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Abstract

Background—The tryptophan-kynurenine (KYN) pathway is linked to obesity-related systemic 

inflammation and metabolic health. The pathway generates multiple metabolites, with little 

available data on their relationships to early markers of increased metabolic disease risk in 

children. The aim of this study was to examine the association of multiple KYN pathway 

metabolites with metabolic risk markers in pre-pubertal Asian children.

Methods—Fasting plasma concentrations of KYN pathway metabolites were measured using 

liquid chromatography-tandem mass spectrometry in 8-year-old children (n=552) from the 

Growing Up in Singapore Towards healthy Outcomes (GUSTO) prospective mother-offspring 

cohort study. Child’s weight and height were used to ascertain overweight and obesity using 

local body mass index (BMI)-for-age percentile charts. Body fat percentage was measured 

by quantitative magnetic resonance. Abdominal circumference, systolic and diastolic blood 

pressure, homeostatic model assessment for insulin resistance (HOMA-IR), triglyceride and 

HDL-cholesterol were used for the calculation of Metabolic syndrome scores (MetS). Serum 

triglyceride, BMI, gamma-glutamyltransferase (GGT), and abdominal circumference were used 

in the calculation of the Fatty liver index (FLI). Associations were examined using multivariable 

regression analyses.

Results—In overweight or obese children (n=93; 16.9% of the cohort), all KYN pathway 

metabolites were significantly increased, relative to normal weight children. KYN, kynurenic 

acid (KA), xanthurenic acid (XA), hydroxyanthranilic acid (HAA) and quinolinic acid (QA) all 

showed significant positive associations with body fat percentage (B(95% CI) = 0.32(0.22,0.42) 

for QA), HOMA-IR (B(95% CI) = 0.25(0.16,0.34) for QA), and systolic blood pressure 

(B(95% CI) = 0.14(0.06,0.22) for QA). All KYN metabolites except 3-hydroxykynurenine (HK) 

significantly correlated with MetS (B(95% CI) = 0.29(0.21,0.37) for QA), and FLI (B(95% CI) = 

0.30(0.21,0.39) for QA).

Tan et al. Page 2

Int J Obes (Lond). Author manuscript; available in PMC 2022 December 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Conclusions—Higher plasma concentrations of KYN pathway metabolites are associated with 

obesity and with increased risk for metabolic syndrome and fatty liver in pre-pubertal Asian 

children.
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Introduction

Overweight and obesity in childhood is a major public health concern (1). Over the past 

four decades, the prevalence of children with obesity has risen more than 10-fold (2). 

In Singapore, the current estimates identify 12.7-15.9% of 6-12 year-old children being 

overweight or obese (3). Overweight children exhibit elevated prevalence of cardiovascular 

risk factors, such as elevated blood pressure, heightened inflammatory biomarkers and 

dyslipidaemia (2, 4). For these children, there is an increased probability of early and more 

severe chronic adult cardiovascular disease and type 2 diabetes (5, 6). Therefore, a major 

challenge in the prevention and mitigation of adulthood risk is the early identification of 

critical mechanisms of disease risk.

In studies during adulthood, the clustering of interconnected factors that increase the 

risk of cardiovascular complications in metabolic syndrome suggests systemic alterations 

in biochemical pathways involved in diverse biological actions. One key pathway is the 

kynurenine (KYN) pathway downstream from tryptophan (TRP) which participates in inter-

organ communication and has been proposed as a metabolite pathway linking obesity, 

cardiovascular risk factors, inflammation and insulin resistance (7, 8). The KYN pathway is 

the major pathway (95%) of TRP metabolism and generates multiple metabolites (Figure 

1), present across multiple tissues and in the circulation with diverse roles including 

inflammation, the immune response, metabolism, and neurotransmission (7, 9). The 

pathway commences with TRP conversion to KYN, catalysed by the rate-limiting enzymes 

indoleamine-2,3-dioxygenase-1 (IDO1) and in the liver by tryptophan-2,3-dioxygenase 

(TDO) (7, 9, 10). Increased KYN/TRP ratio, reflective of heightened IDO1 activity, has been 

reported in obese individuals (11–13), as well as in individuals with insulin resistance (14), 

type 2 diabetes (15) and coronary heart disease (16, 17). In younger people, an increased 

KYN/TRP ratio is associated with the presence of increased metabolic disease risk factors, 

including obesity (11) and insulin resistance (18).

