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Purpose: Our aim was to determine the relationship between plasma and urine indoleamine 2.3-dioxygenase (IDO) activity and stage
of chronic kidney disease (CKD).

Patients and Methods: Demographic and clinical parameters, including plasma and urine IDO activity, were recorded in 47 CKD
patients and 30 controls. One-way ANOVA with the least significant difference method was used to compare means of variables that
had normal distributions and homogeneous variance. Variables with non-normal distributions were log-transformed and compared
using the rank sum test Pearson or Spearman correlation coefficients were determined. Binary logistic regression and ordinal logistic
regression were used to identify independently significant factors. Receiver operating characteristic (ROC) analysis was performed.
Results: The control group had higher levels of hemoglobin and albumin and lower levels of creatinine and blood urea nitrogen
(BUN; all P<0.01). The level of highly sensitive C reactive protein (hs-CRP) increased as CKD stage increased (P<0.01). Plasma and
urine IDO activity were positively correlated (r=0.7, P<0.01). Plasma IDO activity correlated with age, creatinine, BUN, triglycer-
ides, uric acid, albumin, and hemoglobin (all P<0.05); urine IDO activity correlated with age, BMI, creatinine, BUN, and
hemoglobin (all P< 0.05). There were positive correlations of hs-CRP level with plasma IDO activity and urine IDO activity
(both P<0.01). After adjusting for CKD-related factors, plasma IDO activity, urine IDO activity, and hs-CRP were independent risk
factors for CKD (all P<0.05). Ordinal logistic regression also indicated that plasma and urine IDO activity were significantly
associated with CKD stage. ROC analysis indicated that plasma and urine IDO activity were good predictors of CKD and
distinguished different stages of CKD. There was a strong correlation between plasma IDO activity and inflammatory status in
patients with CKD (OR=1258.908, P<0.01).

Conclusion: Plasma and urine IDO activity have potential use as biomarkers for early-stage CKD, progression of CKD, and
inflammation status.
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Introduction

Chronic Kidney Disease (CKD) is a major threat to public health throughout the world, and it has a prevalence of about
10.8% in China.! Thus, CKD is one of the most common non-communicable chronic diseases, is associated with high
morbidity, and is responsible for extensive healthcare costs. As CKD progresses, patients experience significant somatic
symptoms, reduced health-associated life quality, and extensive lifestyle limitations.>* Clinicians commonly measure the
serum levels of creatinine and cystatin C to assess CKD severity. However, these markers are not sensitive enough for the
early diagnosis of CKD and do not have high diagnostic specificity. The pathogenesis and progression of CKD is
complex and incompletely elucidated, but CKD is related to many factors, such as the chronic inflammatory state and
immune disorders. Therefore, it is very important to develop improved methods for early detection of CKD and to further
examine the mechanism of CKD progression.
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Indoleamine 2.3-dioxygenase (IDO) is a heme-containing monomeric enzyme that catalyzes the conversion of
tryptophan (TRP) into kynurenine (KYN) and is the rate-limiting enzyme in the TRP-KYN pathway. IDO has
immunomodulatory effects due to its important role in tryptophan metabolism. These effects include down-regulation
of T cells, control of inflammation, and immune tolerance. Recent studies of cancer patients suggested that innate
responses during tumorigenesis can up-regulate IDO, and that IDO can increase the response to immunotherapy. For
example, Thiiring et al reported that urine IDO had prognostic value in patients undergoing radical prostatectomy. These
same mechanisms are also important in the development and progression of CKD.*?

Huttunen et al found that the level of IDO was closely related to inflammatory status and mortality in patients with
sepsis.® Some studies in China found that the inhibition of IDO may ameliorate renal fibrosis.” Some individuals who
have heart failure or infectious diseases, or are vegetarians may have altered immune status and elevation of IDO,* and
IDO is elevated in diabetes patients who have CKD.? An elevated plasma IDO level is indicative of the inflammatory
state and immune disorders, and there is also a positive association of plasma IDO activity with CKD progression.'’

Previous research that examined the relationship of IDO with CKD mainly focused on changes of plasma IDO activity. There
is little is known about the changes of urine IDO activity during the onset and progression of CKD. In the present study, we used
liquid chromatography-mass spectrometry (LC-MS) to examine changes of plasma and urine IDO activity during CKD.

