
https://doi.org/10.1177/1178646917694600

International Journal of Tryptophan Research
Volume 10: 1–9
© The Author(s) 2017
DOI: 10.1177/1178646917694600

Creative Commons CC BY: This article is distributed under the terms of the Creative Commons Attribution 4.0 License  
(http://www.creativecommons.org/licenses/by/4.0/) which permits any use, reproduction and distribution of  

the work without further permission provided the original work is attributed as specified on the SAGE and Open Access pages  
(https://us.sagepub.com/en-us/nam/open-access-at-sage).

Introduction
Type 2 diabetes (T2D) is the single most important cause of 
chronic kidney disease (CKD), which often progresses to end-
stage kidney disease (ESKD).1 In patients with T2D, several 
factors play mechanistic roles in the initiation of CKD and 
progression to ESKD. Patients with advanced CKD endure 
myriad symptoms and dismal health outcomes. Inflammation 
has emerged as a novel risk marker in relation to the chronic 
worsening of kidney function and clinical complications in 
CKD.2 Metabolic aberrations, e.g. dysregulation in amino acid 
metabolism, are characteristics of CKD.3,4 Chronic inflamma-
tory response is also associated with significant metabolic 
activity with consequent nutrient depletion in CKD.4

Essential amino acid l-tryptophan (TRP) contributes to 
the synthesis of nicotinamide adenine dinucleotide, a coen-
zyme important for energy metabolism in the mammalian tis-
sues (Figure 1).5,6 The majority (~95%) of free TRP undergoes 
oxidative metabolism along the kynurenine (KYN) pathway 
yielding KYN involving 2 key enzymes: tryptophan 2,3-dioxy-
genase (TDO, highly expressed in the liver) and indoleamine 
2,3-dioxygenase 1 (IDO1), which is expressed extrahepatically. 
Indoleamine 2,3-dioxygenase 1, potently induced by proin-
flammatory cytokines,7-9 acts locally to modulate TRP levels  
in response to inflammation. Kynurenine metabolism eventu-
ally generates kynurenic acid (KYNA) and other bioactive 
metabolites 3-hydroxykynurenine, quinolinic acid (QA), etc. 
collectively known as kynurenines. The regulation of TRP 
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metabolism is sensitive to environmental stimuli (e.g. inflam-
mation), and kynurenines are normally eliminated via urinary 
excretion. Because kynurenines play an important role in regu-
lation of adaptive immunity and are implicated in comorbid 
atherosclerosis and neuropsychiatric symptoms, patients with 
CKD are at particularly high risk of KYN-associated patho-
physiologies.10 For example, altered TRP metabolism may pre-
cipitate fatigue in patients with CKD.11 Likewise, TRP 
metabolites (e.g. KYN and QA) may promote atherosclero-
sis in ESKD by activating oxidative stress and leukocyte  
activation in endothelial and vascular smooth muscle cells.12

The kidneys play an integral role in the metabolism of 
TRP.13 The rate-limiting enzyme IDO1 is overexpressed in 
kidney tissues.14 Interestingly, aberrations in TRP metabolism 
and specific enzyme activities in the KYN pathway could con-
tribute to the pathogenesis of T2D.15 It should be emphasized 
that the molecular mechanisms of inflammatory pathways are 
also different in nondiabetic vs diabetic CKD,16 the latter 
group having an accelerated loss of kidney function than the 
former.17 Therefore, TRP metabolism may have potentially 
important clinical implications to CKD secondary to T2D. 
The association between inflammatory cytokines and TRP 
metabolism across the stages of CKD in patients with T2D is 
unknown. We aimed to study the associations between TRP 
metabolism and stages of CKD in presence of inflammatory 
markers in patients with T2D.

Materials and Methods
Participants

We analyzed data collected from 60 type 2 diabetic patients 
who participated in the Family Investigation of Nephropathy 

in Diabetes (FIND) study. The FIND study design, popula-
tion, and phenotypic data have been published previously.18 
Briefly, participants had clinical diagnosis of T2D19 and CKD, 
including ESKD (Supplemental Table).20 All participants were 
receiving standard medical treatment for diabetes, CKD, and 
ESKD and associated comorbidities as per guidelines.20,21 
Individuals with chronic inflammatory conditions such as 
chronic hepatitis and rheumatoid arthritis were excluded. All 
participants provided written consent to the protocol approved 
by the Institutional Review Board at the University of Texas 
Health Science Center at San Antonio. Estimation of glomer-
ular filtration rate (eGFR) was calculated using the Modification 
of Diet in Kidney Disease equation.22 The KYN/TRP ratio 
was calculated to estimate IDO1 enzyme activity.23

Laboratory measurements and inflammatory markers

Fasting blood was collected from each participant and stored at 
−80οC until analyzed. Creatinine and albumin were measured 
in stored serum using standard methods by the centralized 
laboratory. Albumin and creatinine in urine were quantified in 
all subjects except subjects with CKD stage 5 on ESKD. 
Plasma interleukin-6 (IL-6) and tumor necrosis factor-α 
(TNF-α) were measured by high-sensitive enzyme-linked 
immunosorbent assay (Quantikine HS Human Immunoassay; 
R&D Systems, Minneapolis, MN) according to the manufac-
turer’s instructions. The lower detection limits for IL-6 and 
TNF-α were 0.19 pg/mL and 0.11 pg/mL with intra-assay 
coefficients of variation (CV) 3.1% to 8.7% and 5.5% to 9.8% 
and inter-assay CV 7.4% to 10.4% and 5.5% to 11.2%, respec-
tively. C-reactive protein (CRP) levels were measured by rate 
immunoturbidimetry (Beckman Coulter Inc., Brea, CA, 
USA) using a high-sensitivity CRP assay (lower detection 
limit of 0.2 mg/L).

