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Abstract

Background: Primary hyperparathyroidism (pHPT) is 
associated with low-grade inflammation, left ventricular 
hypertrophy and increased cardiovascular mortality, but 
the association between inflammatory markers and para-
meters of adverse cardiac remodeling is unknown. We 
investigated the relationship between C-reactive protein 
(CRP), the essential amino acid tryptophan and its pro-
inflammatory derivatives kynurenine and quinolinic acid 
(QUIN) with echocardiographic parameters.
Methods: Cross-sectional baseline data from the 
“Eplerenone in Primary Hyperparathyroidism” trial were 
analyzed. Patients with any acute illness were excluded. We 
assessed associations between CRP, serum levels of tryp-
tophan, kynurenine and QUIN and left ventricular mass 
index (LVMI), left atrial volume index (LAVI) and E/e′.

Results: Among 136  subjects with pHPT (79% females), 
100 (73%) had arterial hypertension and the prevalence of 
left ventricular hypertrophy was 52%. Multivariate linear 
regression analyses with LVMI, LAVI and E/e′ as respec-
tive dependent variables, and C-reactive protein and tryp-
tophan, kynurenine and QUIN as respective independent 
variables were performed. Analyses were adjusted for 
age, sex, blood pressure, parathyroid hormone, calcium 
and other cardiovascular risk factors. LVMI was indepen-
dently associated with CRP (adjusted β-coefficient = 0.193, 
p = 0.030) and QUIN (β = 0.270, p = 0.007), but not kynure-
nine. LAVI was related with CRP (β = 0.315, p < 0.001), 
kynurenine (β = 0.256, p = 0.005) and QUIN (β = 0.213, 
p = 0.044). E/e′ was related with kynurenine (β = 0.221, 
p = 0.022) and QUIN (β = 0.292, p = 0.006). Tryptophan was 
not associated with any of the remodeling parameters.

[Correction added after online publication (22 April 2017: 
The sentence “Among 136 subjects with pHPT (79% 
females), 100 (73%) had left ventricular hypertrophy.” 
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was corrected to “Among 136 subjects with pHPT (79% 
females), 100 (73%) had arterial hypertension and the 
prevalence of left ventricular hypertrophy was 52%.”]

Conclusions: Cardiac remodeling is common in pHPT and 
is associated with low-grade inflammation and activation 
of the tryptophan-kynurenine pathway. The potential role 
of kynurenine and QUIN as cardiovascular risk factors 
may be further investigated in future studies.

Keywords: cardiac remodeling; inflammation; kynure-
nine; primary hyperparathyroidism; quinolinic acid; 
tryptophan.

Introduction
Primary hyperparathyroidism (pHPT), the third most 
common endocrine disorder, is associated with an 
increased prevalence of left ventricular (LV) hypertrophy 
[1], LV stiffening and risk of cardiovascular mortality [2, 
3]. Although the prevalence of arterial hypertension in 
pHPT is high, LV hypertrophy is often diagnosed in sub-
jects without arterial hypertension, suggesting that further 
mechanisms may contribute to adverse cardiac remode-
ling [4]. In general, low-grade inflammation plays a pivotal 
role in the development of cardiovascular disease, and 
recent evidence suggests a mediating role of metabolites 
of the essential amino acid tryptophan [5]. Under inflam-
matory conditions, tryptophan is enzymatically degraded 
to kynurenine, hydroxy-kynurenine and quinolinic 
acid (QUIN), see Figure 1. Kynurenines further mediate 
interferon-γ induced oxidative stress leading to endothe-
lial cell apoptosis and endothelial dysfunction in vitro 
and in vivo [6]. Via promoting oxidative stress, also QUIN 
has been shown to induce cell death [9, 10]. Derivatives of 

the tryptophan-kynurenine pathway were linked with car-
diovascular disease in dialysis patients [11, 12] and were 
shown to predict myocardial infarction in subjects referred 
to coronary angiography [13]. Also in individuals without 
coronary heart disease, circulating kynurenine levels were 
an independent predictor of acute coronary events [14].