Materials and Methods

Subject Screening
A total of 47 patients and 30 controls were recruited from the First Affiliated Hospital of Soochow University (Suzhou,
Jiangsu) from March to June 2018. These two groups were matched for age and BMI. Subjects who had any of the
following characteristics were excluded: age less than 18 years; acute kidney injury; severe arrhythmia or heart failure;
severe hemodynamic disorder; active infectious disease or use of an antibiotic; strict vegetarianism; a solitary kidney;
participation in professional athletics; pregnancy, lactating, or having a menstrual period; mental illness or inability to
cooperate; cancer; or autoimmune-related nephritis. All included patients (but none of the controls) had confirmed
diagnoses of CKD based on the Kidney Disease Improving Global Outcome (KDIGO) guideline."'

This study was approved by the Ethics Committee of the First Affiliated Hospital of Soochow University (Ethics
Research Association No. 079). Each study subject signed an informed consent document. Our study was complied with
the Declaration of Helsinki.

Laboratory Measurements

Routine laboratory parameters were measured. Creatinine, uric acid, blood urea nitrogen, triglycerides, total cholesterol, albumin,
and blood glucose were determined using the OLYMPUS AU2700 automatic biochemical analyzer (Olympus, Japan).
Hemoglobin was determined using the Beckman LH750 automatic blood analyzer (Beckman, U.S.A.). Highly sensitive
C reactive protein (hs-CRP) was measured using the OLYMPUS AU2700 Automatic Biochemical Analyzer (Olympus,
Japan). TRP and KYN levels in plasma and urine samples were determined by LC (Ultimate 3000, Thermo, USA) and MS
(Q Exactive, Thermo, U.S.A.). Chromatographic separation was accomplished in an Thermo Ultimate 3000 system equipped
with an ACQUITY UPLC® HSS T3 (150x2.1 mm, 1.8 pm, Waters) column maintained at 40°C. The temperature of the
autosampler was 8°C. Gradient elution of analytes was carried out with 0.1% formic acid in water (A) and 0.1% formic acid in
acetonitrile (B) or SmM ammonium formate in water (C) and acetonitrile (D) at a flow rate of 0.25mL/min. Injection of 2puL of
each sample was done after equilibration. An increasing linear gradient of solvent B (v/v) was used as follows: 0~1 min, 2% B/D;
1~9 min, 2%~50% B/D; 9~14 min, 50%~98% B/D; 14~15 min, 98% B/D; 15~15.5 min, 98%~2% B/D; 15.5~17 min, 2%B/D.
The ESI-MSn experiments were executed on the Thermo Q Exactive Focus mass spectrometer with the spray voltage of 3.8 kV
and —2.5 kV in positive and negative modes, respectively. Sheath gas and auxiliary gas were set at 45 and 15 arbitrary units,
respectively. The capillary temperature was 325 °C, respectively. The Orbitrap analyzer scanned over a mass range of m/z 81—
1000 for full scan at a mass resolution of 70,000. Data dependent acquisition (DDA) MS/MS experiments were performed with
HCD scan. The normalized collision energy was 30 eV. Dynamic exclusion was implemented to remove some unnecessary

information. IDO activity was expressed as the ratio of KYN to TRP, as previously described.'*"?
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Definition of CKD
All CKD patients had CKD stage 1 to 4 (CKD1-4), determined using the KIDGO guideline. The Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) equation was used to calculate eGFR."

Statistical Analysis

Statistical analysis was performed using SPSS version 22.0. Data with normal distributions were expressed as means +
SDs, and data with non-normal distributions as medians and interquartile ranges (IQRs). A one-way ANOVA was used to
compare means when variables had normal distributions and homogeneous variance, followed by the least significant
difference (LSD) test. The rank sum test was used for comparisons of variables that had non-normal distributions.
Pearson or Spearman correlation analysis was used to determine the correlations of IDO activity with other indices.
Binary logistic regression and ordinal logistic regression were used to determine the independent relationship of different
factors with CKD. Receiver operating characteristic (ROC) curves were plotted to evaluate the accuracy of IDO activity
in the diagnosis of CKD. The best cut-off for the ROC curve was calculated using Youden’s index. P values below 0.05
(*) and below 0.01 (**) were considered statistically significant.

