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ABSTRACT 

Background. Kynurenine is a protein-bound uremic toxin. Its circulating levels are increased in chronic kidney disease 
( CKD) . Experimental studies showed that it exerted deleterious cardiovascular effects. We sought to evaluate an 

association between serum kynurenine levels and adverse fatal or nonfatal cardiovascular events and all-cause 
mortality in CKD patients. 
Methods. The CKD-REIN study is a prospective cohort of people with CKD having an estimated glomerular filtration rate 
( eGFR) < 60 ml/min/1.73 m². Baseline frozen samples of total and free fractions of kynurenine and tryptophan were 
measured using a validated liquid chromatography tandem mass spectrometry technique. Cause-specific Cox models 
were used to estimate hazard ratios ( HRs) for each outcome. 
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Results. Of the 2406 included patients ( median age: 68 years; median eGFR: 25 ml/min/1.73 m2 ) , 52% had a history of 
cardiovascular disease. A doubling of serum-free kynurenine levels was associated with an 18% increased hazard of 
cardiovascular events [466 events, HR ( 95%CI) :1.18( 1.02,1.33) ], independently of eGFR, serum-free tryptophan level or 
other uremic toxins, cardioprotective drugs, and traditional cardiovascular risk factors. Serum-free kynurenine was 
significantly associated with non-atheromatous cardiovascular events [HR( 95%CI) :1.26( 1.03,1.50) ], but not with 

atheromatous cardiovascular events [HR( 95%CI) :1.15( 0.89,1.50) ]. The association of serum-free kynurenine with 

cardiovascular mortality was also independently significant [87 events; adjusted HR( 95%CI) :1.64( 1.10,2.40) ]. However, the 
association of serum-free kynurenine with all-cause mortality was no more significant after adjustment on serum-free 
tryptophan [311 events, HR( 95%CI) :1.12( 0.90, 1.40) ]. 
Conclusions. Our findings imply that serum-free kynurenine, independently of other cardiovascular risk factors 
( including eGFR) , is associated with fatal or nonfatal cardiovascular outcomes, particularly non-atheromatous 
cardiovascular events; in patients with CKD. Strategies to reduce serum kynurenine levels should be evaluated in further 
studies. 

Keywords: all-cause mortality, cardiovascular disease, chronic kidney disease, kynurenine 

KEY LEARNING POINTS 

What was known : 

• Kynurenine is a protein-bound uremic toxin derived from tryptophan metabolism. Experimental studies showed that 
kynurenine caused endothelial cell dysfunction, abnormal angiogenesis and vascular thrombosis.

• Very few clinical studies have shown the association between total kynurenine levels and cardiovascular disease in pre- 
dialysis CKD patients, none of them measured free kynurenine levels.

This study adds: 

• Serum-free kynurenine levels are associated with fatal or nonfatal cardiovascular events in patients with CKD, indepen- 
dently of eGFR, serum-free tryptophan level or other uremic toxins, cardioprotective drugs and traditional cardiovascular 
risk factors.

• Kynurenine is a promising candidate for understanding the complex interplay between CKD and cardiovascular disease.

Potential impact: 

• Kynurenine could be considered as a predictive biomarker for cardiovascular risk in CKD patients after confirmation by 
predictive analysis methodologies. This could influence clinical guidelines for managing CKD patients.

• Therapeutic strategies to reduce serum kynurenine levels should be evaluated in further studies, by inhibiting, for example, 
the IDO enzyme.
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NTRODUCTION 

hronic kidney disease ( CKD) is common and emerges as one 
f the leading non-communicable causes of death worldwide 
1 , 2 ]. Patients with CKD are at high cardiovascular risk, with 
ardiovascular death being the leading cause of death [3 ]. Tradi- 
ional cardiovascular risk factors such as ageing, hypertension,
nd diabetes are highly prevalent in patients with CKD, but fail to 
xplain the increase in cardiovascular risk. Non-traditional car- 
iovascular risk factors such as oxidative stress, and toxic com- 
ounds accumulation have been identified in patients with CKD 

3 ,4 ]. Indeed, as kidney functions decline, an array of molecules 
alled uremic toxins ( UTs) will pathologically accumulate in the 
rganism [5 –7 ]. 
The majority of UTs are derived from amino acid metabolism 

n the gut [8 ]. Previous epidemiological studies have shown an 
ssociation between many of them ( such as para-cresyl sul- 
ate, p-cresyl glucuronide, indoxyl sulfate, and indole-3-acetic 
cid) and cardiovascular outcomes [3 , 9 ]. For example, the 
Ts indoxyl sulfate and kynurenine are derived from tryp- 
ophan metabolism [10 ]. Tryptophan is an essential aromatic 
mino acid, and the only protein-bound one ( around 85% bound 
o albumin) . Initially, kynurenine is derived from tryptophan 
etabolism in intestinal epithelial cells by the activation of 
he enzyme indolamine-2,3-dioxygenase-1 [11 ]. After absorp- 
ion, the free fraction of tryptophan ( i.e. the active fraction) , con- 
inues to be metabolized to several bioactive compounds, partic- 
larly kynurenine, by different cell types including endothelial 
ells [12 ]. The enzymatic conversion of tryptophan is enhanced 
n inflammatory states, including CKD [4 ]. Serum kynurenine 
evels are increased in CKD, not only as a consequence of de- 
reased renal clearance but also of alterations in tryptophan 
etabolism [4 ]. 
Previous studies on the effects of UTs mainly focused on 

he toxicity of indoxyl sulfate [3 ]. Only few examined the ef- 
ects of kynurenine [3 ] despite being the first metabolite derived 
rom the kynurenine pathway [4 ], which is the most occurring 
ne from tryptophan extensive metabolism ( Fig. S1, see online 
upplementary material) [13 ]. Kyn ur enine is a pr otein-bound 
olecule, whose free fraction is the toxic one [7 ]. In general,
everal analytical methods allow the quantification of both total 
nd free fractions of protein-bound uremic toxins [14 ]. However,
easuring the free fraction is generally complex, explaining the 
vailability of only limited data on free kynurenine. 