Several studies demonstrated increased levels of 
inflammatory markers in subjects with pHPT when com-
pared to healthy individuals [15, 16]. In a small pHPT cohort, 
inflammatory markers were partly related with cardiac 
function [17]. Of note, an increase in kynurenine-to-tryp-
tophan ratio has been reported in subjects with pHPT [18]. 
However, the role of metabolites of the tryptophan-kynure-
nine pathway for cardiac remodeling in pHPT has not yet 
been investigated. In light of this gap in evidence, we aimed 
to test the hypothesis of a direct link between parameters 
of the tryptophan-kynurenine pathway, inflammation and 
echocardiographic parameters of cardiac remodeling in 
pHPT, applying a novel and recently validated method to 
determine QUIN concentrations in serum [19].

Materials and methods
Patients and setting

Cross-sectional data from screening participants of the single-
center, randomized, placebo-controlled, double-blind, parallel-arm 
“Eplerenone in Primary Hyperparathyroidism” (EPATH) Study were 
used in the present analyses. Details on the study design and set-
ting have been previously reported [20, 21]. Main inclusion criteria for 
trial participation were age over 18 years and biochemical diagnosis 
of pHPT. Main exclusion criteria included any acute illness and life 
expectancy <1 year as judged by an experienced clinician. Screening 
procedures included blood sampling, transthoracic echocardiography 
and 24-h ambulatory blood pressure monitoring (ABPM).

For the present analyses, we enrolled all 155  screening par-
ticipants with a confirmed biochemical diagnosis of pHPT. Exclu-
sion of 19 subjects with unsuccessful ABPM (n = 16) or unavailable 
echocardiography (n = 3) yielded a sample size of 136  subjects. 
From subjects with available echocardiography, left ventricular 
mass index (LVMI) or left atrial volume index (LAVI) could not be 
determined in 13 and one subjects, respectively, because of inap-
propriate anatomical condition or insufficient image quality. The 
flowchart of subjects included in the present analyses is provided 
in Supplemental Figure 1. All patients provided written informed 
consent. The study was approved by the local Ethics Committee and 
complies with the good clinical practice guidelines and the Declara-
tion of Helsinki.

Laboratory, echocardiography and ABPM

Blood samplings were performed during the morning (07:00 AM–
11:00 AM) after an overnight fast. Patients remained in the seated 

Figure 1: Schematic overview on the tryptophan-kynurenine 
pathway.
Under inflammatory conditions, tryptophan is metabolized to 
kynurenine via indoleamine-2,3-dioxygenase-1 (IDO1) [6]. Further 
enzymatic degradation to 3-hydroxykynurenine and quinolinic acid 
occurs systemically, mainly in macrophages [7, 8]. IFN, interferon.
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position before blood sampling for at least 10 min. All samples were 
kept at room temperature before analyses, except for those that were 
used to measure parathyroid hormone (PTH), which were kept at 4 °C. 
A prespecified volume of blood samples was centrifuged, aliquoted 
and frozen at −80 °C. Both tryptophan and kynurenine were deter-
mined in serum using high-performance liquid chromatography with 
a simultaneous ultraviolet and fluorimetric detection system  [22]. 
Within-day coefficients of variation (CVs) at different concentrations 
are in the range of 1.7% to 4.3% for kynurenine and 0.7% to 2.9% for 
tryptophan. The between-day CVs are 2.0% to 5.4% and 6.3% to 9.3%, 
respectively. QUIN was determined in serum using a liquid chroma-
tography tandem mass spectrometry method [19]. Within-day CVs are 
4.5% (225 nmol/L) and 1.2% (725 nmol/L), and between-day CVs are 
7.2% (235 nmol/L) and 6.3% (752 nmol/L). Other laboratory methods 
have been previously described [21, 23].