The KYN pathway extends to further downstream metabolites, which also demonstrate 

positive associations with metabolic disease; kynurenic acid (KA), 3-hydroxykynurenine 

(HK), 3-hydroxyanthranilic acid (HAA) and xanthurenic acid (XA) have been shown to be 

either individually or collectively elevated in obesity (12, 19), insulin resistance and type 

2 diabetes (14, 20, 21) and cardiovascular disease risk (16, 17, 22). These associations are 

consistent with the demonstration of increased kynurenine monooxygenase (KMO) activity, 

which catalyses the conversion of KYN to HK (12). However, despite these metabolites 

representing the major pathway of TRP metabolism, there remains limited knowledge of 
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the mechanisms of action, including the key regulatory tissues (7–9, 23), with few studies 

addressing relationships to metabolic disease risks in children.

There is consistent evidence demonstrating positive relationships between circulating 

concentrations of TRP, KYN and KYN/TRP ratio and aspects of metabolic risk. However 

the limited analyses in children have been in small cohorts (sample size <50) (18, 24), across 

an age range spanning pre- to post-puberty (11) and in a single ethnicity (25). There is 

also a lack of data in children examining relationships for downstream KYN metabolites, 

including HAA, XA and QA, for which there are emerging roles as contributors to insulin 

resistance and metabolic syndrome (20, 21, 23). Therefore, the aim of this study was to 

comprehensively examine relations of both individual metabolic parameters and composite 

risk scores of metabolic health, including fatty liver index, in a 8-year-old multi-ethnic Asian 

child cohort with circulatory concentrations of the KYN pathway metabolites (26), as well 

as the ratios of these metabolites which may indicate enzyme activities in the pathway.

Methods

Study Population

Children were from the Growing Up in Singapore Towards healthy Outcomes (GUSTO) 

study, an Asian prospective mother-offspring cohort in Singapore (27). This birth cohort is 

a prospective observational study, which was registered on 1 July 2010 under the identifier 

NCT01174875. From June 2009 to September 2010, 1247 pregnant women were recruited at 

11–14 weeks gestation from the two public maternity hospitals in Singapore, KK Women’s 

and Children’s Hospital (KKH) and National University Hospital (NUH). A total of 940 

singleton children remained in the study at age 8 years, and 808 of these children attended 

the year 8 visit. This study included singleton children (n= 552) where KYN metabolite data 

was quantified at age 8 years. All participants provided assent and their parents provided 

informed written consent. The study was conducted according to the guidelines laid down 

in the Declaration of Helsinki. Ethical approval was obtained from the Domain Specific 

Review Board of Singapore National Healthcare Group and the Centralised Institutional 

Review Board of SingHealth.

Measurements

At age 8 years, weight (SECA803 weighing scale, Netherlands) and standing height were 

measured (SECA213 stadiometer, Netherlands). The body mass index (BMI)-for-age Z-

scores of the children were determined using local BMI-for-age percentile charts for boys 

and girls (https://www.healthhub.sg/live-healthy/745/differencesbetweenchildandadultbmi, 

last accessed 10 August 2021). Children with BMI-for-age < -1 Z-scores were classified as 

underweight, while children with BMI-for-age > +1 Z-scores were classified as overweight 

and children with BMI-for-age > +2 Z-scores were classified as obese, as recommended by 

the World Health Organization (WHO) (28). Abdominal circumference was measured at the 

level of the iliac crest using an inelastic measuring tape. Peripheral systolic blood pressure 

(SBP) and diastolic blood pressure (DBP) were measured from the right upper arm while the 

child was in a sitting position (Dinamap CARESCAPE V100, GE Healthcare, Milwaukee, 
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WI). All anthropometric measures were performed in duplicates and the average of the 2 

measurements was used.