Experimental studies showed that kynurenine caused en- 
othelial cell dysfunction, abnormal angiogenesis, and vascular 
hrombosis [4 , 15 , 16 ]. 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad248#supplementary-data
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Figure 1: Flowchart of the study. 
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An association between total serum kynurenine concentra- 
ions and incident cardiovascular disease and all-cause mor- 
ality has previously been reported in the elderly and in pa-
ients with stable angina [17 , 18 ]. However, to our knowledge,
ery few clinical studies have shown the association between 
otal kynurenine levels and cardiovascular disease in pre- 
ialysis CKD patients [15 , 19 –28 ], none of them measured free
ynurenine levels and none examined an association with 
ll-cause mortality in patients with moderate or advanced 
tages of CKD [29 ], in a large representative sample. Moreover,
ata on kynurenine mainly focused on their association with 
theromatous cardiovascular events. Given the burden of non- 
theromatous cardiovascular disease in CKD, it is important to 
eparately assess the link between kynurenine and these dis- 
inct pathologies. 

The aim of the present study was to examine an asso-
iation between both serum-free and total kynurenine levels 
ith the occurrence of incident fatal or nonfatal cardiovas- 
ular events, both globally and by subtypes of cardiovascu- 
ar pathologies ( atheromatous cardiovascular events and non- 
theromatous cardiovascular events) , in a large French national 
ample of patients with pre-dialysis CKD, independently of tra- 
itional cardiovascular risk factors, estimated glomerular filtra- 
ion rate ( eGFR) , and serum tryptophan levels. We further evalu- 
ted an independent association with all-cause mortality before 
idney replacement therapy ( KRT) , both globally and by subtypes 
f cardiovascular death. 

ATERIALS AND METHODS 

tudy design and participants 

he Chronic Kidney Disease-Renal Epidemiology and Informa- 
ion Network ( CKD-REIN) is a large prospective cohort enrolling 
033 adult patients between July 2013 and April 2016 from 40
epresentative nephrology outpatient clinics in France. The el- 
gibility criteria were age 18 or over, a confirmed diagnosis of
oderate or advanced CKD ( eGFR < 60 ml/min/1.73 m2 ) , and no
rior maintenance dialysis or kidney transplantation. All pa- 
ients provided written informed consent before inclusion for 
ve years of annual follow-up. Details of the study protocol have
een published elsewhere [30 ]. 

Data were collected by trained clinical research associates 
rom medical records or patient interviews at baseline and then
nnually. Upon enrolment of the patients, urine and serum sam-
les were collected. For more details concerning data collec- 
ion please see the online supplementary material. The CKD- 
EIN study was approved by the French National Institute of
ealth and Medical Research ( INSERM, Paris, France) institu- 
ional review board ( IRB00003888) and the Ethics Committee 
 CCTIRS12.360/CPP) . 

The present study included 2406 patients who provided 
vailable biosamples within a 3-month window of inclusion 
 Fig. 1 ) . 

uantification of uremic toxins and tryptophan 

ll CKD-REIN samples were stored deep frozen ( −80°C) at 
he Biobanque de Picardie ( BRIF number: BB-0033–00017) and 
hipped frozen to Paris for analysis. Kynurenine, indoxyl sulfate,
-cresyl sulfate, indole-3-acetic acid and tryptophan fractions 
ere assayed in serum using a validated liquid chromatography 
andem mass spectrometry technique, for a description, see the 
nline supplementary material [14 ]. 
valuation of outcomes 

atal or nonfatal cardiovascular events before kidney 
eplacement therapy 

he primary endpoint was the occurrence of a first fatal or non-
atal cardiovascular event during the follow-up period. Nonfatal
vents were traced from hospital and medical records, and/or
nnual patient interviews. They were assessed by a physician
sing criteria from the Cardiovascular and Stroke Endpoint Def-
nition for Clinical Trials [31 ]. All cardiovascular deaths were
urther adjudicated by two blinded cardiologists ( MH, NM) . Fa-
al or nonfatal cardiovascular events were studied as compos-
te outcomes of sudden cardiac deaths, aortic aneurysm, athero-
atous and non-atheromatous cardiovascular events for which 
istinction between them was also adjudicated by a blinded
ommittee. Atheromatous cardiovascular events included coro- 
ary artery disease, ischemic cerebrovascular disease, and pe-
ipheral artery disease ( i.e. lower limb artery disease and renal
rtery stenosis) , and non-atheromatous cardiovascular events 
ncluded heart failure, hemorrhagic stroke, atrial fibrillation and
ther cardiac rhythm/conduction disorders. Because of uncer- 
ainty about the underlying mechanisms for some sudden car-
iac death events and about the specificity of classifying aortic
neurysm, these events were not classified in either category. 