Echocardiographic examinations were performed with a Vivid 
seven or Vivid nine (GE Healthcare, Chalfont St Giles, UK). All images 
and recorded loops were digitally saved for later analyses in a cen-
tral core lab (Echocardiography CoreLab, Department of Cardiology, 
Medical University of Graz, Graz, Austria). All loops and images were 
analyzed by one investigator (EB) who was blinded to individual par-
ticipant data. A validated continuous ABPM portable device (Mobil-
O-Graph, I.E.M. GmbH, Stolberg, Germany) was applied to perform 
ABPM. Mean nocturnal blood pressure was calculated as the mean of 
all valid measurements between 01:00 and 06:00 AM. Further details 
on laboratory, echocardiographic and ABPM methods have been pre-
viously reported [20, 21, 23].

Definitions

PHPT was defined as (1) hypercalcemia (total serum albumin-adjusted 
calcium >2.55  mmol/L) in concomitance with inappropriately high 
PTH of >46  pg/mL or (2) hyperparathyroidemia (PTH >65  pg/mL), 
albumin-adjusted plasma calcium above the median of the reference 
range (>2.35  mmol/L) and plasma-ionized calcium within normal 
ranges, in the absence of advanced chronic kidney disease (estimated 
glomerular filtration rate [eGFR] >40 mL/min/1.73 m2) or 25-hydroxy 
vitamin D [25(OH)D] deficiency [25(OH)D <20 ng/mL], as potential 
causes for secondary HPT [21]. LV mass (LVM) was calculated accord-
ing to the modified Devereux formula and was indexed for body 
surface area to compute LVMI [24]. Left atrial volume (LAV) was cal-
culated using the biplane area-length method and was indexed for 
body surface area to compute LAVI [24]. LV hypertrophy and left atrial 
enlargement were determined according to international guidelines 
[24]. Left ventricular ejection fraction (LVEF) was assessed by biplane 
Simpson method of disks [24]. E/e′ as a measure of LV stiffness was 
averaged from measurements of both the septal and the lateral mitral 
ring, and E/e′ > 15 was considered elevated [25]. Arterial hypertension 
was defined as a mean 24-h ABPM blood pressure ≥130/80 mmHg or 
as regular use of at least one antihypertensive drug for the treatment 
of arterial hypertension. Calcium was adjusted for hypoalbuminemia 
as previously reported [21]. EGFR was calculated using the chronic 
kidney disease epidemiology collaboration equation.

Statistical methods

Continuous variables were given as the mean ± standard deviation or as 
the median with interquartile range, as appropriate. Categorical varia-
bles were described as numbers and percentages and were illustrated in 

histograms. The distribution of continuous parameters and their residu-
als were evaluated by test of Kolmogorov-Smirnov, kurtosis, skewness, 
concordance between the mean and median and visual inspection. 
Nonnormally distributed variables were logarithmized, before use in 
parametrical procedures. Associations between baseline characteris-
tics were assessed using Pearson correlation or χ2-test, as appropriate. 
Correlations were illustrated in scatterplots using a quadratic function. 
Attempting to understand the impact of potential confounders on the 
tryptophan-kynurenine cascade, we set up three multivariate step-
wise linear regression analyses with tryptophan, kynurenine or QUIN, 
as respective dependent variables. Covariates were age, sex, diabetes 
mellitus (yes/no), mean nocturnal systolic blood pressure, antihyper-
tensive drugs (number), eGFR, body mass index (BMI), total serum 
cholesterol, active smoking (yes/no), PTH, adjusted plasma calcium 
and C-reactive protein (CRP). Moreover, CRP, tryptophan, kynurenine 
and QUIN were correlated with echocardiographic parameters of car-
diac remodeling (LVMI, LAVI, E/e′), LVEF and N-terminal pro-brain 
B-type natriuretic peptide (NT-proBNP) in multivariate stepwise linear 
regression analyses using covariates as described above, without CRP 
(model 1). To assess the potentially modifying role of inflammation, we 
adjusted for CRP in an additional model (model 2). Analyses of variance 
(ANOVA) and covariance (ANCOVA) with CRP, tryptophan, kynurenine 
or QUIN as dependent variables and LVH (yes/no), LA enlargement 
(yes/no) or E/e′ > 15 as the respective fixed factors were performed, with 
parameters of model one as covariates for ANCOVA.

