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!State Key Laboratory of Dampness Syndrome of Chinese Medicine, The Second Affiliated Hospital of
Guangzhou University of Chinese Medicine, The Second Clinical College of Guangzhou University of
Chinese Medicine, Guangzhou, China, 2Nephrology Department, The Second Affiliated Hospital of
Guangzhou University of Chinese Medicine, Guangzhou, China

Objectives: To investigate the effects of excessive tryptophan intake on the body
and the effects of tryptophan metabolism-related aryl hydrocarbon receptor
(AhR) pathway in healthy rats and chronic kidney disease rats, to study the adverse
effects of excess tryptophan.

Design: In Part | Experiment, the healthy rats were fed with diet containing 0.6,
1.2 and 1.8% tryptophan for 12weeks. After the intervention, the blood and kidney
tissues were collected. Serum creatinine and blood urea nitrogen were detected.
Hematoxylin—eosin (H&E) staining was used to observe renal pathological changes.
Enzyme-linked immunosorbent assay was used to detect serum kynurenic acid
and AhR levels. The kidney levels of AhR, CyP1Al and CyP1B1 were detected by
western-blot. In Part || Experiment, the chronic kidney disease (CKD) model was
induced by intra-gastric gavage with adenine for 4weeks. Then the CKD rats
were given tryptophan at a dose of 100mg/kg or 500mg/kg for eight weeks.
Rat survival curve, renal function, renal tissue pathology and serum AhR were
detected. Tryptophan-targeted ultra-high-performance liquid chromatography
coupled with multiple reaction monitoring mass spectrometry (UHPLC-MRM-MS)
was employed to quantitatively access the tryptophan-targeted metabolites in
two parts experiments.

Results: In part | experiment, high tryptophan diet can increase the level of blood
urea nitrogen (BUN) in healthy rats and induce focal renal tubulointerstitial injury.
Tryptophan-targeted analyzes showed that high tryptophan diet feeding can
significantly increase the concentration of kynurenine and indole metabolites.
The serum AhR level and kidney AhR, CyP1Al and CyP1B1 were also significantly
increased in high tryptophan diet rats. In part Il experiment, high tryptophan
intervention induced a significant increase in mortality, serum creatinine,
urea nitrogen levels, and renal pathological damage in CKD rats. The levels of
tryptophan-targeted metabolites, kynurenine, xanthurenate, picolinic acid,
5-hydroxyindole-3-acetic acid, indole-3-lactic acid, indoleacetate and indoxyl
sulfate, showed an upward trend in the high-dose tryptophan group (Ade+Trp-H)
compared with the adenine group. The serum AhR of Ade+Trp-H rats was
significantly higher than those of adenine rats.

Conclusion: Moderate tryptophan intake may be beneficial, but excessive
tryptophan can lead to accumulation of kynurenine and indole metabolites,
activate AhR pathway and induce kidney injury.

tryptophan, kynurenine, indoxyl sulfate, aryl hydrocarbon receptor, chronic kidney
disease
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1. Introduction

Tryptophan (Trp) is an essential amino acid of aromatic family,
which mainly derives from endogenous degradation of tissue proteins
and dietary intake (1). Common natural food sources of TRP include
soy, cashews, cocoa and whey products (2). It is not only an
indispensable component in protein synthesis, but also plays an
important role in maintaining tissue activity and function. Up to now,
there have many studies on the effects of inadequate tryptophan intake
on human disease, such as brain injury (3), cancer, neurodegenerative
diseases (4), and autoimmune diseases (5).

Dietary tryptophan is an essential amino acid for intestinal
mucosal cells, which participates in the regulation of intestinal
immune system, microbiota, epithelial barrier and homeostasis (6). A
review even indicated that excessive daily intake of tryptophan had
protective effect on maintaining intestinal homeostasis (7). It seems
like the more tryptophan intake is always better.

Tryptophan absorbed into body is metabolized in five pathways:
kynurenine pathway (KP), serotonin pathway, gut microbial pathway
and indol-3-ylpyrvic acid pathway and tryptamine pathway. Many
studies focused on the tryptophan-serotonin pathway, indicating the
protective effect of tryptophan supplementation. However, 95% of
dietary tryptophan is metabolized through the kynurenine pathway
(8). Studies revealed the accumulation of kynurenine pathway
metabolites after excessive tryptophan intake in patients with chronic
kidney disease undergoing hemodialysis or diabetes mellitus (9, 10)
and found clearly that the kynurenine level was parallelly correlated
with the degree of renal failure by nephrectomy in rats (11).

