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ABSTRACT

Introduction. Inflammation and oxidative stress contribute to the disproportionate burden of cardiovascular disease
(CVD) in chronic kidney disease (CKD). Disordered catabolism of tryptophan via the kynurenine and indole pathways is
linked to CVD in both CKD and dialysis patients. However, the association between specific kynurenine and indole
metabolites with subclinical CVD and time to new cardiovascular (CV) events in CKD has not been studied.
Methods. We measured kynurenine and indole pathway metabolites using targeted mass spectrometry in a cohort of
325 patients with moderate to severe CKD and a median follow-up of 2 years. Multiple linear regression and Cox
regression analyses were used to assess the relationship between these tryptophan metabolites and subclinical CVD,
including calcium scores, carotid intima-media thickness and time to new cardiovascular (CV) events.
Results. Elevated quinolinic and anthranilic acids were independently associated with reduced time to new CVD [hazard
ratio (HR) 1.28, P = .01 and HR 1.02, P = .02, respectively). Low tryptophan levels were associated with reduced time to
new CV events when adjusting for demographics and CVD history (HR 0.30, P = .03). Low tryptophan levels were also
associated with aortic calcification in a fully adjusted linear regression model (β = −1983, P = .006). Similarly, high levels
of several kynurenine pathway metabolites predicted increased coronary, aortic and composite calcification scores.
Conclusions. We demonstrate the association of kynurenine pathway metabolites, and not indole derivatives, with
subclinical and new CV events in an advanced CKD cohort. Our findings support a possible role for altered tryptophan
immune metabolism in the pathogenesis of CKD-associated atherosclerosis.

Received: 17.12.2021; Editorial decision: 20.4.2022

© The Author(s) 2022. Published by Oxford University Press on behalf of the ERA. This is an Open Access article distributed under the terms of the Creative
Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution,
and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

1952

https://academic.oup.com/
https:/doi.org/10.1093/ckj/sfac138
https://orcid.org/0000-0002-7043-4221
mailto:amat@med.umich.edu;
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com


Kynurenine metabolites and CVD in CKD 1953

GRAPHICAL ABSTRACT

Keywords: anthranilic acid, calcium scores, 3-hydroxy anthranilic acid, inflammation, metabolomics, tryptophan,
quinolinic acid

INTRODUCTION

Chronic kidney disease (CKD) is prevalent in 15% of the US
population and ∼650 000 Americans undergo renal replacement
therapies annually [1]. Cardiovascular (CV) risk in the CKD popu-
lation is 10 to 40-fold higher than the general population; cardio-
vascular disease (CVD) remains the primary cause of mortality
and morbidity in the CKD population [2], adding nearly US$120
billion in CKD-related healthcare costs to the Medicare budget
in 2017 [1]. While therapies that target traditional modifiable
risk factors for CVD, such as hypertension, diabetes, smoking
and hyperlipidemia, reduce risk in the general population, mit-
igating these factors in CKD patients still leaves a high residual
risk [3, 4]. Moreover, several studies have failed to demonstrate
the benefits of low-density lipoprotein (LDL)-lowering therapies
in decreasing the incidence of nonfatal myocardial infarctions,
strokes or CV mortality in dialysis patients [5–7].

Non-traditional CV risk factors such as uremia, inflamma-
tion, oxidative stress and endothelial dysfunction drive the CVD
burden among those with CKD [8]. Accumulating toxins in-
duce oxidative stress that propagates vascular endothelial dam-
age even in early CKD, while they exacerbate macrophage-
mediated vascular inflammation in patients on dialysis [8–10]. In
fact, inhibiting macrophage-derived proinflammatory cytokine
interleukin-1β (IL-1β) in patients with moderate CKD signifi-
cantly decreased major adverse CV event rates and mortality
much more than in the general population without significant

change to LDL cholesterol levels [11, 12]. Therefore inflammation
and oxidative stress play a disproportionate role in the develop-
ment of atherosclerosis in CKD patients.

Elevated levels of the catabolites of the amino acid trypto-
phan are associated with decreased renal function in experi-
mental models and CKD cohorts [13, 14]. Tryptophan is catabo-
lized through the kynurenine pathway (KP) within the liver and
extrahepatic tissues by the enzymes tryptophan dioxygenase
and indoleamine dioxygenase 1 (IDO1), respectively (Fig. 1) [15,
16]. In inflammatory states like CKD, IDO1 is upregulated, pro-
moting extrahepatic flux into the KP.Tryptophan catabolites also
accumulate in CKDbecause of the decreased renal excretion [16–
19]. Prior research has implicated several tryptophan metabo-
lites with prevalent CVD and inflammation in CKD cohorts [14,
19–22]. In CKD, alteration of the intestinal microbiome gener-
ates increased indole metabolites, notably indoxyl sulfate and
indole-3-acetate from dietary tryptophan, which contributes to
systemic inflammation and CVD [23]. However, the kynurenine
and indole pathways have never been compared against each
other in their ability to predict CVD in a CKD cohort, and the
potential contribution of indole metabolites to predict subclini-
cal and new CV events in a western CKD cohort has never been
explored.

