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ABSTRACT 

Background: Inflammation is a key feature of aging. We aimed to i) investigate the association 

of 34 blood markers potentially involved in inflammatory processes with age and mortality, ii) 

develop a signature of ‘inflammaging’. 

Methods: Thirty-four blood markers relating to inflammation, B vitamin status and the 

kynurenine pathway were measured in 976 participants in the Melbourne Collaborative Cohort 

Study at baseline (median age=59 years) and follow-up (median age=70 years). Associations 

with age and mortality were assessed using linear and Cox regression, respectively. A 

parsimonious signature of inflammaging was developed and its association with mortality was 

compared with two marker scores calculated across all markers associated with age and 

mortality, respectively. 

Results: The majority of markers (30/34) were associated with age, with stronger associations 

observed for neopterin, cystatin C, IL-6, TNF-α, several markers of the kynurenine pathway 

and derived indices KTR (kynurenine/tryptophan ratio), PAr index (ratio of 4-pyridoxic acid 

and the sum of pyridoxal 5´-phosphate and pyridoxal), and HK:XA (3-

hydroxykynurenine/xanthurenic acid ratio). Many markers (17/34) showed an association with 

mortality, in particular IL-6, neopterin, CRP, quinolinic acid, PAr index, and KTR. The 

inflammaging signature included ten markers and was strongly associated of mortality (HR per 

SD=1.40, 95%CI:1.24-1.57, P=2x10-8), similar to scores based on all age-associated 

(HR=1.38, 95%CI:1.23-1.55, P=4x10-8) and mortality-associated markers (HR=1.43, 

95%CI:1.28-1.60, P=1x10-10), respectively. Strong evidence of replication of the inflammaging 

signature association with mortality was found in the Hordaland Health Study. 
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Conclusion: Our study highlights the key role of the kynurenine pathway and vitamin B6 

catabolism in aging, along with other well-established inflammation-related markers. A 

signature of inflammaging based on ten markers was strongly associated with mortality. 

Keywords: biological aging; kynurenines; vitamin status; inflammaging; biomarkers 
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INTRODUCTION   

Aging is characterised by “a progressive loss of physiological integrity, leading to impaired 

function and increased vulnerability to death” (1). One pathophysiological change that 

underlies aging is inflammation, which is thought to cause or underlie many chronic diseases 

such as cancer, atherosclerosis, diabetes and Alzheimer’s disease (2, 3). The term 

“inflammaging” has been used to describe the chronic, sterile, low-grade inflammation 

occurring during aging (3). 

Many blood markers of inflammatory processes have been proposed and assessed for their 

association with disease risk. More recently, Franceschi et al. identified circulating tryptophan 

concentration as being involved in inflammaging (3). In liver, the bulk of ingested tryptophan 

is converted via a group of intermediates, called kynurenines, to acetyl coenzyme A by the 

substrate-induced tryptophan dioxygenase with small but important fractions directed towards 

the synthesis of nicotinamide adenine dinucleotide (NAD+) and picolinic acid, a cation chelator 

(4). In other tissues, notably hematopoietic and endothelial, the first step in this pathway is 

catalysed by indoleamine 2,3-dioxygenase, activated by a combination of oxidative stress and 

pro-inflammatory stimuli, including interferon-γ (IFN-γ). IFN-γ also induces macrophage 

production of neopterin. The kynurenine/tryptophan ratio and neopterin have been proposed as 

markers of IFN-γ activity and all three are considered as inflammatory biomarkers (5). The 

metabolites downstream of kynurenine, many of which are considered immunomodulatory, are 

formed by vitamin B6 and B2-dependent enzymes and include kynurenic acid (KA), 3-

hydroxykynurenine (HK), xanthurenic acid (XA), anthranilic acid (AA) and 3-

hydroxyanthranilic acid (HAA). The ratios HK:XA (6) and HKr (HK/(KA+AA+XA+HAA), 

(7)) reflect functional vitamin B6 status (6). Plasma concentrations of vitamin B6 in particular 

but also B2 appear to be determinants of plasma concentrations of several kynurenines in a 

healthy population, consistent with their role as co-factors for rate limiting enzymes prompting 
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the recommendation that measures of B6 and B2 should be included in epidemiological studies 

assessing the association of the kynurenine pathway with health and disease (8). 