TRP metabolites

Tryptophan and selective metabolites in the KYN pathway 
were measured in plasma by liquid chromatography/mass spec-
trometry (LC-MS) as reported previously.24 Briefly, 50µL 
plasma was diluted with 5 times of 0.2% acetic acid. Stable 
isotope–labeled standards, 2-picolinic-d4 acid, 2,3-pyridinedi-
carboxylic acid-d3, L-TRP-13C11,15N2, and KYN, were added 
at the time of extraction as internal standards for absolute 
quantification. The diluted samples were vortexed and trans-
ferred to 0.5-mL Millipore Amicon Ultra filter (3 kDa). The 
filter tubes were centrifuged at 13 500g for 60 minutes at 4°C 
and the extracts were transferred to glass vials for LC-MS 
analyses. High-performance liquid chromatography/electro-
spray ionization mass spectrometry (HPLC-ESI-MS) analy-
ses were conducted on a Thermo Fisher Q Exactive mass 
spectrometer with online separation by a Thermo Fisher/
Dionex Ultimate 3000 HPLC. High-performance liquid chro-
matography conditions were as follows: column, YMC-Pack 

Figure 1. Simplified pathway of tryptophan metabolism in mammals.
Dashed arrow indicates multiple processes. Solid arrow indicates single process. 
IDO-1, indoleamine 2,3-dioxygenase 1; IDO-2, indoleamine 2,3-dioxygenase 
2; KAT, kynurenine aminotransferase; KMO, kynurenine 3-monooxygenase; 
KRA, kynureninase; NAD, nicotinamide adenine dinucleotide; TDO, tryptophan 
2,3-dioxygenase.
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ODS-AQ, 3 µm, 2 × 100 mm (YMC; Allentown, PA); mobile 
phase A, 0.5% formic acid in water; mobile phase B, 1% formic 
acid in acetonitrile; flow rate, 200 µL/min; gradient, 1% B to 
30% B for 5 minutes and held at 70% B for 5 minutes to clean 
the column. The MS analyses were conducted using full MS 
scan (70 000 resolution) with positive ion detection. Standard 
curves were generated for all targeted KYN compounds using 
appropriate stable isotope–labeled internal standards and 
native compounds. Quantitative results were obtained by refer-
ence of the experimental peak area ratios to the standard curves.

Statistical analysis

Statistical analyses were performed using SAS statistical soft-
ware (version 9.2, SAS Institute Inc, Cary, NC) and R Project 
statistical software packages (version 2.9.2; the R Foundation 
for Statistical Computing, Vienna, Austria). Variables were 
expressed as mean ± standard deviation or 95% confidence 
interval as appropriate and percentages as appropriate. 
Continuous variables were tested for skewness and kurtosis, 
and some of them were log transformed as appropriate to 
approximate normality. Spearman rho correlations were used to 
assess simple bivariate associations. We used one-way analysis 
of covariance (ANCOVA) to examine associations between 
variables of interest to account for the effects of potential con-
founding variables. Multiple linear regression models were 
used to analyze KYN/TRP ratio (IDO1 activity) association 
with inflammatory markers. We assessed the relationship of 
TRP metabolites to eGFR modeled by a smooth function with 
the SemiPar 1.0 R package. We considered a two-sided P value 
less than 0.05 to be statistically significant. The Bonferroni cor-
rection was used for multiple group comparisons as applicable.

Results
Demographic and laboratory characteristics of the participants 
are presented in Table 1. The mean body mass index (BMI, 
calculated using weight in kilograms over height in meters 
squared) of the study participants was 30.83 ± 7.18, categoriz-
ing them as obese. The mean BMI of the patients in stage 5 
CKD, however, was significantly (P < 0.05) lower than that of 
the mean BMI observed in CKD stages 1 to 4. The mean 
eGFR of the study participants was 51.26 ± 43 mL/min/1.73 m2.

Table 2 shows biochemical parameters, proinflammatory 
cytokines, and TRP metabolites by CKD stages. Serum albu-
min levels were within the recommended range for all CKD 
stages except stage 4. Among inflammatory markers, only 
TNF-α concentrations were markedly increased in stage 5 
CKD compared with stage 1 CKD (P < 0.05). However, the P 
value did not reach statistical significance (P = 0.056) after 
Bonferroni correction. Likewise, plasma TRP levels were sig-
nificantly lower (P < 0.0001) with concomitantly and signifi-
cantly higher levels of its metabolites (e.g., KYN, KYNA, and 
QA—P < 0.001 for all) in advanced CKD than that of stage 1 
CKD. The KYN/TRP ratio was robustly elevated (P < 0.0001) 

in CKD stages 4 and 5 compared with stage 1. After the 
Bonferroni correction, significance retained for TRP, KYN, 
KYNA, QA, and KYN/TRP ratio (P < 0.001 for all) in CKD 
stage 5 compared with stage 1.