Coronary artery disease included myocardial infarction, un- 
table angina, and coronary interventions: angioplasty-stenting 
r coronary artery bypass grafting or coronary thrombolysis.
schemic cerebrovascular disease included ischemic stroke,
ransient ischemic attack, and carotid interventions: throm- 
olysis, thrombectomy, endarterectomy, angioplasty-stenting,
r bypass surgery. Lower limb artery disease included vascular
laudication, and interventions such as angioplasty-stenting,
ndarterectomy, bypass surgery or amputation for atheroma- 
ous ischemic lesions. Heart failure was defined as new onset, or
orsening heart failure. Arrhythmias and conduction disorders 
ere documented by electrocardiography. 
All the considered events occurred before any KRT. KRT was

efined as kidney failure requiring initiation of maintenance
ialysis or preemptive kidney transplantation [as identified from
edical records or by linkage with the French National Renal
pidemiology Information Network registry ( REIN) ]. 
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ll-cause death events before kidney replacement therapy 

ll-cause mortality included any registered death, either cardio- 
ascular or non-cardiovascular mortality. Death events were de- 
lared by family members or by clinical research associates dur- 
ng the 5-year follow-up, ascertained from death certificates and 
ospital records, or through linkage with the national death reg- 
stry. 

As previously mentioned, cardiovascular mortality was ad- 
udicated by cardiologists. Any other deaths were categorized as 
on-cardiovascular mortality. 

tatistical analysis 

articipants’ baseline characteristics are described for the over- 
ll data sample ( n = 2406) and by tertiles of serum free kynure- 
ine levels. Description by tertiles of serum total kynurenine are 
epicted in the Table S1 ( see online supplementary material) .
ontinuous variables are presented as the median [Q1–Q3] 
nd compared between the three groups with the Kruskal–
allis test. Categorical variables are presented as percentages 
nd compared between groups with the chi-square test. The 
ariations according to CKD stages of serum free, total, and 
ree/total kynurenine concentrations, free and total tryptophan,
ynurenine/tryptophan ratio, respectively, are compared be- 
ween groups with the Kruskal–Wallis test, and followed by 
 post-hoc analysis using Dunn’s test ( Figs S2–S5, see online 
upplementary material) . 

Given that the serum kynurenine values were not normally 
istributed they were log-transformed. For each of the six study 
utcomes, we used cause-specific Cox models to estimate crude 
nd adjusted hazard ratios ( HRs) ( 95% CI) associated with each 
f the free and total kynurenine levels ( associations with the 
atter are included in the Tables S2–S5, S7, and S9, see online 
upplementary material) : HRs of ( i) fatal or nonfatal cardiovas- 
ular events; ( ii) atheromatous cardiovascular events; ( iii) non- 
theromatous cardiovascular events; ( iv) all-cause mortality; ( v) 
ardiovascular mortality; and ( vi) non-cardiovascular mortality.
atal or nonfatal cardiovascular events ( including atheromatous 
r non-atheromatous cardiovascular events) were censored on 
he date of last follow-up ( fifth annual follow-up visit or study 
ithdrawal) , the date of KRT, or the date of death from a non- 
ardiovascular cause. Each death occurring during the 5-year 
ollow-up period was used in the all-cause mortality model, and 
he data were censored at the date of last follow-up or the date 
f KRT. Cardiovascular death and non-cardiovascular death were 
ensored on the date of non-cardiovascular death and the date 
f cardiovascular death respectively, in addition to the date of 
RT and the date of last follow-up. 
The Cox models were adjusted for a set of confounders,

hich were selected from a directed acyclic graph ( DAG) ,
voiding adjustment for unnecessary factors, mediators, and 
olliders [32 ]. The approach has been further detailed in the 
nline supplementary material. Associations between serum 

ynurenine and overall cardiovascular risks, all-cause mortality,
ardiovascular and non-cardiovascular mortality risks were 
djusted for age at baseline, sex, high-sensitivity C-reactive 
rotein ( CRP) , urea, diabetes, dyslipidemia, systolic blood pres- 
ure, body mass index ( BMI) , smoking status, baseline eGFR,
rine albumin or protein-to-creatinine ratio ( ACR) , serum free 
ryptophan, serum free indoxyl sulfate, indole-3-acetic acid 
nd p-cresyl sulfate, prescriptions of diuretics, antihyperten- 
ive drugs, lipid-lowering drugs, and antidiabetic drugs. We 
xcluded the prescription of diuretics in the adjustment models 
valuating the association with atheromatous cardiovascular 
isk, as well as dyslipidemia and lipid-lowering drugs in the 
odels evaluating the association with non-atheromatous 
ardiovascular risk. We added serum albumin to the models 
hen evaluating serum-free kynurenine. 
The HRs of Cox models were transformed back into the origi- 

al unlogged scales in order to obtain better interpretable values.
Each model’s validity ( according to the proportional hazard 

ssumption) was checked by testing the Schoenfeld residuals. 
The method used to manage missing data is presented in the 

nline supplementary material. 
The threshold for statistical significance was P < 0.05. All sta- 

istical analyses were performed with R software. 

