli respiratory chain.40,41 Complex I is impor-
tant for the formation of the proton motive force in 
the bacterial membrane. Complex couples elec-
tron transfer from NADH to ubiquinone with the 
transport of four protons across the inner mem-
brane. Complex I converts NADH to NAD+ and 
protons, and the electrons liberated from this reac-
tion are shuttled to the respiratory chain. Thus, the 
NADH/NAD+ ratio is another way to reflect com-
plex I activity. If complex I activity is inhibited, the 
NADH/NAD+ ratio will increase because less 
NADH is catalyzed to NAD+. Consistent with 
results obtained on complex I activity, the 
NADH/NAD+ ratio increased significantly after 
E. coli was treated by ISO for 1 h (Figure 3d).

As the energy source in bacteria, adenosine tri-
phosphate (ATP), is synthesized by ATP synthase, 

which is driven by a proton gradient. The com-
plexes of the electron transfer system generate 
a proton potential, which drives ATP synthesis 
through ATP synthase (complex V).39 Thus, if 
ISO interferes with the proton gradient, ATP synth-
esis would decrease accordingly. To test this 
hypothesis, bacterial intracellular ATP was mea-
sured between 15 min and 2 h after co-incubation 
of E. coli and ISO (Figure 3e). ISO treatment sig-
nificantly decreased ATP content, thereby support-
ing the hypothesis that ISO interferes with the 
proton gradient and consequently intervenes in 
tryptophan transport.

Collectively, these experiments concur with the 
theory that ISO dissipates proton motive force by 
interfering with respiratory chain complex activity, 
which leads to reduced ATP production.

In principle, E. coli can utilize several terminal 
electron acceptors, including oxygen, trimethyla-
mine N-oxide (TMAO), and dimethyl sulfoxide 
(DMSO) in vitro. Under aerobic conditions, oxygen 
is the terminal electron acceptor. In the anaerobic 
state, TMAO and DMSO are external terminal 
electron acceptors in the respiratory chain.42,43 In 
the presence of terminal electron acceptors, alter-
native electrons will be supplied, which will 

Figure 3. ISO dissipates proton motive force by intervening in respiratory chain complex activity. (a) Representative images: effect of 
ISO and membrane potential dissipation agents on DiOC2(3)-uptake in E. coli after anaerobic incubation for 1 h. The upper panel shows 
untreated E. coli with normal membrane potential. The effects of treatments with 200 μM ISO and 10 μM CCCP are shown in the middle 
and lower panels, respectively. Scale bars: 500 μM. (b) Quantitative results of bacterial membrane potential in each group. (c) The 
activity of respiratory chain complex I in E. coli after incubation with 200 μM ISO for 1 or 8 h. (d) NADH/NAD+ ratio in E. coli after 
incubation with 200 μM ISO for 1 and 8 h. (e) Intracellular ATP content in E. coli after incubation with 200 μM ISO for 0 to 120 min. 
Experiments A to D were performed under anaerobic conditions. *P < .05, **P < .01, ***P < .001 vs. control group under the same 
experimental conditions.
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compensate for the ISO disturbed proton motive 
force dissipating effect. Therefore, terminal elec-
tron acceptors may attenuate the ISO induced pro-
ton motive force dissipating effect and indole 
production inhibition effect.

As shown above, under anaerobic conditions, 
ISO continuously inhibits indole synthesis in 
E. coli (Figure 4a), with 51.8%, 80.32%, and 
85.62% inhibition when the cells were cultured for 
1, 4, and 8 h, respectively. When E. coli was incu-
bated under aerobic conditions, more electrons 
were generated and a greater proton motive force 
was produced due to the presence of oxygen, which 
facilitated tryptophan consumption and indole 
synthesis (Figure 4(a,b)). Consequently, oxygen 
attenuates the inhibitory activity of ISO on trypto-
phan transport and indole production.

Similarly, in the presence of the electron recep-
tors DMSO and TMAO, tryptophan consumption 
and indole production were also enhanced (Figure 
4c, 4d, 4e, and 4f). As a result, DMSO and TMAO 
attenuated the inhibitory activity of ISO on trypto-
phan consumption and indole production.

Collectively, these data suggest that electron 
receptors attenuate the inhibitory potency of ISO 
on tryptophan consumption and indole production.

ISO inhibits indole and IS production in vivo

To validate our in vitro findings, we investigated the 
inhibitory effect of ISO on indole and IS production 
in vivo using intestinal microbiota transplantation 
to simulate the rapid growth of bacteria in C57BL/6 
mice. After removing the gut microbiota of normal 

Figure 4. The electron receptor attenuates the inhibitory effect of ISO on indole production. (a) E. coli and 200 μM ISO were co- 
incubated aerobically for 1, 4 and 8 h. Indole concentration in the culture supernatant (right) and the inhibition rate of indole 
production (left) are presented. (b) Tryptophan consumption (right) and the inhibition rate (left) in E. coli after incubation with 200 μM 
ISO for 8 h. (c and d) The influence of electron receptor, DMSO (0.5% or 1%), on indole production (c) and tryptophan consumption (d) 
and the corresponding inhibition rates in E. coli after incubation with 200 μM ISO for 8 h. (e and f) The influence of electron receptor, 
TMAO (40 mM), on indole production (e) and tryptophan consumption (f) and the corresponding inhibition rates in E. coli after 
incubation with 200 μM ISO for 8 h. All the data were normalized with OD. *P < .05, **P < .01, ***P < .001 vs control group under the 
same experimental conditions. ## P < .01, ### P < .001 vs. control group (0 μM ISO).

GUT MICROBES e1823800-7



mice and adenine-induced CKD model mice with 
an antibiotic cocktail, mice gut bacteria were recon-
structed with E. coli for 3 days, and then mice were 
treated with ISO (80 mg/kg) by oral gavage for 
6 days (normal mice) or 3 days (CKD model 
mice) (Figure 5a~5e). After ISO treatment, we 
found that fecal indole concentration in normal 
and CKD model mice significantly decreased from 
1.1 ng/mg to 0.5 ng/mg and 0.7 ng/mg to 0.4 ng/ 
mg, respectively.

In order to assess the efficacy of antibiotics in 
clearing a niche for subsequent colonization with 
E. coli, we plated mice feces on media in aerobic 
or anaerobic conditions to detect bacteria. In 
figure 5f, the results showed that the number of 
mice fecal bacteria was greatly reduced 3 days 

after antibiotics treatment, indicating the efficacy 
of antibiotics to remove gut bacteria. After E. coli 
colonization for 3 days, the mice fecal bacteria 
increased significantly, indicating the success 
colonization of E. coli. At the same time, fecal 
bacteria were detected after 3 days of E. coli 
colonization and ISO treatment, and it was 
found that the ISO group mice had a similar 
number of fecal bacteria as E. coli colonization 
group mice, suggesting that the ISO group had 
a similar colonization of E. coli. These results 
suggest that the significant decrease in fecal 
indole concentration in the ISO group was not 
due to the difference in the amount of bacterial 
colonization between the groups. These data sug-
gest that ISO inhibits indole production in vivo.