Using a total of 34 markers related to inflammation, B vitamin status and the kynurenine 

pathway measured at two time points approximately ten years apart, we aimed to: i) describe 

the overall pattern of correlation between markers, ii) assess their individual associations with 

age, iii) assess their individual associations with mortality, and iv) develop a signature of 

‘inflammaging’ and assess its association with mortality. 

 

METHOD 

The Melbourne Collaborative Cohort Study (MCCS) 

The MCCS is a prospective cohort study of 17,044 men and 24,469 women aged 27-88 years 

at recruitment, 99.3% of whom were aged 40-69 years.  Recruitment occurred between 1990 

and 1994 (9, 10). Southern European migrants to Australia (including 5,411 Italians and 4,525 

Greeks) were over-sampled to extend the range of lifestyle exposures. Subjects were recruited 

via the Electoral Roll (registration to vote is compulsory for adults in Australia), 

advertisements, and community announcements in local media.  At recruitment participants’ 

height and weight were measured, blood samples collected and questionnaires covering 

lifestyle (diet, smoking, physical activity and alcohol consumption), demographics and medical 

history completed. A follow-up survey conducted between 2003 and 2007 (wave 2) repeated 

most baseline measures, including blood sample measurements. The majority of participants 

(90%) were fasting when blood was collected. Demographic variables were obtained by 

questionnaires at baseline and wave 2, and included age, sex, country of birth and highest level 

of education attained. Study participants provided informed consent in accordance with the 

Declaration of Helsinki. The study was approved by Cancer Council Victoria’s Human 
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Research Ethics Committee and performed in accordance with the institution’s ethical 

guidelines. A total of 976 participants were included in this sub-study. A flowchart of the study 

is presented in Supplementary Figure 1. 

Biochemical analyses 

Plasma samples were stored in liquid nitrogen at -180C from the time of collection until 

shipment to the Bevital laboratory (www.bevital.no) for biochemical analyses. Markers related 

to vitamin status included: plasma concentrations of thiamine (vitamin B1), riboflavin and 

flavin mononucleotide (vitamin B2), nicotinamide, N1-methylnicotinamide (vitamin B3), and 

pyridoxal 5'-phosphate, pyridoxal, and 4-pyridoxic acid (vitamin B6). As part of the 

tryptophan-kynurenine pathway, we measured plasma concentrations of kynurenine, 

tryptophan and downstream metabolites, 3-hydroxykynurenine, kynurenic acid, xanthurenic 

acid, anthranilic acid, 3-hydroxyanthranilic acid, picolinic acid, and quinolinic acid. These 

markers in addition to cystathionine, neopterin and trigonelline were measured with liquid 

chromatography-tandem mass spectrometry (11). C-reactive protein, serum amyloid A, 

calprotectin, cystatin C and were measured using matrix-assisted laser desorption/ionisation-

time of flight (MALDI-TOF) mass spectrometry (12). A plasma sample was included as a 

quality control in all batches. Resources detailing the platforms used for marker measurement 

and their reliability are provided in the Online Supplementary Material. All markers were 

found suitable for reliable measurement in large-scale epidemiological studies (13-15). 

Separate aliquots were shipped to the laboratories of IARC in Lyon France for measurement 

of other markers of inflammation including interleukin 6, 8, 10, and 13 (IL-6, IL-8, IL-10, and 

IL-13, respectively, in pg/mL), interleukin 8 (IL-8, in pg/mL), interleukin 10 (IL-10, in pg/mL), 

interleukin 13 (IL-13, in pg/mL), interferon-γ (IFN-γ ,in pg/mL)  and tumour necrosis factor 

alpha (TNF-α, in pg/mL), using Meso Scale Discovery 6-Plex kit. Marker values below their 

limit of quantification (LOQ) were assigned the value LOQ/2 (IL-6: N=19, 1%; IL-8: N=1, 
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0.1%; IL-10: N=94, 5%; IL-13: N=1,366, 70% (not included in the analyses); IFN-γ: N=2, 

0.1%; TNF-α: N=2, 0.1%). 