Prior research links KP activation in patients on dialysis with
increased carotid intima-media thickness (CIMT), a subclinical
marker of atherosclerosis that can independently predict CV
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FIGURE 1: Tryptophan catabolism via the KP. Metabolites measured by LC-MS are depicted in the blue ovals. Rate-limiting enzymes of the KP are depicted in the red
rectangles and include tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase (IDO). Other downstream enzymes of the KP are depicted in the dark gray
rectangles and include kynureninase (Kyn), kynurenine aminotransferase (KAT), kynurenine monooxygenase (KMO) and 3-hydroxy anthranilic acid dioxygenase (3-

HAA dioxygenase). Indole derivatives are depicted in the pink ovals and intermediates of the serotonin pathway, including 5-hydroxy tryptamine (5-HT), are depicted
in the green ovals.

events and mortality within CKD and dialysis [24, 25]. However,
the relationship between KP activation and subclinical vascu-
lar calcification has not been explored. We previously found
low tryptophan associates with incident CVD in CKD [14]. We
hypothesized that altered tryptophan catabolism is associated
with subclinical CVD and can predict the time to the first CV
event in a cohort of advanced CKD patients. In this cohort of
325 patients with Stage 3b–4 CKD with well-defined atheroscle-
rotic CV events, we independently assessed the association of
all kynurenine metabolites in addition to key indole derivatives
to new CV events and vascular calcification in a western cohort
(Fig. 1).

MATERIALS AND METHODS

Study design

The Renal Research Institute Chronic Kidney Disease (RRI-CKD)
study was a four-center, prospective, observational cohort study
involving adult patients with moderate–severe CKD, not on dial-
ysis, enrolled between June 2000 and February 2006 [25]. Eligi-
bility criteria included age ≥18 years and estimated glomerular
filtration rate (eGFR) ≤50mL/min/1.73m2 by the Cockcroft–Gault
formula on two separate occasions. Data on demographic char-
acteristics, anthropometric measures, cause of CKD, symptoms,
laboratory values and medications were collected at enrollment
and follow-up visits. The RRI-CKD cardiac substudy included a
subset of participants from the RRI-CKD cohort (n = 149) who
consented to undergo blood, urine and non-invasive CV studies.
In addition, 199 participants were newly recruited into the car-
diac substudy. Of the 348 patients in the cardiac substudy, 325
plasma samples were available for use in this study; while some

patients opted for all the subclinical CV studies, others declined
or were unable to participate due to a lack of resources at their
enrollment center (Fig. 2) [25]. The institutional review boards
of the participating centers approved the protocol and written
informed consent was obtained.

Clinical and lab measures

Baseline variables collected at the time of enrollment included
demographic characteristics, clinicalmeasurements, clinical co-
morbidities and laboratory parameters. Blood pressure was
measured in duplicate after 5 min of rest in the seated posi-
tion using an automated oscillometer (model HEM-412C; Om-
ron Healthcare, Kyoto, Japan), and the results were averaged.
Blood specimens were acquired after a 12-h fast. Diabetes was
defined as fasting glucose ≥126 mg/dL or the use of insulin
or another medication for glycemic control. Hypertension was
defined as a systolic blood pressure (SBP) ≥140 mmHg or the
use of antihypertensive agents. Smoking status was obtained by
self-report.

Quantification of kynurenine and indole pathway
metabolites

Plasma samples were obtained at baseline (n = 325), stored at
−80°C and analyzed at 15–18 years post-enrollment depend-
ing on the enrollment date. We quantified free plasma lev-
els of downstream metabolites of the KP, tryptophan, kynure-
nine, 3-hydroxykynurenine, kynurenic acid, anthranilic acid, 3-
hydroxyanthranilic acid and quinolinic acid, in addition to in-
dole metabolites indoxyl sulfate and indole-3-acetate (Fig. 1),
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FIGURE 2: Flow chart displaying prior and newly recruited participants who consented to enrollment into the RRI-CKD CV substudy. The bottom row gives the sample
size for each subclinical CVD assessment.

using a targeted liquid chromatography-mass spectrometry (LC-
MS) platform. Tryptophan 15N2, kynurenic acid D5, anthranilic
acid 13C6, indoxyl sulfate 13C6, indoxyl acetate D5 and all au-
thentic standards were purchased from Sigma Aldrich (St. Louis,
MO, USA). A total of 50 μL of plasma was extracted with 200 μL
of chilled acetonitrile spiked with internal standards, vortexed
and centrifuged. The supernatant was transferred to glass vials
that were vacufuged. The dried samples were reconstituted in
50 μL of water with 0.1% formic acid. The samples were then
analyzed with a 6490 QQQ mass spectrometer with a 1290 Liq-
uid Chromatographymachine attached (Agilent, Santa Clara,CA,
USA) [14].

Measures of subclinical CVD

Subsets of participants underwent specific noninvasive CV stud-
ies that revealed their atherosclerotic burden and could in-
dependently predict CVD risk over traditional risk factors in
CKD [26]. These studies included computed tomography (CT)-
based Agatston calcium scores, CIMT, left ventricular mass in-
dex (LVMI), flow-mediated dilation (FMD) and pulse wave veloc-
ity (PWV).

Coronary calcium was measured using a 4-slice LightSpeed
QXi CT scanner without contrast administration and scored at
baseline using coronary artery calcium (CAC) scoring software
(SmartScore: both from GE Healthcare, Chicago, IL, USA) by an
expert investigator unaware of the subjects’ identities. Clus-
ters of calcified lesions were automatically highlighted in color
based on a threshold of 130 HU. After manual confirmation of
each cluster of calcium, total values for the Agatston score and
the volumetric score were obtained. Because the Agatston and
volumetric scores were highly correlated at all levels (r = 0.99,
P < .0001), only the Agatston score was included in subsequent
analyses. Calcium scores were separately obtained at the levels
of the coronary arteries and thoracic aorta. Each final score was
the sum of the values obtained in every single axial image of the
scan [27].

