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Abstract Intestinal toxicity induced by chemotherapeutics has become an important reason for the

interruption of therapy and withdrawal of approved agents. In this study, we demonstrated that

chemotherapeutics-induced intestinal damage were commonly characterized by the sharp upregulation

of tryptophan (Trp)�kynurenine (KYN)�kynurenic acid (KA) axis metabolism. Mechanistically,

chemotherapy-induced intestinal damage triggered the formation of an interleukin-6 (IL-6)�indoleamine

2,3-dioxygenase 1 (IDO1)�aryl hydrocarbon receptor (AHR) positive feedback loop, which accelerated

kynurenine pathway metabolism in gut. Besides, AHR and G protein-coupled receptor 35 (GPR35) nega-

tive feedback regulates intestinal damage and inflammation to maintain intestinal integrity and homeosta-

sis through gradually sensing kynurenic acid level in gut and macrophage, respectively. Moreover, based

on virtual screening and biological verification, vardenafil and linagliptin as GPR35 and AHR agonists

respectively were discovered from 2388 approved drugs. Importantly, the results that vardenafil and lina-

gliptin significantly alleviated chemotherapy-induced intestinal toxicity in vivo suggests that chemother-

apeutics combined with the two could be a promising therapeutic strategy for cancer patients in clinic.

This work highlights GPR35 and AHR as the guardian of kynurenine pathway metabolism and core

component of defense responses against intestinal damage.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chemotherapy is still the main treatment for cancers. However,
chemotherapeutics are always accompanied with intestinal
adverse reactions including diarrhea, constipation and peptic ulcer
due to their non-selection, megadose and long-course, which
eventually lead to vicious malnutrition and cachexia, even shock
and death1e3. It was reported that over 40% of chemotherapy
patients suffer from intestinal toxicity in clinic, which has become
an important reason for the interruption of therapy or withdrawal
of approved chemotherapy agents4e6. However, unfortunately,
there remains lack of clinically effective intervention targets and
approach for the chemotherapeutics-induced intestinal injury7,8.

Metabolites contain the ultimate interactive information of
genome, transcriptome and proteome, and directly reflect the
characteristics of disease and external stimuli phenotypes9,10. Our
previous studies showed that intestinal damage induced by che-
motherapeutics severely disrupted multiple nutrient metabolisms,
including tryptophan11e13. Tryptophan (Trp) and its metabolites
play key roles in diverse physiological processes ranging from cell
growth and coordination of organismal responses to the environ-
ment and dietary14,15. Noteworthily, over 95% of the free Trp is
degraded through the kynurenine (KYN) pathway which plays key
roles in the regulation of immunity, neuronal function and intes-
tinal homeostasis15,16. The expanding knowledge on key functions
of Trp metabolism has revealed a number of therapeutic strategies,
mainly focusing on the development of IDO (the key enzyme of
catalyzing Trp to KYN) inhibitors in immuno-oncology17. How-
ever, the increasing failures of clinical trials with IDO inhibitors
for the additional undesirable symptoms, including intestinal
toxicity, rise a question regarding whether complete blockade of
Trp catabolism to KYN pathway may elicit tolerability18,19. Ul-
timately, a lack of clear understanding of the specific downstream
effector mechanism of Trp metabolism is the major obstacle in
drug development16.

In the central nervous system, the KYN pathway carries out its
physiological functions through N-methyl-daspartate receptor
(NMDAR) and a7 nicotinicacetylcholine receptor (a7nAChR),
while in peripheral tissues, aryl hydrocarbon receptor (AHR) and
GPR35 are its primary mediator15,16. AHR plays important roles
in various physiological processes, such as epithelial barrier
function, cell homeostasis and immune responses20,21. Although
KYN and kynurenic acid (KA), the main metabolites of the KYN
pathway, as AHR endogenous ligands, have been reported earlier,
they have not received adequate attention, as studies increasingly
focus on the role of AHR in microbial metabolism22,23. Besides,
GPR35, an orphan receptor discovered in 1998, is highly
expressed in gastrointestinal tract and plays various physiological
functions through binding to KA24,25. Currently, the identification
of GPR35 polymorphisms as a risk factor associated with in-
flammatory bowel disease (IBD) suggests that GPR35 is crucial in
maintaining intestinal homeostasis, nevertheless relatively little is
known about GPR3526. Interestingly, we found that different
chemotherapeutics-induced intestinal damage was commonly
characterized by the up-regulation of KYN metabolic pathway in
our preliminary experiments. The current pharmacological
research has demonstrated that AHR and GPR35 play indispens-
able and nonoverlapping roles in mediating metabolite func-
tions15. However, as the dual-sensor of the KYN metabolic
pathway, their potential interrelation in regulating intestinal
damage and repair remains enigmatic.

Here, we use functional metabolomics approaches to explore
the mechanism of occurrence and development of chemotherapy-
induced intestinal toxicity and seek effective therapies. Our study
demonstrates that AHR and GRP35 mediate and repair intestinal
damage with a KA gradient sensing mode. Because of sensitivity
difference of AHR and GRP35 with KA, colon tissue primarily
formed an IL-6eIDO1eAHR positive feedback regulation loop to
accelerate KYN and KA accumulation at the early stage of in-
testinal damage. Simultaneously, with the accumulation of KA,
GPR35 negative feedback regulates intestinal injury to promote
colon repair and maintain intestinal homeostasis through sensing
KA level selectively. More importantly, GPR35 and AHR agonists
were screened and identified from 2388 approved drugs, which

http://creativecommons.org/licenses/by-nc-nd/4.0/
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proved to be a promising intervention strategy for the intestinal
toxicity of chemotherapy in clinic.

This study has two main objectives. The first is to study the
mechanisms of TrpeKYNeKA axis in drug-induced intestinal
damage and self-repair using the functional metabolomics
method. The second is to discover new applications in alleviating
drug-induced intestinal damage from approved drugs based on the
functional mechanism studies. In order to investigate the change
of tryptophan metabolism profile in drug-induced intestinal
damage, we firstly constructed vincristine (VCR)-induced rat
ileus, irinotecan (CPT-11)-induced rat diarrhea and dextran sul-
phate sodium (DSS)-induced rat inflammatory bowel disease
(IBD) models, and the metabolites of colon tissue were quantified
by LCeMS/MS using twin-derivatization method. Human colonic
epithelial cells (NCM460 cell line) were used to detect the effects
of KYN and KA on wound healing, receptor internalization,
mRNA and protein expression, and co-culture of NCM460 and
THP-1 cells were used to simulate colon inflammation in vitro.
Subsequently, GPR35 and AHR agonists were discovered from
2388 approved drugs through virtual screening, clinical data
analysis and biological verification. Simultaneously, the pharma-
codynamic evaluation in vivo was performed on irinotecan-
induced rat diarrhea model. All cellular experiments were con-
ducted in triplicates independently, unless otherwise noted. Rats
were randomly assigned to control and treatment groups, no
blinding was carried out during experimental administration, and
no bias was performed during husbandry, diarrhea scoring and
tissue harvesting.
2. Materials and methods

2.1. Cell culture and co-culture

THP-1 cell line was obtained from American Type Culture
Collection (Manassas, VA, USA), and cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium (Gibco, Grand Island,
NY, USA) supplemented with 10% fetal bovine serum FBS
(Gibco) and 1 � HEPES buffer (Boster, Wuhan, China). NCM460
cell line was obtained from Nanjing Hongxin Biological Tech-
nology Co. Ltd. (Nanjing, China), and cultured in RPMI 1640
medium supplemented with 10% FBS and 1 mmol/L pen-
icillinestreptomycin. All cells were maintained at 37 �C in a
humidified atmosphere containing 5% CO2. All cells were iden-
tified at Shanghai Biowing Biotechnology Co. Ltd. (Shanghai,
China), sample codes were 20190122-01 and 20190625-01,
respectively.

THP-1 monocytes (1 � 106 cells/well) were seeded into the
upper chamber of 6-well transwell plate (0.4 mm pore size;
Corning, MA, USA), stimulated to differentiate into macrophages
by 100 ng/mL phorbol 12-myristate 13-acetate (PMA; Sigma, St.
Louis, MO, USA) for 48 h, followed by culturing with 1 mg/mL
lipopolysaccharides (LPS; Sigma) for 24 h. Simultaneously,
NCM460 cells (5 � 105 cells/well) were seeded into the lower
chamber to allow cells adherence to the walls. Then, the chambers
with THP-1-derived macrophages were placed directly on top of
six-well plates containing the NCM460 cells. NCM460 cells and
the supernatant were collected after co-culture systems were
treated with KA and KYN for 48 h for real-time PCR, Western
blotting and enzyme-linked immunosorbent assays (ELISA).
2.2. Cell viability and intestinal epithelial cell migration assays

Cells were seeded into 96-well plates with 5 � 103 cells/well and
adhered overnight. After vehicle and test compounds treatment for
48 h, 20 mL/well of MTT (5 mg/mL) was added and incubated for
another 4 h at 37 �C. Then, DMSO dissolved purple formazan
crystals, and the absorbance was measured at 490 nm by a
microplate reader (Tecan, Mannedorf, Switzerland).