For statistical analyses, we used SPSS 23.0 (SPSS, Inc, Chicago, 
IL, USA). A two-sided p-value < 0.05 was considered statistically sig-
nificant.

Results
Mean age was 67 ± 10  years and 107 participants (79%) 
were females. The prevalence of LV hypertrophy was 52% 
and 100 subjects (73%) had arterial hypertension. Median 
E/e′ (average) was 10 ([10–15]) and 19 subjects (14%) had 
E/e′ > 15. Circulating concentrations of tryptophan, kynure-
nine and QUIN were 56 ± 10 μmol/L, 2.79 ± 0.76 μmol/L and 
505 (404–640) nmol/L, respectively. Further baseline char-
acteristics are provided in Table 1. PTH was significantly 
correlated with QUIN (Pearson r = 0.173, p = 0.044), but 
not with CRP, tryptophan or kynurenine. Univariate cor-
relations between CRP and derivatives of tryptophan with 
cardiac remodeling parameters are shown in Table 2.

Parameters associated with tryptophan, 
kynurenine and QUIN concentrations  
in multivariate analyses

Tryptophan was significantly associated with female sex 
(β = 0.279, p = 0.003) and BMI (β = 0.234, p = 0.032). Covari-
ates showing the strongest associations with kynurenine 
were eGFR (β = − 0.552, p < 0.001), tryptophan (β = 0.431, 
p < 0.001), cholesterol (β = −0.215, p = 0.003) and CRP 
(β = 0.191, p = 0.010). QUIN was independently related with 
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kynurenine (β = −0.525, p < 0.001), cholesterol (β = −0.275, 
p = 0.003), eGFR (β = −0.257, p = 0.001), age (β = 0.227, 
p = 0.001) and CRP (β = 0.198, p = 0.001), as illustrated in 
more detail in Table 3.

Relationships between CRP, tryptophan, 
kynurenine, QUIN and parameters of cardiac 
structure and function in multivariate linear 
regression analyses

CRP was independently related with LVMI 
(β-coefficient = −0.193, p = 0.030) and LAVI (β = −0.315, 

p < 0.001) and NT-proBNP (β = −0.158, p = 0.043), but not 
with LVEF or E/e′. Tryptophan was not correlated with 
any of the echocardiographic parameters. Kynurenine 
showed independent correlations with LAVI (model 1: 
β = 0.256, p = 0.005) and E/e′ (β = 0.221, p = 0.022), but 
not with LVMI, LVEF or NT-proBNP. QUIN was inde-
pendently correlated with LVMI (model 1: β = 0.270, 
p = 0.007), LAVI (model 1: β = 0.213, p = 0.044), E/e′ 
(model 1: β = 0.292, p = 0.006) and NT-proBNP (β = 0.192, 
p = 0.037), but not with LVEF. Adjustment for CRP 
blunted the significance of correlations between 
kynurenine and E/e′ as well as of QUIN with both LAVI 
and NT-proBNP, respectively. These results are shown in 
Table 4. Figure 2 shows scatterplots depicting correla-
tions between kynurenine and QUIN with LVMI, LAVI 
and E/e′, respectively.