CIMT

Longitudinal images of the right and left common carotid
arteries, carotid bulbs and internal carotid arteries were ac-
quired with a high-resolution B-mode ultrasound transducer
and recorded for subsequent analysis at the core laboratory. Us-
ing electronic calipers, CIMT was measured as described previ-
ously [25]. To ensure uniformity of the technique, study coordi-
nators and sonographers at each site were trained in procedures
for carotid artery ultrasound imaging at the University of Michi-
gan data coordinating center. Images were analyzed at the core
vascular laboratory at the University of Michigan.

Other measures of subclinical CVD

Left ventricular mass was calculated from echographymeasure-
ments that assessed end-diastolic internal dimension and wall
thickness as previously described by Devereux et al. [28]. LVMI
was derived by correcting left ventricular mass for body surface
area (LVMI = left ventricular mass/body surface area). Arterial
stiffness was quantified as the carotid–femoral PWV using an
ATCOR (version 7.0; Naperville, IL, USA) device, as described pre-
viously [29]. FMD was determined by measuring the change in
arterial diameter induced by reactive hyperemia and calculated
as the percentage change from the participant baseline [30]. End-
diastole arterial diameter was measured using customized soft-
ware (Brachial Tools, Medical Imaging Applications, Coralville,
IA, USA).

Clinical follow-up

Participant follow-up concluded on 31 December 2006; of a to-
tal of 325 participants, 295 were followed for at least 10 months.
The median follow-up time was 2.16 years. All outcomes were
ascertained on an ongoing basis by study coordinators based on
regular review of electronic health records, direct patient contact
in the clinic and telephonic communication. Coordinators had
no knowledge of subclinical CV study results. CV endpoints in-
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cluded coronary events (myocardial infarction, coronary revas-
cularization procedures), cerebrovascular events (stroke or tran-
sient ischemic attack), new-onset heart failure, sudden cardiac
death or development of peripheral vascular disease requiring
revascularization or amputation. We considered new CV events
to include coronary artery disease (acute myocardial infarction,
coronary artery bypass grafting, coronary artery stent), cere-
brovascular disease (carotid endarterectomy, stroke), peripheral
vascular disease (arterial bypass, peripheral artery disease, clau-
dication, chronic extremity ulceration, cellulitis/gangrene) and
other CVDs (abdominal artery aneurysm, aortic or mitral valve
replacement or repair, cardiac arrest, congestive heart failure;
Supplementary data, Table S1).

Statistical analysis

Descriptive statistics were reported as the mean and standard
deviation (SD) for continuous variables and counts and percent-
ages for categorical variables. Group differences were assessed
by t-test for continuous variables and chi-squared or Fisher’s ex-
act test for categorical variables. Metabolite distributions were
assessed by Shapiro–Wilk normality tests and quantile-quantile
(Q-Q) plots. All metabolites were winsorized at the 99th per-
centile except tryptophan, which was log-transformed. Pear-
son’s correlation was used to assess the relationships between
metabolites andCVDmarkers.P-values from the correlationma-
trix were corrected for multiple comparisons using the false dis-
covery rate method [31]. Ordinary least squares (OLS) regression
models and multiple linear regression (MLR) models were used
to assess the association between metabolites and CVD mark-
ers. Cox proportional hazards models were applied to evaluate
associations between metabolites and to the new CV events.
Univariate analyses were conducted to assess the association
between each metabolite and individual subclinical CVD out-
comes or time to the first CV event. For further exploration
in multivariable models, we selected associations with raw P-
values < .05. Since these metabolites are derived from a single
metabolic pathway and are highly correlated, we created prin-
cipal components (PCs) that were then used to construct multi-
variable models controlling for well-established risk factors for
CVD within CKD [32–34]. Data management and statistical anal-
yses were performed using SAS version 9.4 (SAS Institute, Cary,
NC, USA).

RESULTS

Baseline patient characteristics

Baseline demographic characteristics, medications, comorbidi-
ties, serum level ofmetabolites andmeasures of subclinical CVD
by a history of established CVD at baseline (n = 127) and those
without a CVD history (n = 198) are presented in Table 1.We also
examined two different groups at baseline: those who experi-
enced new CV events during the study period (n = 50) and those
who did not (n = 275) (Table 2). The distribution of demographics
and clinical characteristics for subgroups that underwent addi-
tional subclinical testing are presented in Supplementary data,
Tables S2–6.

Association of metabolites with subclinical
atherosclerosis markers

A correlation matrix between tryptophan metabolites and sub-
clinical markers of CVD is summarized in Table 3. Linear re-

gression models assessed the relationship between metabolite
PC’s and individual subclinical markers with stepwise additions
of demographic and clinical characteristic covariates across five
models (Table 4).

PC (Trp: AA), constructed with tryptophan and anthranilic
acid, was inversely associated with aortic calcification across
all models (Model 5, β = −45, P < .01). PC (QA: HAA: AA), con-
structed with quinolinic, hydroxyanthranilic and anthranilic
acid demonstrated a positive association with coronary calcium
across all models, including the fully adjusted model with de-
mographics, history of CVD, SBP, diabetes status, eGFR, urine
protein:creatinine ratio (UPCR), serum albumin and C-reactive
protein (CRP) (Model 5, β = 23, P = .01). PC (Kyn: KA: QA:
HAA: AA), which included kynurenine, kynurenic acid, quino-
linic acid, hydroxyanthranilic acid and anthranilic acid,was pos-
itively associated with Agatston CT score across Models 1–4
(Model 4, β = 8.6, P = .03). PC (Trp: AA) was inversely associ-
ated with PWV across Models 1–3 (Model 3, β = −0.031, P = .04).
PC (QA: HAA), with quinolinic and hydroxy anthranilic acid,
independently predicted increased CIMT (Model 1, β = 0.012,
P = .02), while the PC involving quinolinic and anthranilic acids
positively associated with increased LVMI across Models 1–3,
(Model 3, β = 0.395, P = .04; Table 4).