Figure 5. ISO inhibits indole and IS production in vivo. Schematic diagram of the experimental design and the indole content in mice 
feces after intestinal microbiota transplantation in (a and b) normal kidney function mice and (c and d) adenine-induced CKD model 
mice (n = 5 in each group). In Figure 5a, indole concentration was detected in day 7 and day 10, and the corresponding data was 
shown in Figure 5b. In Figure 5c, indole concentration was detected in day 7, and the corresponding data was shown in Figure 5d. *P < 
.05 vs. normal kidney function or CKD model group under the same experimental conditions. (e) Representative HPLC chromatogram 
of feces indole in each stage of this experiment. Light green, after given antibiotics cocktail to mice for 3 d; green, after given E. coli to 
mice for 3 d; pink, after given 80 mg/kg ISO to mice for 3 d or 6 d; blue, indole standard. (f) After antibiotics cocktail treatment and 
E. coli colonization, the colony-forming of mixed bacteria from mice feces mixed bacteria in aerobic or anaerobic conditions. Schematic 
diagram of the experimental design (g) and the plasma IS (h) and Creatinine (i) concentration of mice in each group after treatment 
with 80 mg/kg ISO for 4 weeks. Cr: Creatinine. Normal kidney function mice with or without ISO: n = 6, CKD model (adenine-treated) 
mice with or without ISO: n = 10. ***P < .001 vs CKD model (adenine-treated).
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We found that the plasma IS concentration in CKD 
model mice was significantly reduced after treatment 
with ISO (80 mg/kg) by oral gavage for 4 weeks. We 
used plasma creatinine (Cr) to reflect the kidney 
function of each group mice. The circulating levels 
of IS and plasma Cr in the normal kidney function 
mice ± ISO and in CKD model mice ± ISO was also 
measured (Figure 5g, 5h and 5i). These results shown 
that ISO doesn’t improve kidney function and clear-
ance of IS. Moreover, in mice with normal kidney 
function, ISO did not reduce circulating levels of IS.

Deglycosylation of flavonoid glycosides is critical for 
their inhibitory effect on indole production

Glycosides are the primary form of flavonoids in 
nature. To investigate the effect of conjugated gly-
cosides on the inhibitory effect of flavonoids, 

different kinds of flavonoid glycosides, including 
ISO, quercetin-3ʹ-O-glucoside, quercetin- 
7-O-glucoside, quercetin-3-O-rhamnoside (querci-
trin), quercetin-3-O-galactoside (hyperoside), and 
quercetin-3-O-rutinoside (rutin) were tested. 
Glucoside forms of flavonol quercetin, including 
ISO, quercetin-3ʹ-O-glucoside, and quercetin- 
7-O-glucoside, are potent inhibitors (> 70%) of 
indole production. However, non-glucoside conju-
gates, such as quercetin-3-O-rhamnoside (querci-
trin), quercetin-3-O-galactoside (hyperoside), and 
quercetin-3-O-rutinoside (rutin) were less potent 
inhibitors of indole production (Figure 6a).

E. coli has glucosidase activity and can hydrolyze 
the conjugated flavonol glucosides into aglycon and 
glucoside. Therefore, we further tested the ability of 
E. coli to hydrolyze the aforementioned flavonoid 
glycosides, leading to the release of aglycon and 

Figure 6. Deglycosylation of flavonoid glycosides is critical for their inhibitory effect on indole production. (a) The structure of flavonoid 
glycosides and the rate of indole production inhibition in E. coli after co-incubation with 200 μM flavonoid glycosides for 8 h. (b) The 
concentration of ISO and its aglycon, quercetin, after E. coli incubation with 200 μM ISO for 5 to 90 min. (c) The concentration of 
flavonoid glycosides and their aglycone, quercetin, after E. coli incubation with 200 μM flavonoid glycosides for 1 h (left) and 8 h (right). 
(d) The inhibition rates of E. coli co-incubated with 200 μM ISO, 200 μM quercetin, 200 μM glucose, or 200 μM quercetin plus 200 μM 
glucose on indole-production. (e) The inhibitory rates of ISO on indole production (left) and effect of ISO on OD600nm (right) of B. theta 
co-incubated with 200 μM ISO or 200 μM quercetin for 2, 8, and 24 h. (f) The concentration of ISO and its hydrolysis aglycone, quercetin, 
after 200 μM ISO incubation with B. theta for 2, 8, and 24 h. All the data were normalized with OD or intracellular protein.
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subsequent inhibition of indole production. As 
expected, we found that ISO was hydrolyzed to 
quercetin after incubation with E. coli (Figure 6b). 
The hydrolysis profiles of other flavonoid glyco-
sides are shown in Figure 6c. The glucoside glyco-
sides were hydrolyzed to different degrees after co- 
incubation with E. coli for 1 h, and were almost 
completely hydrolyzed after 8 h. However, the non- 
glucoside glycosides were not hydrolyzed by bac-
teria, and they still exist in prototype form (Figure 
6c). Therefore, we postulated that the glycoside 
hydrolysis is critical for the inhibitory effects of 
flavonoid glycosides.

As the above results showed that ISO could be 
hydrolyzed to glucose and quercetin, we postulated 
that ISO exerts its effect via glucose and quercetin. 
In order to confirm this hypothesis, E. coli were 
directly incubated with 200 μM glucose plus 
200 μM quercetin for 4, 8, and 24 h, and the inhibi-
tion rates were compared to 200 μM ISO (Figure 
6d). In contrast to our hypothesis, the results 
demonstrated that the combination of glucose and 
quercetin did not exhibit similar inhibitory effects 
as ISO. Indeed, the effect of ISO was more potent 
than the combination of quercetin and glucose.

Based on these data, we hypothesized that the 
inhibitory effect of ISO on indole production might 
also be associated with its deglycosylation activity. 
Therefore, ISO may exert its effect in three possible 
ways. First, the deglycosylation activity of ISO con-
sumes hydrogen (H) protons in the bacterial mem-
brane, which leads to decreased bacterial 
membrane potential and decreased tryptophan 
transport. Second, the deglycosylation activity of 
ISO releases aglycon quercetin, which may inhibit 
complex I activity and decrease bacterial membrane 
potential and tryptophan transport. Third, the 
deglycosylation activity of ISO will also release glu-
cose, which inhibits indole production through 
catabolite repression.

Bacteroides thetaiotaomicron (B. theta) also 
exists in the intestine and can produce indole. 
B. theta was incubated with ISO for 2– 24 h, and 
the inhibitory effect of ISO on indole production 
was evaluated. We found that the ISO-mediated 
inhibition of indole synthesis was abolished when 
co-incubated with B. theta (Figure 6e). However, 
quercetin was still able to inhibit indole production 
in B. theta, which is consistent with the effect of 

quercetin on E. coli. We hypothesized that ISO 
could not be hydrolyzed by B. theta and, therefore, 
could not inhibit indole production. Next, we eval-
uated the hydrolysis profile of ISO in B. theta. 
Consistent with our hypothesis, ISO was not hydro-
lyzed during co-incubation with B. theta (figure 6f). 
Therefore, ISO does not inhibit indole synthesis in 
B. theta, thereby supporting the hypothesis that 
glycoside hydrolysis is critical for the inhibitory 
effects of flavonoid glycosides.