Associations between CRP, tryptophan, 
kynurenine, QUIN and conditions of adverse 
cardiac remodeling in multivariate ANCOVAs

Concentrations of both CRP and tryptophan did not 
differ significantly by LVH, LA enlargement or elevated 
E/e′, respectively. Kynurenine was significantly higher 
in patients with LA enlargement than in those without 
[adjusted mean, 2.96 (95% CI, 2.81–3.11) μmol/L vs. 2.58 
(2.40–2.76) μmol/L, p = 0.004]. Subjects with LVH exhib-
ited higher concentrations of QUIN compared to those 
without LVH [adjusted mean 580 (529–631) nmol/L 
vs. 502 (529–630) nmol/L, p = 0.047]. Subjects with 
E/e′ > 15  had significantly higher levels of QUIN than 
those with E/e′ < 15 [adjusted mean 682 (592–772) nmol/L 
vs. 538 (502–573) nmol/L, p = 0.022]. Results for kynure-
nine and QUIN are shown in Table 5. The frequency of 
LVH and LA enlargement across QUIN tertiles is illus-
trated in Figure 3.

Table 2: Univariate correlations between CRP and tryptophan derivatives with parameters of cardiac structure and function.

n CRP Tryptophan Kynurenine Quinolinic acid

r p-Value r p-Value r p-Value r p-Value

LVMI 136 0.202 0.025 −0.005 0.599 0.272 0.002 0.383  <0.001
LAVI 135 0.273 0.001 0.022 0.798 0.369  <0.001 0.336  <0.001
LVEF 123 −0.150 0.082 −0.063 0.469 −0.178 0.038 −0.153 0.076
E/e′ (average) 136 0.091 0.290 −0.026 0.766 0.159 0.064 0.321  <0.001
NT-proBNP 136 0.090 0.300 −0.212 0.013 0.232 0.007 0.420  <0.001

CRP, C-reactive protein; LVMI, left ventricular mass index; LAVI, left atrial volume index; LVEF, left ventricular ejection fraction; NT-proBNP, 
N-terminal pro-brain B-type natriuretic peptide. Correlations were assessed using Pearson correlation analysis. Significant correlations are 
highlighted in bold.

Table 1: Baseline characteristics of the studied cohort.

Age, years   67 ± 10
Females, n (%)   107 (78%)
BMI, kg/m2   28 ± 5
Estimated glomerular filtration rate (CKDEPI), 
mL/min/1.73 m2

  77 ± 16

CRP, mg/L   0.15 (0.6–2.7)
Active smokers, n (%)   19 (14%)
Diabetes mellitus, n (%)   13 (10%)
PTH (1–84), pg/mL   99 (82–124)
25-Hydroxyvitamin D, ng/mL   32 (26–40)
Adjusted plasma calcium, mmol/L   2.63 ± 0.15
Tryptophan-kynurenine pathway  
 Tryptophan, μmol/L   55.8 ± 10.1
 Kynurenine, μmol/L   2.79 ± 0.76
 Quinolinic acid, nmol/L   505 (404–640)
Cardiovascular parameters  
 Left ventricular ejection fraction, %   63 (59–68)
 E/e′   10 (8–13)
 Left ventricular mass index, g/m2   103 (81–123)
 Left atrial volume index, mL/m2   30 (23–36)
 �Mean nocturnal systolic blood pressure, mmHg   116 (106–128)
 �Mean nocturnal diastolic blood pressure, mmHg  69 ± 11
 Arterial hypertension, n (%)   100 (73%)
 Antihypertensive medication, n (%)   85 (64%)
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Discussion
In a cohort of subjects with pHPT, we found that (1) circulat-
ing concentrations of kynurenine and QUIN, but not trypto-
phan, were independently and directly related with CRP; (2) 
CRP was independently associated with LVMI and LAVI; (3) 

kynurenine was independently related with LAVI, left atrial 
enlargement and E/e′; and (4) QUIN was independently 
associated with LAVI, LVMI, LV hypertrophy, E/e′ and NT-
proBNP. These data provide novel evidence that inflamma-
tion and acceleration of the tryptophan-kynurenine pathway 
link directly with adverse cardiac remodeling in pHPT.

Table 3: Parameters associated with tryptophan, kynurenine and quinolinic acid in multivariate models.