ESULTS 

aseline patients’ characteristics 

he characteristics of the 2406 patients included in this study 
re presented in Table 1 , compared between the tertiles of free 
ynurenine levels. The median ( Q1–Q3) age of the participants 
as 68 ( 60–76) years, 66% were men, and the median BMI was 
7.9 ( 24.7–31.7) kg/m2 . Almost all the patients had hypertension 
 96%) , a large proportion had dyslipidemia ( 74%) , about half of 
hem presented a history of cardiovascular disease ( 52%) , and 
1% had diabetes. The overall median eGFR was 24.7 ( 18.4–33.1) 
l/min/1.73 m2 , and was significantly lower in patients with the 
ighest free kynurenine tertiles. Compared with patients in ter- 
ile 1 and tertile 2, patients in tertile 3 were older, had more co-
orbidities, a higher BMI, and higher serum concentrations of 
RP and free tryptophan. 
The distribution of serum-free and total kynurenine levels,

ree/total kynurenine ratio, free and total tryptophan levels, and 
ynurenine/tryptophan ratio by CKD stage ( Figs S2–S5, see on- 
ine supplementarymaterial) . Patients with more advanced CKD 

ad significantly higher free and total kynurenine concentra- 
ions with a higher free/total kynurenine ratio. Total tryptophan 
evels were significantly lower in more advanced CKD stages,
hile free levels were higher. The free kynurenine/free trypto- 
han ratio was significantly higher in more advanced CKD stages 
ompared to stages 2 and 3. Similarly, the total kynurenine/free 
ryptophan ratio was significantly higher in stage 4 compared to 
tages 2 and 3. 

atal or nonfatal cardiovascular events 

ver a median [Q1–Q3] follow-up period of 5 [4.6–5.2] years, 466 
ut of the 2406 patients experienced a first cardiovascular event 
 fatal or nonfatal) . The crude analysis showed that a doubling 
f serum free kynurenine levels was associated with a 70%- 
ncrease in the hazard of a cardiovascular event [HR ( 95% CI) : 
.7 ( 1.5, 1.9) Table 2 ]. This association was attenuated but re- 
ained significant after multiple adjustments ( Table 2 ) : a double 

ncrease in serum free kynurenine levels was associated with an 
8% increase in the hazard of a cardiovascular event [adjusted 
R ( 95% CI) : 1.18 ( 1.02, 1.33) ], independently of kidney function 

 eGFR) , serum free tryptophan level or other uremic toxins, car- 
ioprotective drugs and traditional cardiovascular risk factors. 
The results were in agreement with those of the association 

ith total kynurenine levels: a double increase of the latter was 
ssociated with a 20% increase in the hazard of cardiovascular 
vents, independently of eGFR and serum free tryptophan level 
r tryptophan-derived UTs [adjusted HR: 1.2 ( 1.05, 1.4) ] ( Table S2,
ee online supplementary material) . 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad248#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad248#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad248#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad248#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad248#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad248#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad248#supplementary-data
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Table 1: Characteristics of the study population according to the tertiles of serum-free kynurenine. 

Total Tertiles of serum-free kynurenine ( mg/L) 

T1 < 0.11 T2 [0.11–0.16] T3 > = 0.16 
Characteristics N = 2406 a ( n = 802) a ( n = 801) a ( n = 803) a P -value b Missing data 

Age at baseline ( years) 68 [60–76] 67 [58–74] 69 [60–76] 69 [62- 77] < 0 .0001 0% 

Men 66% 68% 67% 63% 0 .07 0% 

eGFR at baseline 
( ml/min/1.73 m2 ) 

25 [18–33] 31 [24–40] 25 [19–32] 20 [15–26] < 0 .0001 0% 

Albumin- or 
protein-to-creatinine ratio 
( mg/g) 

104 [21–491] 57 [14–345] 104 [23–440] 198 [34–721] < 0 .0001 11.5% 

History of acute kidney injury 23% 20% 24% 27% 0 .005 7.2% 

Smoking status 
Never-smoker 
Current smoker 
Former smoker 

40% 

13% 

47% 

41% 

13% 

46% 

40% 

13% 

46% 

40% 

10% 

50% 

0 .3 0.6% 

Systolic blood pressure 
( mmHg) 

140 [128- 153] 138 [127–151] 140 [129- 152] 140 [130–155] 0 .014 0.5% 

Diabetes 41% 35% 41% 47% < 0 .0001 0.2% 

Dyslipidemia 74% 70% 73% 77% 0 .008 0.4% 

History of cardiovascular 
disease 

52% 46% 51% 60% < 0 .0001 0.5% 

Serum bicarbonate ( mmol/L) 25 [23–27] 25.4 [23–27.4] 25 [22.4–27] 24.5 [22–27] < 0 .0001 8.8% 

Serum albumin ( g/L) 40.4 [38–43] 41 [38.4–43.2] 41 [38–43] 40 [37–42] < 0 .0001 14.5% 

Hemoglobin ( g/dL) 13 [11.8–14.2] 13.4[12.3–14.5] 13 [11.9–14.2] 12.6 [11.5–13.7] < 0 .0001 0.9% 

High-sensitivity C-reactive 
protein ( mg/L) 

2.4 [1.1–5.1] 2 [0.9–4.1] 2.3 [1.1–4.8] 2.9 [1.3–6.5] < 0 .0001 5.4% 

Body mass index ( kg/m²) 27.9 [24.7–31.7] 27.2 [24.3–30.8] 27.8 [24.5–31.6] 28.8 [25.4–32.8] < 0 .0001 1.9% 