Colonic epithelial cells (1 � 105 cells/well) were plated in
24-well plate, and maintained until the cells reached 90%e100%
confluent. Subsequently, a straight scratch across the cells mono-
layer was made using a sterile 20 mL pipette tip, and damaged cells
were removed by washing with PBS. The images of migrating
epithelial monolayers at the same spot were captured with an
inverted microscope (Nikon TS100, Tokyo, Japan) after test
compound and vehicle treatment for 0, 24 and 48 h. The relative
migration (%) was calculated according to the following Eq. (1):

Relative migration rate (%)Z (Wound area 0 h eWound area 24 or

48 h)/Wound area 0 h � 100 (1)

2.3. Receptor internalization analysis

The quantification of receptor internalization was performed by
measuring specific antibody-tagged receptor on cells surface using
flow cytometry. NCM460 cells were seeded into 6-well plates
(2 � 105 cells/well) and maintained overnight. Cells were
collected and washed with ice-cold PBS by centrifugation after
test compounds and vehicle treatment for 48 h. Afterwards, cells
of drug treatment groups were incubated with anti-GPR35 anti-
body (1:300, Proteintech, Chicago, IL, USA) and the negative
control was incubated with 3% BSA/PBS buffer at 4 �C for 1 h,
followed by all group cells were incubated with secondary anti-
bodies Alexa Fluor� 488 conjugate anti-rabbit lgG (Hþ L) (1:300,
CST, Boston, MA, USA) in 3% BSA/PBS buffer at 4 �C for 45 min
after cells were washed twice with ice-cold PBS. Finally, cells were
washed twice with ice-cold PBS and resuspended with 1% form-
aldehyde. Fluorescence intensity of 2 � 104 cells for each sample
was measured using FACSCalibur instrument (BD Biosciences, San
Jose, CA, USA). The percentage of internalized receptor was
calculated from surface receptor fluorescence values (F ) as
following Eq. (2):

Receptor internalization rate (%) Z (FControl group e FDrug group)/
(FControl group e FNegative group) � 100 (2)

2.4. Construction of stably silenced GPR35 and AHR gene cell
lines with shRNA

The human GPR35 and AHR gene silencing lentivirus was con-
structed and purchased from Shanghai GenePharma Co., Ltd.
(Shanghai, China), OrderID: LV2018-15661 and LV2019-14486,
and the oligonucleotide sequences are list in Supporting
Information Table S1. The lentiviral vector system contains
green fluorescence protein (GFP) and puromycin resistance genes,
which can be used to screen the infected cells.

Adhered NCM460 cells with 40%e50% confluent and
THP-1 cells (3 � 105 cells/mL) in 25 cm2 flask were transfected
with lentivirus at a multiplicity of infection (MOI) of 100, and
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incubated with RPMI1640 culture medium containing 10% FBS
(Gibco), 5 mg/mL polybrene (Sigma). Three days after infection,
the medium was replaced with fresh culture medium containing
2 mg/mL puromycin (Sigma), which was changed every 2 days
and terminated when the uninfected cells were completely dead.
GFP positive cells were observed under a fluorescence microscope
(Nikon TS100) and the silencing extent of target gene was
analyzed by Western blot.

2.5. Enzyme-linked immunosorbent assay

To quantify the levels of IL-6, IL-1b, TNF-a in culture superna-
tants, serum and colon tissue homogenates, ELISAwas performed
according to the manufacturer’s instructions (4A Biotech Co.,
Ltd., Beijing, China).

2.6. Homology modeling

Homology modeling was conducted in Molecular Operating
Environment (MOE, Chemical Computing Group Inc., Montreal,
Canada) v2018.0101. Template crystal structures of GPR35 and
AHR were identified through BLAST sequence alignment and
downloaded from RCSB Protein Data Bank (PDB ID were 5XSZ
and 5SY7, respectively). According to reports of the active binding
sites of GPR35 and AHR27,28, the protonation state of the protein
and orientation of the hydrogens were optimized by LigX at the pH
value of seven and the temperature of 300 K. First, the target
sequence was aligned to the template sequence, and ten indepen-
dent intermediate models were built. These different homology
models were the results of the permutational selection of different
loop candidates and side chain rotamers. Then, the intermediate
model which scored best according to the GB/VI scoring function
was chosen as the final model, and was subjected to further energy
minimization using the AMBER10: EHT force field.

2.7. Virtual screening

The dock module in MOE was used for virtual screening. The
homology model of AHR and GPR35 were defined as receptors
and the approved drugs in DrugBank Database (approximately
2388 downloadable molecules at the date of Nov, 2018) as VS
library. According to the “Lipinski’s rule of five”29, the drugs with
molecular weight more than 500 or less than 100, and the crystal
water and metal salt ions of complexes were removed. Prior to
docking, the force field of AMBER10:EHT and the implicit sol-
vation model of Reaction Field (R-field) were selected. The pro-
tonation state of the protein and the orientation of the hydrogens
were optimized by LigX module at the pH value of 7 and tem-
perature of 300 K. The docking workflow followed the “induced
fit” protocol, in which the side chains of the receptor pocket were
allowed to move according to ligand conformations, with a
constraint on their positions. The weight used for tethering side
chain atoms to their original positions was 10. For each ligand, all
docked poses were ranked by London dG scoring first, then a
force field refinement was carried out on the top 10 poses followed
by a rescoring of GBVI/WSA dG.

2.8. Animal experiments and sample collection

All animal studies and procedures were conducted in accordance
with the US National Institutes of Health Guide for the Care and
Use of Laboratory animals and approved by the Animal Ethics
Committee of China Pharmaceutical University (License No:
SYXK 2018-0019). Male SpragueeDawley (SD) rats at the age of
6e8 weeks were purchased from Vital River Laboratory Animal
Technology Co., Ltd. (Pinghu, China), permit Nos. SCXK (Zhe)
2018-0001 and SCXK (Zhe) 2019-0001, respectively. All rats
were housed in a temperature-controlled environment (24 � 2 �C)
for a week acclimation with a standard rodent diet under 12 h/12 h
dark/light cycle before the experiments started.

2.8.1. Vincristine-induced ileus model
The treatments and procedures of rat experiments were performed
as previous report of our laboratory30. Briefly, after acclimatiza-
tion, 32 SD rats were randomly divided into two groups (n Z 16).
Model group rats were administrated with VCR (0.2 mg/kg;
Zhejiang Hisun Chemical Co., Ltd., Zhoushan, China) by intra-
venous injection once every two days for eight days, and control
group rats were injected with the equivalent of saline simulta-
neously. The body weight were measured every day. Eight rats in
each group were subjected to phenol red gelatin to verify the
histological progress of paralytic ileus by investigating the
changes of rats gastric emptying (GE) and gastrointestinal transit
(GI) according to the previous description31. On Day 9 after blood
samples were obtained from the orbital venous plexus, rats were
sacrificed and colon tissues were collected.

2.8.2. Irinotecan-induced diarrhea model
CPT-11 was obtained as irinotecan hydrochloride (Jaripharm,
Lianyungang, China) and its injection was prepared according to
literature32. After acclimatization, 16 SD rats were randomly
divided into two groups (control group n Z 9, model group
n Z 7). Model group rats were administered with CPT-11 intra-
venously at the dosage of 150 mg/kg once a day for two
consecutive days, control group rats were injected with the
equivalent of vehicle simultaneously. Body weight and diarrhea
score of every individual were monitored twice every day. Diar-
rhea score was assessed according to the previous reports33. Blood
and colon tissue samples were collected on Day 5, the most severe
day of the late-onset diarrhea.

2.8.3. Dextran sulphate sodium-induced IBD model
After acclimatization, 16 SD rats were randomly divided into two
groups (n Z 8). Model group rats were administered with 5%
(w/v) DSS (MW Z 40 kDa; Aladdin, Shanghai, China) solution in
drinking water for 9 consecutive days, and control group were
received normal drinking water. Body weight and disease activity
index (DAI) were recorded daily. The DAI was determined by
combining the scores for body weight loss, stool consistency and
gross bleeding according to the previous reports34,35. On Day 9
after blood samples were obtained from the orbital venous plexus,
rats were sacrificed and colon tissues were collected.