Results

Clinical Characteristics of CKD Patients and Controls

We examined 77 subjects, 47 patients with different stages of CKD and 30 controls without CKD (Table 1). All CKD patients
were initially diagnosed from March to June 2018 and a very small number of them had CKD4 with mild hypertension and
gastrointestinal symptoms. We initially assessed the normality and homogeneity of variance of all clinical variables in the
control and CKD groups. Age, hemoglobin, and uric acid had normal distributions with homogeneous variances, so we used
the LSD method for comparisons. After natural log transformation, body mass index (BMI), creatinine, BUN, and triglycer-
ides had normal distributions and homogeneous variances, so we used the LSD method for comparisons. Albumin, total
cholesterol, and blood glucose did not have normal distributions after natural logarithm transformation, so we used the rank
sum test for comparisons. Thus, relative to all 47 CKD patients, the control group had higher levels of hemoglobin and
albumin, and lower levels of Ln (creatinine) and Ln (BUN) (all P < 0.01).

IDO Activity in CKD Patients and Controls

Measurements of plasma and urine IDO activity indicated significant differences between controls and patients with
early-stage CKD, and that the levels of both markers increased with the progression of CKD stage (Figure 1). However,
the controls and patients with CKD1 had no significant differences in plasma or urine IDO activity.

Table | Clinical Characteristics of CKD Patients and Controls

Variable Control CKDI CKD2 CKD3 CKD4 P
Gender, M/F 10/20 5/8 7/4 6/5 7/5

Age, years 4812 47416 51421 56+17 58+14 0.232
Uric acid (umol/L) 344.52+90.95 379.78+122.66 430.31%59.78 431.20£129.65 420.37+138.40 0.060
Hemoglobin (g/L) 140.00% | 1.43 128.46+17.69 126.64+11.42 121.91£12.85 111.25+17.93 <0.01%*
Ln (CREA) (umoliL) 4.14£0.19 4.0020.23 4.54+0.22 4.930.2 5.45£0.15 <0.01%*
Ln (BUN) (mmol/L) 1.55£0.22 1.5240.32 .82+0.29 2.20+0.28 2.51+0.36 <0.01%*
Ln (TRIG) (mmol/L) 0.28+0.53 0.47+0.68 0.3620.40 0.47+0.26 0.56+0.44 0.473
Ln (BMI) 3.16x0.15 3.18£0.13 3.14£0.13 3.21£0.09 3.180.11 0.755
Albumin (g/L) 48(46,49) 36(29,41) 40(37,43) 43(39,44) 41(38,43) <0.01%*
Total CHO (mmol/L) 45(3.9,5.2) 5.2(4.1,5.6) 4.7(4.5,5.5) 45(4.2,5.1) 45(3.8,5.2) 0419
Blood GLU (mmol/L) 4.9(4.6,5.2) 4.6(4.5,4.8) 4.6(4.1,4.9) 47(4.1,4.8) 4.6(4.3,5.0) 0.086

Note: *P<0.01.
Abbreviations: CKD, chronic kidney disease; BMI, body mass index; BUN, blood urea nitrogen; CHO, cholesterol; CREA, Creatinine; GLU, glucose; TRIG, triglycerides.
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Figure | IDO activity in CKD patients and controls. (A and B) Changes in plasma IDO activity and urine IDO activity. *P<0.05, **P<0.01.
Abbreviations: CKD, chronic kidney disease; IDO, indoleamine 2.3-dioxygenase.

Correlations of IDO Activity with Clinical Indices

Logistic regression analysis indicated that there was a strong curvilinear correlation between plasma IDO activity and
urine IDO activity (r = 0.7, P < 0.01, Figure 2). We also examined the correlation of plasma and urine IDO with other
clinical indices (Figure 3). The results indicated plasma IDO activity had positive correlations with age (r = 0.3, P <
0.05), creatinine (r= 0.8, P < 0.01), BUN (r=0.8, P < 0.01), triglycerides (r = 0.3, P < 0.05), and uric acid (r=0.4, P <
0.01), and negative correlations with albumin (r = —0.4, P < 0.01) and hemoglobin (r = —0.5, P < 0.01). Urine IDO
activity had positive correlations with age (r = 0.3, P < 0.05), BMI (r = 0.3, P < 0.05), creatinine (r = 0.6, P <0.01), and
BUN (r = 0.6, P < 0.01), and a negative correlation with hemoglobin (r = 0.4, P < 0.01).
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Figure 2 Relationship of IDO activity in CKD patients and controls. Logistic regression was operated between plasma and urine IDO activity.
Abbreviations: CKD, chronic kidney disease; IDO, indoleamine 2,3-dioxygenase.
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Figure 3 Relationship of plasma and urine IDO activities with different clinical indices. Pearson correlation coefficients was applied.
Abbreviation: IDO, indoleamine 2,3-dioxygenase.