Whole body fat mass was determined by Quantitative Magnetic Resonance (QMR) 

(EchoMRI-Adolescent Humans Body Composition Analyzer, EchoMRI Corporation, 

Singapore) with a low magnetic field (0.007 Tesla), as previously described (29). Body 

fat percentage was calculated by dividing the total body fat in kg by the total body weight in 

kg multiplied by 100.

Laboratory analyses

Fasting blood samples were collected from the children at 8 years of age from a peripheral 

vein after an overnight fast of 8-10 hours. Glucose was measured in sodium fluoride plasma 

in the clinical laboratory using the hexokinase enzymatic method (Architect c8000 analyzer, 

Abbott and Beckman AU5800 analyzer, Beckman Coulter). Serum and EDTA plasma were 

obtained by centrifugation at 1600 g at 4°C for 10 minutes and stored at -80°C for later 

analyses. Insulin was measured in serum at the NUH clinical laboratory, accredited by 

the College of American Pathologists (30), using a sandwich immunoassay (Beckman 

DXL800 analyzer, Beckman Coulter). The homeostasis model assessment (HOMA) of 

insulin resistance (HOMA-IR) was calculated by multiplying fasting insulin in mU/L by 

fasting glucose in mmol/mL and dividing by 22.5 (31).

Serum triglyceride, total cholesterol, HDL-cholesterol, gamma glutamyl transferase (GGT) 

and high sensitivity C-reactive protein (hsCRP) were measured in the NUH clinical 

laboratory using enzymatic colorimetric methods (Beckman AU5800 analyzer, Beckman 

Coulter). LDL-cholesterol was calculated using the Friedewald equation (32). As the 

distribution of hsCRP was skewed even after log-transformation, the following cut-offs were 

arbitrarily defined to categorize hsCRP levels in the children: (i) hsCRP below the detection 

limit <0.1 mg/L (n=98), (ii) hsCRP from 0.1 to 0.3 mg/L (n=211), (iii) hsCRP from 0.4 to 

1.0 mg/L (n=130), and (iv) hsCRP >1.0 mg/L (n=93).

TRP, KYN, KA, HK, XA, HAA and QA were measured in fasting EDTA plasma by a 

targeted method based on liquid chromatography-tandem mass spectrometry (BEVITAL 

AS; www.bevital.no) as described previously (26). We calculated the KYN/TRP ratio*100, 

HK/KYN ratio, XA/HK ratio*100 and the HAA/HK ratio*100 as proxies for IDO1, KMO, 

kynurenine aminotransferase (KAT) and kynureninase (KYNU) activities, respectively (19). 

The between batch coefficients of variation (CV) of quality control samples between assays 

were 2.1% to 4.9%.

Calculation of the metabolic syndrome score (MetS) and fatty liver index (FLI)

We also examined these associations with the metabolic syndrome score (MetS), that 

combines the sex-specific risk factors of increased abdominal circumference, systolic and 

diastolic blood pressure, homeostasis model assessment of insulin resistance (HOMA-IR), 

serum triglyceride and decreased HDL-cholesterol (33). The MetS has been proposed 

as a tool for evaluating the need for intervention in clinical practice (33). Following 

a previously published study in children (33), MetS was calculated by adding the sex-

standardized components: z_abdominal circumference + (z_SBP + z_DBP)/2 + z_HOMA-
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IR + (z_triglyceride + z_HDL-cholesterol)/2. Children with MetS ≥ 90th percentile were 

considered has having the metabolic syndrome (33).