The correlations between proinflammatory cytokines, 
eGFR, and TRP metabolites are shown in Table 3. The rela-
tionship between TRP and eGFR was remarkably robust and 
positive (P < 0.0001). In contrast, TRP metabolites KYN, 
KYNA, and QA showed strong negative correlations with 
eGFR (P < 0.0001 for all). Among the measured parameters, 
TNF-α had the strongest association with KYN metabolites 
(P < 0.0001), followed by IL-6, whereas CRP did not show any 
significant correlation. Figure 2 shows a visual representation 
of the relationships between TRP metabolites and the stages of 
CKD modeled by a smooth function. Table 3 also shows sig-
nificant associations between KYN/TRP ratio with BMI 
(r = −.33, P < 0.05), TNF-α (r = .73, P < 0.0001) and IL-6 (r = .35, 
P < 0.01), and eGFR (r = −.93, P < 0.0001). Using ANCOVA, 
we further examined the link between KYN/TRP ratio and the 
stages of CKD. Figure 3 depicts that each time the CKD stage 
progressed (except from CKD stages 3 to 4), there was a statis-
tically significant increase in the KYN/TRP ratio independent 
of age, sex, BMI, and CRP.

Multiple linear regression analysis was used to examine the 
relation of inflammatory markers to KYN/TRP ratio and KYN 
taking into consideration the effect of important covariates 
such as age, sex, BMI, and eGFR (Table 4). Tumor necrosis 
factor-α and IL-6 were directly associated with KYN/TRP 
ratio after the adjustment for age, sex, and BMI (P < 0.001 even 

Table 1. Characteristics of the study participants (n = 60).

VARIABLE  

Age, y 57.17 ± 11.84

Sex (female) 33 (55%)

Body mass index, kg/m2 30.83 ± 7.18

Serum albumin, g/dL 3.61 ± 0.51

eGFR, mL/min/1.73 m2a 51.26 ± 43

CRP, mg/L 0.75 ± 0.86

TNF-α, pg/mL 5.71 ± 3.98

IL-6, pg/mL 3.20 ± 2.90

Tryptophan, µM 49.17 ± 20.24

Kynurenine, µM 3.80 ± 2.12

Kynurenic acid, µM 12.36 ± 4.25

3-Hydroxykynurenine, µM 0.12 ± 0.14

Quinolinic acid, µM 3.66 ± 4.10

Abbreviations: CRP, C-reactive protein; eGFR, estimated glomerular filtration 
rate; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α.
Data are mean ± standard deviation or number (%).
aExcludes subjects (n = 21) with stage 5 CKD on hemodialysis.
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Table 2. Age- and sex-adjusted body mass index and biochemical parameters by stages of chronic kidney disease.

VARIABLE STAGE 1: eGFR 
⩾90
(N = 12)

STAGE 2: eGFR 
60-89
(N = 15)

STAGE 3: eGFR 
30-59
(N = 8)

STAGE 4: eGFR 
15-29
(N = 4)

STAGE 5 ON 
ESKD: eGFR <15
(N = 21)

BMI, kg/m2 32.14
(28.57–36.15)

30.57
(27.72–33.72)

29.08
(25.85–32.71)

35.16
(29.48–41.95)

27.66a

(25.57–29.92)

Albumin, g/dL 3.78
(3.43–4.17)

3.74
(3.46–4.05)

3.63
(3.23–4.09)

3.16a

(2.75–3.62)
3.42
(3.23–3.63)

CRP, mg/L 0.43
(0.21–0.87)

0.30
(0.20–0.58)

0.26
(0.10–0.87)

0.29
(0.09–1.00)

0.68
(0.43–1.06)

TNF-α, pg/mL 3.16
(1.79–5.58)

2.41
(1.54–3.78)

3.74
(2.04–6.87)

6.89
(2.91–16.3)

7.69a

(5.30–11.1)

IL-6, pg/mL 2.39
(1.55–3.67)

1.65
(1.18–2.30)

1.03a

(0.66–1.62)
2.48
(1.30–4.74)

4.01
(3.05–5.28)

TRP, µM 69.4
(59.3–81.2)

58.6
(51.0–67.2)

50.4a

(42.3–60.1)
38.9c

(30.1–50.1)
28.2d

(25.1–31.7)

KYN, µM 2.08
(1.71–2.52)

2.53
(2.17–2.96)

3.32b

(2.68–4.12)
3.16a

(2.31–4.32)
5.58d

(4.87–6.41)

KYNA, µM 0.33
(0.20–0.53)

0.31
(0.21–0.46)

0.43
(0.25–0.73)

0.42
(0.20–0.88)

4.30d

(3.09–6.01)

3-HKYN, µM 1.05
(0.99–1.11)

1.06
(1.02–1.10)

1.06
(1.00–1.13)

1.12
(1.03–1.21)

1.22d

(1.17–1.27)

QA, µM 1.57
(1.24–1.98)

1.63
(1.37–1.95)

1.86
(1.47–2.35)

2.32
(1.66–3.23)

6.30d

(5.38–7.37)

KYN/TRP ratio 0.03
(0.03–0.04)

0.05b

(0.04–0.05)
0.07d

(0.05–0.08)
0.08d

(0.06–0.12)
0.20d

(0.18–0.22)

Abbreviations: 3-HKYN, 3-hydroxykynurenine; BMI, body mass index; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; ESKD, end-stage kidney 
disease; IL-6, interleukin-6; KYN, kynurenine; KYNA, kynurenic acid; QA, quinolinic acid; TNF-α, tumor necrosis factor-α; TRP, tryptophan.
Data are geometric means and 95% confidence interval. Variables (except BMI and albumin) are log transformed.
aP < 0.05; bP < 0.01; cP < 0.001; dP < 0.0001.