2.8.4. Vardenafil and linagliptin intervention in drug-induced
intestinal damage
After acclimatization, 50 SD rats were randomly divided into five
groups (nZ 10).Model group ratswere intragastrically administered
with the equivalent of saline for 7 consecutive days, and intrave-
nously injected with CPT-11 at the dosage of 120mg/kg each day for
two consecutive days on Day 3. For the three drug intervention
groups, rats were intragastrically administered with vardenafil (Vard,
10 mg/kg), linagliptin (Linag, 3 mg/kg) and Vard þ Linag (10 and
3 mg/kg) respectively for 7 consecutive days and CPT-11 treatment
was the same as the model group. Control group rats were
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intragastrically administered with saline and intravenously injected
with vehicle as model group. As described above, body weight and
diarrhea score were monitored twice daily. Simultaneously, blood
and colon tissue samples were collected on Day 7.

All blood samples were centrifuged at 8000 rpm (Centrifuge
5430 R, Eppendorf, Hamburg, Germany) for 10 min after coag-
ulation for 1 h, then serum samples were aliquoted and stored at
�80 �C until preparation and analysis. For every colon tissue
sample, a portion were fixed in 10% formalin for histological
examination and the rest were stored at �80 �C for Western blot,
metabolomics and ELISA analysis.

2.9. LCeMS/MS quantify metabolite

2.9.1. Sample preparation and twin derivatization
For cell samples, cells were seeded into 10-cm dish, setting parallel
groups for normalization using BCA protein assay kit according to
the manufacturer’s instructions. After treatment, cells were
quenched with 3 mL cold methanol/H2O (80:20, v/v) at �80 �C for
10 min, followed by scraping and transference into a tube. Cell
suspension was subjected to vortex and ultrasonication thrice at
100 W for 5 min on ice, then the supernatant was collected after
centrifugation (12,000 rpm, 10 min, 4 �C; Eppendorf) and evap-
orated to dryness at 37 �C under nitrogen for further derivatization.
For rat samples, about 50 mg of each colon tissue sample was
homogenized with precooled saline (1:5, w/v) using a tissue ho-
mogenizer. Methanol was added to 50 mL tissue homogenate (10:1,
v/v), then the mixture was vortexed for 10 min to precipitate
protein and extract metabolites. All supernatant was collected after
centrifugation (12,000 rpm, 10 min, 4 �C; Eppendorf) and evap-
orated to dryness at 37 �C under nitrogen for further derivatization.
Meanwhile, to construct calibration curve, ten concentration levels
of each metabolite were prepared using their standards (Supporting
Information Tables S2 and S3). Blank biological substrates
(charcoal-treated colon homogenates and extracting solution of
cells) 50 mL was added to 100 mL corresponding standard solution,
then the protein precipitation, metabolite extraction and dryness
were the same as the rat sample preparation.

Samples derivatization was performed according to our pre-
vious study13, with a slight modification. The desiccated samples
were dissolved in 100 mL Na2CO3eNaHCO3 buffer (pH Z 10.5)
and reacted with 100 mL Dns-Cl (3 mg/mL; Sigma) at 60 �C for
60 min. Internal standard (IS) solution was prepared by labeling
nitrogen dried standards mixture (10 mg/mL Trp, 200 ng/mL KA,
100 ng/mL KYN for rat samples; 1000 ng/mL Trp, 500 ng/mL
KA, 500 ng/mL KYN for cell samples) with Dens-Cl solution
(100 mL, 5 mg/mL) (synthesized by our laboratory according to
Ref. 13) and carbonate buffer (100 mL, pH Z 11.5) incubated at
60 �C for 60 min. After cooling, the samples were spiked with
10 mL IS and extracted with one mL ethyl acetate by vortex for
10 min, centrifugation for 10 min in 8000 rpm (Eppendorf) and
the ethyl acetate (upper) layer was collected. Then samples were
dissolved in 100 mL mobile phase (MeOH, 10 mmol/L; NH4AC,
40/60) after evaporation by nitrogen at 37 �C. Samples was
injected into the LC system by autosampler and analyzed with
LCeMS/MS. All manipulations were performed under a lucifuge
environment.

2.9.2. LCeMS/MS analysis
Chromatography separation was performed on a C18 Column
(50 mm � 2.1 mm, 2.2 mm; Phenomenex Gemini, Torrance, CA,
USA) and the gradient program was set as follows with solvent A
(10 mmol/L NH4AC) and solvent B (MeOH): 0e6 min 40%e80%
B, 6e10 min 80% B, and 10e15 min 40% B. The injection vol-
ume was 5 mL and flow rate was 0.3 mL/min. The mass spec-
trometry analysis was performed on a triple quadruple TSQ
Quantum mass spectrometer with ESI source (Thermo Fisher,
Palo Alto, CA, USA), and the parameters were set as follows:
ESIþ, spray voltage 4.5 kV, capillary temperature 250 �C, scan
width for multiple-reaction monitoring (MRM) 0.2 m/z, sheath gas
pressure 30 arb (N2), aux gas pressure 7 arb (N2). Precursor ion
and product ion scan were performed in the automatic MS/MS
synchronized survey scan mode for structural confirmation. The
main parameters for MS/MS detection of each analyte were
summarized in Supporting Information Table S4.

2.9.3. Data analysis
The original LC�MS/MS data were processed by Xcalibur 3.0
software (Thermo Fisher) for peak detection and alignment. The
primary parameters were set as follows: retention time window,
0.5 min; integration smoothing points, 5; baseline window, 40;
area noise factor, 5; peak noise factor, 10. Other parameters were
set as default. A resulting matrix consisting of peak area was
generated and exported to an excel table. Calibration curves were
constructed by plotting the peakearea ratio of each metabolite to
its corresponding IS versus the concentrations of the metabolite in
each corresponding matrix. Then, the concentrations of metabo-
lites in each sample were calculated by their corresponding cali-
bration curve (Supporting Information Table S5). The metabolite
concentrations in the cell sample were normalized by quantifying
total cell protein, and metabolite concentrations in the colon
sample were normalized by tissue weight.

2.10. mRNA preparation and quantitative real-time RT-PCR

Total RNA was extracted from cells using RNAiso Plus (TaKaRa
Biotechnology, Dalian, China) according to the manufacturer’s
instructions. The RNA concentration was detected using Nano-
Drop 2000 (Thermo Fisher Scientific, Waltham, MA, USA), and
then 1 mg total RNA was reverse transcribed to complementary
DNA (cDNA) using PrimeScript™ RT reagent Kit (TaKaRa) ac-
cording to the manufacturer’s instructions. Subsequently, qRT-
PCR was performed using SYBR Green I Master (Roche Di-
agnostics, Basel, Switzerland) on a LightCycler 480 instrument
(Roche) following the manufacturer’s instructions. The relative
expression levels of target genes were calculated by the 2eDDCT

method, and normalized by b-actin in each sample. The primers
used in qRT-PCR are listed in Supporting Information Table S6.

2.11. Western blotting

Cells and tissues were lysed by radioimmunoprecipitation (RIPA)
buffer (Beyotime Biotechnology, Shanghai, China) containing
1 mmol/L phenylmethylsulfonyl fluoride (PMSF, Thermo Fisher
Scientific) on ice vortexed every 5 min for 30 min or homogenized
by a tissue homogenizer (Bioprep-24 homogenizer, Hangzhou,
China). The lysates were centrifuged at 12,000�g for 15 min at
4 �C, and then the protein concentrations of supernatants were
measured using a BCA protein assay kit (Thermo Fisher Scien-
tific), followed by the lysates were supplemented with sample
loading buffer (Beyotime Biotechnology) and denatured at 95 �C
for 10 min. Proteins (30 mg) were separated by
SDSepolyacrylamide gel electrophoresis on 8%e15% gel and
transferred to polyvinylidene difluoride membranes (0.2 mm,
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Millipore, MA, USA) using an electroblotting apparatus (Tanon
Science & Technology, Shanghai, China). The membranes were
blocked with 5% milk in PBS containing 0.1% Tween 20 (PBST)
for 2 h at room temperature and incubated with primary antibodies
(listed in Supporting Information Table S7) at 4 �C overnight.
After washed 3 times with PBST, the membranes were subjected
to secondary antibody conjugated to horseradish peroxidase
(HRP; Proteintech) for approximately 2 h at room temperature.
Then, the immunoreactive bands were visualized using an
enhanced chemiluminescence (ECL) system (Millipore) on a
Tanon 5200 chemiluminescent imaging system (Tanon Science &
Technology). Relative protein expression was calculated by
densitometric analysis using ImageJ software.