Logistic Regression Analysis of Factors Associated with CKD
We performed binary logistic regression analysis to assess the relationship of plasma and urine IDO with CKD. Before
adjustment for confounding, CKD was associated with plasma IDO activity (OR = 1144.061, P < 0.01) and urine IDO
activity (OR = 2.438, P < 0.01). After adjustment for confounding by hemoglobin, Ln (BUN), plasma IDO, and urine
IDO, ordinal logistic regression (Table 2) indicated that CKD had a very strong and significant relationship with IDO
activity (OR = 283.157, P < 0.01), and also had significant relationships with Ln (BUN) (OR = 7.660, P = 0.025), and
urine IDO activity (OR = 1.231, P < 0.05).

1.0

05
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Plasma and Urine IDO Activity for Prediction of CKD and CKD Stage

We performed ROC analysis to determine the value of plasma and urine IDO activity in predicting CKD by comparing
all 47 CKD patients with the 30 controls (Figure 4A). For plasma IDO activity, the area under the curve (AUC) was

Table 2 Ordinal Logistic Regression Analysis of Risk Factors
Independently Associated with CKD

Exp(B) P
Plasma IDO activity 283.157 <0.01**
Urine IDO activity 1.231 0.048
Ln (BUN) 7.660 0.025
Hemoglobin 0.967 0.053

Note: *P<0.01.
Abbreviations: CKD, chronic kidney disease; IDO, indoleamine 2.3-dioxygenase;
BUN, blood urea nitrogen.
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Figure 4 Receiver operating characteristic analysis for prediction of CKD stage based on plasma and urine IDO activity. (A) Control vs CKD 1-4. (B) Control vs CKD2. (C)
CKDI vs CKD2. (D) CKD2 vs CKD3. (E) CKD3 vs CKDA4.

Abbreviations: CKD, chronic kidney disease; IDO, indoleamine 2.3-dioxygenase.

0.833 (95% CI: 0.744-0.923, P < 0.01), the best cut-off value was 0.563, the sensitivity was 69.6%, and the specificity
was 86.7%. For urine IDO activity, the AUC was 0.742 (95% CI: 0.633-0.851, P<0.01), the best cut-off value was 0.413,
the sensitivity was 41.3%, and the specificity was 100%. Thus, plasma IDO activity and urine IDO activity each provided
reliable predictions of CKD.
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We also used ROC analysis to determine the value of plasma and urine IDO activity in distinguishing different stages
of CKD. Analysis of the control and CKD2 groups indicated that plasma IDO activity had an AUC of 0.839 (95% CI:
0.714-0.965, P < 0.01), best cut-off value of 0.618, sensitivity of 81.8%, and specificity of 80.0% (Figure 4B). Analysis
of the CKD1 and CKD2 groups indicated plasma IDO activity had an AUC of 0.783 (95% CI: 0.595-0.971, P < 0.05),
best cut-off value of 0.587, sensitivity of 81.8%, and a specificity of 76.9% (Figure 4C). Analysis of the CKD2 and
CKD3 groups indicated that plasma IDO activity had an AUC of 0.942 (95% CI: 0.852-1.000, P < 0.01), best cut-off
value of 0.727, sensitivity of 90.9%, and specificity of 81.8% (Figure 4D). Analysis of CKD3 and CKD4 groups
indicated that plasma IDO activity had an AUC of 0.769 (95% CI: 0.556-0.981, P < 0.05), best cut-off value of 0.545,
sensitivity of 72.7%, and specificity of 81.8% (Figure 4E). Notably, urine IDO activity also reliably distinguished the
different stages of CKD (Figure 4B-E), with AUC values ranging from 0.748 to 0.793, sensitivity ranging from 72.7% to
90.9%, and specificity ranging from 69.2% to 72.7%.