We also performed linear regression of individual metabo-
lites with subclinical markers of CVD (Supplementary data,
Table S7). A lower level of tryptophan at baseline was associ-
ated with higher aortic calcification in all models (Model 5, β =
−1983, P < .01) and increased PWV in Models 1–4 (Model 4, β =
−1.60, P = .02). Anthranilic and quinolinic acids are associated
with higher aortic (β = 40, P < .01) and higher coronary calcium
(Model 5, β = 328, P= .02) across all adjustedmodels respectively,
while hydroxyanthranilic acid is associated with the Agatston
CT score in all models (Model 5, β = 12, P = .03).

Association of metabolites with CV outcomes

Cox proportional hazards models were used to predict the time
to the first new CV event based on baseline serum tryptophan
and metabolite levels (Table 5, Fig. 3). Quinolinic and anthranilic
acids were associated with a reduced time to a CVD event. In
the unadjusted model including all patients, a 1-μmol increase
in quinolinic acid level at baseline was associated with a 28%
higher risk of a new CV event {Model 1, HR 1.28 [95% (CI) 1.05–
1.55], P = .01}. The direction and significance of these outcomes
were represented in allmodels. Each nanomole increase in base-
line anthranilic acid levels was associated with a 2% higher
risk for a new CV event [Model 1, HR = 1.02 (95% CI 1.00–1.03),
P = .02]. Low tryptophanwas associated with a lower risk of time
to the first CV event in all patients when adjusting for demo-
graphics and CVD history (Model 2). A one-unit increase of log-
transformed tryptophan was associated with a 70% lower risk
of new CV event [Model 2, HR 0.30 (95% CI 0.10–0.90), P = .03;
Table 5].

DISCUSSION

To our knowledge, this is the first study to use LC-MS to simul-
taneously assess the relationship between metabolites from
the kynurenine and indole pathways in new and subclinical
CVD in patients with moderate–severe CKD. We found that
several downstream KP metabolites—most notably, quinolinic
acid, anthranilic acid and hydroxyanthranilic acid—associate
with vascular calcification and do not find a similar association
with indole derivatives.We also found increased quinolinic acid
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Table 1. Baseline demographics and laboratory characteristics by prior history of CVD

Variables
Patients without a prior
history of CVD (n = 198)

Patients with prior a
history of CVD (n = 127) P-value

Age (years), mean ± SD 57 ± 14.4 65.5 ± 13.9 <.001
Female, n (%) 105 (53.0) 48 (37.8) .01
Race, n (%)

Black 34 (17.2) 22 (17.3) .97
White 154 (77.8) 102 (80.3) .59
Others 10 (0.05) 3 (0.02)

Etiology of CKD, n (%)
Diabetes 42 (21.3) 49 (38.6) <.001
Hypertension 79 (40.1) 77 (60.6) <.001
Glomerulonephritis 72 (36.5) 18 (14.2) <.001
Interstitial renal disease 24 (12.2) 9 (7.1) .14
Polycystic kidney disease 17 (8.6) 3 (2.4) .02
Other 22 (11.2) 23 (18.1) .08

Clinical and lab characteristics, mean ± SD
Weight (kg) 83 ± 18.7 87.5 ± 21.4 .05
BMI (kg/m2) 29.2 ± 6.3 30.4 ± 7.1 .11
SBP (mmHg) 135.4 ± 21.1 145.8 ± 24.3 <.001
DBP (mmHg) 79.7 ± 11.8 76.1 ± 12.9 .01
Heart rate (bpm) 66.5 ± 10.2 64.6 ± 10.8 .12
Total cholesterol (mg/dL) 200 ± 50.6 174.7 ± 48 <.001
HDL (mg/dL) 43.7 ± 14.8 39.1 ± 12.2 .01
Triglycerides (mg/dL) 154.9 ± 89.7 137.9 ± 75.7 .08
Serum albumin (g/dL) 4.07 ± 0.45 3.93 ± 0.44 .01
CRP (mg/dL) 4.57 ± 7.02 6.39 ± 8.97 .04
Serum calcium (mg/dL) 9.22 ± 0.64 9.01 ± 0.78 .01
Serum phosphorus (mg/dL) 3.71 ± 0.85 3.74 ± 0.86 .79
Intact parathyroid hormone (pg/mL) 155.4 ± 163 181.7 ± 176.1 .17
Hematocrit (%) 36.9 ± 4.6 36.3 ± 4.8 .25
Serum creatinine (mg/dL) 2.66 ± 1.14 2.61 ± 1.4 .73
eGFR (mL/min/1.73 m2; CKD-EPI) 27 ± 12 28 ± 10 .68
UPCR (g/g creatinine) 1.17 ± 2.01 1.28 ± 1.84 .87

Medications, n (%)
Statin 78 (39.4) 78 (61.4) <.001
Diuretic 82 (41.4) 83 (65.4) <.001
Calcium channel blocker 72 (36.4) 72 (56.7) <.001
Beta blocker 74 (37.4) 95 (74.8) <.001
ACEI/ARB/renin inhibitor 145 (87.9) 75 (86.2) .71
Acetylsalicylic acid 49 (24.7) 72 (56.7) <.001

CKD stage, n (%) .38
Stage 2 1 (0.5) 2 (1.6)
Stage 3 78 (39.6) 60 (47.2)
Stage 4 96 (48.7) 53 (41.7)
Stage 5 22 (11.2) 12 (9.4)