The gut microbial metabolites of tryptophan mainly include indole
and its derivatives (8). Tryptophan is converted into indole by the
intestinal bacteria tryptophanase (TnaA) (12) and travels through the
portal vein to the liver. Indoles are further oxidized and sulfated in the
liver to form indoxyl sulfate (IS) (13). IS can induce oxidative stress injury
in CKD patients, and produce various inflammatory factors and promote
vascular endothelial cell damage and kidney damage (14).

It is worth noting that kynurenine and IS are uremic toxins and
belong to endogenous ligands of aryl hydrocarbon receptor (15, 16).
AhR, a cytoplasmic ligand-activated transcription factor with
pleotropic functions, can regulate the expression of cytochrome P450,
CyP1Al and CyP1BI and is associated with glomerular or tubular
damage (17).

Abbreviations: 5-HIAA, 5-hydroxyindole-3-acetic acid; 3-HK, 3-hydroxykynurenine;
3-HKK, 3-hydroxyanthranilicacid; Ade, adenine; AhR, aryl hydrocarbon receptor;
ALB, albumin; APCI, atmospheric pressure chemical ionization; BUN, blood urea
nitrogen; CUR, Curtain gas; ECL, enhanced chemiluminescence assay; ESI, Electron
Spray lonization; Gasl, ion Source Gasl; Gas2, lon Source Gas2; IS, indoxyl sulfate;
H&E, hematoxylin—eosin; IAA, indoleacetic acid; IDO, indoleamine 2,3-
dioxygenase; IFN-y, interferon-y; IL-10, interleukin-10; IL-22, interleukin-22; ISVF,
ionSapary Voltage Floating; Kim-1, kidney damage molecule-1; KP, kynurenine
pathway; Kyn, kynurenine; LDL, low-density lipoprotein; NAD+, nicotinamide
adenine dinucleotide; NAM, nicotinamide; NC, Nitrocellulose; PAS, periodic acid—
Schiff; Scr, Serum creatinine; SPF, specific pathogen free; TC, total cholesterol;
TDO, tryptophan 2,3- dioxygenase; TG, triglyceride; TGF-p, transforming growth
factor-f; TnaA, tryptophanase; TNF-a, tumor necrosis factor; TP, total protein;
Trp, tryptophan; UA, uric acid; UHPLC-MRM-MS, ultra-high-performance liquid

chromatography coupled with multiple reaction monitoring mass spectrometry.
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So, tryptophan intake may not be the more the better, kynurenine,
IS and AhR pathway activation caused by excessive tryptophan
metabolism may have adverse effects on the body, especially in
patients with chronic kidney disease. In our study we investigated the
effects of excessive tryptophan intake on the body and tryptophan
metabolism-related AhR pathway in healthy rats and chronic kidney
disease rats, to study the adverse effects of excess tryptophan.

2. Materials and methods
2.1. Experimental animals

Eight-week-old, male Sprague-Dawley (SD) rats were purchased
from Southern Medical University Animal Center (Guangzhou, China).
Experiments were carried out according to the protocols for animal care
and use of laboratory animals, which were approved by the Institutional
Animal Care and Research Advisory Committee of Guangdong
Provincial Hospital of Chinese Medicine (N0.2020027). Until the start
of the experiment, the animals were housed in the specific pathogen—
free animal breeding room under a temperature-controlled environment
on a 12-h light/dark cycle and fed with free water.

2.2. Part | experiment-tryptophan dietary
intervention in healthy rats

Forty SD rats (healthy) were randomly divided into (1) normal
group, (2) 0.6% tryptophan diet group (Trp-L), (3) 1.2% tryptophan
diet group (Trp-M), 4) 1.8% tryptophan diet group (Trp-H, n=10,
respectively). The tryptophan diet was commissioned to be produced
by Guangdong Medical Laboratory Animal Center. The body weights
of the rats were recorded at four-week intervals. Tryptophan dietary
intervention lasted for 12 weeks (Figure 1A).