Table 3. Spearman correlation coefficients of age, body mass index, and renal function with specific inflammatory markers and tryptophan 
metabolites.

VARIABLE AGE BMI eGFR CRP TNF-α IL-6 TRP KYN KYNA QA

BMI −0.33b  

eGFR −0.2 0.35b  

CRP −0.17 0.26 −0.09  

TNF-α 0.08 −0.17 −0.72d 0.06  

IL-6 0.17 −0.13 −0.41b 0.33a 0.33a  

TRP −0.18 0.15 0.82d −0.10 −0.56d −0.37b  

KYN 0.02 −0.33a −0.83d 0.18 0.72d 0.33a −0.57d  

KYNA 0.04 −0.02 −0.64d 0.23 0.42c 0.33a 0.32a 0.59d  

QA 0.10 −0.29a −0.85d 0.24 0.65d 0.49d −0.67d 0.84d 0.72d  

KYN/TRP ratio 0.14 −0.28a −0.93d 0.17 0.73d 0.35b −0.83d 0.89d 0.67d 0.85d

Abbreviations: BMI, body mass index; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; IL-6, interlerukin-6; KYN, kynurenine; KYNA, kynurenic acid; 
QA, quinolinic acid; TNF-α, tumor necrosis factor-α; TRP, tryptophan.
aP < 0.05; bP < 0.01; cP < 0.001; dP < 0.0001.
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with the Bonferroni correction). Interleukin-6 was indepen-
dently related to neither KYN/TRP ratio nor KYN after the 
additional adjustment for eGFR. Τumor necrosis factor-α was 
not related to KYN/TRP ratio after the additional adjustment 
for eGFR but was associated with KYN (P = 0.010). However, 
P value was attenuated to marginal significance (P = 0.060) 
after the Bonferroni correction. Age, sex, BMI, and eGFR 
explained 66.9% and 90.4% of variability of KYN concentra-
tion and KYN/TRP ratio, respectively. Adding TNF-α to the 
model accounted for an additional 3.9% of the KYN variance 
and 0.0% of the KYN/TRP ratio variance.

The prevalence of albuminuria is highly variable in patients 
with CKD with T2D but is often considered as an important 

predictor of CKD progression—The higher the albuminuria, 
the greater the risk for kidney function.25 We analyzed data 
according to the degree of albuminuria using the standard defi-
nition21 and CKD stages 1 to 4; however, the number of sub-
jects in each subgroup was extremely small, which precluded 
the generation of any meaningful result. Therefore, the analysis 
(age- and sex-adjusted) was limited only to degree of albumi-
nuria, which revealed a significantly higher KYN/TRP ratio in 
subjects with macroalbuminuria (−2.75 ± 0.09, P < 0.001) and 
microalbuminuria (−2.95 ± 0.18, P < 0.05) than in patients with 
normoalbuminuria (−3.34 ± 0.08). The mean ± standard devia-
tion eGFR in macroalbuminuria (n = 15), microalbuminuria 
(n = 4), and normoalbuminuria (n = 21) groups was 43.4 ± 6.1 

Figure 2. Relationship between kidney function and tryptophan metabolites.a
aPenalized smoothing splines were used to assess the relationship between eGFR to tryptophan metabolites. eGFR indicates estimated glomerular filtration rate.

Figure 3. Kynurenine/tryptophan ratio by stages of chronic kidney disease.
Data are geometric mean and 95% confidence interval.
Statistical difference between stage 1 and stage 2: P = 0.03; stage 2 and stage 3: P = 0.003; stage 3 and stage 4: P = 0.43; stage 4 and stage 5: P < 0.0001.
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(P < 0.001), 79.5 ± 11.7 (P < 0.01), and 96.4 ± 5.8 mL/min/1.73 m2, 
respectively.

Discussion
Our study reports the first data on TRP metabolism in relation 
to inflammatory markers in patients with T2D and varying 
stages of CKD including ESKD. The results demonstrate a 
proportional and significant depletion of circulating TRP with 
the loss of kidney function. Compared with stage 1 CKD, 
plasma TRP levels were nearly 60% lower at stage 5 CKD. 
Tryptophan reduction was accompanied with an increase in the 
levels of KYN, KYNA, and QA—this preliminary observation 
may indicate the inductions of TRP degrading enzymes. 
Circulating levels of TRP metabolites positively and robustly 
correlated not only with the severity of kidney function but also 
with proinflammatory cytokines TNF-α and IL-6.