2.12. Immunohistochemistry and hematoxylin and eosin (HE)
staining

Colon tissues were fixed in 10% buffered formalin for 3 days,
embedded in paraffin and then sectioned at a thickness of 4 mm.
Sections were either subjected to HE staining or performed
immunohistochemistry. For HE staining, the sections were pre-
pared orderly by dewaxing with graded xylene and ethanols,
staining with HE solution, then dehydrating and mounting with
neutral resin. For immunohistochemistry, the sections were sub-
jected to deparaffinization, antigen retrieval and blocking with
goat serum, followed by incubating with anti-CD68 or anti-iNOS
rabbit polyclonal antibodies (Servicebio, Wuhan, China) overnight
at 4 �C. After washed with PBS, the sections were incubated with
HRP-conjugated goat anti-rabbit IgG secondary antibody (Invi-
trogen, Carlsbad, CA, USA) and the peroxidase reaction was
developed with diaminobenzidine (Dako, Copenhagen, Denmark).
Subsequently, the sections were counterstained with hematoxylin,
and the images were captured using an inverted microscope.

The key material and resources used in all experiment are
listed in Table S7.

2.13. Statistical analysis

Graphpad Prism 6.0 Software (GraphPad Software Inc., La Jolla,
CA, USA) was used for all statistical analyses. All experiments
were duplicated at least three times, and the results were presented
as mean � standard deviation (SD), unless otherwise specified.
Statistical analysis of cells migration were performed at the 48 h
point. Independent unpaired two-tailed Student’s t test was per-
formed to evaluate the differences between two groups. Multiple
group comparisons were analyzed using one-way analysis of
variance (ANOVA) with Bonferroni correction. A value of
P < 0.05 was considered statistically significant.

3. Results

3.1. Chemotherapy-induced intestinal damage interrupts
tryptophan metabolism

Considerable studies have shown that tryptophan and its metab-
olites play a vital role in maintaining intestinal homeostasis36. To
explore the change of tryptophan metabolism profile in
chemotherapy-induced intestinal toxicity, we constructed
vincristine-induced rat ileus model and irinotecan-induced rat
diarrhea model in this study. The results of rat body weight
reduction, gastric emptying and gastrointestinal transit
suppression, diarrhea score increase and histopathological changes
after drugs administration demonstrated that rats suffered severe
intestinal toxicity, and their gut were significantly damaged
(Supporting Information Fig. S1A and S1B). Then, we quantified
the KYN pathway of tryptophan metabolism based on the targeted
metabolomics analysis (Fig. 1A). We found that the levels of KYN
and KA in the colon were sharply raised after the chemothera-
peutics administration, and the fold change were 3e4 and 12e15,
respectively (Fig. 1B). These results indicate KYN and KA
dramatically accumulated in damaged gut.

To further explore whether this phenomena is a common feature,
we subsequently constructed dextran sulphate sodium-induced rat
IBD model (Fig. S1C), which is the most widely used among
experimental models of chemically induced intestinal damage.
Interestingly, KYN and KA levels in colon were also significantly
elevated in DSS-induced intestinal damage (Fig. S1D). Collectively,
the same change profile in the three models suggests that the up-
regulation of TrpeKYNeKA axis metabolism in damaged gut
was commonly characterized by diverse chemotherapeutics. To
further determinate the change of KYN pathway, we analyzed the
KYN/Trp ratio which was frequently used to reflect the activity of
IDO. The results show that KYN/Trp ratio was inordinately
increased in all three intestinal damage models (Fig. 1C), indicating
that the IDO activity or expression was promoted. These results
demonstrate that intestinal damage leads to the acceleration of Trp
catabolism via the KYN pathway.

3.2. TrpeKYNeKA axis plays an important role in colon cell
wound healing

Our previous studies found that damaged gut induced by
CPT-1112 and VCR respectively was significantly recovered after
termination of drug treatment, hypothesizing that there is a
mechanism of intestinal repair. However, the rationale remains
enigmatic. Currently, although the KYN metabolic pathway ex-
hibits a fascinating potential in various physiological and path-
ological processes such as energy homeostasis, mental health and
immune response15, little is known about the role of
TrpeKYNeKA metabolic axis plays in drug-induced intestinal
injury and repair.

Thus, we firstly researched the effects of KYN and KA on the
migration of monolayer colonic epithelial cell which is the
essential physiological process for tissue repair and homeostasis.
The results show that KYN and KA significantly promoted the
wound healing of human colonic epithelial cells (Fig. 1D;
Supporting Information Fig. S2A and S2B), suggesting that
TrpeKYNeKA axis plays an important role in maintaining in-
testinal integrity, at least partially. Naturally, these results make us
deeply interested in the rationale of KYN and KA accumulation in
damaged gut. Subsequently, we found that the level of IL-6 in
colon was dramatically elevated after rats were administrated with
VCR, CPT-11 and DSS (Fig. S2C). These results suggest that the
occurrence of tissue inflammation is possibly related to the
accumulation of KYN and KA in damaged gut. After treated with
IL-6, the KYN and KA level in NCM460 cells was observably
raised (Fig. 1E), which verified our supposition. In this case, we
detected the effect of IL-6 on cell migration, and found that IL-6
also significantly promoted wound healing of NCM460 cells
(Fig. 1F and Fig. S2D). To further reveal the relationship between
IL-6 and TrpeKYNeKA axis, we suppressed KYN metabolic
pathway using an IDO1 inhibitor 1-methyl-tryptophan (1-MT;
Fig. S2E). As the result demonstrates that the wound healing



Figure 1 TrpeKYNeKA axis plays an important role in colon cell wound healing. (A) Schematic diagram of TrpeKYNeKA metabolic axis

(upper panel). L-Trp, tryptophan; KYN, kynurenine; KA, kynurenic acid; IDO1, indoleamine 2,3-dioxygenase 1; KAT, kynurenine aminotrans-

ferase. The representative LCeMS/MS chromatogram of Trp, KYN and KA derivatives and their corresponding internal standards (under panel).

(B) LCeMS/MS quantitative analysis of Trp, KYN and KA concentrations in the colon of VCR-induced ileus and CPT-11-induced diarrhea

model rats (n Z 6e9). (C) The KYN/Trp ratio in rat colon used to reflect IDO1 activity (n Z 6e9). (D) Quantitative analysis of the migration

changes of monolayer NCM460 cells after KYN and KA treatment for 24 and 48 h, showing wound healing rate as compared with initial scratch

size (n Z 3). (E) LCeMS/MS quantitative analysis of the metabolic changes of Trp, KYN and KA in NCM460 cells after IL-6 treatment for 48 h

(n Z 3). (F) Quantitative analysis of the effect of IL-6 on monolayer NCM460 cell migration (n Z 3). (G) Quantitative analysis of the effect of

IDO1 inhibitor 1-MT (0.5 mmol/L) on NCM460 cell migration induced by IL-6 (n Z 3). Data are presented as mean � SD. Statistical analysis

was performed using Student’s t test. *P < 0.05, **P < 0.01 and ***P < 0.001.

Functional metabolomics reveal the role of AHR/GPR35-mediated kynurenic acid gradient sensing 769
promoted by IL-6 was markedly inhibited by 1-MT (Fig. 1G and
Fig. S2F). Taken together, our findings illuminate that IL-6 pro-
moted intestinal cell migration through accelerating the meta-
bolism of TrpeKYNeKA axis.

3.3. AHR positive feedback regulates KYN pathway metabolism
through sensing KYN and KA levels in gut

The environmental sensor AHR is widely expressed in various
tissues, especially in barrier systems such as the gut. Despite the
fact that AHR was initially described as a receptor for dioxin and
other xenobiotics, it is clear that AHR serves to drive a variety of
important physiological functions through sensing it’s endogenic
ligands22. In the following study, we demonstrate that AHR was
activated by KYN and KA through detecting the expression of
cytochrome P450 1A1 (CYP1A1; Supporting Information
Fig. S3A) which is an AHR target gene. Interestingly, KYN and
KA significantly promoted IL-6 protein and mRNA expression in
NCM460 cells, and the effects were dramatically inhibited when
AHR response was blocked by its specific inhibitor CH223191
(Fig. S3B and S3C). These results suggest that AHR mediates IL-6
expression in intestinal epithelial cells through sensing KYN and
KA. To further confirm this hypothesis, we firstly analyzed the
AHR response element in the IL-6 gene promoter regions based on
eukaryotic promoter database. As the results shown in Fig. S3D,
there is at least one binding site of AHR heterodimer (AHR:ARNT,
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AHR heterodimerization with ARNT and binding to DRE se-
quences of the target gene promoter to regulate transcription37) in
the promoter regions of the human IL-6 gene. Subsequently, we
performed knockdown of AHR expression (Fig. 2A). Consistently,
the results show that the increase of IL-6 protein and mRNA
Figure 2 IL-6eIDO1eAHR loop promotes the accumulation of KYN a

blot and RT-PCR analysis of IL-6 protein (A) and mRNA (B) expression in

for 48 h (n Z 3). (C) LCeMS/MS quantitative analysis of the effect of KA

Trp, KYN and KA induced by IL-6 in NCM460 cells (n Z 3). (D) West

expression of IL-6 induced by KYN in NCM460 cells. (E) RT-PCR ana

NCM460 cells that were pretreated with (or without) PF-04859989 for 2 h

form of IL-6eIDO1eAHR positive feedback loop accelerates TrpeKYN

STAT3 and phospho-JAK2 expression in NCM460 cells that were pr

(10 mmol/L) for 2 h prior to IL-6 treatment for 48 h. (H) RT-PCR analysis

(or without) AG490 for 2 h prior to IL-6 treatment for 48 h (n Z 3). (I)

AG490 or KYN metabolic pathway by 1-MT on IL-6 mRNA expression in

mean � SD. Statistical analysis was performed using Student’s t test. *P
expression induced by KYN and KA was significantly inhibited
after the AHR gene was silenced (Fig. 2A and B).