Structure-activity relationship of natural flavonoids 
on indole production

The above data showed that ISO inhibits indole 
production after releasing its aglycone quercetin. 
We then evaluated the structure-activity relation-
ships of other flavonoid aglycones. Our data show 
that the inhibitory potency of myricetin and quer-
cetin exceeds 50% (Figure 7(a,b)), which is higher 
compared to other flavonol aglycones. The inhibi-
tory potencies of kaempferol (with only one OH- 
group in the B-ring) and galangin (with no OH- 
group on B-benzene) were only 20%. These data 
indicate that the phenolic hydroxyl group is impor-
tant for aglycone activity. Interestingly, the flavo-
noid aglycone with more phenolic hydroxyl groups 
showed increased inhibitory potency. When the 
para-OH of the B-ring phenolic hydroxyl group 
was methylated (tamarixetin and kaempferide), 
the inhibitory potency of the methylated aglycon 
decreased significantly.

In the flavonol aglycone molecule, C-3 is linked 
to an OH group. When the 3-OH group in the 
chromone moiety was absent (luteolin and kaemp-
feride), the inhibitory potency decreased signifi-
cantly, even in the presence of o-dihydroxy in the 
B-ring.

In addition, we were curious to learn whether the 
presence or absence of a 2,3-double bond would 
influence the inhibitory potency of aglycone. 
Therefore, we compared the inhibitory potencies 
of ampelopsin and taxifolin on indole production. 
As the inhibitory potencies of ampelopsin and taxi-
folin were lower than those of myricetin and quer-
cetin, respectively, it is reasonable to conclude that 
the presence of the 2,3-double bond is also impor-
tant for the inhibitory potency of flavonoid 
aglycone.
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Furthermore, when the 4-oxo group was absent 
in the C-ring, the inhibitory potency of flavonoid 
aglycone was almost eliminated, thereby suggesting 
that the 4-oxo group in conjugation with 
a 2,3-double in the C-ring is crucial for the inhibi-
tory effect of flavonoid aglycone.

Overall, the above data suggest that the following 
structural fundamentals of flavonoids are important 
for their indole-production inhibitory activity: the 
4-oxo group in conjugation with a 2,3-double bond 
in the C-ring, the presence of o-dihydroxy in the 
B-ring, and the 3-OH in C-ring. These key 

functional groups play important roles in the inhibi-
tory potency of flavonoid aglycone on indole 
production.

Discussion
The gut microbiota play an important role in health 
and disease. In recent years, significant progress has 
been made in the treatment of human diseases by 
targeting the gut microbiota. Studies by Hazen and 
colleagues provide evidence for the hypothesis that 
targeting gut microbiota-dependent TMA and 

Figure 7. Structure-activity relationship of natural flavonoids with respect to indole production. (a) The structure of flavonoid aglycone 
and the rate of indole production inhibition in E. coli after incubation with 200 μM flavonoid aglycone for 8 h. (b) The addition or 
subtraction of functional groups based on quercetin and their inhibition rates on indole production.
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TMAO synthesis through microbial TMA lyase 
inhibition might serve as a new strategy to reduce 
host thrombosis risk.1

In CKD patients, insufficient kidney clearance 
leads to high levels of uremic solutes present in 
the blood. IS is a representative uremic solute that 
is retained in patients with CKD patients.9 

Hemodialysis is commonly used to clear IS in 
CKD patients, but the outcome of hemodialysis is 
not satisfactory. Patients who undergo hemodialy-
sis have a low quality of life, and their average 
5-year survival rate is less than 50%.44 IS is not 
effectively removed by hemodialysis because it is 
tightly bound to plasma proteins. Kidney trans-
plantation is currently the best treatment option 
for end-stage nephropathy; however, this strategy 
is limited by the shortage of kidney donors, the high 
cost, and the extremely high incidence of organ 
rejection after surgery.45

Due to the limitations of the current best treat-
ment strategy, reducing the production of uremic 
solutes, including IS, represents a promising alter-
native method to slow CKD progression and 
increase the quality of life of patients. Uremic 
toxin adsorbents such as AST-120 can adsorb ure-
mic toxin precursors in the intestines and decrease 
uremic toxins in vivo.27 However, adverse reactions 
such as constipation, nausea, and vomiting limited 
the use of AST-120. In addition, probiotics can 
reduce the production of uremic toxins by regulat-
ing the intestinal microenvironment,46 but the 
effects of probiotics are not specific.

Indole is generated by the gut microbiota- 
mediated tryptophan metabolic pathway, and 
TnaA is the only known enzyme which participate 
in this process in gut bacteria. In 2016, Sonnenburg 
and Fischbach explored the possibility of regulating 
the level of IS precursors in the gut via antibiotic 
treatment combined with re-colonization by 
a tryptophanase-deficient strain. They reported 
that modulation of the microbiota lowered the 
amount of indole produced in the gut, thereby 
reducing IS levels in circulation and presenting 
a potentially novel strategy to delay the progression 
of CKD.11 Their study showed that the circulating 
uremic toxin, IS, can be modulated via rational 
genetic manipulation of the gut microbiota. 
However, regulation of the gut microbiota 

metabolism pathway and inhibition of uremic 
toxin synthesis by small molecules has not yet 
been reported.

In this study, we have identified a natural small- 
molecule that significantly inhibits gut microbiota- 
mediated indole production without affecting bac-
terial growth. Furthermore, this small molecule 
shows a distinct action profile compared to 
antibiotics.

Tryptophan uptake by bacteria requires 
a synergistic effect of the H proton potential. We 
found that ISO can inhibit complex I activity, 
which is a part of the electron transport chain in 
the bacterial membrane, thereby weakening the 
H proton potential and reducing tryptophan trans-
port into the bacteria. Subsequent experiments 
have shown that the presence of various electron 
acceptors attenuates the inhibitory potency of ISO 
on indole-production and tryptophan transport. In 
conclusion, ISO inhibits the establishment of 
H proton potential by regulating the gut bacteria 
electron transport chain, thereby inhibiting the 
transport of tryptophan and further reducing 
indole biosynthesis. Interestingly, ISO inhibits 
indole synthesis from three synergies, including 
the deglycosylation process, which may consume 
bacterial H protons as well as release aglycon quer-
cetin, which inhibits complex I activity47 and 
releases glucose, which act through catabolite 
repression48 (Figure 8).

In this study, 200 μM ISO was used in most 
experiments because we found that at this concen-
tration, ISO effectively inhibits indole synthesis 
without affecting bacterial growth. An adult has 
1– 2 L of body fluid entering the colon via the 
valvular ceca every day. Therefore, we estimated 
that a CKD patient needs to consume 92– 185 mg 
(1.5 mg/kg – 3 mg/kg assuming a bodyweight of 
60 kg) of purified ISO per day to maintain a final 
concentration of 200 μM in the intestinal fluid.

Research has shown that the proportion of the 
Enterobacteriaceae bacterial species is significantly 
increased in the intestines of patients with CKD. As 
a representative strain of the Enterobacteriaceae 
family, E. coli can produce indole eventually leading 
to an increase in uremic toxin IS in the patient’s 
plasma. We found that the effect of ISO is more 
significant when incubated with the bacteria in the 
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exponential growth stage. In the early stage of 
CKD, the Enterobacteriaceae family will show 
a significant expansion, which may exhibit expo-
nential growth characteristics. If CKD patients 
ingested ISO in the early stage of the disease, ISO 
may inhibit bacterial indole synthesis during the 
exponential growth stage, thus reducing the accu-
mulation of uremic toxin IS.