We also calculated the following derived markers: KTR (kynurenine-to-tryptophan ratio), as 

an indicator of cell-mediate immune activation (16); the PAr index, calculated as the ratio of 

4-pyridoxic acid and (pyridoxal + PLP), as a marker of vitamin B6 catabolism during 

inflammation (17, 18); HK:XA (ratio of 3-hydroxykynurenine and xanthurenic acid) and  HKr 

(HK/(KA+AA+XA+HAA) as indicators of functional vitamin B6 status (19). 

 

Vital status 

Vital status up to 31 December 2019 was ascertained through record linkage to the Victorian 

Registry of Births, Deaths and Marriages (via the Victorian Cancer Registry) and the National 

Death Index (via the Australian Institute of Health and Welfare). These registries are 

considered to be virtually complete up to 31 October 2019 and 31 August 2015 (cause of death), 

respectively. Causes of death were classified as follows, using the International Classification 

of Disease version 10: cancer: ICD-10 C00 to D49; cardiovascular disease (CVD): ICD-10 I00 

to I99; other-cause: all other ICD codes, and missing (N=2). 

 

Statistical analysis 

Marker values were sequentially, and separately for baseline and follow-up measures: i) log-

transformed to obtain distributions closer to Gaussian, ii) winsorized at 3 standard deviations 

from the mean to minimise the potential influence of outliers, and iii) re-scaled to Z-scores for 

easier comparison of effect size estimates between markers. Median and interquartile range 

(IQR) and Spearman rank order correlations were used as descriptive statistics. 

Association between markers and age 
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We used linear regression models to assess associations between blood markers and age. This 

was done separately for baseline measures, follow-up measures, and measures from both time 

points combined (to obtain estimates calculated across a wider age range); for the latter, we 

used robust standard errors from a mixed model to account for the correlations between 

participants’ repeated measures at baseline and follow-up. These models were adjusted for sex 

and country of birth (Australia/New-Zealand/other, UK, Italy, Greece). 

Association between markers and mortality 

We used Cox models to estimate hazard ratios for the association between markers and 

mortality; these analyses were done separately for baseline and follow-up markers. Age was 

used as the underlying time scale (20). Time at risk was calculated from the date of follow-up 

visit to the date of death, date of departure from Australia or end of follow-up (31 October 

2019); these models were also adjusted for sex and country of birth. Associations with mortality 

were also assessed for the first five and ten years of follow-up. In cause-specific analyses, 

deaths from other causes than that of interest were censored, which is a way to model the cause-

specific hazard function, appropriately taking the competing risk of other-cause death into 

account.  

We further evaluated the association of changes in marker levels from baseline to follow-up 

with overall mortality. The same regression models were used, without and with additional 

adjustment for marker levels at the start of follow-up. 

Inflammaging signature and marker scores 

To obtain a signature of inflammaging using a parsimonious set of markers, we proceeded as 

follows: i) we excluded markers for which the association with age had P>0.05; ii) we applied 

Lasso regression to predict age using the remaining markers. Participants with missing values 

for any of the markers were excluded (N=39), leaving 937 participants for the analysis. Lasso 
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regression was conducted using the R package glmnet, and the regularization parameter lambda 

was obtained by 5-fold cross-validation, using the one-standard error rule to reduce overfitting 

(21, 22); iii) we ran 1,000 iterations of the Lasso and markers selected in >80% of the models 

were retained to build the final model, using their mean coefficient. 

In addition, we calculated, using the same sample, two weighted scores representing the 

combined effect of blood markers: i) the weighted average of marker values for all markers 

showing an association with age at P<0.05, using as weights the regression coefficients of their 

association with age; ii) the weighted average of marker values for all markers showing an 

association with mortality at P<0.05, using as weights the log(HR) of their association with 

mortality. All three scores were calculated using follow-up data and further re-scaled as Z-

scores to facilitate the comparison with individual markers. 