Since KA is a metabolite of KYN catalyzed by kynurenine
aminotransferase (KAT), we next clarified whether there is a
difference in AHR sensibility in response to KYN and KA levels.
nd KA through accelerating TrpeKYNeKA axis metabolism. Western

AHR knockdown NCM460 cells that were treated with KYN and KA

T inhibitor PF-04859989 (PF, 5 mmol/L) on the metabolic changes of

ern blot analysis of the effect of blocking KAT activity by PF on the

lysis of CYP1A1 (AHR target gene) and IL-6 mRNA expression in

prior to KYN treatment for 48 h (n Z 3). (F) The proposed schematic

eKA axis metabolism. (G) Western blot analysis of IDO1, phospho-

etreated with (or without) JAK2/STAT3 pathway inhibitor AG490

of IDO1 mRNA expression in NCM460 cells that were pretreated with

RT-PCR analysis of the effect of blocking JAK2/STAT3 pathway by

NCM460 cells stimulated by IL-6 itself (n Z 3). Data are presented as

< 0.05, **P < 0.01 and ***P < 0.001.
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Primarily, we inhibited KAT activity using its specific inhibitor
PF-04859989 (PF). As the results shown in Fig. 2C, cell KA level
was sharply reduced and KYN level was significantly increased
after PF treatment, indicating that the metabolism of KYN to KA
was blocked. Then, we treated colonic epithelial cells with various
concentrations of KYN. Clearly, we found that PF had no sig-
nificant effect on AHR activity, IL-6 protein and mRNA
Figure 3 Pathological inflammation plays a key role in triggering IL-6e

AG490 on NCM460 cell migration induced by IL-6 (n Z 3). (B) RT-PCR a

in combination with KYN or KA (25 mmol/L, respectively) for 48 h (n Z
previous reports39,40 to determine the synergistic effect of IL-6þKYN/KA

synergistic acceleration, >1.15 antagonistic suppression, 0.85e1.15 near

phospho-JAK2 expression in NCM460 cells treated with IL-6 (20 ng/mL)

Schematic construction of the co-culture intestinal inflammation model co

levels in the supernate of a (F) and b (J) co-culture systems were detected

analysis of IDO1 mRNA expression in the NCM460 cells of a (G) and b (K

analysis of IDO1 protein, phospho-STAT3 and phospho-JAK2 expression in

KYN treatment (n Z 3). (M) Western blot analysis of the expression of

ELISA detection of IL-6 level in the supernate of AHR knockdown THP-1

for 48 h (n Z 3). (O) The proposed schematic form of KYN and KA supp

AHR. Data are presented as mean � SD. Statistical analysis was perform
expression induced by KYN compared with KYN alone treatment
group (Fig. 2D and E). These results indicate that AHR has a
similar response sensitivity to KYN and KA.

According to the above results, we wonder whether there was a
positive feedback regulation loop, describing as IL-6 promotes
KYN pathway metabolism and AHR further promotes IL-6
expression through sensing KYN and KA levels, accelerating
IDO1eAHR loop formation. (A) Quantitative analysis of the effect of

nalysis of IDO1 mRNA expression in NCM460 cells treated with IL-6

3). (C) Combination index (CI) analysis was performed according to

on the expression of IDO1. CI values are interpreted as follows: <0.85

ly additive. (D) Western blot analysis of IDO1, phospho-STAT3 and

in combination with KYN or KA (25 mmol/L, respectively) for 48 h.

mbining NCM460 with THP-1 cells (E, a) or its supernate (I, b). IL-6

using ELISA method after KA and KYN treatment (n Z 3). RT-PCR

) co-culture system after KA and KYN treatment (nZ 3). Western blot

the NCM460 cells of a (H) and b (L) co-culture system after KA and

AHR in THP-1 cells after AHR gene knockdown using shRNA. (N)

cells that were induced by PMA, stimulated with LPS and KYN or KA

ressed LPS-induced IL-6 expression in macrophage through activating

ed using Student’s t test. *P < 0.05, **P < 0.01 and ***P < 0.001.



Figure 4 GPR35 regulates colonic epithelial cell migration through sensing KA level. (A) The proposed schematic form of the mechanism that

KYN and KA accumulated in damaged gut caused by chemotherapeutic toxicity. (B) The RPKM value (reads per kilobase per million mapped

reads) of GPR35 gene in human multifarious tissues based on NCBI Gene Database analysis was used to determine the tissue-specificity of all

protein-coding genes (n Z 2e7). (C) Western blot analysis of GPR35 protein expression in NCM460 cells after GPR35 gene knockdown. (D)

Quantitative analysis of the effect of GPR35 knockdown on KYN, KA and IL-6 induced monolayer NCM460 cell migration, showing wound

healing rate as compared with initial scratch size (n Z 3). (E) Western blot analysis of the phosphorylation of ERK1/2 in GPR35 knockdown

NCM460 cells after KYN, KA and IL-6 treatment for 48 h. Flow cytometry, wound healing and Western blot analyses of GPR35 receptor

internalization (left panel), cell migration (middle panel) and phospho-ERK1/2 expression (right panel) respectively in NCM460 cells that were

pretreated with (or without) PF-04859989 (PF, 5 mmol/L; F) or 1-MT (0.5 mmol/L; G) for 2 h prior to IL-6, or supplemented with KYN and KA

treatment for 48 h (nZ 3). Data are presented as mean � SD. Statistical analysis was performed using Student’s t test. *P < 0.05, **P < 0.01 and

***P < 0.001.
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the accumulation of KYN and KA in gut (Fig. 2F). To confirm this
hypothesis, we firstly explored the relationship between IL-6 and
IDO1 expression. The Western blot and RT-PCR analysis
demonstrate that IL-6 significantly promoted IDO1 protein and
mRNA expression. Besides, we observed that IL-6 markedly
promoted the phosphorylation of JAK2 and STAT3 expression in
colonic epithelial cells (Fig. 2G and H). Meanwhile, we also found
that there are multiple binding sites of STAT3 in the promoter
regions of the human IDO1 gene (Supporting Information
Fig. S4A). Thus, in order to further verify the role of the JAK2/
STAT3 pathway played in IL-6-induced IDO1 expression, JAK2/
STAT3 pathway specific inhibitor AG490 was utilized. We found
that IL-6 induced IDO1 protein and mRNA expression were
significantly inhibited by AG490 (Fig. 2G and H). Consistently,
the metabolic level of TrpeKYNeKA axis induced by IL-6 in
colonic epithelial cells was also significantly inhibited after
AG490 treatment (Fig. S4B). More importantly, IL-6 treatment
could significantly promote its own mRNA expression compared
with vehicle control. This effect could also be markedly blocked
when JAK2/STAT3 pathway or TrpeKYNeKA axis metabolism
was inhibited (Fig. 2I). Collectively, our results suggest that KYN
and KA serve as the core component of IL-6eIDO1eAHR pos-
itive feedback loop sensed by AHR.

3.4. IL-6eIDO1eAHR loop was driven in a pathological
inflammatory dependent mode

Positive feedback loop plays an important role in the cellular
signaling amplification and rapid switching38. Thus,
IL-6eIDO1eAHR regulation loop would accelerate the migration of
intestinal epithelial cells. Indeed, the cells wound healing was
significantly promoted during exogenous IL-6 administration, and the
speed was obviously slowed down when IL-6eIDO1eAHR loop
was blocked through interdicting JAK2/STAT3 pathway or
TrpeKYNeKA axis metabolism (Figs. 1G and 3A; Figs. S2F and
S4C). However, unexpectedly, the expression of IDO1 protein and
mRNA, the phosphorylation of JAK2 and STAT3 could not be
significantly induced by KYN or KA alone (Supporting Information
Fig. S5A and S5B). These results suggest that the IL-6eIDO1eAHR
positive feedback loopwas not generated effectively. Cogitatively, we
speculate that the autocrine IL-6 of intestinal cells induced by KYN
or KAwas not enough to drive the loop. Cytokines which produced
by pathological inflammationmight be a key trigger for the formation
of the IL-6eIDO1eAHR loop.