Microbiologists have generally assumed that “the 
yield of cells is directly proportional to the amount 
of ATP produced”. But later it was also proposed 
that “the correlation between ATP content and 
biomass formation in bacteria is often poor due to 
maintenance energy requirements and other ways 
of non-growth energy dissipation.”49

It has been assumed that all of the energy from 
catabolism can be used for growth; however, bac-
teria also expend energy on functions that are not 
directly growth related.49 ATP is the energy cur-
rency of the cell, providing energy for a variety of 
biological processes such as enzymatic reactions, 
synthesis of macromolecules, active transportation 
of many substrates.50,51 When bacterial ATP pro-
duction is interrupted, the bacteria will maintain its 
growth at the expense of other non-essential func-
tions. Just as we found in the present study, ISO 

could intervene the energy formation process of 
bacteria but did not impact cell growth. Moreover, 
ISO could inhibit the transportation of Trp and 
therefore decrease indole production. Based on 
these observations, we proposed that when bacter-
ial ATP production is interrupted, the bacteria will 
maintain its growth at the expense of other non- 
essential functions such as transporting of amino 
acids, which will keep the necessary energy for 
bacteria growth.

In conclusion, our investigation demonstrates 
that it is possible to inhibit gut microbial indole 
production with natural components, which is dif-
ferent from the action of antibiotics. Moreover, our 
study showed that targeting gut bacteria may repre-
sent the first step in modulating indole production 
in the gut and may contribute to delaying CKD 
progression.

Methods

Bacteria culture

The strain separated from healthy human feces was 
identified as E. coli by Sangon Biotech (Shanghai, 
China) based on 16S rDNA sequence analysis. The 

Figure 8. Schematic diagram of the action of ISO on indole production at the cellular level. The left panel displays bacterial biosynthesis 
of indole under normal conditions and the right panel displays bacterial biosynthesis of indole in the presence of ISO.
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isolated strain shares 100% sequence similarity to 
the E. coli strain NCTC8623. E. coli was streaked 
onto LB plates and incubated at 37°C in an anae-
robic workstation (AW200SG, Electrotek, UK), 
which was filled with mixed nitrogen (10% H2, 10% 
CO2, 80% N2). A single colony was inoculated into 
5 mL LB medium and grown overnight. The cul-
tures were diluted 1:100 using LB for the subse-
quent experiments. A 500 μL aliquot was seeded in 
a 1.5 ml Eppendorf tube and repeated in triplicate. 
E. coli cells were cultured in tubes in the presence or 
absence of ISO (200 μM, 100 μM, and 50 μM) at 37° 
C under anaerobic conditions. The OD600 was mea-
sured using a microplate reader (PerkinElmer, 
USA). B. theta ATCC 29,148 was obtained from 
Guangdong Microbial Culture Center 
(Guangdong, China) and grown in tryptic soy 
agar (TSA) plus 5% (volume/volume) sterile defi-
brinated sheep blood. Other preparations were pre-
pared as above. After co-incubated with or without 
200 μM ISO for 8 h, the bacteria were diluted in an 
appropriate gradient and plated on LB solid plate. 
Anaerobic culture for 24 h and the number of 
colonies were quantified.

Indole analysis

Culture supernatants (100 μL) were thoroughly 
mixed with 300 μL acetonitrile and centrifuged at 
12,000 rpm (4°C) for 10 min. The supernatants 
were analyzed with a HPLC-FLD (Waters, USA) 
using a 250 mm × 4.6 mm C18 column (Alltima, 
USA) and elution with acetonitrile (solvent A) and 
200 mM ammonium acetate (pH 4.5; solvent B) as 
the mobile phases at a flow rate of 1 mL/min, with 
a column temperature of 35°C. The eluting condi-
tions were 70% (A) and 30% (B). Based on this 
condition, the indole retention time was 4.4 min, 
and the fluorescence excitation and emission wave-
lengths were set at 270 nm and 340 nm, 
respectively.

Collection and incubation of mixed gut bacteria

SD rats and C57BL/6 mice were obtained from 
Vital River Laboratory Animal Technology Corp. 
(Beijing, China). All animal regulations were 
approved by the Animal Care and Use Committee 
of Nanjing University of Chinese Medicine. The 

rats and mice were permitted free access to purified 
water and rat-chow. Fresh feces and cecal contents 
were obtained from 8-week-old healthy rats or 
mice. All samples were processed immediately, 
mixed 1:4 (mg/mL) with aseptic physiological sal-
ine, then homogenized completely in a vortex oscil-
lator (Grant Instruments, EU) for 2 min. After 
centrifugation (200 g, 5 min, 4°C), the supernatants 
were used as the intestinal bacterial mixture after 
dilution with LB to reach an OD600 of 0.1.

Enzymatic reaction
The TnaA enzymatic reaction was performed as 
described earlier52,53 with minor changes. E. coli 
were collected by centrifugation at 10,000 rpm (4° 
C) for 3 min and resuspended in 0.5 mL (equal to 
the culture volume) phosphate buffer solution 
(0.2 M; pH 7.2). Bacteria were frozen at −80°C 
and thawed in a refrigerator. This freeze thaw 
cycle was repeated three times, then bacteria were 
further lysed by ultrasonification at 500 W with a 3 
s on, 10 s off pulse rate. This was repeated 5 to 7 
times and cell lysates were subsequently centrifuged 
at 4,500 rpm (4°C) for 10 min. The supernatant was 
incubated with 0.1 mL pyridoxal phosphate 
(100 μg/mL) for 10 min under anaerobic conditions 
at 37°C. Subsequently, 0.1 mL tryptophan (0.5 M) 
was added to the samples which were left to incu-
bate at 37°C for 30 and 60 min. Next, triple acet-
onitrile was added and mixed thoroughly to 
terminate the reaction and the samples were cen-
trifuged at 12,000 rpm for 10 min. The superna-
tants were used to measure the concentration of 
indole by HPLC-FLD. As reported in the 
literature,43,53,54 the units of TnaA enzyme activity 
were calculated as follows:

arbitrary units (AU) = 1 ug indole 
produced/min/OD600nm of bacteria.

Enzyme activity was normalized against bacteria 
with an OD value of 1.

Tryptophan analysis
UPLC-TQ/MS was used to quantify tryptophan and 
Trp-D8 (C/D/N Isotopes Inc., Quebec, Canada) in 
intracellular or culture supernatants. Centrifugation 
was carried out at 10,000 rpm for 5 min at 4°C to 
harvest the bacteria. The cell pellet was then washed 
three times with phosphate buffered saline (PBS), and 
lysed by ultrasonication after resuspension in 100 μL 
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PBS. The culture supernatants and bacterial lysates 
were added to triple acetonitrile to precipitate the 
proteins, mixed thoroughly, and centrifuged at 
12,000 rpm for 10 min. The supernatants were then 
analyzed by UPLC-TQ/MS to detect tryptophan 
concentrations.

Chromatographic analysis was performed on an 
Acquity UPLC BEH Chromatographic column 
(100 mm × 2.1 mm, 1.7 μM, Waters, Ireland) using 
an Acquity UPLC TM system (Waters, USA) for 
tryptophan detection. The mobile phase consisted 
of 0.15% (v/v) formic acid containing 5 mM ammo-
nium formate and 5 mM ammonium acetate (sol-
vent A) and acetonitrile containing 1 mM 
ammonium formate and 1 mM ammonium acetate 
(solvent B), with a flow rate of 0.4 mL/min. The 
elution conditions were set at 6% (A; v/v) and 94% 
(B; v/v) with a 2 μL injection volume. The tempera-
tures of the column and auto-sampler were 35°C and 
4°C, respectively.