Tryptophan Kynurenine Quinolinic acid

β p-Value β p-Value β p-Value

Age −0.133 0.217 −0.101 0.216 0.227 0.001
Male gender 0.279 0.003 0.146 0.042 −0.123 0.036
Diabetes mellitus −0.084 0.370 −0.036 0.610 −0.071 0.218
Mean nocturnal SBP 0.019 0.831 −0.081 0.238 −0.042 0.445
Number of antihypertensive drugs −0.071 0.521 −0.143 0.089 0.030 0.659
eGFR (CKDEPI) 0.109 0.311 −0.552  <0.001 −0.257 0.001
BMI 0.234 0.032 0.155 0.065 −0.031 0.651
Total cholesterol 0.109 0.246 −0.215 0.003 −0.275  <0.001
Smoking −0.144 0.137 −0.111 0.136 0.009 0.885
PTH −0.124 0.182 0.035 0.617 0.056 0.327
Calcium 0.014 0.881 −0.123 0.085 0.069 0.238
CRP −0.112 0.246 0.191 0.010 0.198 0.001
Tryptophan – – 0.431  <0.001 −0.020 0.752
Kynurenine – – – – 0.525  <0.001
Adjusted R2 0.088 0.477 0.662

SBP, systolic blood pressure; eGFR, estimated glomerular filtration rate (CKDEPI formula); BMI, body mass index; PTH, parathyroid hormone; 
CRP, C-reactive protein. Determinants of tryptophan, kynurenine as well as quinolinic acid (dependent variables) were assessed in three 
separate multivariate stepwise linear regression analyses. All covariates of the models are shown. Significant correlations are highlighted in 
bold. β represents adjusted correlation coefficient.

Table 4: Multivariate correlations between CRP and tryptophan derivatives with parameters of cardiac structure and function.

Dependent variable CRP Tryptophan Kynurenine Quinolinic acid

β p-Value β p-Value β p-Value β p-Value

Left ventricular mass index, n = 123
 Model 1 0.193 0.030 −0.004 0.962 0.156 0.092 0.270 0.007
 Model 2 – – 0.015 0.856 0.124 0.184 0.222 0.035
Left atrial volume index, n = 135
 Model 1 0.315  < 0.001 0.014 0.869 0.256 0.005 0.213 0.044
 Model 2 – – 0.043 0.591 0.302 0.001 0.103 0.338
Left ventricular ejection fraction, n = 136
 Model 1 −0.119 0.226 0.018 0.840 −0.117 0.264 −0.187 0.106
 Model 2 – – 0.007 0.940 −0.100 0.345 −0.158 0.197
E/e′, n = 136
 Model 1 0.062 0.499 0.098 0.252 0.221 0.022 0.292 0.006
 Model 2 – – 0.105 0.222 0.031 0.732 0.300 0.008
NT-proBNP, n = 136
 Model 1 0.158 0.043 −0.067 0.362 0.139 0.097 0.192 0.037
 Model 2 – – −0.052 0.475 0.116 0.167 0.147 0.128

NT-proBNP, N-terminal pro-brain B-type natriuretic peptide. Multivariate regression analyses with adjustment for age, sex, diabetes 
mellitus (yes/no), mean nocturnal systolic blood pressure, antihypertensive drugs (number), estimated glomerular filtration rate (CKDEPI), 
BMI, serum total cholesterol, active smoking (yes/no), parathyroid hormone (PTH) and adjusted calcium (model 1). Model 2 additionally 
comprises CRP as covariate. Significant correlations are highlighted in bold. β represents adjusted β-coefficient.
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Low-grade inflammation is well established as a 
crucial mediator of adverse cardiac remodeling. Markers 
of chronic low grade inflammation are increased in failing 
human hearts independently of the underlying cause of 
heart failure [26]. Furthermore, high levels of CRP predict 
new incident heart failure [27], incident coronary heart 
disease and vascular mortality, even in subjects without 

cardiovascular disease at baseline [28]. Patients with 
pHPT are at increased risk of LV hypertrophy and death 
from a cardiovascular cause [1, 3], but underlying mecha-
nisms remain incompletely understood. Previous studies 
consistently demonstrated increased levels of inflamma-
tory markers, such as CRP, interferon-γ or the kynure-
nine-to-tryptophan ratio, in subjects with pHPT when 

Table 5: Associations of kynurenine and quinolinic acid with cardiac phenotypes of cardiac remodeling.