2.3. Part Il experiment-tryptophan intake in
adenine-induced chronic kidney disease
rats

Forty-six SD rats were randomly assigned into the sham group
(n=10) and the CKD Group (n=36). The CKD group rats was
induced by intra-gastric gavage with adenine (Sigma-Aldrich, St
Louis, MO, United States) at 200 mg/kg for 4 weeks (18). Then the
CKD rats were divided randomly into (1) Adenine Group (Ade), (2)
Tryptophan low dose group (Ade + Trp-L) and (3) Tryptophan high
dose group (Ade+Trp-H,
administration rats were given solution of tryptophan at a dose of
100 mg/kg (Ade + Trp-L) and 500 mg/kg (Ade + Trp-H) by intragastric
administration once per day for 8 weeks. Sham Group and Adenine

n=12, respectively). Tryptophan

Group were administrated with the same volume of normal saline
(Figure 2A).

2.4. End of experimental intervention

At the end point of the experiment, rats were given an
intraperitoneal injection of 2.0% pentobarbital sodium (30 mg/kg
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FIGURE 1
Dietary tryptophan induced kidney injury phenotypes in healthy rats. (A) Schedule of Part | experiment. (B) Body weight. (C) Serum creatinine, blood
urea nitrogen, uric acid, total protein, total cholesterol, triglyceride, low density lipoprotein, albumin. (D) Hematoxylin—eosin staining of kidney tissue
(100x). The data are presented as the mean+standard deviation, n=10 rats per group (*p<0.05).

body weight) for anesthetization. When rats became unconscious,
they were euthanized using cervical dislocation. The abdominal aortic
blood and kidney tissues were collected. Blood samples were
centrifuged, and all serum samples and part of kidney tissues were
stored in —80°C refrigerator, and the remaining renal tissue was fixed
with 4% paraformaldehyde for further pathological observation.

2.5. Biochemical analysis

Serum creatinine (Scr), blood urea nitrogen (BUN), albumin
(ALB), uric acid (UA), total protein (TP), total cholesterol (TC),
triglyceride (TG) and low-density lipoprotein (LDL) were measured
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by Cobas C702 automatic analyzers (Roche, Basel, Switzerland).
Proteinuria was measured using a bicinchoninic acid protein detection
kit (Thermo Fisher Scientific, Waltham, MA, United States).

2.6. Histological analysis

The rat kidney tissues were fixed with 4% paraformaldehyde
and then put into dehydrator for dehydration after pruning. After
paraffin embedding, the slices were cut into 3 pm thickness and
stained with H&E staining (Leagene Biotechnology, Beijing, China)
or periodic acid-Schiff (PAS) staining (Nanjing Jiancheng,
Jiangsu, China).
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FIGURE 2

Effect of tryptophan in adenine-induced CKD rats. (A) Schedule of Part Il experiment. (B) Probability of survival. (C) Body weight.

2.7. Tryptophan-targeted UHPLC-MRM-MS
analysis of tryptophan dietary intervention
rats

The tryptophan-targeted UHPLC-MRM-MS analysis of rat serum
(100p1) was performed by Shanghai Applied Protein Technology
(Shanghai, China).

Sample solution preparation: Standards were purchased from
Sigma-Aldrich and Steraloids. Samples were stored at —80°C, and
then slowly thawed at 4°C. 100uL of samples were taken from each
one, and 400uL of precooled acetonitrile-methanol solution (1:1, v/v)
was added, followed by a vortex for 60s. Proteins were precipitated at
—20°C for 1h, centrifuged at 14000 g for 20 min, and the supernatant
was freeze-dried, and the samples were stored at —80°C.

UHPLC-MRM-MS Analysis: The UHPLC separation was
performed using the UPLC system (Agilent 1,290 Infinity UHPLC)
(Waters, CSH C18 1.7um,
2.1mmx100mm column). Mobile phase A was acetonitrile, and

equipped with C-18 column
mobile phase B was water (20mM ammonium formate buffer as
additive to regulate PH to 3.7). The column temperature was set at
50°C and the flow rate was constant at 0.4 ml/min. Parameters of
gradient elution mode were as follows: 0-2min, 15% B; 2-9min,
15-98% B; 9-11min, 98% B; 11-11.5min, 98-15% B; 11.5-14min,
15% B. The injection volume was 3 pl. The 5,500 QTRAP (AB SCIEX)
was performed for assay development. The electron Spray Ionization
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(ESI) positive source conditions were as follows: Source
temperature =550°C; ion Source Gasl (Gasl) =55 psi; Ion Source Gas2
(Gas2) =55 psi; Curtain gas (CUR) =40 psi; ionSapary Voltage Floating
(ISVF)=4,500 V. The atmospheric pressure chemical ionization (APCI)
source conditions were as follows: source temperature=550°C;
Gasl=55psi; Gas2=55psi; CUR=40psi; ISVF=+5,500V. MRM

method was used to acquire mass spectrometry quantitative data.