Mass spectrometry analysis was performed using 
selective reaction monitoring (SRM) on a triple 
quadrupole mass spectrometer (TQ/MS; Waters, 
USA). The parameters for the test were as follows: 
capillary voltage, 3.0 kV; source temperature, 150°C; 
cone gas flow, 50 lh; desolvation temperature, 500°C; 
desolvation gas flow, 1000 l/hour; and collision gas 
flow 0.15 mL/min. The optimal detection conditions 
for the compounds are shown in Table 1.

Analysis of membrane potential

Membrane potential analysis was performed as pre-
viously described55 and with minor changes. After 
incubation, 500 μL of cell culture at an OD600 of 0.2 
were mixed with 500 μL PBS and 1 mM EDTA was 
added at 37°C for 2 min to weaken the outer mem-
brane. The cells were then stained with 60 μM DioC2 
(3) for 15 min. In addition, 5 μM CCCP was added as 
a control prior to staining for 5 min, resulting in the 

loss of the membrane potential. During the staining 
process, all samples were protected from light. After 
staining, 20 μL of the bacterial suspension was trans-
ferred onto a microslide and observed under 
a fluorescence microscope (OLYMPUS BX53, Japan).

Respiratory chain complex activity, NADH/NAD+, 
ATP, Cr and total protein content analysis in E. coli

E. coli was incubated with 200 μM ISO for 1 h and 
8 h. Centrifugation was carried out at 10,000 rpm 
for 5 min to collect bacteria. The bacterial pellet was 
then lysed by ultrasonication after resuspension in 
100 μL PBS. Respiratory chain complex activities 
were measured using a complex I assay kit (Suzhou 
Comin, Cat# FHTA-2-Y), the total protein content 
of bacteria was measured using a Bradford Assay 
Kit (Thermo Fisher Scientific, Cat# 23,200). After 
lysed, the supernatants were collected by centrifu-
gation at 10,000 rpm for 5 min, and then NADH/ 
NAD+ was measured using an NAD/NADH assay 
kit (Abcam, Cat# ab176723). E. coli was incubated 
with 200 μM ISO for 0.25– 2 h. Intracellular ATP 
was measured in the collected bacterial pellets using 
an ATP Assay Kit (Beyotime, Cat# S0026). The 
plasma creatinine (Cr) was measured using 
a creatinine assay kit (Nanjing Jiancheng 
Bioengineering Institute, Cat# C011-1-1).

Mice
All procedures were approved by the 
Institutional Animal Care and Use Committee 
of the Nanjing University of Chinese Medicine. 
An adenine-induced CKD model was estab-
lished in C57BL/6 male mice. The control 
mice were administered 0.5% (weight/volume) 
carboxymethyl cellulose (CMC-Na,) by oral 
gavage (0.1 mL per 10 g body weight) daily. 
The CKD model mice were administered 
50 mg/kg adenine, which was suspended in 

Table 1. Optimal detection conditions for compounds by UHPLC-TQ/MS.

Compound Name Ionization Mode
Parent ion 

/m·z−1

Daughter 
ion 

/m·z−1
Cone voltage 

/V

Collision 
energy 

/V
Retention Time 

/min

IS ES− 212.0319 79.9677 22 24 2.06
Chloramphenicol ES− 321.0958 151.7981 24 18 3.38
Tryptophan ES+ 205.0958 146.0958 16 18 1.51
Tryptophan-D8 ES+ 213.7981 141.3155 100 24 1.51
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0.5% (weight/volume) CMC-Na by oral gavage 
(0.1 mL per 10 g body weight) daily. After oral 
administration for 28 days, we found that the 
body weight of the model mice was significantly 
reduced compared to the control group. Mouse 
intestinal bacteria were removed using an anti-
biotic cocktail, as previously described.11 

HPLC-FLD analysis showed that after 3 days, 
fecal indole was undetectable (Figure 5c). E. coli 
were cultured overnight, bacteria were col-
lected, resuspended in LB media (108 CFU), 
and used as transplant material. Mice were 
inoculated daily with fresh transplant material 
(0.1 mL per 30 g body weight) and ISO 80 mg/ 
kg (0.1 mL per 10 g body weight) by oral 
gavage for 3 to 6 days. Fresh feces were col-
lected and the concentration of indole was 
detected by HPLC-FLD. The bacteria transplan-
tation protocol was performed in the same way 
for normal mice.

Indole content was measured in mouse feces as 
follows: fresh feces were collected and mixed 1:4 
(mg/mL) with aseptic physiological saline. After 
centrifugation (10,000 rpm, 5 min), the superna-
tants were thoroughly mixed with triple acetonitrile 
and centrifuged at 12,000 rpm for 10 min, and the 
supernatants were analyzed by HPLC-FLD.

Mice were randomized into 3 groups: 6 in the 
normal group, 10 in the adenine-induced CKD 
model group, and 10 for the ISO-treated group. 
After treatment with 80 mg/kg ISO for 4 weeks, 
blood was collected 24 h after the last scheduled 
treatment. After centrifugation (3,500 rpm, 
10 min), plasma was collected and mixed in a 10:1 
(v/v) ratio with 200 μg/mL of chloramphenicol as 
an internal standard, then mixed with triple acet-
onitrile and centrifuged at 12,000 rpm for 10 min. 
The supernatants were then analyzed by UHPLC- 
TQ/MS.

IS analysis
UPLC-TQ/MS was used to quantify tryptophan in 
intracellular and culture supernatants. 
Chromatographic analysis was performed on an 
Acquity UHPLC BEH C18 Chromatographic col-
umn (100 mm × 2.1 mm, 1.7 μM, Waters, Ireland) 
using an Acquity UPLC TM system (Waters, USA) 
for IS detection. The mobile phase consisted of 
0.15% (v/v) formic acid containing (solvent A) 

and acetonitrile (solvent B), with a flow rate of 
0.4 mL/min. The elution conditions were set to (0 
min – 1.0 min) 14% – 21% B, (1.0 min – 4.0 min) 
21% – 40% B, (4.0 min – 4.2 min) 40% – 95% B, 
(4.2 min – 5.0 min) 95% B (5.0 min – 5.2 min) 
95% – 14% B, (5.2 min – 5.5 min) 14% B. The 
injection volume was set at 2 μL. Other detection 
methods include tryptophan analysis. The optimal 
detection conditions for the compounds are shown 
in Table 1.

Flavonoid metabolism analysis

E. coli or B. theta was incubated with 200 μM 
flavonoids for 0– 8 h. The cultures were mixed 
with triple acetonitrile and centrifuged at 
12,000 rpm for 10 min. The supernatants were 
subsequently analyzed by UPLC. 
Chromatographic analysis was performed on an 
Acquity UPLC C18 Chromatographic column 
(100 mm × 2.1 mm, 1.7 μM, Waters, Ireland) 
using an Acquity UPLC TM system (Waters, 
USA). The mobile phase consisted of 0.1% (v/ 
v) formic acid (solvent A) and acetonitrile (sol-
vent B), with a flow rate of 0.4 mL/min. The 
gradient elution was as follows: 0– 3 min, 83% 
solvent A; 3– 5 min, 83% – 70% solvent A; 5– 
7 min, 20% solvent A; 7– 8 min, 83% solvent 
A with an injection volume of 1 μL. The tem-
peratures of the column and auto-sampler were 
35°C and 4°C, respectively, and the detection 
wavelength was set to 360 nm.