Replication analysis 

We attempted replication of the lasso-based signature of inflammaging using data from the 

Hordaland Health Study (HUSK) in which baseline examinations were conducted in Hordaland 

County, western Norway, in 1998–1999 (https://husk.b.uib.no). Details of the cohort have been 

described previously (23). The study population consisted of 7,051 men and women born 

during 1925–1927 and 1950–1951 who had previously (1992–1993) participated in the 

Hordaland Homocysteine Study (24). Associations with mortality were estimated using the 

same models as in the MCCS, and also stratified by sex, length of follow-up and cause of death. 

To calculate the signature, we used the weights obtained in the MCCS for all markers available 

in the HUSK study. 

All analyses were carried out using R version 3.6.1. 

 

RESULTS 
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Overall correlation pattern:  

The distribution of marker levels is shown in Table 1 and Supplementary Figure 2. Spearman 

correlations between baseline and follow-up marker values were generally moderate (median: 

0.41, IQR: 0.33-0.51), Table 1. Spearman correlations between blood marker values are shown 

in Supplementary Figure 3. Correlations were stronger for markers within the same group 

(kynurenine pathway, vitamin status, and inflammatory markers). All correlations were 

positive within the kynurenine pathway, ranging between 0.03 and 0.72 at baseline, and 

between 0 and 0.74 at follow-up, the majority of them being between 0.2 and 0.6. Kynurenine 

pathway markers also showed moderate correlations with inflammatory markers, in particular 

neopterin, and with cystathionine and cystatin-C (a marker of kidney function). Positive 

correlations were also observed within markers of B1, B2, B3 and B6 status, and within other 

inflammatory markers. Although vitamin status markers showed generally weak and positive 

correlations with metabolites of the kynurenine pathway, correlations were weak and negative 

with other inflammatory markers.  

Associations of individual markers with sex and country of birth 

The associations between levels of blood markers (baseline and follow-up measures combined) 

and sex and country of birth are shown in Supplementary Table 1. Compared with men, 

women had higher levels of thiamine and TMP, SAA, IL-8, IFN-γ, KTR and HK:XA and HKr, 

and lower levels of tryptophan, kynurenine, kynurenic acid, xanthurenic acid, 3-

hdroxyanthranilic acid, picolinic acid, anthranilic acid, neopterin, cystathionine, cystatin C, 

serum amyloid A and IFN-γ. Associations were also observed comparing Italy- and Greece-

born with Australia-born participants, in particular for plasma concentrations of nicotinamide, 

N1-methylnicotinamide, tryptophan, anthranilic acid, trigonelline and CRP. 

Associations with age 
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The pattern of associations between markers and age was similar at baseline and follow-up 

Figure 1 and Supplementary Table 1 and 2. After pooling together baseline and follow-up 

data and adjusting for sex and country of birth, we observed: i) 30 of 34 markers associated 

with age (P ranging from 0.04 to 10-38); ii) relatively weak evidence of association for markers 

of vitamin status; these were negative for TMP, FMN, nicotinamide, N1-methylnicotinamide, 

and pyridoxal 5-phosphate (PLP), and positive for 4-pyridoxic acid; iii) strong and positive 

associations for several metabolites in the kynurenine pathway: kynurenine, 3-

hydroxykynurenine, kynurenic acid, anthranilic acid, and quinolinic acid, and negative 

associations for tryptophan and xanthurenic acid; iv) all other markers were positively 

associated with age, very strong associations being observed for neopterin and cystatin C, and 

strong for cystathionine, CRP, calprotectin, SAA, IL-6, IL-8, IFN-γ and TNF-α; v) the derived 

ratios PAr, KTR and HK:XA showed very strong associations with age; the association for 

HKr was strong. 

Associations of individual markers with mortality 

The median and interquartile range (IQR) of follow-up time was 14.3 years (12.7 to 15.3 years). 