TRP metabolism in patients with moderate to severe 
CKD,26 including ESKD undergoing hemodialysis,27,28 has 
previously been reported. These studies included CKD patients 
of heterogeneous etiologies and excluded patients with early 
stages of CKD. The gradual TRP depletion that was propor-
tional to the advancing CKD stages found in our study is in 
sharp contrast with Schefold et  al. (see Figure 2a)26 who 
reported unaltered TRP levels in CKD stages 3 to 5—an 
unconventional finding. Our data, however, regarding signifi-
cant correlations of the TRP metabolites and KYN/TRP ratio 
with severity of kidney function, are consistent with the results 
by the aforementioned study26 and a recent study by Zhang 

et al (see Figure 2).29 The overall findings, however, of the latter 
study29 that involved type 2 diabetic patients with impaired 
kidney function are difficult to interpret. Like Schefold et al.,26 
the study did not find any difference in TRP levels between 
patients with eGFR greater than 60 and 31 to 60 mL/
min/1.73 m2 (or CKD stage 3). It should be noted that eGFR 
greater than 60 mL/min/1.73 m2 includes both CKD stages 1 
and 2. Importantly, Zhang et al29 did not measure any inflam-
matory marker or specify the number of subjects in each group 
of diabetic patients with eGFR of >60 and <60 ml/min/1.73 m2. 
Besides, the analytical method for TRP and KYN quantifica-
tion and whether levels of TRP and KYN required log trans-
formation remain unknown.

The underlying mechanism of accelerated TRP metabolism 
in CKD patients with T2D has not been investigated. 
Obviously, kidneys are the primary organs responsible for the 
elimination of TRP and its metabolites.30 TRP is effectively 
reabsorbed in the glomeruli, and reabsorption of KYN is sig-
nificantly influenced by its plasma concentrations, ie, higher 
excretion fractions at increasing circulating levels.30 In CKD 
patients, this phenomenon is not observed,31 resulting in the 
accumulation of KYN in the circulation. Saito et al.32 demon-
strated in nephrectomized animal model of CKD that in addi-
tion to diminished excretion, KYN accumulation could be due 
to enhanced synthesis and/or reduced metabolism.

We found enhanced IDO1 activity during the early stage of 
CKD (stage 2 vs stage 1, P < 0.01; Table 2). This novel observa-
tion suggests that upregulation of IDO1-mediated TRP 

Table 4. Multiple linear regression models of the relationships between KYN/TRP and KYN (dependent variables) and inflammatory markers 
(independent variables).

KYN/TRP KYN

 β-COEFFICIENT SE P VALUE β-COEFFICIENT SE P VALUE

CRP (independent variable)  

 Unadjusted 0.16 0.11 .163 0.11 0.07 .123

 Adjusted for age, sex, and BMI 0.24 0.10 .023 0.17 0.07 .014

 Adjusted for age, sex, BMI, and eGFR −0.02 0.04 .700 0.04 0.05 .442

TnF-α (independent variable)  

 Unadjusted 0.43 0.09 <.0001 0.30 0.05 <.0001

 Adjusted for age, sex, and BMI 0.38 0.09 <.0001 0.27 0.05 <.0001

 Adjusted for age, sex, BMI, and eGFR 0.02 0.04 .550 0.12 0.04 .010

Il-6 (independent variable)  

 Unadjusted 0.36 0.09 .0004 0.18 0.06 .004

 Adjusted for age, sex, and BMI 0.31 0.09 .002 0.15 0.06 .014

 Adjusted for age, sex, BMI, and eGFR −0.02 0.04 .572 −0.02 0.05 .740

Abbreviations: BMI, body mass index; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; IL-6, interleukin-6; KYN, kynurenine; SE, standard error; TNF-α, 
tumor necrosis factor-α; TRP, tryptophan.
Dependent and independent variables are log transformed.
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metabolism may be an intrinsic feature of CKD. During 
chronic inflammation, IDO1 is upregulated and oxidatively 
degrades the indole ring of TRP to formylkynurenine, which 
subsequently yields KYN; once synthesized, KYN undergoes 
further metabolism through 3 distinct pathways to form sev-
eral downstream intermediary metabolites (Figure 1)—a pre-
vailing concept.10,33 Consistent with this notion, our data show 
striking positive correlation between TRP metabolites and 
proinflammatory cytokines (Table 3). It is interesting to note 
that animal studies32,34,35 consistently showed remarkable 
upregulation of TDO causing TRP depletion with concomi-
tant KYN elevation. In addition, these studies34,35 noted 
unchanged tissue IDO1 activity in rats with experimental 
CKD compared with control group. One recent study36 identi-
fied TDO-induced TRP metabolism in patients with CKD 
and T2D. Therefore, TRP degradation via TDO activation in 
this patient population is conceivable.

The relationship between proinflammatory cytokines and 
IDO1 activity (KYN/TRP ratio) in CKD seems complex and 
is not well investigated. First, circulating proinflammatory 
cytokines show substantial variability, which apparently 
depends on the kidney function37 as impaired kidney function 
affects the clearance of cytokines. Second, it should also be 
emphasized, as mentioned previously, that handling of TRP 
and KYN by the kidneys is altered in CKD setting.31,32 Third, 
the reported associations between TRP and its metabolites 
with eGFR in the literature are inconsistent. For example, 
Goek et  al.38 did not find any correlation between eGFR 
change with either TRP or KYN. In contrast, Solini et  al.36 
reported positive and inverse relationship of eGFR with TRP 
and KYN, respectively. Fourth, it is important to consider that 
TNF-α alone is not sufficient to induce IDO1 as shown by in 
vivo experiments, but it is an important potentiator of IDO1 
expression in several different contexts.7,39 Finally, emerging 
data convincingly show that TDO also mediates immunoregu-
latory effects.40 Taken together, it is perhaps the combination 
of TDO and IDO1, not IDO1 alone, which is responsible for 
the accelerated metabolism of TRP in CKD. In light of the 
above discussion, the validity of KYN/TRP as an index of 
IDO1 activity needs reassessment in CKD and T2D context—
a view that has recently been proposed by Badawy.41 It is rele-
vant to acknowledge the potential involvement of indoleamine 
2,3-dioxygenase 2 (IDO2) in TRP metabolism.42 IDO2 
expression is predominant in the kidneys (as well as in antigen-
presenting cells and a few other cell lines).43,44 While the bio-
logical role of IDO2 is yet to be fully elucidated, several studies 
point to IDO2 as an important contributor to TRP catabolism 
and production of KYN. For example, Ball et al.43 hypothesized 
that in conjunction with TDO expression in the liver, IDO2 
may regulate plasma TRP by catabolizing excess TRP reab-
sorbed by the kidney tubules. In addition, like IDO1, IDO2 
expression is upregulated in response to interferon-γ in several 
cell lines,45 which contradicts with previous study findings.43 