Data analysis
GraphPad Prism version 8.0 (GraphPad Software, 
San Diego, CA) was used for statistical analysis. All 
measurements were repeated in triplicate and per-
formed under the same experimental conditions. 
Data are expressed as the mean ± standard error 
mean (SEM). The nonparametric Mann-Whitney 
test was used to analyze the differences between 
groups, a P value < .05 was considered to be statis-
tically significant, and a P value < .01 was accepted 
as very statistically significant.

Acknowledgments

This work was supported by the National Natural Science 
Foundation of China (No. 81473408, 81773983) and the 

e1823800-16 Y. WANG ET AL.



Graduate Research Innovation Program of Jiangsu College 
(KYCX18_1626).

Disclosure of interest

The authors report no conflicts of interest.

Funding

This work was supported by the Postgraduate Research & 
Practice Innovation Program of Jiangsu Province [NO. 
KYCX18_1626]; National Natural Science Foundation of 
China [NO. 81473408]; National Natural Science Foundation 
of China [NO. 81773983].

ORCID

Jingao Yu http://orcid.org/0000-0003-0260-3334

References

1. Wang Z, Roberts AB, Buffa JA, Levison BS, Zhu W, 
Org E, Gu X, Huang Y, Zamanian-Daryoush M, 
Culley MK, et al. Non-lethal inhibition of gut microbial 
trimethylamine production for the treatment of 
atherosclerosis. Cell. 2015;163:1585–1595. doi:10.1016/ 
j.cell.2015.11.055.

2. Roberts AB, Gu X, Buffa JA, Hurd AG, Wang Z, Zhu W, 
Gupta N, Skye SM, Cody DB, Levison BS, et al. 
Development of a gut microbe-targeted nonlethal ther-
apeutic to inhibit thrombosis potential. Nat Med. 
2018;24:1407–1417. doi:10.1038/s41591-018-0128-1.

3. Sun L, Xie C, Wang G, Wu Y, Wu Q, Wang X, Liu J, 
Deng Y, Xia J, Chen B, et al. Gut microbiota and 
intestinal FXR mediate the clinical benefits of 
metformin. Nat Med. 2018;24:1919–1929. doi:10.1038/ 
s41591-018-0222-4.

4. Zhang L, Wang F, Wang L, Wang W, Liu B, Liu J, 
Chen M, He Q, Liao Y, Yu X, et al. Prevalence of chronic 
kidney disease in China: a cross-sectional survey. 
Lancet. 2012;379:815–822. doi:10.1016/s0140-6736(12) 
60033-6.

5. Liu ZH. Nephrology in china. Nat Rev Nephrol. 
2013;9:523–528. doi:10.1038/nrneph.2013.146.

6. Hoerger TJ, Simpson SA, Yarnoff BO, Pavkov ME, Rios 
Burrows N, Saydah SH, Williams DE, Zhuo X. The 
future burden of CKD in the United States: 
a simulation model for the CDC CKD initiative. Am 
J Kidney Dis. 2015;65:403–411. doi:10.1053/j. 
ajkd.2014.09.023.

7. Patel KP, Luo FJ, Plummer NS, Hostetter TH, 
Meyer TW. The production of p-cresol sulfate and 
indoxyl sulfate in vegetarians versus omnivores. Clin 

J Am Soc Nephrol. 2012;7:982–988. doi:10.2215/ 
cjn.12491211.

8. Duranton F, Cohen G, De Smet R, Rodriguez M, 
Jankowski J, Vanholder R, Argiles A. Normal and patho-
logic concentrations of uremic toxins. J Am Soc Nephrol. 
2012;23:1258–1270. doi:10.1681/asn.2011121175.

9. Sirich TL, Funk BA, Plummer NS, Hostetter TH, 
Meyer TW. Prominent accumulation in hemodialysis 
patients of solutes normally cleared by tubular 
secretion. J Am Soc Nephrol. 2014;25:615–622. 
doi:10.1681/asn.2013060597.

10. Vanholder R, Schepers E, Pletinck A, Nagler EV, 
Glorieux G. The uremic toxicity of indoxyl sulfate and 
p-cresyl sulfate: a systematic review. J Am Soc Nephrol. 
2014;25:1897–1907. doi:10.1681/asn.2013101062.

11. Devlin AS, Marcobal A, Dodd D, Nayfach S, 
Plummer N, Meyer T, Pollard KS, Sonnenburg JL, 
Fischbach MA. Modulation of a circulating Uremic 
solute via rational genetic manipulation of the gut 
microbiota. Cell Host Microbe. 2016;20:709–715. 
doi:10.1016/j.chom.2016.10.021.

12. Niwa T, Ise M. Indoxyl sulfate, a circulating uremic 
toxin, stimulates the progression of glomerular 
sclerosis. J Lab Clin Med. 1994;124:96–104.

13. Hung SC, Kuo KL, Wu CC, Tarng DC. Indoxyl sulfate: 
a novel cardiovascular risk factor in chronic kidney 
disease. J Am Heart Assoc. 2017:6. doi:610.1161/ 
jaha.116.005022.

14. Cao XS, Chen J, Zou JZ, Zhong YH, Teng J, Ji J, 
Chen ZW, Liu ZH, Shen B, Nie YX, et al. Association 
of indoxyl sulfate with heart failure among patients on 
hemodialysis. Clin J Am Soc Nephrol. 2015;10:111–119. 
doi:10.2215/cjn.04730514.

15. Barreto FC, Barreto DV, Liabeuf S, Meert N, 
Glorieux G, Temmar M, Choukroun G, Vanholder R, 
Massy ZA. Serum indoxyl sulfate is associated with 
vascular disease and mortality in chronic kidney disease 
patients. Clin J Am Soc Nephrol. 2009;4:1551–1558. 
doi:10.2215/cjn.03980609.

16. Lekawanvijit S, Adrahtas A, Kelly DJ, Kompa AR, 
Wang BH, Krum H. Does indoxyl sulfate, a uraemic 
toxin, have direct effects on cardiac fibroblasts and 
myocytes? Eur Heart J. 2010;31:1771–1779. 
doi:10.1093/eurheartj/ehp574.

17. Gao H, Liu S. Role of uremic toxin indoxyl sulfate in the 
progression of cardiovascular disease. Life Sci. 
2017;185:23–29. doi:10.1016/j.lfs.2017.07.027.

18. Yu M, Kim YJ, Kang DH. Indoxyl sulfate-induced 
endothelial dysfunction in patients with chronic kidney 
disease via an induction of oxidative stress. Clin J Am 
Soc Nephrol. 2011;6:30–39. doi:10.2215/cjn.05340610.

19. Hamano H, Ikeda Y, Watanabe H, Horinouchi Y, 
Izawa-Ishizawa Y, Imanishi M, Zamami Y, Takechi K, 
Miyamoto L, Ishizawa K, et al. The uremic toxin indoxyl 
sulfate interferes with iron metabolism by regulating 
hepcidin in chronic kidney disease. Nephrol Dial 
Transplant. 2018;33:586–597. doi:10.1093/ndt/gfx252.