Non-alcoholic fatty liver disease (NAFLD), characterized by fat accumulation in the liver, 

is the hepatic manifestation of metabolic syndrome, and is becoming a major health 

concern with an increasing prevalence in children and adolescents (34, 35). The prevalence 

increases with BMI, and NAFLD has been reported in 38% of obese adolescents (2). We 

further studied the relationship between KYN pathway metabolites and fatty liver index 

(FLI), an algorithm for prediction of fatty liver in the general population developed to 

identify individuals for intervention in clinical practice (36) based on the predictors BMI, 

abdominal circumference, serum triglycerides and gamma glutamyl transferase (GGT), 

which has been—used in children (37). FLI was calculated using published equation as 

(e0.953*loge(triglyceride) + 0.139*BMI + 0.718*loge(GGT) +0.053(abdominal circumference) – 15.745)/(1+ 

e0.953*loge(triglyceride) + 0.139*BMI + 0.718*loge(GGT) +0.053(abdominal circumference) – 15.745) *100 

(36). A score of <30 was considered to rule out NAFLD (36).

Statistical analyses

Statistical analyses were performed using SPSS Statistics for Windows, Version 26.0 (IBM 

Corp., Armonk, NY). Independent samples t-test were used to compare mean values of 

normally distributed variables between girls and boys. Analysis of variance (ANOVA) 

(post-hoc test with Bonferroni correction) was used to compare mean values of normally 

distributed variables between Chinese, Malay and Indian ethnic groups. For variables 

that were not normally distributed, e.g. insulin and HOMA-IR, the variables were Log10 

transformed before statistical comparison. Logistic regression analysis was used to compare 

mean values of normally distributed variables by increasing weight categories.

Multivariable regression analyses were performed with the KYN metabolites as the main 

exposures and metabolic health risk components or metabolic syndrome scores or fatty liver 

index as outcomes of interest. Both exposures and outcome variables were transformed into 

standardized scores so that the strengths of associations were comparable in the regression 

models. All regression models were adjusted for sex and ethnicity. Multivariable logistic 

regression analysis, with adjustment for sex and ethnicity, was used to determine the 

association between the standardized scores of the KYN metabolites and hsCRP categories. 

p-values <0.05 were considered significant.

Results

Characteristics of the study cohort

The characteristics of the study cohort is shown in Table 1. The mean age was 8 years ± 

4.1 months, range 7.7-8.5 years. Among the 552 children, 51% were boys and 49% were 

girls. Most of the children were of Chinese ethnicity (55%), with a minority of Malay (27%) 

and Indian (18%) ethnicity. The mean BMI of the children was 16.5 kg/m2 (mean (SD) 

16.7 (3.1) kg/m2 for boys and 16.4 (3.1) kg/m2 for girls). Indian children had higher BMI 

(17.0 (3.5) kg/m2 than Chinese (16.3 (2.7) kg/m2) and Malay (16.8 (3.5) kg/m2) children. 

Girls and children of Indian ethnicity had higher body fat percentage. Girls also had higher 
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total cholesterol and LDL-cholesterol levels compared to boys. Indian children had lower 

HDL-cholesterol compared to Malay and Chinese children. Insulin resistance, as indicated 

by HOMA-IR, was highest in Indian children, as were MetS and FLI scores. Supplementary 

table 1 shows the comparison between the children who had KYN metabolites measured in 

their blood and those who did not consent for blood collection. There was no difference in 

BMI, abdominal circumference, fat percentage, systolic or diastolic blood pressure between 

those included in the study and those who were not.

Using the 2007 WHO classification of BMI-for-age Z-scores, 37 children (6.7%) were 

underweight, 76.4% had normal weight, 65 (11.8%) were overweight, and 28 (5.1%) were 

obese (Table 2). 45 boys (15.9%) and 48 girls (17.8%) were overweight or obese. Malay 

(20.3%) and Indian (25.3%) children were more likely to be overweight than Chinese 

(12.5%) children. Overweight children had higher blood pressure, fasting glucose, fasting 

insulin, HOMA-IR, hsCRP, triglyceride, MetS and FLI scores, but lower HDL-cholesterol. 

Using the Z-score ≥ 90th percentile definition of MetS, 0%, 1.6%, 35.3% and 76.9% of girls 

in the underweight, normal weight, overweight and obese categories respectively had MetS, 

while 0%, 1.9%, 27.6% and 86.7% of boys in the underweight, normal weight, overweight 

and obese categories had MetS.