The data reported in our study are unable to distinguish the 
relative contributions of these 3 enzymes on global changes in 
TRP catabolism along the KYN pathway.

We found accelerated IDO1 activity (KYN/TRP ratio) in 
patients with impaired kidney function with concomitant mac-
roalbuminuria. Well-designed studies are warranted to repli-
cate this novel finding and to elucidate the underlying biological 
mechanism because dietary TRP supplementation holds 
promise to ameliorate albuminuria as demonstrated by Kaysen 
and Kropp46 in animal model of CKD.

The stimulating preliminary data, nevertheless, presented 
here suggest that accelerated TRP metabolism via the KYN 
pathway may have significant contributions to CKD initiation, 
progression, and other symptomatology in patients with T2D. 
Of note, accelerated TRP metabolism is often implicated to 
fatigue, depression, and other psychiatric disorders,47 which are 
prevalent in advanced CKD.48 Moreover, our regression analy-
sis suggests that primarily two distinct mechanisms (inflam-
mation and impaired kidney function) contribute to the 
accumulation of KYN. This observation is potentially impor-
tant because targeting inflammation alone may not be effective 
in reducing KYN levels and explains why hemodialysis alone is 
inefficient in removing KYN from the circulation of ESKD 
patients.26 Therefore, the KYN pathway may offer a viable new 
avenue for therapeutic intervention to address CKD-associated 
comorbidities in patients with T2D.

The present study is limited by the cross-sectional analysis 
of data from a relatively small sample size, particularly in stage 
4 CD owing to extremely low prevalence and extraordinary 
mortality rate.49,50 We did not measure TDO or glucagon, and 
neurobehavioral phenotypes were not ascertained. In the par-
ent study,18 plasma HbA1c was not available for all subjects. 
Recommended20 modest dietary animal protein restriction in 
patients with CKD with eGFR less than 60 mL/min/1.73 m2 
may contribute to the lower level of TRP; however, it seems 
unlikely that dietary intake would affect circulating levels of 
TRP and or KYN/TRP ratio.23 The validity of the results in 
our study, however, is strengthened with the consistent find-
ings of the positive relationship of TRP with eGFR and an 
inverse association between KYN and eGFR reported in a 
patient population similar to ours.36 Moreover, results of the 
current study are in agreement with the findings from a pro-
spective study51 that showed significant association of KYN 
with eGFR progression.

In the aggregate, the study findings demonstrate the robust 
association between TRP metabolism with concomitant rise in 
several bioactive kynurenines in type 2 diabetic patients with 
impaired kidney function. The key metabolite KYN correlated 
significantly with circulating TNF-α independent of eGFR, 
although the strength of correlation attenuated to marginal 
significance (P = 0.060) after Bonferroni correction. These  
preliminary data provide a strong rationale for additional  
studies to determine the influence of TRP metabolites on the 
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progression of diabetic kidney disease and overwhelming 
symptoms burden in this population. Future prospective  
studies should determine any temporal relationship of TRP 
metabolites with the progression of CKD stages and clarify the 
true cause of TRP depleting and kynurenines accumulation 
by measuring simultaneous direct assessment of TDO2 and 
both rate-limiting enzymes IDO1 and TDO.

Acknowledgements
This work is dedicated to the contributions and memory of Dr 
Abboud.

Author Contributions
SD, HEA, and JCO conceived and designed the experiments. 
SD, CV, LR, FT, BK, CL, HEA, and JCO analyzed the data. 
SD wrote the first draft of the manuscript. SD, BK, CEH, CL, 
and JCO contributed to the writing of the manuscript. All 
authors agree with manuscript results and conclusions, jointly 
developed the structure and arguments for the article, made 
critical revisions, and approved the final version.

Disclosures
Partial data were presented at the National Kidney Foundation 
2015 Spring Clinical Meetings.

RefeRenCes
 1. Rossing K, Christensen PK, Hovind P, Tarnow L, Rossing P, Parving HH. 

Progression of nephropathy in type 2 diabetic patients. Kidney Int. 2004;66: 
1596–1605.

 2. Macisaac RJ, Ekinci EI, Jerums G. Markers of and risk factors for the development 
and progression of diabetic kidney disease. Am J Kidney Dis. 2014;63:S39–S62.