Current tobacco use, n (%) 24 (12.1) 12 (9.4) .45
Tobacco use history, n (%) .01

Current tobacco use 24 (12.1) 12 (9.4)
Former tobacco use 56 (28.3) 57 (44.9)
Never 113 (57.1) 58 (45.7)

New CV event during follow-up, n (%) 12 (6.1) 38 (29.9) <.001
Tryptophan metabolites (μM), mean ± SD

Tryptophan 26.70 ± 6.85 25.92 ± 6.95 .32
Kynurenine 4.11 ± 2.11 4.14 ± 1.82 .89

Kynurenine:tryptophan ratio, mean ± SD .16 ± 0.07 .16 ± 0.06 .34
Hydroxykynurenine (nM) 108.49 ± 27.41 110.45 ± 27.32 .53
Kynurenic acid (nM) 51.01 ± 41.23 47.92 ± 39.17 .50
Anthranilic acid (nM) 33 ± 34 34 ± 17 .79
Hydroxyanthranilic acid, nM 77.64 ± 19.52 77.22 ± 19.43 .85
Quinolinic acid 1.51 ± 1.95 1.61 ± 1.99 .66

Indole metabolites (μM)
Indoxyl sulfate 9.82 ± 12.98 8.53 ± 10.22 .34
Indole-3-acetate 1.46 ± 1.63 1.49 ± 1.87 .89

Subclinical CVD, mean ± SD
Maximum CIMT (mm) 1.2 ± 0.7 1.9 ± 0.9 <.001
Aorta calcium score 289 ± 1089 1337 ± 2034 .003
Coronary calcium score 240 ± 684 1109 ± 1631 .001
Agatston CT score 214 ± 538 820 ± 1358 <.001

BMI, body mass index; HDL, high-density lipoprotein; CRP, C-reactive protein; DBP, diastolic blood pressure; CKD-EPI, Chronic Kidney Disease Epidemiology Collabora-
tion; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker. P-values <.05 are in bold.
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Table 2. Baseline demographics and laboratory characteristics by development of new CV events during the study

Variables No CV event (n = 275) New CV event (n = 50) P-value

Age (years), mean ± SD 59.2 ± 14.9 66.9 ± 12.3 <.001
Female, n (%) 136 (49.5) 17 (34) .04
Race, n (%)
Black 49 (17.8) 7 (14) .51
White 214 (77.8) 42 (84) .33
Others 12 (4.4) 1 (2) .43

Etiology of CKD, n (%)
Diabetes 67 (24.5) 24 (48) <.001
Hypertension 128 (46.7) 28 (56) .23
Glomerulonephritis 81 (29.6) 9 (18) .09
Interstitial renal disease 31 (11.3) 2 (4) .12
Polycystic kidney disease 20 (7.3) 0 (0) .05
Other 36 (13.1) 9 (18) .36

History of prior CVD, n (%) 12 (24) 38 (76) <.001
Clinical and lab characteristics, mean ± SD
Weight (kg) 84.0 ± 19.9 89.2 ± 19.2 .09
BMI (kg/m2) 29.6 ± 6.6 30.1 ± 6.8 .61
SBP (mmHg) 139.3 ± 22.3 140.3 ± 26.6 .77
DBP (mmHg) 79.1 ± 12.0 74.2 ± 13.5 .01
Heart rate (bpm) 65.6 ± 10.2 66.5 ± 12.2 .57
Total cholesterol (mg/dL) 192.7 ± 50.0 175.9 ± 54.6 .03
HDL (mg/dL) 41.5 ± 13.0 44.2 ± 18.4 .21
Triglycerides (mg/dL) 149.4 ± 82.9 142.0 ± 95.3 .57
Serum albumin (g/dL) 4.05 ± 0.44 3.82 ± 0.46 <.001
CRP (mg/dL) 4.82 ± 7.47 7.80 ± 9.52 .02
Serum calcium (mg/dL) 9.18 ± 0.69 8.90 ± 0.73 .01
Serum phosphorus (mg/dL) 3.66 ± 0.81 4.03 ± 1.03 .01
Intact parathyroid hormone (pg/mL) 161.2 ± 169.3 189.9 ± 163.1 .27
Hematocrit 36.9 ± 4.8 35.6 ± 4.1 .09
Serum creatinine (mg/dL) 2.59 ± 1.18 2.93 ± 1.55 .07
eGFR (ml/min/1.73 m2; CKD-EPI) 28 ± 11 24 ± 11 .08
UPCR (g/g creatinine) 0.98 ± 1.44 2.47 ± 3.59 .08

Medications, n (%)
Statin 128 (46.5) 28 (56) .22
Diuretic 133 (48.4) 32 (64) .04
Calcium channel blocker 119 (43.3) 25 (50) .38
Beta blocker 139 (50.5) 30 (60) .22
ACEI/ARB/renin inhibitor 183 (86.7) 37 (90.2) .54
Acetylsalicylic acid 97 (35.3) 24 (48) .09

CKD stage, n (%) .56
Stage 2 3 (1.1) 0 (0)
Stage 3 120 (43.8) 18 (36)
Stage 4 124 (45.3) 25 (50)
Stage 5 27 (9.9) 7 (14)

Current tobacco use, n (%) 32 (11.6) 4 (8) .45
Tobacco use history, n (%) .09
Current tobacco use 32 (11.6) 4 (8)
Former tobacco use 88 (32) 25 (50)
Never 1150 (54.5) 21 (42)

Tryptophan metabolites (μM), mean ± SD
Tryptophan 26.62 ± 6.78 25.13 ± 7.41 .16
Kynurenine 4.11 ± 1.96 4.23 ± 2.23 .68