KYN metabolites

Boys had higher HAA and QA concentrations compared to girls (Table 1). Malay 

children had lower TRP concentrations compared to Chinese and Indian children, as well 

as lower XA concentrations compared to Chinese children. Indian children had higher 

KYN concentrations compared to Chinese children. Chinese children had higher HAA 

concentrations compared to Malay and Indian children. Chinese children also had lower 

KYN/TRP ratios but higher XA/HK and HAA/HK ratios compared to Malay and Indian 

children.

Overweight children had higher concentrations of all metabolites in the KYN pathway 

compared to normal weight and underweight children (Table 2). The KYN/TRP and 

HAA/HK ratios were also higher in overweight children. The HK/KYN and XA/HK ratios, 

however, did not increase with BMI. Figure 2 shows the fold change in metabolites of 

the KYN pathway in the underweight (< -1 SD), overweight (> +1 SD), and obese (> +2 

SD) categories compared to the normal weight category (-1 SD to +1 SD). The increases 

in the concentrations of the distal downstream metabolites XA (1.38-fold in obese), HAA 

(1.38-fold in obese) and QA (1.30 fold in obese) were somewhat greater than metabolites 

more proximal to TRP, such as KYN (1.16 fold in obese), KA (1.22 fold in obese) and HK 

(1.27 fold in obese).

Associations between KYN metabolites and metabolic risk factors

All analysed metabolites, as well as the KYN/TRP, XA/HK and HAA/HK ratios were 

associated positively with BMI in the children (Figure 3). The magnitudes of associations 

were highest for HAA and QA. For body fat percentage, all metabolites except TRP, HK, 

and the KYN/TRP and HAA/HK ratios showed positive associations. KA, XA, HAA and 

QA showed positive associations with systolic blood pressure, while TRP, XA and HAA 
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showed positive associations with diastolic blood pressure. Although the activities of the 

upstream enzymes IDO1 (KYN/TRP) and KMO (HK/KYN) showed no associations with 

blood pressure, the downstream enzyme activities of KAT (XA/HK) and KYNU (HAA/HK) 

were positively associated with both systolic and diastolic blood pressure.

TRP, KYN, HAA and QA were positively associated with fasting glucose concentrations. 

HK/KYN showed a negative association with fasting glucose, while HAA/HK showed 

a positive association with fasting glucose. TRP, KYN, KA, XA, HAA and QA were 

positively associated with fasting insulin concentrations and HOMA-IR. Although the 

activities of the upstream enzymes IDO1 (reflected by KYN/TRP) and KMO (reflected by 

HK/KYN) showed no association with blood pressure, the downstream enzymes activities 

of KAT (reflected by XA/HK) and KYNU (reflected by HAA/HK) appeared positively 

associated with fasting insulin and HOMA-IR. KYN, HK, XA, QA, KYN/TRP and 

HAA/HK ratios were all positively associated with hsCRP concentrations, while the XA/HK 

ratio showed an inverse association with hsCRP. TRP, KYN, HAA and QA were positively 

associated with triglyceride concentrations. The HK/KYN ratio was negatively associated 

and HAA/HK positively associated with triglyceride concentrations. KYN, HK, HAA and 

QA were inversely associated with total cholesterol and HDL-cholesterol concentrations. 

KYN/TRP ratio was negatively associated with HDL-cholesterol, while XA/HK ratio was 

positively associated with HDL-cholesterol.

Plasma TRP, KYN, KA, XA, HAA and QA were positively associated with the MetS score, 

while TRP and all metabolites of the KYN pathway were positively associated with FLI 

score (Figure 4). Increases in one standardized score of HAA and QA were associated 

with 0.38 (0.29, 0.46) and 0.29 (0.20, 0.37) increases in MetS respectively, compared to 

increases of 0.21 (0.12, 0.30) and 0.25 (0.16, 0.34) in MetS with TRP and KYN. However, 

the KYN/TRP ratio showed no association with MetS score, while there was a positive 

association with FLI score. In contrast, the XA/HK ratio was positively associated with 

MetS score but not with FLI score. The HAA/HK ratio, indicative of KYNU activity, was 

positively associated with both MetS and FLI scores.