Results for the associations between blood markers and all-cause mortality are presented in 

Figure 2 and Supplementary Table 3. For baseline measures, there was evidence, albeit quite 

weak, of association with mortality for IL-6, CRP, and PAr index (HR per SD~1.15). For 

follow-up measures, associations with mortality were observed for several markers: HR per 

SD>1.25 for IL-6, neopterin, quinolinic acid, KTR, and CRP, and HR per SD>1.10 for cystatin 

C, HK:XA, calprotectin, PAr index, serum amyloid A, thiamine, TNF-α, anthranilic acid, 3-

hydroxykynurenine, 3-hydroxyanthranilic acid, and 4-pyridoxic acid Most other markers of 

inflammation or in the kynurenine pathway had HR>1, but associations were weaker. Inverse 

associations with mortality were observed for tryptophan and nicotinamide. 
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Results for the associations between change in marker levels from baseline to follow-up and 

mortality are shown in Supplementary Table 4. Significant associations (P<0.05) were 

observed for 8 markers (thiamine, anthranilic acid, quinolinic acid, neopterin, cystatin C, TNF-

α, PAr index and HK:XAr) but these were substantially attenuated after adjustment for marker 

levels at the start of follow-up (2003-2007). Only the association observed for thiamine 

remained similar (HR=1.18, P=0.01). 

Associations of inflammaging signature and marker scores with mortality 

The Lasso-prediction of age selected 10 markers: nicotinamide, tryptophan, anthranilic acid, 

quinolinic acid, neopterin, cystatin C, IL-6, IL-8, PAr index, and HK:XA (mean coefficients 

over 1,000 iterations are provided in Supplementary Table 5). The scores based on 

associations of markers with age and mortality included 29 (Supplementary Table 2) and 17 

markers (Supplementary Table 3), respectively. All three scores showed substantially 

stronger associations with all-cause mortality than individual markers: score based on 10 

markers from lasso regression: HR=1.40, 95%CI: 1.24-1.57, score based on 29 markers 

associated with age at follow-up: HR=1.38, 95%CI: 1.23-1.55, score based on 17 markers 

associated with mortality at follow-up: HR=1.43, 95%CI: 1.28-1.60. These associations were 

similar in men and women (Table 2). For all three scores, the associations appeared larger in 

the first five or ten years of follow-up (HR>1.5) than for the total follow-up, and larger for 

cardiovascular and other-cause mortality (HR>1.5) than for cancer mortality (HR≤1.3) (Table 

3). 

Replication of the association between inflammaging signature and mortality 

After exclusions, 6,742 participants in the HUSK study were available for the analysis, among 

which 1,425 died during follow-up. As IL-6, IL-8 and cystatin C were not measured, the 

signature was calculated using seven of the ten markers identified in the MCCS. We observed 
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a strong association with mortality (HR per SD= 1.33, 95% CI: 1.26-1.41, P=2x10-22) with no 

evidence of heterogeneity by sex (P=0.38). Similar to the MCCS, associations appeared larger 

in the first years of follow-up (within 5 years: HR=1.62, 95% CI: 1.41-1.86; within 10 years: 

1.39, 95% CI: 1.28-1.51) and larger for cardiovascular compared with cancer mortality 

(HR=1.42, 95% CI: 1.27-1.58 and HR=1.20, 95% CI: 1.09-1.33, respectively), Table 4. 

 

DISCUSSION 

We evaluated associations with age and mortality for 34 blood markers of the tryptophan-

kynurenine pathway, vitamin status, and other markers associated with kidney function, 

inflammation, including well-established markers such as CRP and interleukins. Most of these 

were strongly associated with age, and associations were of similar strength at baseline (median 

age 59) and follow-up (median age: 70). There was also evidence for associations between 

many markers and mortality; these appeared substantially stronger for the follow-up measures. 

Interestingly, several of the markers that showed strong associations with age were also 

strongly associated with mortality, in particular for neopterin, IL-6, quinolinic acid, the derived 

indices, PAr index, kynurenine-tryptophan ratio, and the HK:XA ratio. The majority of well-

established markers of inflammation and related processes such as CRP, IL-6, IL-8, IL-10, 

cystatin-C (a marker of renal function), calprotectin, TNF-α, IFN-γ were associated with age 

and mortality, but generally not more strongly than were markers of the kynurenine pathway. 