PPI prescription at baseline 32% 30% 31% 36% 0 .01 0.2% 

Diuretics prescription at 
baseline 

52% 43% 51% 63% < 0 .0001 0.3% 

Antihypertensive drugs 
prescription at baseline 

2243 ( 94%) 722 ( 91%) 753 ( 94%) 768 ( 96%) < 0 .0001 0.3% 

Lipid-lowering drugs 
prescription at baseline 

1520 ( 63%) 472 ( 59%) 510 ( 64%) 538 ( 67%) 0 .005 0.3% 

Antidiabetic drugs prescription 
at baseline 

820 ( 34%) 231 ( 29%) 275 ( 34%) 314 ( 39%) < 0 .001 0.3% 

Free tryptophan ( mg/L) 0.9 [0.7–1.2] 0.7 [0.6–0.9] 0.9 [0.8–1.1] 1.2 [0.9–1.5] < 0 .0001 0% 

Total tryptophan ( mg/L) 12 [10–15] 12 [10–15] 12.6 [10–15] 12 [9.9–14.6] 0 .1 0% 

Free kynurenine ( mg/L) 0.1 [0.09–0.2] 0.07 [0.06–0.08] 0.12 [0.11–0.14] 0.2 [0.18–0.26] – 0% 

Total kynurenine ( mg/L) 1.2 [0.9–1.6] 0.9 [0.7–1.2] 1.2 [0.9–1.6] 1.4 [1.2–1.8] < 0 .0001 0% 

a Median [Q1–Q3]; % 

b Kruskal–Wallis rank sum test; Pearson’s chi-squared test eGFR: estimated glomerular filtration rate; PPI: proton pump inhibitor. 
Statistically significant p -values are given in bold type. 
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nalysis by subgroups of atheromatous vs 
on-atheromatous cardiovascular events 

theromatous cardiovascular events 

uring follow-up, 215 patients had fatal or nonfatal atheroma- 
ous cardiovascular events. There was no significant association 
etween serum-free kynurenine levels and the occurrence of 
theromatous cardiovascular events after multiple adjustments 
 Table 3 ) . Adding free tryptophan to the adjusted model did not
ffect these results. 

However, total kynurenine levels were significantly associ- 
ted with atheromatous cardiovascular events after multiple ad- 
ustments ( Table S3, see online supplementary material) . 

on-atheromatous cardiovascular events 

 total of 313 patients had fatal or nonfatal non-atheromatous
ardiovascular events in the follow-up period. A doubling of 
erum-free kynurenine levels was significantly associated with 
 26% increase in the hazard of non-atheromatous cardiovascu-
ar events after multiple adjustments [adjusted HR ( 95% CI) : 1.26
 1.03, 1.50) ] ( Table 4 ) . 

The results were similar when evaluating serum total
ynurenine, exhibiting a significant association with the occur-
ence of non-atheromatous cardiovascular events ( Table S4, see 
nline supplementary material) . 

ll-cause mortality before kidney replacement therapy 

 total of 311 patients died before KRT over the 5-year follow-up
eriod. A doubling of serum-free kynurenine levels was sig-
ificantly associated with a 22% increased hazard of all-cause
ortality [adjusted HR ( 95% CI) : 1.22 ( 1.02,1.50) ; Table 5 ], in-
ependently of eGFR. However, the association of serum-free
ynurenine levels with all-cause mortality proved to depend
n the serum-free tryptophan level; it was no longer significant
fter adding free tryptophan or tryptophan-derived UTs to the
djustment model ( Table 5 ) . 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad248#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad248#supplementary-data
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Table 2: Hazard ratio of cardiovascular events associated with a dou- 
ble increase in baseline serum-free kynurenine level ( mg/L) . 

Free kynurenine ( mg/L) 

Cardiovascular events 
Unadjusted HR [95% CI]—P -value 1.7 [1.5, 1.9]–< 0.0001 
Adjusted HR a [95% CI]—P -value 1.25 [1.09, 1.4]–0.002 
Adjusted HR b [95% CI]—P -value 1.18 [1.02, 1.33]–0.04 
Adjusted HR c [95% CI]—P -value 1.19 [1.03, 1.39]–0.01 

a Model adjusted for age at baseline, sex, high-sensitivity C-reactive protein, 
serum albumin, urea, diabetes, dyslipidemia, body mass index, smoking sta- 
tus, baseline estimated glomerular filtration rate, urine albumin- or protein-to- 
creatinine ratio, systolic blood pressure, prescriptions of diuretics, antihyperten- 

sive drugs, lipid-lowering drugs, and antidiabetic drugs. 
b 1 + serum-free tryptophan. 
c 1 + serum-free indoxyl sulfate, indole-3-acetic acid and p-cresyl sulfate. 

Table 3: Hazard ratio of atheromatous cardiovascular events associ- 
ated with a double increase in baseline serum-free kynurenine level 
( mg/L) . 

Free kynurenine ( mg/L) 

Atheromatous cardiovascular events 
Unadjusted HR [95% CI]—P -value 1.4 [1.17, 1.69]–0.0002 
Adjusted HR a [95% CI]—P -value 1.15 [0.9, 1.4]–0.2 
Adjusted HR b [95% CI]—P -value 1.15 [0.89, 1.5]–0.2 
Adjusted HR c [95% CI]—P -value 1.08 [0.86, 1.4]–0.5 

a Model adjusted for age at baseline, sex, high-sensitivity C-reactive protein, 
serum albumin, urea, diabetes, dyslipidemia, body mass index, smoking sta- 
tus, baseline estimated glomerular filtration rate, urine albumin- or protein-to- 

creatinine ratio, systolic blood pressure, prescriptions of antihypertensive drugs, 
lipid-lowering drugs, and antidiabetic drugs. 
b 1 + serum-free tryptophan. 
c 1 + serum-free indoxyl sulfate, indole-3-acetic acid and p-cresyl sulfate. 