Discussion

Previous studies showed higher concentrations of TRP, KYN, KA and HAA, in men 

compared to women (38–40). In our study of pre-pubertal children, we observed no obvious 

sex differences in TRP and metabolites generated by the actions of IDO1. However, 

downstream of KMO, concentrations of HAA and QA were higher in boys than girls. 

The differences relative to previous studies in adulthood may be indicative of a sex-steroid 

regulation, as that estrogen is known to inhibit KAT (9), which converts KYN to KA and HK 

to XA, thus possibly shunting the KYN pathway to HAA and QA synthesis (Figure 1). It is 

unclear why pre-pubertal boys have higher circulating HAA and QA than pre-pubertal girls, 

or indeed what the metabolic impact may be.

Ethnic differences in KYN pathway metabolite concentrations have been described for 

Caucasian, African-American, Hispanic and Asian-American ethnic groups (40). In this 

study, we observed lower TRP concentrations in Malay children compared to Chinese 
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and Indian children. This may be related to dietary differences or genetic differences in 

metabolic enzymes such as TDO. Indian children had the highest metabolic risk compared 

to Malay and Chinese children. They also had the highest KYN concentration. This supports 

the hypothesis that obesity and metabolic dysfunction activate IDO1 and KMO, driving the 

conversion of TRP to KYN and activating the KYN metabolic pathway. It is also possible 

that activation of the KYN metabolic pathway plays a role in the development of obesity and 

metabolic dysfunction through the regulation of energy metabolism (8). Further studies in 

larger cohorts will be necessary to examine these ethnic differences in depth.

In prepubertal Asian children, TRP and KYN metabolite concentrations were higher in 

overweight children and demonstrated positive associations with several metabolic risk 

factors. While previous studies have shown positive association between TRP, KYN and 

BMI in adults (11–13) and in children (18, 25), the current study provides evidence for 

extensive associations of the KYN pathway metabolites with BMI and metabolic risk factors 

in a mixed ethnicity cohort of Asian prepubertal children.

In this cohort, the prevalence of overweight (BMI-for-age >+1SD), obesity (BMI-for-age 

>+2SD) and severe obesity (BMI-for-age >+3SD) was 10.6%, 4.6% and 0.7% for boys and 

13.0%, 3.3%, and 1.5% for girls respectively. These rates are relatively lower compared to 

those reported by a recent study on 6 to 9 year old children from 36 countries, where the 

overall prevalences of overweight, obesity and severe obesity in 8 year-olds were 28.7%, 

12.5% and 3.5% for boys and 26.5%, 9.0%, 1.5% for girls (41). We found an average 

HOMA-IR of 1.4 in our cohort, with an average HOMA-IR of 2.3 in overweight children 

and 4.0 in obese children compared to 1.1 in normal weight and 0.9 in underweight children. 

In the IDEFICS cohort, HOMA-IR was 1.1 in girls and 1.0 in boys (42). In a study in 

Chinese children, a HOMA-IR cut-off for metabolic syndrome was 2.3 in all children, and 

1.7 in prepubertal children (43). Therefore, despite the apparent lower rate of overweight 

and obesity compared to recent international comparisons, insulin resistance as determined 

by HOMA-IR for the overweight and obese children was similar, indicative of heightened 

metabolic risk in these children.