To prove this hypothesis, we administered intestinal epithelial
cells with KYN or KA at a concentration of 25 mmol/L supple-
mented with gradient IL-6. Interestingly, the results reveal that
KYN or KA further partly promoted IDO1 mRNA expression
under various concentrations of IL-6 stimuli compared with IL-6
alone treatment group (Fig. 3B). However, there wasn’t a signif-
icant change (P > 0.05). Circumspectly, we calculated the com-
bination index to evaluate their synergistic effect according to the
previous reports with a modification39,40. As the results demon-
strate, there was an obvious synergistic effect of combining KYN
or KAwith IL-6 on IDO1 expression when the administrated IL-6
concentration exceeded 2.5 ng/mL (Fig. 3C). Subsequently, we
examined the expression changes of loop’s related proteins after
combined application of KYN or KA with IL-6. The results
demonstrate that the expression of IDO1 and the phosphorylation
of JAK2 and STAT3 could be further promoted by KYN and KA
under the IL-6 condition (Fig. 3D), indicating that under the IL-6
environment, the increase of KYN and KA level successfully
trigger the formation of IL-6eIDO1eAHR loop. Besides, we also
found that consistent with that of IL-6, combining KYN or KA
with IL-1b or TNF-a also exhibited a similar effect on the
expression of IDO1 (except the combining of KYN with TNF-a),
although their effective concentration of synergy was difference
(Fig. S5C and S5D). Collectively, these results confirm that in-
flammatory environment was necessary to trigger the formation of
IL-6eIDO1eAHR positive feedback loop in gut.

3.5. AHR negatively mediates LPS-induced IL-6 expression in
macrophage

To better simulate the actual pathologic situation in vivo and reveal
the relationship between TrpeKYNeKA axis metabolism and
pathological inflammation, we constructed co-culture model of in-
testinal epithelial cells and macrophages. As Fig. 3E shows, we
firstly co-cultured PMA and LPS-pretreated THP-1 and NCM460
cells, meanwhile, KYN or KAwere administered. Unexpectedly, the
results show that IL-6 production of co-culture system, IDO1 pro-
tein and mRNA expression and JAK2 and STAT3 phosphorylation
of NCM460 cells were significantly inhibited after KYN and KA
treatment (Fig. 3FeH). However, in the non-LPS-pretreated THP-1
and NCM460 cells co-culture system, the IL-6 level was partially
elevated, and IDO1 protein and mRNA expression and the phos-
phorylation of JAK2 and STAT3 were not noticeably changed after
the KYN and KA treatment (Fig. 3FeH). We speculate that this
effect might be caused by AHR negatively regulate LPS-induced
IL-6 expression in macrophages. Thus, we established another co-
culture system, shown in Fig. 3I, where NCM460 cells were
cultured with the supernatant of LPS-pretreated macrophage. Sur-
prisingly, we found that the IL-6 level, IDO1 protein and mRNA
expression and the phosphorylation of JAK2 and STAT3 in different
modules had a rising trend after KYN and KA application
(Fig. 3JeL). To further confirm the role of AHR inmacrophages, we
silenced AHR gene expression (Fig. 3M). Consistently, we observed
that IL-6 expression induced by LPS was significantly inhibited by
KYN or KA, and this effect was abolished after AHR knockdown
(Fig. 3N). These results demonstrate that in contrast to intestinal
epithelial cells, in macrophage KYN andKA inhibited LPS-induced
IL-6 expression through activating AHR (Fig. 3O). What’s more,
IL-6 produced by macrophage could serve as the initiating impetus
to drive the formation of the IL-6eIDO1eAHR loop, for its far
more than that secreted by intestinal epithelial cells (Fig. 3F and J).

3.6. GPR35 negative feedback regulates intestinal damage
through sensing KA level selectively

By now, we have uncovered the role of KYN and KA in the in-
testinal epithelial cells migration and revealed the potential reason
for their accumulation after drug-induced intestinal injury. How-
ever, the mechanism of gut tissue repair after damage was still
unclear (Fig. 4A). To explore this, we primarily analyzed the gene
expression of normal human tissues based on NCBI Gene Data-
base. Fascinatingly, we found that GPR35 highly expressed in the
human gastrointestinal tract41 (Fig. 4B). GPR35 is a poorly
characterized G protein-coupled receptor that has been shown to
be activated by KA at micromolar concentrations which can be
achieved in peripheral tissues under pathological condition25,42.
To clarify whether GPR35 plays a key role in regulating damaged
gut repair through sensing KYN pathway metabolism, we firstly
performed knockdown of GPR35 gene expression in intestinal
epithelial cells (Fig. 4C). After treatment, we found that the
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migration of NCM460 cells promoted by KYN, KA and IL-6 were
markedly suppressed (Fig. 4D; Supporting Information Fig. S6A).
More importantly, we observed that the phosphorylation of
extracellular signal-regulated kinase 1/2 (ERK1/2), one of the
downstream effector molecules of GPCR42,43, was significantly
promoted after KA, KYN and IL-6 treatment. All these effects
were markedly inhibited when the GPR35 gene was silenced
(Fig. 4E). Considering the promotion effect of IL-6 on the KYN
metabolic pathway, we subsequently inhibited IDO1 activity and
JAK2/STAT3 pathway respectively. Interestingly, we found that
GPR35 internalization which is frequently used to characterize
GPR35 response43 was significantly increased after IL-6 admin-
istration. However, this effect was markedly blocked when cells
were pretreated with 1-MT or AG490 (Fig. S6B). Moreover, the
phosphorylation of ERK1/2 induced by IL-6 was also inhibited
after KYN pathway metabolism is blocked (Fig. S6C). Scrupu-
lously, we also used a specific GPR35 inhibitor (ML194) for
further verification. Consistently, the results demonstrated that cell
migration, GPR35 internalization and ERK1/2 phosphorylation
induced by KYN and KAwere significantly suppressed by ML194
(Fig. S6D�S6F). Collectivity, these results demonstrate that
GPR35 serves as the guardian of the kynurenine pathway meta-
bolism and plays a key role in intestinal wound healing.

In order to further clarify the selectivity of GPR35 in response
to KYN and KA, a program of irritant application was adminis-
tered in intestinal epithelial cells. We primarily inhibited Trp
catabolism to KYN pathway by 1-MT, followed by KYN or KA
was supplemented after IL-6 treatment. The obvious inhibiting
effect of 1-MT on IL-6 induced GPR35 response was found. In-
testinal cells migration and ERK1/2 phosphorylation were also
dramatically recovered after supplementing with KYN and KA
separately in 1-MT þ IL-6 group (Fig. 4F and Supporting
Information Fig. S7A). Subsequently, we inhibited KYN meta-
bolism using PF. Consistent with IDO1 inhibition, when KATwas
suppressed, IL-6 induced GPR35 response, intestinal cells
migration and ERK1/2 phosphorylation were all significantly
inhibited (Fig. 4G and Fig. S7B). Interestingly, there was no
obvious recovery when KYN was supplemented in PF þ IL-6
group. However, it was quite different when KYN was replaced by
KA (Fig. 4G and Fig. S7B). Finally, the effect of KYN and KA
alone without the influence of IL-6 was also explored. We found
that inhibiting KAT had no significant effect on KA induced
GPR35 response, intestinal cell migration and ERK1/2 phos-
phorylation. Nevertheless, GPR35 response, cell migration and p-
ERK1/2 expression induced by KYN were significantly repressed
when KAT activity was blocked. Additionally, these effects could
be dramatically reverted after supplementing with KA in
PF þ KYN group (Fig. S7C�S7E). All the above results reveal
that GPR35 promotes the repair of damaged gut through sensing
KA selectively.