Kynurenine:tryptophan ratio, mean ± SD 0.16 ± 0.06 0.17 ± 0.08 .11
Kynurenic acid (nM) 48.81 ± 38.07 55.24 ± 51.51 .30
Anthranilic acid (nM) 33 ± 30 37 ± 20 .36
Quinolinic acid 1.44 ± 1.62 2.13 ± 3.22 .02
Hydroxykynurenine (nM) 108.50 ± 28.86 113.42 ± 29.81 .24
Hydroxyanthranilic acid (nM) 77.05 ± 19.01 79.81 ± 21.84 .36

Indole metabolites (μM, mean ± SD
Indoxyl sulfate 9.18 ± 11.51 10.08 ± 14.40 .63
Indole-3-acetate 1.46 ± 1.58 1.53 ± 2.39 .80

Subclinical CVD, mean ± SD
Maximum CIMT (mm) 1.3 ± 0.7 2.1 ± 1.0 <.001
Aorta calcium score 475 ± 1320 1295 ± 2117 .04
Coronary calcium score 355 ± 751 1187 ± 1912 .01
Agatston CT score 295 ± 590 989 ± 1719 <.001

BMI, body mass index; HDL, high-density lipoprotein; CRP, C-reactive protein; DBP, diastolic blood pressure; CKD-EPI, Chronic Kidney Disease Epidemiology Collabora-
tion; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker. P-values <.05 are in bold.
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levels at baseline associated with an increased risk for new CV
events among CKD patients. Conversely, we found that lower
levels of tryptophan were associated with a shorter time to the
first CVD event when controlling for demographic factors and
prior CVD history and predicted greater aortic calcification in a
fully adjustedmodel. Altogether, these findings strongly support
the hypothesis that altered tryptophan metabolism via the KP,
and not indole derivatives, uniquely drive the higher CVD bur-
den within the CKD population beyond traditional risk factors.

Mounting evidence supports the role of inflammation in the
pathogenesis of atherosclerosis and CVD independent of tra-
ditional risk factors [11]. CKD is a well-known chronic inflam-
matory state marked by increased circulating cytokines and
biomarkers such as interferon-γ (IFN-γ), IL-1β and CRP [35]. IFN-γ
has been shown to induce IDO1, accelerating extrahepatic flux
through the KP and generation of downstream metabolites [17,
36]. Serum IDO1 levels and activity are enhancedwithworsening
CKD and in those on dialysis [17, 37, 38]. In turn, CKD progres-
sion results in an accumulation of the kynurenine metabolites
via induction of IDO1 and reduced renal elimination, resulting
in high levels within the circulation and peripheral tissues [13,
19, 39].

Many kynurenine derivatives have a significant role in
inflammation, oxidative stress, endothelial dysfunction and
coagulation defects, contributing to the CVD burden in the CKD
population [40]. KP metabolites—kynurenine, kynurenic acid,
anthranilic acid and quinolinic acid—are associated with mark-
ers of endothelial dysfunction, including thrombomodulin, von
Willebrand factor, soluble intercellular adhesion molecule-1
(sICAM-1) and soluble vascular adhesion molecule-1 (sVCAM-1)
in patients with CKD [20]. Kaminski et al. [41] reported that
anthranilic acid associated with tissue plasminogen activator
positively in early CKD and negatively correlated with the
tissue plasminogen activator during severe and end-stage
CKD. Similarly, 3-hydroxyanthranilic acid is associated with
monocyte chemoattractant protein-1 (CCL2) and macrophage
inflammatory protein 1beta (CCL4) in patients with CKD [22]. A
positive correlation between kynurenine, hydroxykynurenine,
anthranilic acid and quinolinic acid with crucial factors asso-
ciated with the development of atherosclerosis such as von
Willebrand factor, thrombomodulin and prothrombin fragments
F(1 + 2) concentration as well as sICAM-1 and sVCAM-1 levels
was also observed in patients on dialysis [42, 43]. Kynurenine
and quinolinic acid accumulation was independently related
to CIMT and associated with inflammation and oxidative stress
in dialysis patients [24]. Pawlak et al. [42] documented that
kynurenine and hydroxykynurenine were positively associated
with inflammation and oxidative stress markers in uremic
patients. Therefore, multiple studies support the existence of
a link between KP activation, inflammation and the progres-
sion of atherosclerosis. However, the kynurenine and indole
metabolites measured in this study did not associate with any
measures of FMD.

Aryl hydrocarbon receptor (AhR) is a cytosolic receptor
involved in the transcriptional signaling of many uremic tox-
ins influencing multiple CV functions [44]. Many tryptophan
metabolites, including kynurenine, kynurenic acid, indoxyl
sulfate and indoxyl-3-acetate, are known activators of AhR
[45]. Watanabe et al. [46] showed that overexpression of IDO1 in
coronary atherosclerotic plaques via increased oxidative stress
level and AhR pathway stimulation enhanced tissue factor
(TF) expression in activated macrophages. Similarly, the AhR
activation within endothelial cells and vascular smooth muscle
cells leads to increased stenosis and increased expression of TF,
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Model and included covariates

Model 1: Metabolite only

Model 2: Metabolite, age, gender, race, prior CVD history

Model 3: Metabolite, age, prior CVD history, eGFR, UPCR

Model 4: Metabolite, age, prior CVD history, CRP, serum albumin

Model 5: Metabolite, age, prior CVD history, serum albumin, SBP

Model 6: Metabolite, age, prior CVD history, serum albumin, DM

Hazard ratio with 95% CI

FIGURE 3: Forest plot showing higher baseline serum quinolinic acid associates with an increased risk of new CV events in CKD. For each model (1–6), the pink dot
represents the HR and the black line spans the 95% CI. CRP, C-reactive protein; DM, diabetes mellitus.

resulting in increased thrombotic events [47, 48]. In fact, both
animal and clinical models demonstrate higher kynurenine
levels, but not indoxyl sulfate, enhanced thrombosis following
vascular injury and angioplasty in an AhR-dependent manner
[48]. AhR activation leading to increased stenosis and thrombo-
sis contributes to CV morbidity and mortality observed in CKD.
This may explain the development of CV events in our study.