 3. Kopple JD. Abnormal amino acid and protein metabolism in uremia. Kidney Int. 
1978;14:340–348.

 4. Suliman ME, Qureshi AR, Stenvinkel P, et al. Inflammation contributes to low 
plasma amino acid concentrations in patients with chronic kidney disease. Am J 
Clin Nutr. 2005;82:342–349.

 5. Richard DM, Dawes MA, Mathias CW, Acheson A, Hill-Kapturczak N, 
Dougherty DM. L-tryptophan: basic metabolic functions, behavioral research 
and therapeutic indications. Int J Tryptophan Res. 2009;2:45–60.

 6. Sainio EL, Pulkki K, Young SN. L-tryptophan: biochemical, nutritional and 
pharmacological aspects. Amino Acids. 1996;10:21–47.

 7. O’Connor JC, Lawson MA, Andre C, et al. Lipopolysaccharide-induced de-
pressive-like behavior is mediated by indoleamine 2,3-dioxygenase activation in 
mice. Mol Psychiatry. 2009;14:511–522.

 8. Byrne GI, Lehmann LK, Kirschbaum JG, Borden EC, Lee CM, Brown RR. 
Induction of tryptophan degradation in vitro and in vivo: a gamma-interferon-
stimulated activity. J Interferon Res. 1986;6:389–396.

 9. Werner-Felmayer G, Werner ER, Fuchs D, Hausen A, Reibnegger G, Wachter 
H. Induction of indoleamine 2,3-dioxygenase in human cells in vitro. Adv Exp 
Med Biol. 1991;294:505–509.

 10. Moffett JR, Namboodiri MA. Tryptophan and the immune response. Immunol 
Cell Biol. 2003;81:247–265.

 11. Mutsaers HA, Masereeuw R, Olinga P. Altered tryptophan metabolism and 
CKD-associated fatigue. Kidney Int. 2014;86:1061–1062.

 12. Pawlak K, Brzosko S, Mysliwiec M, Pawlak D. Kynurenine, quinolinic acid—
the new factors linked to carotid atherosclerosis in patients with end-stage renal 
disease. Atherosclerosis. 2009;204:561–566.

 13. Okuno E, Kido R. Kynureninase and kynurenine 3-hydroxylase in mammalian 
tissues. Adv Exp Med Biol. 1991;294:167–176.

 14. Mohib K, Wang S, Guan Q   , et al. Indoleamine 2,3-dioxygenase expression 
promotes renal ischemia-reperfusion injury. Am J Physiol Renal Physiol. 
2008;295:F226–F234.

 15. Stone TW, Darlington LG. Endogenous kynurenines as targets for drug discov-
ery and development. Nat Rev Drug Discov. 2002;1:609–620.

 16. Anders HJ. Of inflammasomes and alarmins: IL-1β and IL-1α in kidney dis-
ease. J Am Soc Nephrol. 2016;27:2564–2575.

 17. Amdur RL, Feldman HI, Gupta J, et al. Inflammation and progression of CKD: 
the CRIC study. Clin J Am Soc Nephrol. 2016;11:1546–1556.

 18. Knowler WC, Coresh J, Elston RC, et al. The family investigation of nephropa-
thy and diabetes (FIND): design and methods. J Diabetes Complications. 
2005;19:1–9.

 19. Expert Committee on the Diagnosis and Classification of Diabetes Mellitus. 
Report of the expert committee on the diagnosis and classification of diabetes 
mellitus. Diabetes Care. 1997;20:1183–1197.

 20. National Kidney Foundation. K/DOQI clinical practice guidelines for chronic 
kidney disease: evaluation, classification, and stratification. Am J Kidney Dis. 
2002;39:S1–S266.

 21. American Diabetes Association. Standards of medical care for patients with dia-
betes mellitus. Diabetes Care. 2003;26:S33–S50.

 22. Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. A more accurate 
method to estimate glomerular filtration rate from serum creatinine: a new pre-
diction equation. modification of diet in renal disease study group. Ann Intern 
Med. 1999;130:461–470.

 23. Schrocksnadel K, Wirleitner B, Winkler C, Fuchs D. Monitoring tryptophan 
metabolism in chronic immune activation. Clin Chim Acta. 2006;364:82–90.

 24. Parrott JM, Redus L, O’Connor JC. Kynurenine metabolic balance is disrupted 
in the hippocampus following peripheral lipopolysaccharide challenge. J 
Neuroinflammation. 2016;13:124.

 25. de Zeeuw D, Remuzzi G, Parving HH, et al. Proteinuria, a target for renopro-
tection in patients with type 2 diabetic nephropathy: lessons from RENAAL. 
Kidney Int. 2004;65:2309–2320.

 26. Schefold JC, Zeden JP, Fotopoulou C, et al. Increased indoleamine 2,3-dioxy-
genase (IDO) activity and elevated serum levels of tryptophan catabolites in 
patients with chronic kidney disease: a possible link between chronic inflamma-
tion and uraemic symptoms. Nephrol Dial Transplant. 2009;24:1901–1908.

 27. Koenig P, Nagl C, Neurauter G, Schennach H, Brandacher G, Fuchs D. 
Enhanced degradation of tryptophan in patients on hemodialysis. Clin Nephrol. 
2010;74:465–470.

 28. Pawlak D, Pawlak K, Malyszko J, Mysliwiec M, Buczko W. Accumulation of 
toxic products degradation of kynurenine in hemodialyzed patients. Int Urol 
Nephrol. 2001;33:399–404.