3.7. AHR and GPR35 sense KA in a gradient mode to feedback
regulate intestinal damage

Metabolic adaptations could defend cellular, tissue, and systemic
homeostasis through specific sensors by monitoring the change of
endogenous metabolites44,45. Here, our study demonstrates the
dramatic accumulation of KYN and KA in damaged gut, which
stress AHR/GPR35 systems response. Thus, to further uncover the
metabolic regulation of KYN pathway in chemotherapeutics-
induced intestinal damage, we explored the sensitivity difference
of AHR and GPR35 in response to KA level. As the results
demonstrate that the EC50 of GPR35 response to KA was
46.16 mmol/L far exceeding the value of 11.44 mmol/L of AHR
response (Fig. 5A and B), suggesting the characteristic of gradient
sensing of AHR and GPR35 to KA level in gut (Fig. 5C).
Collectively, the mechanism of AHR and GPR35 feedback regu-
late intestinal injury to maintain intestinal homeostasis through
gradiently sensing KA level was depicted (Fig. 5D). At the initi-
ation of drug-induced intestinal damage, macrophage infiltrated
into injured tissues and produced abundant IL-6, which acceler-
ated KYN pathway metabolism through promoting IDO1
expression via JAK2/STAT3 pathway. The increase of KYN and
KA were primarily sensed by AHR. Activated AHR promoted
IL-6 autocrine in intestinal cells, which triggered the formation of
the IL-6�IDO1�AHR positive feedback loop and further accel-
erated the KYN pathway metabolism. Subsequently, GPR35
negative feedback regulated intestinal damage through specifically
sensing KA level. It is worth noting that AHR negatively regulated
LPS-induced IL-6 expression in macrophage (Fig. 3O), in contrast
with colon cells. These results constitute a rationale of defense
responses against intestinal damage.

3.8. Discovering AHR and GPR35 agonists from approved
drugs

Our above researches suggest that pharmacological activation of
AHR and GPR35 during chemotherapy might be a promising
intervention strategy to restrict the occurrence and development of
intestinal damage. However, currently, there is no approved drug
target at GPR35 or AHR. To further explore the clinically effec-
tive interventions, we screened 2388 approved drugs from Drug-
Bank Database using virtual screening method to find out AHR
and GPR35 agonists. As shown in Fig. 5E, we primarily con-
structed the homology modeling of GPR35 and AHR proteins,
since there were a lack of the practicable proteins crystal structure
in RCSB Protein Data Bank database. The modeling results of
GPR35 and AHR are exhibited in Supporting Information Fig.
S8A and S8B, and the Ramachandran plots of GPR35 and AHR
show that more than 98% residues were in the allowed regions,
indicating that the 3D structures of the models were reasonable.
Subsequently, molecular docking was performed respectively and
the docking scores were used as indicator to evaluate the possi-
bility of drug being an agonist for each target. We selected the top
50 hits to perform further screening based on pharmacokinetics,
toxicology and other clinical data (Supporting Information Tables
S8 and S9). Eventually, 10 potential GPR35 and 11 potential AHR
agonists were acquired (Fig. S8C). Among them, vardenafil
(Vard), known as a PDE5 inhibitor for the treatment of erectile
dysfunction, exhibited the greatest promotion of GPR35 inter-
nalization and ERK1/2 phosphorylation in intestinal epithelial
cells (Fig. S8D�S8F). Besides, linagliptin (Linag), known as a
DPP-4 inhibitor for the treatment of type II diabetes, exhibited the
greatest promotion to the expression of CYP1A1 protein and
mRNA in macrophage (Fig. S8G and S8H). These results suggest
that Vard and Linag were the agonists of GPR35 and AHR,
respectively. Moreover, Linag could partly promote GPR35
internalization and ERK1/2 phosphorylation, which indicates that
Linag was also a GPR35 agonist although weaker than Vard (Fig.
S8E and S8F). Further study revealed that, Vard and Linag had no
significant effect on the expression of GPR35 and AHR proteins,
respectively (Fig. S8F and S8H), which suggest that they were
directly binding to GPR35 and AHR, rather than altering their
expression, leading to the downstream signal transduction.



Figure 5 TrpeKYNeKA axis metabolism sensing drives the discovery of drug intervention. (A) Concentration response curve of GPR35

receptor internalization to determine GPR35 activity detected by flow cytometry after NCM460 cells treated with KA for 48 h (n Z 3). (B)

Concentration response curve of CYP1A1 mRNA expression to determine AHR activity detected by RT-PCR after NCM460 cells treated with KA

for 48 h (n Z 3). Data are presented as means � SD, the EC50 value was calculated by graphpad prism software. (C) The illustration of gradient

sensing relationship between AHR and GPR35 in pathological progression. Gray shading signifies KA level in intestinal tissue. (D) Schematic of

how the gut drives defensive response against drug-induced intestinal damage by coordinating AHR and GPR35-mediated metabolic sensing. (E)

The flowchart of structure-based virtual screening. The binding modes of vardenafil (Vard)eGPR35 (F) and linagliptin (Linag)eAHR (G). Green

dotted line signifies hydrogen bond. (H) Wound healing and quantification analyses of the migration of GPR35 knockdown NCM460 cells after

treated with Vard, Linag and their combination for 24 and 48 h (mean � SD, **P < 0.01; Student’s t test, n Z 3). (I) ELISA detection of IL-6

level in the supernate of AHR knockdown THP-1 cells that were differentiated by PMA, stimulated with LPS and Linag for 48 h (mean � SD,

**P < 0.01; Student’s t test, n Z 3).
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Figure 6 Vard and Linag attenuate irinotecan-induced rat intestinal toxicity. (A) Schematic of Vard, Linag and their combination intervene

CPT-11 induced rat intestinal toxicity. (B) Representative images of rats and their corresponding colon tissues after drug administration. The body

weight (C) and diarrhea score (D) of each rat were monitored twice daily showing as mean � SD, and the values of the seventh day were shown

independently. (E) HE staining and immunohistochemistry analyses of CD68 and iNOS were performed on rat colon after drug administration. (F)

ELISA detection of IL-6, IL-1b and TNF-a levels in rat colon after drug administration. (G) Western blot analysis of phospho-ERK1/2 and

CYP1A1 proteins expression in rat colon after drug administration. (H) LCeMS/MS quantitative analysis the levels of Trp, KYN and KA in rat

colon after drug administration. (I) Western blot analysis of IDO1, phospho-JAK2 and phospho-STAT3 proteins expression in rat colon after drug

administration. Data are presented as mean � SD. Statistical analysis was performed using Student’s t test. *P < 0.05, **P < 0.01 and

***P < 0.001.
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For the binding model of GPR35 and Vard, the oxygen atoms
of sulfony and keto groups form three hydrogen bond with the
side-chain residues of Ser172, Arg167 and Gln93, respectively,
and the nitrogen atom of piperazine group forms one hydrogen
bond with the side-chain residue of Ser147 (Fig. 5F). For the
binding model of AHR and Linag, the nitrogen atoms of quina-
zoline group form two hydrogen bond with the side-chain residues
of His291 and Gln383, respectively, and the pyrimidine ring of
quinazoline group forms a p�H conjugate with the side-chain
residue of Thr289 (Fig. 5G). Besides, for the binding model of
GPR35 and Linag, the oxygen atom of purine group forms one
hydrogen bond with the side-chain residue of Arg167, and the
carton atom forms one hydrogen bond with the backbone of res-
idue Ala 150 (Fig. S8I).

Next, we verified whether GPR35 and AHR played key roles in
Vard- and Linag-regulated pharmacological activities in vitro. The
results show that Vard and Linag could significantly promote
wound healing of intestinal epithelial cells, and the effect would
be markedly inhibited once GPR35 was silenced (Fig. 5H).
Meanwhile, Linag obviously inhibited the expression of IL-6 in
macrophage, and the effect was also obviously blocked after AHR
was silenced (Fig. 5I). The above results demonstrate that Vard
and Linag would be the promising intervention agents in allevi-
ating chemotherapy-induced intestinal toxicity through activating
GPR35 and AHR.
3.9. Vard and Linag attenuate chemotherapy-induced intestinal
toxicity in vivo

To further investigated the effect of Vard and Linag on inter-
vening chemotherapy-induced intestinal toxicity in vivo, we
constructed CPT-11-induced rat diarrhea model, and the rat
administrative program is shown in Fig. 6A. Attractively, it is
clearly observed that the model group rats became languid and
extremely emaciated, with the feces as watery stool and the
colon tissue inflamed and accompanied with hemorrhage after
CPT-11 treatment. However, these symptoms were dramatically
alleviated after Vard and Linag administration (Fig. 6B).
Through daily record, we found that Vard and Linag could
significantly suppress CPT-11-induced rat body weight reduction
and diarrhea score augmentation (Fig. 6C and D). Moreover,
combining Vard with Linag exhibited a further and remarkable
attenuation to CPT-11-induced rat diarrhea compared with the
application of either alone, although the body weight had no
significant difference between them (Fig. 6C and D). Further-
more, histopathological examination demonstrates that Vard and
Linag observably improved CPT-11 caused severe colon damage
and macrophage infiltration. Besides, it is heartening that
combining Vard with Linag revealed a more powerful effect on
alleviating CPT-11-induced intestinal toxicity (Fig. 6E). More-
over, the proinflammatory cytokines IL-6, IL-1b and TNF-a
consistently displayed a similar variation profile in colon and
serum (Fig. 6F and Supporting Information Fig. S9). Collec-
tively, these data reveal that combining Vard with Linag is a
promising intervention strategy in attenuating chemotherapy-
induced intestinal toxicity.