Kynurenine, μmol/L Quinolinic acid, nmol/L

Adjusted mean (95% CI) p-Value Adjusted mean (95% CI) p-Value

LVH
 Yes (n = 64) 2.83 (2.66–2.99) 0.272 580 (529–631) 0.047
 No (n = 59) 2.69 (2.52–2.86) 502 (529–630)
LA enlargement 
 Yes (n = 77) 2.96 (2.81–3.11) 0.004 570 (524–617) 0.235
 No (n = 58) 2.58 (2.40–2.76) 541 (486–595)
Elevated E/e′
 Yes (n = 19) 3.01 (2.71–3.31) 0.122 682 (592–772) 0.022
 No (n = 117) 2.76 (2.64–2.88) 538 (502–573)

LVH, left ventricular hypertrophy; LA, left atrial; CI, confidence interval. p-Values for differences of kynurenine or quinolinic acid (10 log) 
between groups. ANCOVAs with kynurenine or quinolinic acid as dependent variables and LVH (yes/no), LA enlargement (yes/no) or E/e′ > 15 
(yes/no) as the respective fixed factors. Covariates include age, sex, diabetes mellitus (yes/no), mean nocturnal systolic blood pressure, 
antihypertensive drugs (number), estimated glomerular filtration rate (CKDEPI), BMI, serum total cholesterol, active smoking (yes/no), PTH 
and adjusted calcium.
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Figure 2: Scatterplots showing relationships between tryptophan derivatives and cardiac remodeling parameters.
Associations of serum kynurenine with (A) left ventricular mass index, (B) E/e′ and (C) left atrial volume index, as well as of quinolinic acid 
with (D) left ventricular mass index, (E) E/e′ and (F) left atrial volume index are illustrated. A quadratic function was used for illustration; top 
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compared to healthy controls [15, 16, 18], and one study 
identified an univariate association between inflamma-
tory markers and cardiac function [17]. Our observation 
of an independent association between CRP with LVMI, 
LAVI and NT-proBNP, respectively, further supports the 
hypothesis that inflammation may play a critical role for 
cardiovascular disease in pHPT.

The present study is the first to provide clinical evi-
dence on parameters associated with tryptophan metab-
olites in a clinical setting, as well as on an association 
between tryptophan derivatives and cardiac remodeling. 
Degradation of tryptophan to kynurenine via ubiqui-
tously expressed IDO1 is accelerated upon inflammatory 
stimulus. This is reflected by our observation that CRP was 
independently associated with kynurenine and QUIN in 
multivariate analyses. Importantly, these derivatives may 
mediate inflammation-induced cardiovascular disease. 
Wang and colleagues demonstrated that interferon-γ 
induced degradation of tryptophan to kynurenine in mice 
[6]. In the same study, kynurenines induced endothe-
lial cell apoptosis and dysfunction, probably via an 
increased production of superoxide anions. In another 
study, IDO activity was described in periaortic fat tissue 
and both kynurenine and QUIN reduced vasopressor 
induced maximal aortic contraction although the clini-
cal relevance of these findings for cardiovascular disease 
is unclear [29]. QUIN acts as an agonist on the N-methyl-
d-aspartate (NMDA) receptor [7], which is predominantly 
expressed in neuronal tissues, but also in cardiomyocytes 
where a contributing role to oxidative stress, mitochon-
drial dysfunction, apoptosis and autophagy processes was 
demonstrated [30, 31]. Increasing evidence suggests that 
QUIN is relevant for inflammatory processes and oxidative 