Relationship of Hs-CRP with CKD Stage

We also compared the levels of hs-CRP (a widely used inflammatory indicator) in different patients (Figure 5). The
results indicated significant differences between the CKD1 and CKD2 groups, and between the CKD1 and CKD4 groups
(both P < 0.01).

Hs-CRP for Prediction of CKD Stage

We performed ROC analysis to assess the value of hs-CRP for the diagnosis of CKD stage. Comparison of CKD1 and CKD2
groups indicated the AUC was 0.951 (95% CI: 0.873—1.000, P < 0.01), best cut-off value was 0.769, sensitivity was 100%,
and specificity was 76.9% (Figure 6A). Comparison of the CKD2 and CKD3 groups indicated the AUC was 0.760 (95% CI:
0.528-0.992, P < 0.05), best cut-off value was 0.636, sensitivity was 81.8%, and specificity was 81.8% (Figure 6B).

Correlations of Plasma and Urine IDO Activity with Hs-CRP
Pearson correlation analysis (Table 3) indicated that there were significantly positive correlations of hs-CRP with plasma
IDO activity (r = 0.658, P < 0.01) and urine IDO activity (r = 0.534, P < 0.01).

Logistic Regression Analysis of the Association of Inflammation with CKD
Ordinal logistic regression (Table 4) indicated that CKD was associated with three inflammatory factors: plasma IDO
activity (OR = 1258, P < 0.01), urine IDO activity (OR = 1.334, P = 0.013), and hs-CRP (OR = 1.557, P = 0.012).
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Figure 5 Hs-CRP in CKD patients. Changes of hs-CRP in CKD stage |—4. **P<0.01.
Abbreviations: hs-CRP, highly sensitive C reactive protein; CKD, chronic kidney disease.
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Figure 6 Receiver operating characteristic analysis for prediction of CKD stage based on hs-CRP. (A) CKDI vs CKD2; (B) CKD2 vs CKD3.
Abbreviations: CKD, chronic kidney disease; hs-CRP, highly sensitive C reactive protein.

Discussion

We used LC-MS to measure plasma and urine IDO activity in healthy controls and patients who had different stages of
CKD. To our knowledge, this is the first study to determine the relationship of plasma and urine IDO activity with CKD
stage. Our comparison of controls with all CKD patients indicated CKD had a strong association with plasma IDO
activity (OR = 1144.061, P < 0.01) and urine IDO activity (OR = 2.438, P < 0.01). Moreover, our ROC analysis
indicated that plasma and urine IDO activity distinguished patients with different stages of CKD. We also found positive
associations of hs-CRP with plasma IDO activity and urine IDO activity (both P < 0.01), and that hs-CRP was also
associated with CKD stage. Our results suggest that changes in plasma and urine IDO activity may help to identify

Table 3 Pearson Correlation of Plasma and Urine IDO
Activity with Hs-CRP

R P
Plasma IDO activity 0.658 <0.01**
Urine IDO activity 0.534 <0.01**

Note: *P<0.01.
Abbreviations: CKD, chronic kidney disease; IDO, indoleamine 2,3-dioxy
genase.

Table 4 Ordinal Logistic Regression Analysis of the Association
of Inflammatory Factors with CKD

Exp(B) P
Plasma IDO activity 1258.908 <0.01**
Urine IDO activity 1.334 0.013
hs-CRP 1.557 0.012

Note: **P<0.01.
Abbreviations: CKD, chronic kidney disease; IDO, indoleamine 2,3-dioxygenase;
hs-CRP, highly sensitive C reactive protein.
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patients with early-stage CKD and to monitor the progression of CKD. We suggest that additional studies should measure
the effect of different cutoffs and detection methods. Our results also suggest that IDO activity may indicate the immune-
inflammatory status of CKD patients. Very few studies have examined the effect of IDO inhibitors or agonists on CKD.
We suggest careful examination of this topic in the future, because IDO inhibitors appear to have promise as a new
treatment of CKD-related immune disorders and inflammation. Moreover, because IDO itself has immunomodulatory
effects, caution should be used when interpreting IDO levels in CKD patients who are using immunomodulatory agents.