Table 4: Hazard ratio of non-atheromatous cardiovascular events as- 
sociated with a double increase in baseline serum-free kynurenine 
level ( mg/L) . 

Free kynurenine ( mg/L) 

Non-atheromatous cardiovascular events 
Unadjusted HR [95% CI]—P -value 1.97 [1.7, 2.27]–< 0.001 
Adjusted HR a [95% CI]—P -value 1.36 [1.14, 1.61]–0.0007 
Adjusted HR b [95% CI]—P -value 1.26 [1.03, 1.5]–0.02 
Adjusted HR c [95% CI]—P -value 1.31 [1.09, 1.6]–0.003 

a Model adjusted for age at baseline, sex, high-sensitivity C-reactive protein, 
serum albumin, urea, diabetes, body mass index, smoking status, baseline es- 

timated glomerular filtration rate, urine albumin- or protein-to-creatinine ratio, 
systolic blood pressure, prescriptions of diuretics, antihypertensive drugs, and 
antidiabetic drugs. 
b 1 + serum-free tryptophan. 
c 1 + serum-free indoxyl sulfate, indole-3-acetic acid and p-cresyl sulfate. 
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Table 5: Hazard ratio of all-cause mortality associated with a double 
increase in baseline serum-free kynurenine level ( mg/L) . 

Free kynurenine ( mg/L) 

Unadjusted HR [95% CI]—P -value 1.7 [1.5, 1.9]–< 0.001 
Adjusted HR a [95% CI]—P -value 1.22 [1.02, 1.5]–0.03 
Adjusted HR b [95% CI]—P -value 1.12 [0.9, 1.4]–0.3 
Adjusted HR c [95% CI]—P -value 1.18 [0.9, 1.4]–0.07 

a Model adjusted for age at baseline, sex, high-sensitivity C-reactive protein, 
serum albumin, urea, diabetes, dyslipidemia, body mass index, smoking sta- 
tus, baseline estimated glomerular filtration rate, urine albumin- or protein-to- 
creatinine ratio, systolic blood pressure, prescriptions of diuretics, antihyperten- 

sive drugs, lipid-lowering drugs, and antidiabetic drugs. 
b 1 + serum-free tryptophan. 
c 1 + serum-free indoxyl sulfate, indole-3-acetic acid and p-cresyl sulfate. 

Table 6: Hazard ratio of non-cardiovascular mortality associated 
with a double increase in baseline serum-free kynurenine level 
( mg/L) . 

Free kynurenine ( mg/L) 

Unadjusted HR [95% CI]—P -value 1.5 [1.3, 1.8]–< 0.001 
Adjusted HR a [95% CI]—P -value 1.1 [0.9, 1.4]–0.3 
Adjusted HR b [95% CI]—P -value 1.03 [0.8, 1.32]–0.8 
Adjusted HR c [95% CI]—P -value 1.1 [0.9, 1.4]–0.3 

a Model adjusted for age at baseline, sex, high-sensitivity C-reactive protein, 

serum albumin, urea, diabetes, dyslipidemia, body mass index, smoking sta- 
tus, baseline estimated glomerular filtration rate, urine albumin- or protein-to- 
creatinine ratio, systolic blood pressure, prescriptions of diuretics, antihyperten- 

sive drugs, lipid-lowering drugs, and antidiabetic drugs. 
b 1 + serum-free tryptophan. 
c 1 + serum-free indoxyl sulfate indole-3-acetic acid and p-cresyl sulfate. 
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In the multiple analyses, there was no significant associa- 
ion with serum total kynurenine levels in the hazard of all- 
ause mortality before KRT. The adjusted HR for all-cause mor- 
ality was 1.04 ( 0.90, 1.30) ( Table S5, see online supplementary
aterial) . 

nalysis by non-cardiovascular and cardiovascular 
ortality subgroups before kidney replacement 

herapy 

ver the 5-year follow-up period, we observed 215 non- 
ardiovascular deaths and 87 cardiovascular deaths before KRT. 
on-cardiovascular mortality 

here was no significant association with serum free kynure- 
ine in the hazard of non-cardiovascular mortality before KRT 
fter adjustment for eGFR, serum-free tryptophan, and other 
ortality risk factors ( Table 6 ) . 
The results were comparable when evaluating the asso- 

iation with total kynurenine levels ( Table S6, see online 
upplementary material) . 

ardiovascular mortality 

erum-free kynurenine levels were significantly associated with 
he occurrence of cardiovascular mortality, even after adjust- 
ent for eGFR, serum-free tryptophan and other confounding 

actors. A doubling of serum free kynurenine levels was associ- 
ted with a 64% increase in the hazard of cardiovascular mortal- 
ty [adjusted HR ( 95% CI) : 1.64 ( 1.10, 2.40) Table 7 ]. 

There was no significant association between serum total 
ynurenine levels and cardiovascular mortality in the multiple 
nalyses ( Table S7, see online supplementary material) . 