Further assays were conducted to clarify whether Vard and
Linag exert their effectiveness through binding with GPR35 and
AHR, respectively. We firstly detected the expression of GPR35
and AHR targeted proteins in rat colon after treatment. The
results demonstrate that ERK1/2 phosphorylation and CYP1A1
expression in Vard and Linag groups were significantly pro-
moted compared with control group (Fig. 6G). However, there
was still a lack of evidence for a conclusion. Hence, we sub-
sequently detected the metabolic level of the TrpeKYNeKA
axis. It was clearly found that accompanying with the accumu-
lation of KYN and KA, the ERK1/2 phosphorylation and
CYP1A1 expression were also obviously promoted in the model
group (Fig. 6G and H). Importantly, even though the levels of
KYN and KAwere significantly reduced in the drug intervention
groups, conversely, ERK1/2 phosphorylation in Vard and Linag
groups and CYP1A1 expression in Linag group were signifi-
cantly elevated compared with the model group (Fig. 6G and H).
Current evidence reveals that Vard and Linag alleviated CPT-11-
induced intestinal toxicity through activating GPR35 and AHR
separately.

Furthermore, as Fig. 5D demonstrates, we also observed that
IDO1 and IL-6 expression, JAK2 and STAT3 phosphorylation and
AHR activity were significantly promoted after CPT-11 caused
intestinal damage, which suggests that the positive feedback loop
was triggered in colon (Fig. 6F�I). Attractively, after Vard and
Linag intervention, accompanied with the relief of symptoms, all
signals of the loop, except AHR for the continuous activation by
Linag, were dramatically weakened. Especially, the combination
of Vard and Linag exhibited a further weakening to the loop’s
signals compared with their administration alone (Fig. 6F�I).
Therefore, the IL-6�IDO1�AHR loop was basically blocked for
the recovery of intestinal homeostasis. Together, this work pro-
vides a promising intervention strategy for attenuating
chemotherapy-induced intestinal toxicity.
4. Discussion

Cellular and tissue homeostasis is a key physiological variable
and is maintained by the interaction of metabolites and their
monitor22,26. Understanding these systems is imperative to
minimize health problems and has important implications for
many pathological conditions, including chemotherapeutics-
induced intestinal damage. Intestinal toxicity caused by anti-
cancer medicines has become a nonnegligible clinical problem.
Consistently, our study exhibited that the intestinal homeostasis
was severely destroyed after rat was exposed to anticarcinogens.
The rats manifested serious gut injury, metabolic disorders and
accompanied with inflammatory response for macrophages
infiltration and inflammatory cytokines release. Interestingly, we
also found that diverse chemotherapeutics-induced intestinal
damage was commonly characterized by the sharp upregulation
of TrpeKYNeKA axis metabolism. Under pathophysiologic
conditions, KYN and KA were accumulated in peripheral tissues
in the nmol/L to mmol/L range. However, their biological effects
and underlying mechanisms remain mysterious25,46. In this work,
our data demonstrate that inflammatory cytokines especially IL-6
could promote IDO1 expression through JAK2/ATAT3 pathway.
This process plays a key role in the accumulation of KYN and
KA in colon. Meanwhile, the accumulated KYN and KA might
further promote IL-6 autocrine in enterocyte through AHR
sensing. As a result, the transition of Trp to KYN was further
amplified by the IL-6�IDO1�AHR positive feedback loop.
Interestingly, pathological inflammatory environment is indis-
pensable to the formation of IL-6�IDO1�AHR loop, which is
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not exist in the normal intestinal tissues. Under the pathological
state, damaged gut rapidly accumulates KYN and KA, which
would serve as endogenous ligands to trigger a series metabolic
response.

AHR and GPR35 are the downstream metabolic guardians of
the KYN pathway. In this study, we proved that they constitute a
feedback regulation system in gut to defend against
chemotherapy-induced intestinal toxicity. GPR35 is an orphan
receptor and is highly expressed in the gastrointestinal tract.
GPR35 has been reported to be closely related to multiple diseases
such as IBD, type II diabetes, and coronary artery disease47,
whereas physiological stimuli regulate GPR35 remains enig-
matic48. In this study, we observed that changing the metabolic
synthesis of KA significantly influenced the GPR35 response and
signal transduction. Besides, either silencing GPR35 gene
expression or inhibiting its activity can markedly suppress
epithelial cells migration which is an essential physiological
process for intestinal repair and homeostasis49,50. All these find-
ings demonstrate that GPR35 negatively feedback regulated in-
testinal damage to promote colon repair and maintain intestinal
homeostasis through sensing KA level selectively. We further
identified that ERK1/2 phosphorylation was the downstream
cascade signal of GPR35. AHR is a member of the PernArnt-Sim
(PAS) superfamily of transcription factors and could regulate the
expression of cytochrome P450s, most notably CYP1A151,52.
AHR could serve as the sensor of KYN and KA in both intestinal
cells and macrophages. KYN and KA negatively regulate LPS-
induced IL-6 expression in macrophages, contrary to the situa-
tion in intestinal epithelial cells. In macrophages, AHR forms a
complex with STAT1 and nuclear factor-kappa B (NF-kB) under
the stimulation of LPS. This suppresses the activation of IL-6
promoter53. However, in peripheral tissues, ligand-activated
AHR may directly participated in priming IL-6 promoter
through binding to non-consensus dioxin response elements that
located upstream of the IL-6 start site54,55.

Meanwhile, our study also proved that AHR and GPR35
negative feedback regulation of intestinal damage and inflamma-
tion through gradually sensing kynurenic acid level. AHR
exhibited a higher sensitivity in responding to KA level than
GPR35. Thus, we divided the metabolic sensing of
TrpeKYNeKA axis into three stages to elucidate the pathological
progression of chemotherapy-induced intestinal damage. As
demonstrated in Fig. 5D, chemotherapy-induced intestinal toxicity
triggered the formation of IL-6�IDO1�AHR positive feedback
loop through inflammation response. As a consequence, the
accumulation of KYN and KA was accelerated, and sensed by
GPR35. Then, AHR-mediated IL-6 inhibition in macrophage and
autocrine in gut, GPR35-mediated intestinal wound repair form a
temporary balance under the pathological condition. This balance
would easily be destroyed by the persisted stimulation of che-
motherapeutics and the following damaged phenotype would
occur. Once drug is terminated, the immune response would suffer
incessant weakening for the feedback regulation of GPR35 and
AHR. After a period of delay, the responses of GPR35 and AHR
to KYN pathway metabolism were diminished gradually until the
gut reached the normal homeostasis (Supporting Information
Fig. S10).

Our studies indicated that pharmacological manipulation of
GPR35 and AHR might be a powerful approach to attenuate
chemotherapy-induced intestinal toxicity. Unfortunately, up to
now no drug targeting GPR35 and AHR proteins has been
approved. Drug repurposing is becoming an increasingly attractive
strategy for drug discovery. It can bypass the common challenges
associated with drug development and is more time- and cost-
efficient56. Noteworthily, co-culture results demonstrated that
although activating AHR in intestinal cells could promote IL-6
autocrine, the increase was far less than that produced by mac-
rophages in which AHR plays a suppressive role in LPS-induced
IL-6 expression (Fig. 3J). Furthermore, subjoining the AHR
excitatory ligand in macrophage and enterocyte co-culture system
significantly reduced the production of IL-6. Thus, as a whole,
concurrently activating AHR and GPR35 would be more condu-
cive to repair the damaged gut. In this work, a panel of 2388
approved drugs were screened by virtual and bioactivity screening
approaches to discover the agonists of GPR35 and AHR protein.
Fortunately, Vard and Linag were screened out. Vard, a PDE5
inhibitor for the treatment of erectile dysfunction, was screened
out as GPR35 agonist. Linag, a DPP-4 inhibitor for the treatment
of type II diabetes, was discovered as an agonist of both AHR and
GPR35. Animal experiments verified that Vard and Linag alone or
in combination could significantly attenuate chemotherapy-
induced intestinal toxicity via binding with AHR and GPR35.
What is more interesting is that combining Vard with Linag
exhibited a more powerful effect compared with their single
application.

5. Conclusions

Our results reveal a passive defense mechanism that AHR and
GPR35 feedback regulate chemotherapy-induced intestinal dam-
age to maintain intestinal integrity and homeostasis through
sensing KA level in a gradient-dependent manner. The activating
of GPR35 and AHR alone or together would lead to the attenu-
ation of chemotherapy-induced intestinal toxicity. Vard and Linag
were proved as GPR35 and AHR agonists, respectively, and they
have a great potential in clinical application. Our study highlights
the urgency and necessity of dual-targeting new drug development
for the purpose of toxicity-reducing and efficacy-enhancing.
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