IDO is the rate-limiting enzyme of the TRP-KYN pathway, and disruption of this pathway is associated with several
renal diseases and other conditions. In particular, abnormalities of this pathway, presumably due to alterations of IDO
activity, are present in patients with IgA nephropathy, diabetic nephropathy, and renal cell carcinoma.'> However, very
few previous studies examined changes of urine IDO activity in CKD patients. We found that plasma and urine IDO
activity were significantly up-regulated in CKD patients, and that patients with more advanced CKD had greater
elevations (all P < 0.05). The elevation of IDO activity in the plasma and urine of CKD patients suggests that
a change of IDO activity and an abnormality of the TRP-KYN pathway may function in the pathogenesis of CKD.

Based on AUC values, we found that plasma and urine IDO levels reliably distinguished controls from patients with
CKD. It is well known that patients with CKD1 and CKD2 have mostly normal or only slightly impaired renal function
with no symptoms, and those with CKD3 and CKD4 have moderate to severe disruption of renal function. If patients
with early-stage CKD are not promptly identified and given timely treatment, they could eventually progress to later-
stage CKD or even end-stage renal disease. Our findings suggest that measurements of plasma and urine IDO activity
may help to identify patients with early-stage CKD, and thereby allow clinicians to take appropriate steps to prevent
further deterioration of renal function.

The specific mechanism underlying the relationship of increased IDO activity with CKD is still not clear. Renal
fibrosis is a major factor that contributes to deterioration of renal function, and some previous research showed that IDO
activity was gradually up-regulated during the progression of renal fibrosis.'® On the contrary, Matheus et al found that
1-methyl tryptophan (1-MT), an IDO inhibitor, promoted the accumulation of collagen and progression of the epithelial—
mesenchymal transition, suggesting that IDO had protective effects.'” Changes in IDO are also associated with renal
ischemia-reperfusion injury and hypoxic preconditioning.'®'? Other research reported that the metabolites upstream and
downstream of IDO accumulated with the progression of CKD, and these metabolites may contribute to a variety of CKD
complications, such as thrombosis and dyslipidemia.”®*' Our previous studies also identified changes in these
metabolites.”> These many results suggest that changes of IDO activity and in the levels of metabolites in the TRP-
KYN pathway may jointly affect the progression of CKD.

Some evidence suggests that IDO could play an indispensable role in immune regulation and establishment of the
inflammatory state.”> The immunosuppression induced by IDO could allow tumor cells to achieve immune escape,
leading to increased survival and dissemination of tumor cells.”* Moreover, the IDO-mediated increase of Treg cells can
normalize the ratio of Th17/Treg cells, and this may provide protection from the progression of CKD.*> Most studies
showed that IDO was an inflammatory factor, and that it was gradually up-regulated with the progression of
inflammation.’®*” hs-CRP is a commonly used and easily measured inflammatory marker in CKD patients.”®*’ Our
measurements of hs-CRP indicated that this marker was upregulated in all stages of CKD, and there were significant
differences between groups with different stages of CKD. Notably, the hs-CRP level was greater in CKD2 relative to
CKDI (P < 0.01). We also showed that plasma and urine IDO activity were positively correlated with hs-CRP (both P <
0.01). In agreement, Niinisalo et al also reported a correlation between plasma IDO activity and hs-CRP.*® We also found
that plasma IDO activity had a strong correlation with CKD stage (OR = 1258.908, P < 0.01). However, it remains
unknown whether an elevated IDO level promoted the pathogenesis of CKD or was a protective response to CKD
progression. Recent studies showed that the increase of Treg cells induced by IDO could alleviate the inflammatory
state.>'*? Rapamycin can coordinate the immune response of cells and stimulate inflammation due to its interaction with
intracellular and extracellular factors.”> IDO can also induce macrophages and dendritic cells to secrete anti-
inflammatory factors.>* This suggests that IDO activity may have complex effects on the inflammatory state in patients
with CKD.
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There were some limitations in the present study. Firstly, our sample size was rather small and all patients were from

a single institution. Secondly, we did not examine IDO activity in any patients with CKDS5.

Conclusion
Our findings indicated that measurements of plasma and urine IDO activity have potential use for predicting renal

inflammation and the progression of CKD.
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