stress [32]. Yet, most evidence on pro-inflammatory and 
cytotoxic effects of QUIN is derived from experimental 
studies on neuronal cells. QUIN infiltrations in rat striatal 
cells induced cellular damage mediated by superoxide 
anion production [9]. Other explanatory mechanisms for 
cytotoxic effects of QUIN include intracellular calcium 
overload by impairment of the sarco/endoplasmic retic-
ulum Ca2+-ATPase (SERCA) activity [33], an enzyme that 
also crucially regulates calcium handling in cardiomyo-
cytes. QUIN is produced upon inflammatory stimulation 
in the systemic circulation, besides the central nervous 
system, where macrophages are considered as the major 
source [8]. In conditions of increased QUIN concentra-
tions, such as in advanced chronic kidney disease, QUIN 
was independently associated with carotid intima media 
thickness [34]. Clinical data on associations of QUIN with 
cardiac remodeling are, however, lacking, mainly due to 
the unavailability of laboratory assays to determine QUIN 
in serum. For the present study, a novel liquid chroma-
tography-mass spectrometry method was applied that 
has recently been validated [19]. Our observations of an 
independent link between kynurenine and QUIN with 
echocardiographic parameters of cardiac remodeling 
support previous studies that indicated a relevant role for 
cardiovascular disease. Moreover, our data are consistent 
with previous longitudinal analyses. Kynurenine or the 
kynurenine-to-tryptophan ratio were reported as inde-
pendent determinants of cardiovascular disease events in 
high-risk cohorts as well as in patients without coronary 
heart disease at baseline [11–14].

Organ-specific tryptophan degradation is also 
induced by indoleamine-2,3-dioxygenase-2 or tryptophan-
2,3-dioxygenase [35]. Of note, the latter can be induced by 

Figure 3: Histograms of left ventricular hypertrophy and left atrial enlargement by quinolinic acid tertiles.
Echocardiographic variables were calculated according to international guidelines [24]. Differences across tertiles were analyzed for signifi-
cance using χ2-test and p-value for linear-by-linear association. LVH, left ventricular hypertrophy; LA, left atrium.
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cortisol, and increased cortisol levels have been reported 
in pHPT patients [36, 37]. Therefore, cortisol may trigger 
activation of the tryptophan-kynurenine pathway in 
pHPT, in addition to low-grade inflammation.

QUIN showed stronger and more robust associa-
tions with cardiac remodeling parameters than kynure-
nine, whereas tryptophan was not associated with any of 
these parameters. This may indicate that kynurenine and 
QUIN are not causative of cardiac remodeling but may 
constitute surrogates of accelerated tryptophan degra-
dation. In fact, also other elements of the tryptophan-
kynurenine pathway, such as 3-hydroxykynurenine, 
quinolinate phosphoribosyl transferase or nicotinamide 
adenine dinucleotide phosphate oxidase, are linked with 
pro-inflammatory and cytotoxic effects [6, 9, 38]. Con-
versely, our observations could be explained by shared 
pathophysiological processes between cardiac remod-
eling and stimulated tryptophane-kynurenine pathway, 
such as atherosclerosis.

Limitations of our study include its cross-sectional 
character, which precludes definite conclusions on cause-
effect relationships. Because of the single-center design, 
our results may not be generalizable to other populations. 
Moreover, because of the unavailability of cortisol levels 
in the studied cohort, we could not investigate a poten-
tial association between cortisol concentrations and para-
meters of the tryptophan-kynurenine pathway.

In conclusion, we found independent relationships 
between the tryptophan metabolites kynurenine and 
QUIN with echocardiographic parameters of cardiac 
remodeling. In particular, the independent associations 
of QUIN with LVMI, LV hypertrophy, LAVI, NT-proBNP and 
E/e′ were striking. Our report may lead attention towards 
the previously underrecognized link between low-grade 
inflammation, activation of the tryptophan-kynurenine 
pathway and cardiac remodeling in pHPT. Our study may 
stimulate research on potential cardiovascular effects of 
tryptophan metabolites, particularly QUIN.
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