Associations with age and mortality for markers of vitamin status (B2, B3, B6) were in 

comparison weaker, except for the derived marker PAr index, known to reflect vitamin B6 

catabolism during inflammation (17), for which associations were strong. 

As most markers measured in our study are thought to reflect inflammatory and related 

processes, we sought to combine them to more fully characterise inflammaging. A 
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parsimonious set of ten markers appeared to provide better prediction of mortality than each 

marker individually (HR per SD=1.40 for the ten-marker score, compared with 1.33, 1.28, and 

1.27 for IL-6, neopterin, and quinolinic acid, respectively), and is likely to be more robust to 

study sample variability. Using a score for the combined effect of all 29 markers associated 

with age resulted in similar prediction of mortality (HR per SD=1.38). A slightly stronger 

association was observed for a score based on 17 markers that were associated with mortality 

(HR per SD=1.43); this score was based on observed associations with mortality, so while 

providing an ‘upper bound’ for the combined effect of the markers measured in our study, it 

might be less specific to the aging process and more prone to overfitting. To our knowledge, 

few prospective cohorts have measured a similar comprehensive set of markers related to 

inflammation. We used data from the Hordaland Health Study to replicate our findings; despite 

using only seven of the ten markers included in our inflammaging signature, we observed a 

strong association of this seven-marker score with mortality (HR=1.33, 95% CI: 1.26-1.41 

compared with HR=1.40, 95% CI: 1.24-1.57). We also observed, similar to the MCCS: 1) 

stronger associations within the first years of follow-up, 2) larger associations for CVD 

compared with cancer mortality, and 3) similar associations in men and women. These findings 

require further replication. 

Associations with mortality observed in our study were generally similar to those observed in 

the study by Zuo and colleagues (25) (neopterin: HR=1.28 vs 1.27, KTR: HR=1.26 vs 1.22; 

CRP: HR=1.26 vs 1.22; tryptophan: HR=0.86 vs 0.85; kynurenine: HR=1.07 vs 1.09; 

anthranilic acid: HR=1.15 vs 1.05, kynurenic acid: HR=1.11 vs 1.00; 3-hydroxykynurenine: 

HR=1.14 vs 1.18, 3-hydroxyanthranilic acid: HR=1.13 vs 0.98; xanthurenic acid: HR=0.98 vs 

0.89). Although it is not possible to strictly compare our findings with other studies because 

analyses were performed in different populations, our signature based on ten markers appeared 

to perform well, e.g. showing greater risk estimates than recently developed measures of 
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epigenetic aging (26, 27) (per 1-year HR=1.11 in our study, compared with HR=1.02, 1.02 and 

1.04 for various measures of ‘epigenetic age acceleration’ reported in the meta-analysis by 

Chen et al. (28), and HR=1.09 for ‘PhenoAge’ epigenetic aging (29)). Similarly, a meta-

analysis reported the association between telomere length and all-cause mortality to be 

HR=1.09 per SD increment (30), compared with HR=1.40 for our ten-marker score of aging. 

Additional studies assessing biological aging measures and our inflammaging signature in a 

similar population would be useful to confirm this finding. Other signatures of inflammaging 

have been developed, but these included different sets of markers or were based on small 

samples (31, 32) and did not appear to be more predictive of mortality than that developed in 

our study. Although it was not our aim to provide a thorough comparison of our signature with 

other markers of aging linked to inflammation (whether epigenetic / metabolic etc (1, 3, 33-

35)) this indicates that the associations we observed were strong, and suggests that the markers 

measured in our study play an important role among the multi-faceted processes involved in 

inflammation (3). 

Previous studies of the role of inflammatory markers in aging have tended to focus on CRP 

and IL-6, showing patterns of association with age consistent with inflammaging (36). Parker 

and colleagues examined a range of metabolic and immune markers in nearly 1,000 adults 

covering an age range from 30 to over 80 years. Age was positively correlated with TNF-α, 

TNF receptor I and II, IL-6, IL-2 and other biomarkers increasing linearly from age 30 (37). 