Prior epidemiologic studies have found that increased flux
through the KP can predict the risk of atherosclerosis and acute
coronary events within the general population [36, 49–51]. Ped-
ersen et al. [36] demonstrated increased IDO1 activity at baseline
correlated with significantly increased risk for major CV events
and all-causemortality in patientswith establishedCVD.Several
KP metabolites—kynurenic acid, hydroxykynurenine and an-
thranilic acid—were significantly associated with an increased
risk for acutemyocardial infarction in those with prior history of
CVD [49] and kynurenine and hydroxykynurenine with a risk for
acute coronary events despite clinical factors [50]. Conversely, a
higher tryptophan concentration is associated with a lower risk
of new CV events [51]. In CKD, inflammatorymodulation of tryp-
tophan metabolism, in addition to decreased clearance, multi-
plies the CV risk beyond that observed in the general population.
Pawlak et al. [21] documented that in a cross-sectional cohort of
146 end-stage renal disease (ESRD) patients, hydroxykynurenine
was positively associated with the history of CVD. This study
was restricted to dialysis patients and prevalent CVD. Our cur-
rent study looked at moderate–severe CKD and found signifi-
cantly elevated quinolinic acid levels in those with a history of
CVD as compared with patients without a prior history of CVD.
In an earlier study, we demonstrated that lower levels of tryp-
tophan and kynurenine in an independent cohort of mild CKD
patients were associated with incident CVD events in those with
no prior history of CVD [14]. The addition of tryptophan to mod-
els significantly improved the classification of the incident CVD
group beyond baseline clinical characteristics [14]. However, CV
events in this cohort included nonatherosclerotic disease–based
events like arrhythmia and lacked information on the temporal
association betweenKPmetabolites and newCV events.Our cur-
rent study involves moderate–severe CKD patients, uses a strin-
gent definition of atherosclerotic events and followed patients
for new CV events for a median time of >2 years.

Few studies have linked specific KP metabolites to subclini-
calmarkers of atherosclerosis within CKD.CIMT is awidely used

marker of subclinical CVD and a predictor of new CV events [52].
Prior research has found an association between quinolinic acid
with CIMT among 106 patients with CKD [20]. A cross-sectional
study of 124 patients (42 CKD, 82 dialysis) showed a progressive
increase in CIMT values with decreasing renal function. Kynure-
nine and quinolinic acid accumulation were independently re-
lated to CIMT values in the dialysis patients [24]. Our study
found significant correlations between baseline levels of quino-
linic and hydroxyanthranilic acid and CIMT. We also found that
quinolinic acid was associated with CIMT, adjusting for demo-
graphic factors and prior history of CVD. However, the lack of
significance in fully adjusted models is likely due to our study
design, which excluded patients with ESRD on dialysis. Prior
studies found plasma levels of anthranilic and hydroxyan-
thranilic acid to be nearly 5- to 10-fold higher in CKD com-
pared with controls with normal renal function [22, 53]. These
KP metabolites associate with CC-chemokines CCL2 and CCL4,
which in turn recruit macrophages into atherosclerotic plaques
[22, 54]. Specifically, hydroxyanthranilic acid associates with
these chemokines independent of CRP in CKD patients [22]. This
study is the first to find that both anthranilic and hydroxyan-
thranilic acid associate with vascular calcium, suggesting their
role in the pathogenesis of subclinical atherosclerosis.

The predominantly gut-derived uremic toxins of tryptophan
metabolism, indoxyl sulfate and, to a lesser extent, indole-3-
acetate, have been implicated as inflammatory mediators that
contribute to CVD within CKD [23, 55–57].While the indoles rep-
resent a small portion of overall tryptophan degradation (4–6%)
[58], some hypothesize these toxins contribute to CVD [55, 58].
Experimental studies demonstrate that indole toxins induce ox-
idative stress while reducing antioxidant defenses in endothe-
lial cells [59, 60]. Indoxyl sulfate caused the loss of endothe-
lial cells and enhanced the expression of adhesive molecules
(ICAM-1, VCAM-1) in CKD mice [61]. Furthermore, patients with
impaired renal function demonstrated elevated indoxyl sulfate
levels, markers of vascular inflammation and endothelial dys-
function such as soluble Fas, soluble VCAM-1 and monocyte
chemoattractant protein-1 [62]. Despite this premise, clinical
studies demonstrating the association of serum indole metabo-
lites with CV morbidity or mortality within CKD have been
less robust. Several studies have investigated the relationship
of serum indoxyl sulfate to CV events within CKD [56, 57, 63, 64].
These have involved small cohorts of non-Western patientswith
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moderate CKD and found elevated indoxyl sulfate increased
the risk for CV morbidity [56, 57, 63]. Barreto et al. [56] found
indoxyl sulfate levels correlated with aortic calcification and
PWV. However, more recent studies produced ambiguous re-
sults, especially within more advanced CKD. Lin et al. [64] found
no association between serum indoxyl sulfate and all-cause
mortality or adverse cardiac events. Similarly, the Hemodialy-
sis (HEMO) Study, which involved a large sample of hemodial-
ysis patients (n = 1273), found no association of indoxyl sul-
fate and CV outcomes [65]. As this trial was previously the only
study to investigate indoxyl sulfate and CVD within Western
CKD patients, the paucity of findings could be attributed to dif-
ferences in regional diets. Variations in dietary preferences sig-
nificantly influence the microbiome and, consequently, indoxyl
sulfate levels [66, 67], which may explain the negative findings
in both the HEMO Study and our current work. We found no
association of indole metabolites with new CV events, nor a
correlation with any subclinical markers of atherosclerosis, in-
cluding vascular calcification and PWV. While previous stud-
ies used reverse-phase high-performance liquid chromatogra-
phy, our current study employed an LC-MS platform to quantify
both kynurenine and indole metabolites and a more advanced
methodology tomeasure aortic calcification. However, our study
did not include dialysis participants, which may partially ex-
plain our lack of similar findings.