ISCUSSION 

his large national cohort study that included patients with 
KD before any KRT showed that higher serum levels of the 
ree fraction of kynurenine were associated with a higher inci- 
ence of adverse fatal or nonfatal cardiovascular events. There 
as a particularly strong association with non-atheromatous 
ardiovascular events, independent of kidney function, serum- 
ree tryptophan level and traditional cardiovascular risk fac- 
ors. Higher serum-free kynurenine levels were also significantly 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad248#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad248#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad248#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad248#supplementary-data
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Table 7: Hazard ratio of cardiovascular mortality associated with a 
double increase in baseline serum-free kynurenine level ( mg/L) . 

Free kynurenine ( mg/L) 

Unadjusted HR [95% CI]—P -value 2.3 [1.7, 3.03]–< 0.001 
Adjusted HR a [95% CI]—P -value 1.8 [1.3, 2.5]–0.001 
Adjusted HR b [95% CI]—P -value 1.66 [1.1, 2.5]–0.01 
Adjusted HR c [95% CI]—P -value 1.64 [1.1, 2.4]–0.007 

a Model adjusted for age at baseline, sex, high-sensitivity C-reactive protein, 
serum albumin, urea, diabetes, dyslipidemia, body mass index, smoking sta- 
tus, baseline estimated glomerular filtration rate, urine albumin- or protein-to- 
creatinine ratio, systolic blood pressure, prescriptions of diuretics, antihyperten- 

sive drugs, lipid-lowering drugs, and antidiabetic drugs. 
b 1 + serum-free tryptophan. 
c 1 + serum-free indoxyl sulfate, indole-3-acetic acid and p-cresyl sulfate. 
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ssociated with a higher risk of cardiovascular mortality, but not
on-cardiovascular or all-cause mortality. 
As to the mechanisms involved, previous experimental stud- 

es showed that the actions of kynurenine are mainly mediated
y direct activation of the aryl hydrocarbon receptor ( AHR) [10 ,
5 , 33 ]. AHRs interact with diverse regulatory and signaling pro-
eins such as nuclear factor-kappa-B involved in cell prolifera- 
ion, and immune responses [10 ]. AHR activity can be stimu-
ated by various agents, including endogenous ligands such as 
he tryptophan metabolites indoxyl sulfate, indole-3-acetic acid,
ynurenic acid, and kynurenine, which can induce vascular in- 
ammation, cardiotoxicity, and a pro-coagulation status of vas- 
ular cells, as demonstrated both in mice and in humans [10 , 33 –
5 ]. Kolachalama et al. [16 ]. showed that kynurenine promoted
hrombosis after vascular injury in mice by increasing tissue fac-
or expression in the vessel wall through AHR signaling. Arinze
t al. provided evidence for an association between kynurenine 
nd peripheral artery disease. They reported that kynurenine 
nhanced AHR activity in endothelial cells, resulting in the sup-
ression of Wnt activity via the β-catenin pathway. This in turn
ed to impaired angiogenesis [15 , 34 ]. 

Previous small studies have investigated the effect of total 
ynurenine on cardiovascular risk, mainly in patients receiving 
ialysis therapy; however, this was without considering the 
ree, active kynurenine, and therefore probably underestimated 
ynurenine’s full impact [15 , 19 , 20 ]. Total kynurenine concen-
rations have also been associated with markers of endothelial 
ell dysfunction, inflammation and oxidative stress. Kynure- 
ine/tryptophan ratio was linked to abnormalities of tissue 
actor, contributing to a high risk of thrombotic complications 
nd atherosclerosis, in CKD patients on conservative treatment 
20 –27 ]. Our results confirmed these previous observations and
xtended them by including a very large representative sample 
f patients with CKD, demonstrating the place of the free
raction of kynurenine, and adjusting for eGFR and serum-free 
ryptophan levels. 

A recent report in a CKD patient cohort demonstrated a
ignificant association between tryptophan levels and incident 
VD [19 ]. Tryptophan is the precursor of many metabolites
nd UTs, including kynurenine, kynurenic acid, indoxyl sul- 
ate, and indole-3-acetic acid. Tryptophan metabolites play a key 
ole in incident cardiovascular disease, including myocardial in- 
arction, atherosclerosis, major coronary events, and ischemic 
troke, in the general population and in patients with heart dis-
ase [36 ]. This has also been shown for patients with CKD. Hence
he need and importance of including serum-free tryptophan for 
he first time in the adjustment models of our analysis in order
o isolate the true effect of serum-free kynurenine on cardio-
ascular diseases in predialysis CKD patients beyond the tryp-
ophan effects. 

Our study showed a significant association between kynure-
ine and non-atheromatous cardiovascular events. This 
ssociation could be partly explained by an inhibitory effect
f kynurenine on endothelial cell activity, which is critical for
ngiogenesis [34 ]. Reasons for an independent association of
ree kynurenine with non-atheromatous cardiovascular events 
ut not with atheromatous disease remains to be explored.
ossible explanations are lack of power due to relatively few
bserved atheromatous cardiovascular events and/or specific 
echanisms of action. 
Given that kynurenine induces inflammation and oxidative 

tress, one could have expecteded an impact on all-cause mor-
ality. However, this was not the case in our cohort. One previ-
us observational study also failed to find an association be-
ween kynurenine and mortality after kidney transplantation 
29 ]. None examined such an association in non-transplant pa-
ients with CKD. We only found an isolated effect of free kynure-
ine on cardiovascular but not all-cause mortality. In any case,
hese findings highlight the critical role of uremic toxicity in-
uced by kynurenine in the genesis of cardiovascular complica-
ions. 