Continuous metabolic risk scores are useful clinically as they enable the tracking of 

cardiometabolic risk and earlier detection of people at risk (44). Multiple methods have 

been used for the generation of continuous metabolic risk scores in children (45, 46), 

with the sum or mean of age-standardized and sex-standardized components within the 

study population being one of the most common methods. The most commonly used score 

components are waist circumference (52%), triglycerides (87%), HDL-cholesterol (67%), 

glucose (43%) and systolic blood pressure (52%) (46). Despite the variety of methods, 

many of these continuous metabolic risk scores in children have been reported to have high 

validity (47–49) and correlate to: a) adverse lifestyle factors such as sedentary behavior, 

physical activity (18), poor handgrip strength and cardiorespiratory fitness (50), b) cross-

sectional biomarkers of inflammation, endothelial damage and cardiovascular disease (51), 

and c) adulthood outcomes such as type 2 diabetes (52, 53), and cardiovascular disease 

(54). The MetS scores calculated for our cohort at the 90th percentile was 2.63 for girls and 

2.85 for boys, compared to 4.75 for girls and 4.39 for boys in the IDEFICS study (33). As 

expected, there was a clear positive gradient of MetS score with BMI, with 82% of children 

Tan et al. Page 9

Int J Obes (Lond). Author manuscript; available in PMC 2022 December 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



in the obese category having metabolic syndrome, i.e. having a MetS score ≥ 90th percentile. 

However, even within the normal weight category, a small proportion (1.8%) of children 

were classified as having metabolic syndrome, while 18% of obese children did not have 

metabolic syndrome. Despite the predominant influence of BMI on metabolic health risk, 

there remains some unexplained variability of risk.

The FLI is often used to estimate NAFLD as magnetic resonance spectroscopy (MRS) 

is expensive and not readily available (37). It varies between 0 and 100; a threshold of 

<30 can be used to rule out NAFLD, while a threshold of >60 is used to rule in NAFLD 

(36, 37). In this cohort, 2 children had a FLI of >60 while another 4 children had FLI 

between 30 and 60. The 2 children with FLI >60 were in the obese weight category and had 

metabolic syndrome while out of the 4 children with FLI between 30 and 60, 2 were obese 

and 2 were overweight and all had metabolic syndrome. Ectopic fat accumulation may be 

a common mechanism underlying the association between BMI, metabolic syndrome and 

hepatic steatosis in these children (37).

Previous studies have focused on the KYN/TRP ratio (12, 13, 38); our data support 

this, but extend to metabolites mediated by further enzymatic steps. In the analysis of 

metabolites of the KYN pathway, it was those downstream of the enzymatic activity of 

KMO, including HAA and QA, that demonstrated the greatest increase in overweight and 

obese children, and the highest magnitude associations with metabolic risk. Further, the 

HAA/HK ratio, indicative of KYNU enzyme activity, associated positively with BMI, blood 

pressure, fasting glucose, insulin and HOMA-IR, as well as triglyceride, MetS and FLI. 

The possible function of these metabolites and their relationship to heightened metabolic 

risk is speculative. It is known that QA is the precursor of the redox cofactor nicotinamide 

adenine dinucleotide (NAD+), as well as functioning as an excitatory glutamate receptor 

agonist (9). Disordered NAD metabolism may be involved in metabolic dysfunction and 

changes in body composition (55, 56). HAA and QA are products of human microglia and 

monocytes upon activation by specific cytokines such as interferon gamma (57, 58), and QA 

is a pro-oxidant molecule (59). Furthermore, both HAA and QA have immunomodulatory 

functions, with a putative role in transition of immune Th1/Th2 balance towards Th2 (9). 

Further analysis is therefore required to elucidate whether these relationships are associative 

or if there is a mechanistic relationship in the onset and development of adverse metabolic 

health in those children with heightened adiposity.

Strengths of our study include a relatively large sample size and the inclusion of three Asian 

ethnic groups at a single age point, where information on KYN metabolite concentrations 

are limited in literature. We have systematically studied the association between downstream 

KYN metabolite concentrations and ratios indicative of the enzyme activities in the KYN 

metabolic pathway and multiple metabolic risk factors including risk scores. Another 

strength is the use of an accredited clinical laboratory (30) for analyses of clinical 

biomarkers related to metabolic risk such as lipids and insulin. In this study the entire 

sample set was analysed for TYP-KYN metabolites in a single laboratory (Bevital, AS) by a 

targeted LC-MS/MS method including authentic labelled internal standards for each analyte 

providing high analytical precision (60). The analyses were carried out in continuous sample 
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batches, with small variability between each batch. Finally, standardized scores were used in 

the regression models so that the strength of associations were comparable.