GUT MICROBES e1823800-17

https://doi.org/10.1016/j.cell.2015.11.055
https://doi.org/10.1016/j.cell.2015.11.055
https://doi.org/10.1038/s41591-018-0128-1
https://doi.org/10.1038/s41591-018-0222-4
https://doi.org/10.1038/s41591-018-0222-4
https://doi.org/10.1016/s0140-6736(12)60033-6
https://doi.org/10.1016/s0140-6736(12)60033-6
https://doi.org/10.1038/nrneph.2013.146
https://doi.org/10.1053/j.ajkd.2014.09.023
https://doi.org/10.1053/j.ajkd.2014.09.023
https://doi.org/10.2215/cjn.12491211
https://doi.org/10.2215/cjn.12491211
https://doi.org/10.1681/asn.2011121175
https://doi.org/10.1681/asn.2013060597
https://doi.org/10.1681/asn.2013101062
https://doi.org/10.1016/j.chom.2016.10.021
https://doi.org/610.1161/jaha.116.005022
https://doi.org/610.1161/jaha.116.005022
https://doi.org/10.2215/cjn.04730514
https://doi.org/10.2215/cjn.03980609
https://doi.org/10.1093/eurheartj/ehp574
https://doi.org/10.1016/j.lfs.2017.07.027
https://doi.org/10.2215/cjn.05340610
https://doi.org/10.1093/ndt/gfx252


20. Yang K, Du C, Wang X, Li F, Xu Y, Wang S, Chen S, 
Chen F, Shen M, Chen M, et al. Indoxyl sulfate induces 
platelet hyperactivity and contributes to chronic kidney 
disease-associated thrombosis in mice. Blood. 
2017;129:2667–2679. doi:10.1182/blood-2016-10-744060.

21. Agus A, Planchais J, Sokol H. Gut microbiota regulation 
of tryptophan metabolism in health and disease. Cell 
Host Microbe. 2018;23:716–724. doi:10.1016/j. 
chom.2018.05.003.

22. Banoglu E, King RS. Sulfation of indoxyl by human and 
rat aryl (phenol) sulfotransferases to form indoxyl 
sulfate. Eur J Drug Metab Pharmacokinet. 
2002;27:135–140. doi:10.1007/bf03190428.

23. Shivanna S, Kolandaivelu K, Shashar M, Belghasim M, 
Al-Rabadi L, Balcells M, Zhang A, Weinberg J, Francis J, 
Pollastri MP, et al. The aryl hydrocarbon receptor is 
a critical regulator of tissue factor stability and an 
antithrombotic target in uremia. J Am Soc Nephrol. 
2016;27:189–201. doi:10.1681/asn.2014121241.

24. Bansal T, Alaniz RC, Wood TK, Jayaraman A. The 
bacterial signal indole increases epithelial-cell 
tight-junction resistance and attenuates indicators of 
inflammation. Proc Natl Acad Sci U S A. 
2010;107:228–233. doi:10.1073/pnas.0906112107.

25. Chimerel C, Emery E, Summers DK, Keyser U, 
Gribble FM, Reimann F. Bacterial metabolite indole 
modulates incretin secretion from intestinal enteroen-
docrine L cells. Cell Rep. 2014;9:1202–1208. 
doi:10.1016/j.celrep.2014.10.032.

26. Ma L, Li H, Hu J, Zheng J, Zhou J, Botchlett R, 
Matthews D, Zeng T, Chen L, Xiao X, et al. Indole 
alleviates diet-induced hepatic steatosis and inflamma-
tion in a manner involving myeloid cell PFKFB3. 
Hepatology. 2020. doi:10.1002/hep.31115.

27. Schulman G, Berl T, Beck GJ, Remuzzi G, Ritz E, 
Shimizu M, Shobu Y, Kikuchi M. The effects of 
AST-120 on chronic kidney disease progression in the 
United States of America: a post hoc subgroup analysis 
of randomized controlled trials. BMC Nephrol. 
2016;17:141. doi:10.1186/s12882-016-0357-9.

28. Sato E, Saigusa D, Mishima E, Uchida T, Miura D, 
Morikawa-Ichinose T, Kisu K, Sekimoto A, Saito R, 
Oe Y, et al. Impact of the oral adsorbent AST-120 on 
organ-specific accumulation of uremic toxins: LC-MS/ 
MS and MS imaging techniques. Toxins (Basel). 
2017;10:19. doi:1010.3390/toxins10010019.

29. Valentova K, Vrba J, Bancirova M, Ulrichova J, Kren V. 
Isoquercitrin: pharmacology, toxicology, and 
metabolism. Food Chem Toxicol. 2014;68:267–282. 
doi:10.1016/j.fct.2014.03.018.

30. Jurikova T, Sochor J, Rop O, Mlcek J, Balla S, Szekeres L, 
Adam V, Kizek R. Polyphenolic profile and biological 
activity of Chinese hawthorn (Crataegus pinnatifida 
BUNGE) fruits. Molecules. 2012;17(12):14490–14509. 
doi:10.3390/molecules171214490.

31. Lee JH, Lee J. Indole as an intercellular signal in microbial 
communities. FEMS Microbiol Rev. 2010;34:426–444. 
doi:10.1111/j.1574-6976.2009.00204.x.

32. Pinero-Fernandez S, Chimerel C, Keyser UF, 
Summers DK. Indole transport across Escherichia coli 
membranes. J Bacteriol. 2011;193:1793–1798. 
doi:10.1128/jb.01477-10.

33. Newton WA, Morino Y, Snell EE. Properties of crys-
talline tryptophanase. J Biol Chem. 
1965;240:1211–1218.

34. McDonough KA, Rodriguez A. The myriad roles of 
cyclic AMP in microbial pathogens: from signal to 
sword. Nat Rev Microbiol. 2011;10:27–38. doi:10.1038/ 
nrmicro2688.

35. Li G, Young KD. A cAMP-independent 
carbohydrate-driven mechanism inhibits tnaA expres-
sion and TnaA enzyme activity in Escherichia coli. 
Microbiology. 2014;160:2079–2088. doi:10.1099/ 
mic.0.080705-0.

36. Hugger ED, Novak BL, Burton PS, Audus KL, 
Borchardt RT. A comparison of commonly used poly-
ethoxylated pharmaceutical excipients on their ability to 
inhibit P-glycoprotein activity in vitro. J Pharm Sci. 
2002;91:1991–2002. doi:10.1002/jps.10176.

37. Rege BD, Kao JP, Polli JE. Effects of nonionic surfac-
tants on membrane transporters in Caco-2 cell 
monolayers. Eur J Pharm Sci. 2002;16:237–246. 
doi:10.1016/s0928-0987(02)00055-6.

38. Diaz E, Ferrandez A, Prieto MA, Garcia JL. 
Biodegradation of aromatic compounds by Escherichia 
coli. Microbiol Mol Biol Rev. 2001;65:523–569. table of 
contents. doi:10.1128/mmbr.65.4.523-569.2001.

39. Ohnishi T, Ohnishi ST, Salerno JC. Five decades of 
research on mitochondrial NADH-quinone oxidore-
ductase (complex I). Biol Chem. 2018;399:1249–1264. 
doi:10.1515/hsz-2018-0164.

40. Baradaran R, Berrisford JM, Minhas GS, Sazanov LA. 
Crystal structure of the entire respiratory complex I. 
Nature. 2013;494:443–448. doi:10.1038/nature11871.

41. Zickermann V, Wirth C, Nasiri H, Siegmund K, 
Schwalbe H, Hunte C, Brandt U. Structural biology. 
Mechanistic insight from the crystal structure of mito-
chondrial complex I. Science. 2015;347:44–49. 
doi:10.1126/science.1259859.