Our findings strengthen the hypothesis that altered trypto-
phan catabolism via the KP contributes to atherosclerosis in
CKD for several reasons. First, we expanded tryptophan deriva-
tive profiling to include major indole metabolites, indoxyl sul-
fate and indole-3-acetate, a major limiting factor of our previous
study [14]. While serotonin, indole and kynurenine derivatives
are derived from tryptophan, only kynurenine and indole prod-
ucts have been linked to CVDwithin CKD [14, 23, 24].While there
are multiple indole derivatives, only indoxyl sulfate and indole
acetate are linkedwith CVD and CKD [23].Nicotinamide adenine
dinucleotide (NAD) is derived de novo from tryptophan via quino-
linic acid, however,much of the available NAD is generated from
salvage pathways, not directly from dietary tryptophan [68, 69].
Moreover, NAD is not linked to CVD in CKD. Our work measures
all directly derived tryptophan derivatives linked to CVD within
CKD and is the first to compare indole and kynurenine deriva-
tives with subclinical and new CV events. While prior studies
have previously investigated indolemetabolites andCVD inCKD,
this has not involved concurrent profiling of KP derivatives [56,
57, 63–65].

Another strength of the current work is the specificity of
our primary outcome, new CV events, to inflammation and
atherosclerosis, whereas our prior study included nonvascular
pathology (e.g, arrhythmia) as CVD outcomes [14]. Prior stud-
ies have only explored prevalent CVD in CKD either by history
or CIMT measures [20, 21, 24]. We also examined several mea-
sures of subclinical atherosclerosis and found a significant as-
sociation with several metabolites, even in fully adjusted mod-
els, suggesting a role of the KP in the pathogenesis of CVD. The
current study is also the first to link vascular calcification to
KP metabolites in CKD. Moreover, the tryptophan metabolites
were not linked to FMD, a marker of early CVD and endothe-
lial dysfunction, indicating the specificity of these KP metabo-
lites in the pathogenesis of established atherosclerosis in this
cohort with advanced CKD. The inclusion criteria for our cur-
rent study required an eGFR ≤50 mL/min/1.73 m2, which, com-
pared with our prior cohort, resulted in a cohort with more ad-
vanced CKD. Despite more impaired clearance, we find trypto-
phan was inversely related to new CV events and subclinical

CVD. We also included time-to-event analysis with Cox propor-
tional hazards models to assess the relationship to time to the
first CVD event. This was not possible in our prior independent
cohort. Lastly, whereas our previousmethodology involved a pri-
ori matching of demographic and clinical comorbidities to de-
fine an incident CVD group, in our current work we examine the
predictive capability of tryptophan equivocally in all patients
with and without a CVD history while controlling for prior CVD.

Our current study has several limitations. As a prospective
observational study, we cannot ascribe a causal link between
metabolites and the development of CVD within the CKD pop-
ulation. However, the temporal association of tryptophan levels
to CV events and its relation to subclinical atherosclerosis sug-
gests early involvement of the KP in the pathogenesis of CKD
atherosclerosis. Changes to tryptophan levels parallel changes
in inflammatorymarkers such as CRP and serum albumin. How-
ever, we find alterations in KP and its association with subclini-
cal CVD suggest a unique role of thesemetabolites in atheroscle-
rosis. More experimental studies are needed to elucidate the
mechanistic role of the KP in this. Although we captured 50 CV
events, only 12 of these occurred in patients without a prior his-
tory of CVD, thus we were not adequately powered to perform
subgroup analyses to test the association of metabolites with
new CV events in those with or without a prior history. The sam-
ples used for the analysis of tryptophanmetabolites were stored
for 15–18 years at −80°C, possibly introducing storage artifacts
[70]. However, the uniform handling of plasma samples makes
potential changes in metabolite levels due to storage similar
across all individuals [71]. Another limitation of our work is the
sole evaluation of metabolites at enrollment, which prevented
time-varying risk association with CVD in our population. A
larger study with longer follow-up and regular metabolite sam-
pling will better investigate biomarker prediction of subclinical
atherosclerosis and CVD within the CKD population. The num-
ber of patients undergoing each subclinical testing depended on
testing availability at the centers and the number of patients
who consented to further subclinical testing. These factors re-
sulted in a nonuniform number of patients undergoing different
cardiac tests, which might bias our interpretation of the statis-
tical tests.

Our study proves the indoles are not altered in CKD patients
with CV events, though previously linked to CVD, while spe-
cific KPmetabolites are linked to CV events when controlling for
renal function.

CONCLUSION

In conclusion, we demonstrate the role of KP but not indole
metabolites in subclinical atherosclerotic burden and new CV
events in advanced CKD. Our findings support a possible role for
altered tryptophan immune metabolism in the pathogenesis of
CKD-associated atherosclerosis.
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