2.8. Enzyme-linked immunosorbent assay

Serum kynurenic acid and AhR level was measured by enzyme-
linked immunosorbent assay (ELISA), referring to the operating’s
instructions. Kynurenic acid ELISA kit was obtained from ZCIBIO
(Shanghai, China) and AhR ELISA kit was purchased from Cloud-
Clone Corp (CCC, TX, United States).

2.9. Western blotting analysis

The kidney protein samples were separated by SDS-PAGE
electrophoresis and electroblotted onto the nitrocellulose membranes.
The membranes were blocked with QuickBlock™ Blocking Buffer for
western blot (Beyotime, China) and first incubated overnight at 4°C
with primary antibody against AhR(1:500, Santa Cruz, TX,
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United States), CYP1A1 (1:500; Santa Cruz), CYP1B1 (1:2000, Abcam,
United Kingdom), or f-actin (1:8000, Sigma, St. Louis, MO,
United States) overnight at 4°C. After being thoroughly washed three
times with TBS-T solution, and then incubated with HRP-conjugated
secondary antibody. Immunoreactive bands were visualized using
chemiluminescent HRP substrate (Millipore, MA, United States) and
exposure to the Bio-Rad ChemiDoc XRS* gel imaging system
(Hercules, CA, United States).

2.10. Statistics analysis

The data were analyzed using SPSS 17.0 software (Chicago, IL,
United States). The results are expressed as the mean *standard
deviation (SD). Differences between groups were verified by t-test or
one-way ANOVA analysis. A p value of <0.05 was considered to
indicate a statistically significant result (*) and a p value of <0.01 a
highly statistically significant result (**).

3. Result

3.1. Excessive dietary tryptophan induces
kidney injury phenotypes in healthy rats

In part I experiment, we firstly evaluated the effect of excessive
tryptophan diet on kidney in healthy rats. No death occurred in rats
fed ordinary diet, low, medium and high tryptophan diet. As shown
in Figure 1B, body weight of rats in high tryptophan diet slightly
increased, but there was no significant difference between four
groups. In terms of biochemical indicators (Figure 1C), serum tests
serum creatinine (Scr), uric acid (UA), total protein (TP), albumin
(ALB), total cholesterol (TC), triglyceride (TG) and low-density
lipoprotein (LDL) showed no statistically difference between
groups(p>0.05). However, blood urea nitrogen (BUN) in Trp-H
group was significantly higher than that in normal group (p<0.05),
suggesting that azotemia caused by excessive dietary tryptophan.
Correspondingly, H&E staining of renal tissues also showed focal
renal tubulointerstitial injury in Trp-H rats, the specific
manifestations are focal tubular atrophy, interstitial widening, and
inflammatory cell infiltration (Figure 1D).

3.2. Excessive dietary tryptophan induces
serum tryptophan metabolites
accumulation in healthy rat

UHPLC-MRM-MS technology was used to analyze tryptophan
and tryptophan targeted endogenous differential metabolites in
serum of both normal and Trp-H rats. Of these metabolites, we are
focusing on kynurenine and indole metabolites, such as
L-kynurenine, xanthurenate, picolinic acid, quinolinic acid,
5-hydroxyindole-3-acetic acid (5-HIAA), indoleacetate (IAA),
indole-3-lactic acid, indoxyl sulfate, indole-3-carboxaldehyde and
indole-3-propionic acid. As expected, it can be found that serum
tryptophan, L-kynurenine, xanthurenate, picolinic acid, quinolinic
acid, 5-hydroxyindole-3-acetic acid, indoleacetate, indole-3-lactic
acid, sulfate,

indoxyl indole-3-carboxaldehyde  and
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indole-3-propionic acid levels in high-dosage tryptophan diet were
significantly higher than in normal group tryptophan
(Figures 3A.B). However, the UHPLC-MRM-MS did not
successfully detect the concentration of kynurenic acid. But
considering that kynurenine is a poor AhR ligand and kynurenine
metabolite, kynurenic acid, is the strongest ligand among
kynurenine pathway metabolites (15), serum kynurenic acid levels
were further determined by ELISA. Compared with normal group,
serum kynurenic acid of Trp-H rats shows an upward trend
(Figure 3C). These results collectively indicated a positive
correlation between the accumulation of tryptophan metabolites
amount of excessive tryptophan intake.