42. Hughes ER, Winter MG, Duerkop BA, Spiga L, Furtado 
de Carvalho T, Zhu W, Gillis CC, Buttner L, Smoot MP, 
Behrendt CL, et al. Microbial respiration and formate 
oxidation as metabolic signatures of 
inflammation-associated dysbiosis. Cell Host Microbe. 
2017;21:208–219. doi:10.1016/j.chom.2017.01.005.

43. Zhu W, Winter MG, Byndloss MX, Spiga L, 
Duerkop BA, Hughes ER, Buttner L, de Lima 
Romao E, Behrendt CL, Lopez CA, et al. Precision 
editing of the gut microbiota ameliorates colitis. 
Nature. 2018;553:208–211. doi:10.1038/nature25172.

e1823800-18 Y. WANG ET AL.

https://doi.org/10.1182/blood-2016-10-744060
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1007/bf03190428
https://doi.org/10.1681/asn.2014121241
https://doi.org/10.1073/pnas.0906112107
https://doi.org/10.1016/j.celrep.2014.10.032
https://doi.org/10.1002/hep.31115
https://doi.org/10.1186/s12882-016-0357-9
https://doi.org/1010.3390/toxins10010019
https://doi.org/10.1016/j.fct.2014.03.018
https://doi.org/10.3390/molecules171214490
https://doi.org/10.1111/j.1574-6976.2009.00204.x
https://doi.org/10.1128/jb.01477-10
https://doi.org/10.1038/nrmicro2688
https://doi.org/10.1038/nrmicro2688
https://doi.org/10.1099/mic.0.080705-0
https://doi.org/10.1099/mic.0.080705-0
https://doi.org/10.1002/jps.10176
https://doi.org/10.1016/s0928-0987(02)00055-6
https://doi.org/10.1128/mmbr.65.4.523-569.2001
https://doi.org/10.1515/hsz-2018-0164
https://doi.org/10.1038/nature11871
https://doi.org/10.1126/science.1259859
https://doi.org/10.1016/j.chom.2017.01.005
https://doi.org/10.1038/nature25172


44. Meyer TW, Hostetter TH. Uremia. N Engl J Med. 
2007;357:1316–1325. doi:10.1056/NEJMra071313.

45. Poesen R, Viaene L, Verbeke K, Claes K, Bammens B, 
Sprangers B, Naesens M, Vanrenterghem Y, Kuypers D, 
Evenepoel P, et al. Renal clearance and intestinal gen-
eration of p-cresyl sulfate and indoxyl sulfate in CKD. 
Clin J Am Soc Nephrol. 2013;8:1508–1514. doi:10.2215/ 
cjn.00300113.

46. Koppe L, Mafra D, Fouque D. Probiotics and chronic 
kidney disease. Kidney Int. 2015;88:958–966. 
doi:10.1038/ki.2015.255.

47. Lagoa R, Graziani I, Lopez-Sanchez C, Garcia-Martinez 
V, Gutierrez-Merino C. Complex I and cytochrome 
c are molecular targets of flavonoids that inhibit hydro-
gen peroxide production by mitochondria. Biochim 
Biophys Acta. 2011;1807:1562–1572. doi:10.1016/j. 
bbabio.2011.09.022.

48. Zhang S, Zhang W, Liu N, Song T, Liu H, Zhao X, 
Xu W, Li C. Indole reduces the expression of virulence 
related genes in Vibrio splendidus pathogenic to sea 
cucumber Apostichopus japonicus. Microb Pathog. 
2017;111:168–173. doi:10.1016/j.micpath.2017.08.032.

49. Russell JB, Cook GM. Energetics of bacterial growth: 
balance of anabolic and catabolic reactions. Microbiol 
Rev. 1995;59:48–62. doi:10.1128/MMBR.59.1.48-62.1995.

50. Schneider DA, Gourse RL. Relationship between 
growth rate and ATP concentration in Escherichia 
coli: a bioassay for available cellular ATP. J Biol Chem. 
2004;279:8262–8268. doi:10.1074/jbc.M311996200.

51. Bonora M, Patergnani S, Rimessi A, De Marchi E, 
Suski JM, Bononi A, Giorgi C, Marchi S, Missiroli S, 
Poletti F, et al. ATP synthesis and storage. Purinergic 
Signal. 2012;8:343–357. doi:10.1007/s11302-012-9305-8.

52. Sasaki-Imamura T, Yano A, Yoshida Y. Production of 
indole from L-tryptophan and effects of these com-
pounds on biofilm formation by Fusobacterium nuclea-
tum ATCC 25586. Appl Environ Microbiol. 
2010;76:4260–4268. doi:10.1128/aem.00166-10.

53. Krstulovic AM, Matzura C. Rapid assay for tryptopha-
nase using reversed-phase high-performance liquid 
chromatography. J Chromatogr. 1979;176:217–224. 
doi:10.1016/s0021-9673(00)85653-8.

54. Stewart V, Parales J Jr. Identification and expression of 
genes narL and narX of the nar (nitrate reductase) locus 
in Escherichia coli K-12. J Bacteriol. 1988;170:1589–1597. 
doi:10.1128/jb.170.4.1589-1597.1988.

55. Kirchhoff C, Cypionka H. Boosted membrane potential 
as bioenergetic response to anoxia in dinoroseobacter 
shibae. Front Microbiol. 2017;8:695. doi:10.3389/ 
fmicb.2017.00695.

GUT MICROBES e1823800-19

https://doi.org/10.1056/NEJMra071313
https://doi.org/10.2215/cjn.00300113
https://doi.org/10.2215/cjn.00300113
https://doi.org/10.1038/ki.2015.255
https://doi.org/10.1016/j.bbabio.2011.09.022
https://doi.org/10.1016/j.bbabio.2011.09.022
https://doi.org/10.1016/j.micpath.2017.08.032
https://doi.org/10.1128/MMBR.59.1.48-62.1995
https://doi.org/10.1074/jbc.M311996200
https://doi.org/10.1007/s11302-012-9305-8
https://doi.org/10.1128/aem.00166-10
https://doi.org/10.1016/s0021-9673(00)85653-8
https://doi.org/10.1128/jb.170.4.1589-1597.1988
https://doi.org/10.3389/fmicb.2017.00695
https://doi.org/10.3389/fmicb.2017.00695

	Abstract
	Introduction
	Results
	ISO inhibits indole formation in gut single bacterial cultures and polymicrobial cultures
	ISO does not directly inhibit tryptophanase activity but reduces exogenous tryptophan transport into bacteria
	ISO dissipates proton motive force by intervening in respiratory chain complex activity
	ISO inhibits indole and IS production in vivo
	Deglycosylation of flavonoid glycosides is critical for their inhibitory effect on indole production
	Structure-activity relationship of natural flavonoids on indole production

	Discussion
	Methods
	Bacteria culture
	Indole analysis
	Collection and incubation of mixed gut bacteria
	Enzymatic reaction
	Tryptophan analysis

	Analysis of membrane potential
	Respiratory chain complex activity, NADH/NAD<sup>+</sup>, ATP, Cr and total protein content analysis in E. coli
	Mice
	IS analysis

	Flavonoid metabolism analysis
	Data analysis


	Acknowledgments
	Disclosure of interest
	Funding
	ORCID
	References