Forsey and colleagues observed higher concentrations of IL-6, but not the anti-inflammatory 

IL-10, with age in Swedish men and women aged 86-94 years (38). Alvarez-Rodriguez and 

colleagues included pro-inflammatory interleukins, TNF-α, interferon-γ, and the anti-

inflammatory IL-10 in their cross-sectional study. A positive association between pro-

inflammatory cytokines and age between 20 and 80 years was observed and proposed as a 

cause for age-related conditions (39). These trends are consistent with our results and with the 
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concept of inflammaging. It was also reported that indoleamine 2,3-dioxygenase (IDO) 

activity, as reflected by KTR, was increased in nonagenarians compared with healthy blood 

donors of median age of 45 years. Among the nonagenarians, lower tryptophan, higher 

kynurenine and higher KTR were associated with mortality, the latter association being robust 

to adjustment of other inflammatory biomarkers (CRP, IL-6 and IgA) (40). Alley and 

colleagues measured CRP and IL-6 on two occasions 3 years apart in 736 elderly Italians. No 

associations were seen between baseline levels and mortality but increases in both were 

associated with subsequent mortality. After further adjustment, including for levels of CRP and 

IL-6 at the second measure, CRP was associated with increased mortality, consistent with our 

findings and with the concept of inflammaging (41). In another study with similar design, IL-

6 and CRP were measured twice 8.9 years apart, and the concentrations at the second time-

point and change from baseline were associated with subsequent mortality (42). 

The markers included in our study represent a wide variety of interrelated inflammatory 

processes, although not all are considered specific to inflammation. Calprotectin is potentially 

inflammatory; it sequesters zinc thus inhibiting zinc-dependent enzymes, which are important 

in angiogenesis, wound healing, inflammation, cancer and tissue repair; and its expression is 

regulated by proinflammatory cytokines (43). Serum amyloid A proteins increase rapidly in 

parallel with CRP in the acute phase response to infection and is also associated with chronic 

inflammation (44). The pro-inflammatory effect of serum amyloid A is mediated by induction 

of cytokines and chemokines but itself is induced by cytokines IL-6, IL-1β and TNF-α (45). 

Cystathionine, while generally not regarded as an inflammatory biomarker, appears to inhibit 

inflammation in response to oxidised low-density lipoprotein, suggesting a potential biological 

significance in protecting against the inflammatory response by inhibiting DNA binding of NF-

κβ p65 (46); this marker was strongly positively associated with age in our data. It was 

proposed that L-cystathionine could be a target for prevention and treatment of inflammation 
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related diseases such as atherosclerosis which suggests its value as a marker of inflammaging. 

Cystatin C is a marker of kidney function that is indirectly involved in inflammatory processes 

and showed strong association with age and mortality in our study. Trigonelline is a plant 

alkaloid found in coffee and fenugreek seeds that is used in traditional medicine, and has 

possible anti-inflammatory properties (47); circulating concentration of trigonelline was found 

to be an accurate objective marker of coffee consumption (48). Our study also included 

components of the one-carbon metabolism pathway (vitamins B2 and B6), several of which 

were associated with age and mortality in our data. Other studies have previously established 

links between B vitamins and inflammation, in particular vitamin B6 (49). Although most 

studies on vitamin B6 focused on PLP (pyridoxal 5-phosphate) (7, 49, 50), our study found 

stronger associations for 4-pyridoxic acid. Interestingly, we observed that the PAr index, which 

is indicative of impaired vitamin B6 metabolism during inflammation (51), was one of the 

markers most strongly associated with age and mortality. 

The key strength of our study was that many markers were measured, so it was possible to 

examine the overall correlation pattern and compare their association with age and mortality in 

a same setting, which to our knowledge has not been previously reported. We also assessed 

KTR, HK:XA, HKr and the PAr index for association with mortality; these derived markers 

were previously identified as associated with risk of cancer (19), most notably lung cancer (52-

54), and risk of stroke (5) and cardiovascular mortality (55) but overall relatively little evidence 

exist to date on their association with health outcomes. Several other derived markers using 

ratios in the kynurenine pathways have been proposed such as QA/KA, 3-HAA/AA, 3-HK/KA, 

Kyn/KA, 3HAA/Kyn, 3HAA/3HK, 3HAA/AA; these may provide additional information 

about the inflammaging process and should be evaluated in future studies. 