3.3. Excessive dietary tryptophan causes
overexpression of AhR in serum and kidney
tissue

Next, as kynurenine and indole derivative are both endogenous
ligands of AhR, the expression of AhR and its related proteins CyP1A1
and CyP1B1 were further observed. The result of ELISA found the
level of serum AhR in Trp-H group was increased (Figure 3D).
Parallelly, western-blot assay also showed the expressions of AhR
significantly increased and marked upregulation of CyP1Al and
CyP1B1 in kidney tissue of high-dose-trp-diet rat (Figure 3E).

3.4. Bidirectional effect of tryptophan in
adenine-induced CKD rats

In part II experiment, we investigated tryptophan intake in
adenine-induced chronic kidney disease rats. No death occurred in
the sham group during the 8-week observation period. Certain
death occurred in adenine group (Ade) and low dose tryptophan
group (100mg/kg, Ade+Trp-L), while adenine rats were
administrated with high dose of tryptophan (500 mg/kg,
Ade +Trp-H), the death of rats increased significantly from the 4th
week (Figure 2B, 50% in 8th week). In terms of body weight, the
body weight of the tryptophan intervention group was slightly lower
than that of the adenine group (Figure 2C). The levels of serum
creatinine (Scr) and blood urea nitrogen (BUN) of adenine rats were
significantly higher than those of sham group, and the levels of Scr,
BUN and urine protein had a certain downward trend in Ade + Trp-L
group rats. The Scr, BUN and urine protein levels were higher and
albumin levels were lower in the surviving Ade + Trp-H rats than
Ade group rats (Figure 4A).

PAS staining was performed on renal tissue sections to better
understand renal lesions. Normal glomeruli and tubule interstitium
were observed in sham group. Renal glomeruli in adenine group
were basically normal, and the renal interstitial crystals were
deposited, tubule atrophy, interstitial widening, and a small amount
of cell infiltration with interstitial inflammation. The damage degree
of renal tubule interstitial in Ade + Trp-L group was slightly reduced
than in adenine group. Compared with adenine group, the damage
degree of renal tubule interstitial of the surviving Ade+ Trp-H
group was aggravated to a certain extent, and the characteristics
were significantly increased infiltration of inflammatory cells
(Figure 4B).
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FIGURE 3
Dietary tryptophan induced tryptophan metabolites accumulation and activation of AhR pathway. (A,B) The levels of tryptophan metabolites in serum
(n=8). (C) Serum kynurenic acid (n=8). (D) Serum AhR (n=7). (E) Western-blot analysis of AhR, CyP1A1, CyP1B1 expression in kidney tissue of rat with or
without tryptophan diet (n=8). The data are presented as the mean+standard deviation (*p<0.05, **p<0.01).

3.5. High dose of tryptophan induced
kynurenine/indole metabolites accumulation
and AhR activation in CKD rats

Serum tryptophan metabolites in adenine-induced CKD rats were
also determined by UHPLC-MRM-MS technology. Serum
kynurenine, 5-hydroxyindole-3-acetic acid, indoxyl sulfate and
serotonin showed significantly increased and picolinic acid,
xanthurenate, 5-hydroxy-L-tryptophan, indole-3-lactic acid,
indoleacetate also showed upward trends in the Ade+Trp-H group
compared with sham group. In the Ade+ Trp-L group, kynurenine,
5-hydroxy-L-

tryptophan, indoxyl sulfate showed slight declines compared with the

5-hydroxyindole-3-acetic  acid, xanthurenate,

Ade group. However, notedly, kynurenine, picolinic acid,
5-hydroxyindole-3-acetic acid and indoxyl sulfate increased
significantly in Ade+Trp-H group compared with the Ade group
(Figure 4C). Further, compared with sham group, serum AhR of
adenine-induced CKD rats were significantly up-regulated. In the
Ade+ Trp-L group, AhR showed no significant difference compared
with adenine group. The serum AhR of Ade+Trp-H group were

significantly higher than those of adenine rats (Figure 4A).