This study has some limitations. Firstly, we did not examine the data on the dietary intakes 

of the children. As TRP cannot be synthesized by humans, the main source of TRP is from 

the diet (61). Diet would also influence BMI and metabolic risk factors. Also, we did not 

study the physical activity of the children. Physical activities of the children are likely to 

be a major contributor to the metabolic risk factors studied, and there is some evidence that 

fitness status influences KYN pathway metabolite concentrations (62). Further, the current 

study is an observational study, therefore it is not possible to establish possible causality or 

how these data are reflective of change in risk with time.

In conclusion, plasma metabolites of the TYP-KYN pathway positively associated with 

metabolic risk factors in young Asian children, suggesting possible activation of this 

pathway in childhood metabolic dysfunction. Our results suggest that examining metabolites 

of the KYN pathway in children may help predict the risk of obesity and metabolic 

syndrome and suggest new interventional approaches.
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Figure 1. Simplified schematic of the KYN pathway
The plasma KYN metabolites in this study are indicated by blue boxes. TRP is converted 

to KYN by indoleamine-2,3-dioxygenase-1 (IDO1) and in the liver by tryptophan-2,3-

dioxygenase (TDO). KYN is then converted to HK by kynurenine-3-monooxygenase 

(KMO) or to KA by kynurenine aminotransferase (KAT). HK is converted to either HAA by 

kynureninase (KYNU) or to XA by kynurenine aminotransferase (KAT). HAA is converted 

to 2-amino-3-carboxymuconate-6-semialdehyde (ACMS) by 3-hydroxyanthranilic acid 3,4-

dioxygenase (3HAO), which is then non-enzymatically converted to QA.
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Figure 2. Fold change of KYN metabolites by BMI categories
The body mass index (BMI)-for-age Z scores of the children were determined using local 

BMI-for-age percentile charts for boys and girls (https://www.healthhub.sg/livehealthy/745/

differencesbetweenchildandadultbmi, last accessed 10 August 2021). Children with BMI-

for-age < -1 Z-scores were classified as underweight, while children with BMI-for-age > 

+1 Z-scores were classified as overweight and children with BMI-for-age > +2 Z-scores 

were classified as obese. The fold increase in KYN metabolite was calculated by taking the 

average concentration for the children in the normal weight category as 1 and calculating 

the fold change by dividing the average concentration at the underweight, overweight or 

obese BMI categories by the average concentration at the normal weight category. TRP: 

solid diamond, KYN: solid square, KA: solid triangle, HK: solid circle, XA: open square, 

HAA: open circle, QA: open triangle.
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Figure 3. Association of KYN metabolites with metabolic risk factors
X-axes show standardized scores of BMI, body fat percentage, systolic blood pressure 

(SBP), diastolic blood pressure (DBP), glucose, insulin, Homeostatic Model Assessment for 

Insulin Resistance (HOMA-IR), high sensitivity C-reactive protein (hsCRP), triglycerides 

(TG), total cholesterol (CHOL), high density lipoprotein-cholesterol (HDL) and low density 

lipoprotein-cholesterol (LDL). Forest plots show the differences (95% CI) in standardized 

score of metabolic risk factor of children at 8 years with change in each standardized score 

of cord KYN metabolite or ratio (Y-axis). Models were adjusted for sex and ethnicity. Total 

sample size (N) is not always 552 due to the missing values for outcomes.
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Figure 4. Association of KYN metabolites with metabolic syndrome score and fatty liver index
X-axes show standardized scores of metabolic syndrome score (MetS) and fatty liver index 

(FLI). Forest plots show the differences (95% CI) in MetS (left) or standardized score of FLI 

(right) of children at 8 years with change in each standardized score of cord KYN metabolite 

or ratio (Y-axis). Models were adjusted for sex and ethnicity. Total sample size (N) is not 

always 552 due to the missing values for outcomes.
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