 29. Zhang Y, Ruan Y, Zhang P, Wang L. Increased indoleamine 2,3-dioxygenase 
activity in type 2 diabetic nephropathy. J Diabetes Complications. 2017;31: 
223–227.

 30. Moller SE. Pharmacokinetics of tryptophan, renal handling of kynurenine and 
the effect of nicotinamide on its appearance in plasma and urine following 
L-tryptophan loading of healthy subjects. Eur J Clin Pharmacol. 1981;21: 
137–142.

 31. Duranton F, Lundin U, Gayrard N, et al. Plasma and urinary amino acid metab-
olomic profiling in patients with different levels of kidney function. Clin J Am Soc 
Nephrol. 2014;9:37–45.

 32. Saito K, Fujigaki S, Heyes MP, et al. Mechanism of increases in L-kynurenine 
and quinolinic acid in renal insufficiency. Am J Physiol Renal Physiol. 
2000;279:F565–F572.

 33. Munn DH, Mellor AL. Indoleamine 2,3 dioxygenase and metabolic control of 
immune responses. Trends Immunol. 2013;34:137–143.

 34. Pawlak D, Tankiewicz A, Matys T, Buczko W. Peripheral distribution of kyn-
urenine metabolites and activity of kynurenine pathway enzymes in renal failure. 
J Physiol Pharmacol. 2003;54:175–189.

 35. Tankiewicz A, Pawlak D, Topczewska-Bruns J, Buczko W. Kidney and liver 
kynurenine pathway enzymes in chronic renal failure. Adv Exp Med Biol. 
2003;527:409–414.

 36. Solini A, Manca ML, Penno G, Pugliese G, Cobb JE, Ferrannini E. Prediction 
of declining renal function and albuminuria in patients with type 2 diabetes by 
metabolomics. J Clin Endocrinol Metab. 2016;101:696–704.

 37. Stenvinkel P, Ketteler M, Johnson RJ, et al. IL-10, IL-6, and TNF-alpha: cen-
tral factors in the altered cytokine network of uremia—the good, the bad, and the 
ugly. Kidney Int. 2005;67:1216–1233.

 38. Goek ON, Prehn C, Sekula P, et al. Metabolites associate with kidney function 
decline and incident chronic kidney disease in the general population. Nephrol 
Dial Transplant. 2013;28:2131–2138.

 39. O’Connor JC, Andre C, Wang Y, et al. Interferon-gamma and tumor necrosis 
factor-alpha mediate the upregulation of indoleamine 2,3-dioxygenase and the 
induction of depressive-like behavior in mice in response to bacillus calmette-
guerin. J Neurosci. 2009;29:4200–4209.

 40. Schmidt SK, Muller A, Heseler K, et al. Antimicrobial and immunoregulatory 
properties of human tryptophan 2,3-dioxygenase. Eur J Immunol. 
2009;39:2755–2764.

 41. Badawy AA. Tryptophan availability for kynurenine pathway metabolism across 
the life span: control mechanisms and focus on aging, exercise, diet and nutri-
tional supplements. Neuropharmacology. 2017;112:248–263.

 42. Prendergast GC, Metz R, Muller AJ, Merlo LM, Mandik-Nayak L. IDO2 in 
immunomodulation and autoimmune disease. Front Immunol. 2014;5:585.



Debnath et al 9

 43. Ball HJ, Sanchez-Perez A, Weiser S, et al. Characterization of an indoleamine 
2,3-dioxygenase-like protein found in humans and mice. Gene. 2007;396: 
203–213.

 44. Metz R, Duhadaway JB, Kamasani U, Laury-Kleintop L, Muller AJ, Prendergast 
GC. Novel tryptophan catabolic enzyme IDO2 is the preferred biochemical tar-
get of the antitumor indoleamine 2,3-dioxygenase inhibitory compound 
D-1-methyl-tryptophan. Cancer Res. 2007;67:7082–7087.

 45. Lob S, Konigsrainer A, Zieker D, et al. IDO1 and IDO2 are expressed in human 
tumors: levo- but not dextro-1-methyl tryptophan inhibits tryptophan catabo-
lism. Cancer Immunol Immunother. 2009;58:153–157.

 46. Kaysen GA, Kropp J. Dietary tryptophan supplementation prevents proteinuria 
in the seven-eighths nephrectomized rat. Kidney Int. 1983;23:473–479.

 47. Chen Y, Guillemin GJ. Kynurenine pathway metabolites in humans: disease and 
healthy states. Int J Tryptophan Res. 2009;2:1–19.

 48. Murtagh FE, Addington-Hall J, Higginson IJ. The prevalence of symptoms in 
end-stage renal disease: a systematic review. Adv Chronic Kidney Dis. 2007; 
14:82–99.

 49. Coresh J, Selvin E, Stevens LA, et al. Prevalence of chronic kidney disease in the 
united states. JAMA. 2007;298:2038–2047.

 50. Keith DS, Nichols GA, Gullion CM, Brown JB, Smith DH. Longitudinal fol-
low-up and outcomes among a population with chronic kidney disease in a large 
managed care organization. Arch Intern Med. 2004;164:659–663.

 51. Rhee EP, Clish CB, Ghorbani A, et al. A combined epidemiologic and metabolo-
mic approach improves CKD prediction. J Am Soc Nephrol. 2013;24:1330–1338.