4. Discussion

In the past decades, studies have found that tryptophan metabolic
disorder is associated with inflammatory bowel disease, ulcerative
colitis, irritable bowel syndrome (19, 20), metabolic syndrome and
related complications such as diabetes, obesity, non-alcoholic fatty
liver disease, insulin resistance, atherosclerosis, anxiety, depression
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and autism (21-23). Dietary tryptophan and its metabolites appear to
have a potential role in the treatment of these disease (8).
Tryptophan metabolism pathway can prevent and alleviate the
occurrence and development of intestinal inflammation by directly
the
proinflammatory/anti-inflammatory cytokines, such as interferon-y

or indirectly regulating balance between intestinal
(IFN-y), transforming growth factor-f (TGF-f), tumor necrosis
factor (TNF-a), interleukin-10 (IL-10) and interleukin-22 (IL-22),
the function of immune cells (DCs, NK cells, B cells, T-regs and
Macrophages), intestinal microbial composition and homeostasis
(24). Tryptophan metabolism in intestine has become the star of
disease treatment. Although tryptophan has important nutritional
value and is widely used in medical applications (25), toxicity data for
oral management are relatively limited.

Therefore, it is necessary to evaluate its safety. An article proposed
a tryptophan-intake upper limit of 4.5 g/d (26), but more clinical and
laboratory data are lacking. In order to explore the potential effects of
excessive tryptophan on the body, this study systematically studied the
effects of excessive intake of tryptophan in healthy and diseased rats.
Notedly, a previous study found that healthy women did not
experience any adverse effects after excessive tryptophan intake, but
abruptly increased urinal tryptophan/kynurenine metabolites at 5g/d
tryptophan intake (27). Unfortunately, blood tryptophan metabolites
concentrations were not detected successfully, and the observation
period was only 3weeks in this study. The nephrotoxicity of
tryptophan needs further study. In our part I experiment, when
healthy rats were fed diets supplemented with excessive L-tryptophan
(1.8%) for 3months, the blood urea nitrogen level of rats was
significantly increased, and the kidney showed small focal tubule

interstitial injury. The UHPLC-MRM-MS showed the tryptophan
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FIGURE 4

Tryptophan induced Kyn/IS accumulation and AhR pathway activation in CKD rats. (A) Serum creatinine, blood urea nitrogen, albumin, urine protein
and AhR. (B) Periodic acid—Schiff (PAS) staining of kidney tissue (100x). (C) The levels of tryptophan metabolites in serum (n=6 in sham and Ade+Trp-H
group, n=7 in Ade and Ade+Trp-L group). The data are presented as the means + standard deviation (**p<0.01).

metabolites were significantly increased in healthy rats and with an
upward trend in adenine-induced CKD rats, especially kynurenine
and indoxyl sulfate (IS).

Considering that tryptophan-derived uremic toxins accumulation
caused by excessive intake of tryptophan may affect the progression of
chronic kidney disease (28), the disease model of this study we chose
a chronic kidney disease model. A review of the “renal protective”
function of tryptophan hypothesized that dietary tryptophan can
maintain renal tubular metabolic health and attenuate long-term
profibrotic responses that could lead to chronic kidney disease (29).
However, this hypothesis has not been tested on an ischemia-
reperfusion mouse treated with or without 400 mg/kg tryptophan-
derived nicotinamide (NAM), and increased kidney damage
molecule-1 (Kim-1) mRNA expression deserved further discussion

Frontiers in Nutrition

(30). More evidence of kidney-injury predisposition was further
obtained in our part II experiment. It was found in adenine-induced
CKD rats that low dose of tryptophan may had a potential therapeutic
effect on adenine induced CKD rats. It was shown that the Scr and
BUN levels of rats were decreased to a certain extent, and the kidney
pathological injury was alleviated in Ade + Trp-L group. However, after
the intervention of Ade+Trp-H, the mortality of rats increased
significantly (50% by 8 weeks), the levels of Scr, BUN and urine protein
increased, the pathological injury of the kidney was aggravated, and
the infiltration of inflammatory cells was enhanced. The serum levels
of kynurenine, kynurenine metabolites and indole metabolites were
significantly increased in the Ade + Trp-H group.