In the CKD setting, kynurenine is derived from trypto-
han metabolism initially in the gut and then in different
ther cell types by exceptionally activating the indolamine-2,3-
ioxygenase enzyme, leading to cardiovascular complications 
y activating the AHR pathway. Therefore, strategies targeting
ach of this pathway may give grounds for the development of
ew, more effective solutions to regulate serum levels of kynure-
ine and improving deleterious outcomes in a CKD setting [11 ,
4 , 37 –40 ]. Given that several UTs act together in the genera-
ion of deleterious effects, targeting only one UT is probably in-
ufficient to reduce CKD-associated complications. For example,
assy and Drueke [34 ] suggested that AHR inhibitors are likely

o be indicated as a solution via the blockade of common path-
ays. However, the efficacy and safety of AHR inhibitors in CKD
atients need to be further investigated, especially that AHRs
resent diverse ligands with diversified effects. In other terms,
HRs and tryptophan-derived metabolites are dual in their ac-
ivity as they can have both beneficial and/or deleterious ef-
ects [41 ]. Tryptophan is metabolized through several pathways,
nd can be a precursor of toxic compounds ( UTs) and/or non-
oxic molecules such as melatonin, proved to have immunoreg-
latory and anti-inflammatory effects in hemodialysis patients 
42 ]. The AHR is activated by several tryptophan metabolites,
mong other beneficial tryptophan metabolites, which are es-
ential for detoxification and immune and metabolic regulation
41 ]. Thereby, future interventions should specifically block the
eleterious pathways while maintaining the beneficial ones. 
Our study has important strengths. First, the present cohort

tudy emphasizes the place of the free fraction of kynurenine
n the association with cardiovascular diseases on the one hand
nd all-cause mortality on the other, in patients with CKD be-
ore any KRT. The stratified approach of cardiovascular diseases
 according to atheromatous vs non-atheromatous mechanisms) 
nd of cardiovascular vs non-cardiovascular mortality is a first
ignificant step in the understanding of serum-free kynure-
ine’s effect on CKD-related cardiovascular complications. Sec- 
nd, this study included a large sample size of people that
re nationally representative of nephrology practices and the
KD patient population in France. This allowed for a sufficiently
igh statistical power and permitted extensive adjustments 
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or confounders ( including eGFR and serum free tryptophan) .
hird, UT assays were centralized using the validated, robust 
ltra-high-performance liquid chromatography tandem mass 
pectrometry technique. Fourth, an accurate assessment of car- 
iovascular events was conducted using standardized defini- 
ions [31 ] with two cardiologists adjudicating cardiovascular 
eaths. Last, the statistical analysis of the data considered com- 
etitive risk events for each outcome. 
Some limitations also need to be considered. First, we did 

ot investigate the time-varying effect of serum-free kynure- 
ine levels on each of the studied outcomes. Second, our eligi- 
ility criteria was CKD patients with eGFR < 60 ml/min/1.73 m2 ,
xcluding all patients with eGFR above that threshold. How- 
ver, patients with eGFR > 60 ml/min/1.73 m² may still have ele- 
ated albuminuria ( > 30 mg/g) or other markers of kidney dam- 
ge, which also align with the CKD criteria according to KDIGO 

uidelines [43 ]. Third, the possibility of residual confounding 
annot be excluded. The potential influence of dietary factors 
ould not be included in the adjustment models as they were 
ot available in our exhaustive database. They may have con- 
ributed to baseline serum kynurenine levels because this UT is 
 gut-derived one from an amino acid metabolism. However, the 
mportance of diet on serum kynurenine concentrations is not 
etermined and possibly has limited effects. Fourth, we did not 
nd an independent association between free kynurenine and 
theromatous CVD, despite the knowledge that kynurenine acti- 
ates AHR and can contribute to thrombosis and PAD. Lastly, our 
tudy serves as an etiological evaluation, primarily aiming to en- 
ance our understanding of the association between serum-free 
ynurenine and cardiovascular outcomes, rather than making 
redictive analyses. However, we neither explored the potential 
f kynurenine as a predictive biomarker for cardiovascular risk,
or compared the predictive value of other UTs known to be as- 
ociated with CVD. This would require a separate investigation 
mploying predictive analysis methodologies and external vali- 
ation. It is important to note that CKD is a complex condition 
ith various contributing factors to CVD. Kynurenine is just one 
iece of the puzzle. 
In conclusion, our present large prospective study showed 

hat higher serum-free kynurenine levels were associated with 
n elevated risk of incident fatal or nonfatal cardiovascular 
vents in patients with CKD before any KRT particularly non- 
theromatous cardiovascular events. This association was inde- 
endent of kidney function and serum-free tryptophan levels. By 
nvestigating this association, we aimed to contribute to existing 
nowledge and shed light on the potential role of kynurenine 
n CVD development and progression. Future research should 
onsider incorporating predictive analysis methodologies to 
urther explore the potential of UTs, including kynurenine, as 
redictive biomarkers for cardiovascular risk. Such analyses 
ight provide valuable insights into the predictive capabilities 
f UTs in relation to clinical outcomes. Moreover, experi- 
ental studies are necessary to provide a better insight into 

he mechanisms involved and potential therapeutic inter- 
entions targeting kynurenine in CKD-related cardiovascular 
omplications. 
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