L-kynurenine, xanthurenic acid, quinolinic acid, indoleacetate (IAA),
indole-3-lactic acid, indoxyl sulfate indicated excess L-tryptophan is
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metabolized through the kynurenine and indole derivatives metabolic
pathways both in healthy rats and adenine-induced CKD rats. The
increase in Kyn suggests tryptophan 2,3- dioxygenase (TDO)/
indoleamine 2,3- dioxygenase (IDO) activation and that in quinolinic
acid implies enhanced KP enzymes (31). Unfortunately, we were not able
to detect proximal Kyn metabolites 3-hydroxykynurenine (3-HK) and
3-hydroxyanthranilicacid (3-HKK), and the absence of partial results of
proximal metabolites limits the explanation of the damage mechanism of
kyn pathway. The above results are consistent with the previous findings
that the accumulation of serum L-kynurenine metabolites is proportional
to the severity of renal failure (11, 32).

Further, tryptophan metabolites including indole, IAA, indole
acrylic, and indole-3-aldehyde serve as ligands for aryl
hydrocarbon receptor (AhR) to enhance intestinal epithelial
barrier function by activating the AhR pathway to up-regulate the
expression of genes involved in maintaining the structure and
function of intestinal epithelial cells. Tryptophan metabolites play
an active role in intestinal immune disorder and intestinal
mucosal barrier damage. For chronic kidney disease, our previous
literature review also found the dual effect of AhR (33). On the
one hand, the intestinal flora is disturbed and the intestinal
mucosal barrier function is impaired, so tryptophan
supplementation may play a positive role by regulating the
intestinal AhR (34). On the other hand, Kyn and IS are uremic
toxins, and excessive accumulation of them in serum or organs
will activate circulation and tissue AhR (35). The balance between
these opposites of AhR will determine the level of harm.

Taken above together, excess L-tryptophan is metabolized through
the kynurenine and indole derivatives metabolic pathways, and that
kynurenine and indole derivatives, especially indoxyl sulfate, have been
identified as AhR ligands (36, 37). AhR is a transcription factor widely
expressed in immune cells, activation of which alters innate and adaptive
immune responses in ligand-dependent ways. A previous study had
confirmed that endogenous tryptophan metabolites can bind and
activate AhR in vitro and in vivo. Meanwhile AhR has also been shown
to mediate inflammation and cardiovascular disease in CKD patients
(38). Based on current research, most of the tryptophan metabolites
belong to uremic toxins, and cannot be efficiently eliminated by
common dialysis modalities (39), long-term accumulation of which in
the body will accelerate renal failure. Renal AhR expression was
positively correlated with the severity of CKD in a nephrectomy male rat
experiment (40) and found that AhR can induce renal pro-inflammatory
phenotypes (6), podocyte damage (41), and glomerular damage (42).

Correspondingly, the expression of AhR in serum or kidney tissue
were increased significantly after feeding 1.8% tryptophan in healthy
rats for 3 months. The expressions of CyP1A1 and CyP1B1 were also
increased in kidney tissue. The serum AhR levels of adenine rats were
also significantly increased after ingesting high dose of tryptophan.
Therefore, combined with those results collected above, we inferred
that excessive tryptophan intake does induce renal injury in healthy
rats and it also aggravated the kidney damage and increased the
mortality of CKD rats, which may be induced by the Trp-Kyn/
IS-AhR pathway.

5. Conclusion

Tryptophan metabolism affects the physiological and

pathological effects of the host. There are three ways of tryptophan
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metabolism, including kynurenine, serotonin and indole
derivatives, which play an important role in the occurrence and
development of diseases. The biological effects of tryptophan
metabolite and the changes in disease state suggest that tryptophan
metabolite may be a therapeutic target.

So far, tryptophan metabolism and its related biochemical
pathways still need to be further described, and the complex factors
of this task include a wide variety of tryptophan metabolites and
complex intestinal microbial metabolism, which requires further
research to improve the target and intervention measures. Prior to
this, intervention with excessive of tryptophan had potential risks,
especially for chronic kidney disease. Kynurenine and indole pathways
of tryptophan metabolism play an important role in the development
of healthy and chronic kidney disease. The intake of tryptophan is not
the more the better. However, due to the limitation of this study; it is
not clear to determine the threshold of damage caused by excessive
tryptophan, and whether there is a difference between short-term and
long-term supplementation of this amino acid. The mechanisms and
targets of kynurenine and indole derivatives metabolic pathways still

need to be further studied.
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