Limitations of our study included the relatively small sample size to investigate cause-specific 

mortality risk with precision. In the study by Zuo and colleagues, associations appeared 
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stronger with cardiovascular disease mortality, consistent with our study (5). We also 

acknowledge that many more markers would be useful to studying inflammaging: only a few 

cytokines were measured, we had no measures of white blood cell counts and also had no 

information on prostaglandin levels or COX2 expression, NF-Kb or other relevant transcription 

factors (56). Another important missing marker is glycoprotein acetylation (GlycA) which was 

shown to be a good marker of inflammation (57) and is highly predictive of mortality (58). Our 

study did not include technical replicates to assess the reliability of the measurements, but the 

platforms we used were validated in previous methodological studies and all markers have 

previously been measured in large-scale studies. 

Finally, the rate of aging / inflammaging is determined by the interplay of many genetic, 

environmental and lifestyle factors, and these factors may help in identifying specific marker 

patterns associated with less healthy aging, or modulate the role of markers in inflammaging. 

We only evaluated the main demographic variables (sex, country of birth) for their association 

with blood markers. Future studies should examine the effects of genetics, nutrition, lifestyle, 

obesity and other health risk factors on marker levels as well as the determinants of change in 

markers over time. While the associations observed in our study were strong, the usefulness of 

our inflammaging signature as a predictor of mortality and its potential utility in the clinical 

setting should be further investigated. 

 

CONCLUSION 

We have assessed the association with age and mortality for 34 blood markers potentially 

involved in inflammation processes and attempted to better characterise inflammaging. Our 

findings highlight the prominent role played by the kynurenine pathway and vitamin B6 

catabolism along with other well-established markers of inflammation in the aging process. A 



19 
 

ten-marker signature of inflammaging was developed and found to be strongly associated with 

mortality. Our findings require further replication in additional prospective cohorts.



20 
 

FUNDING AND ACKNOWLEDGEMENTS  

The MCCS cohort recruitment was funded by VicHealth and Cancer Council Victoria. The 

MCCS was further augmented by Australian National Health and Medical Research Council 

grants 209057, 396414, 1074383 and 1106016 and by infrastructure provided by Cancer 

Council Victoria. Cases and their vital status were ascertained through the Victorian Cancer 

Registry and the Australian Institute of Health and Welfare, including the National Death Index 

and the Australian Cancer Database. 

Disclaimer: Where authors are identified as personnel of the International Agency for 

Research on Cancer/World Health Organization, the authors alone are responsible for the views 

expressed in this article and they do not necessarily represent the decisions, policy or views of 

the International Agency for Research on Cancer/ World Health Organization. 

This study used data from the Norwegian Cause of Death Registry. The interpretation and 

reporting of these data are the sole responsibility of the authors, and no endorsement by the 

Norwegian Cause of Death Registry is intended, nor should be inferred. 

 

CONFLICTS OF INTEREST 

None to declare. 



21 
 

REFERENCES 

1. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of 

aging. Cell. 2013;153:1194-1217. doi: 10.1016/j.cell.2013.05.039 

2. Accardi G, Caruso C. Immune-inflammatory responses in the elderly: an update. 

Immunity & ageing : I & A. 2018;15:11. doi: 10.1186/s12979-018-0117-8 

3. Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. Inflammaging: a new 

immune-metabolic viewpoint for age-related diseases. Nature reviews Endocrinology. 

2018;14:576-590. doi: 10.1038/s41574-018-0059-4 

4. Cervenka I, Agudelo LZ, Ruas JL. Kynurenines: Tryptophan's metabolites in exercise, 

inflammation, and mental health. Science. 2017;357. doi: 10.1126/science.aaf9794 

5. Zuo H, Tell GS, Ueland PM, Nygard O, Vollset SE, Midttun O, et al. The PAr index, 

an indicator reflecting altered vitamin B-6 homeostasis, is associated with long-term risk of 

stroke in the general population: the Hordaland Health Study (HUSK). The American journal 

of clinical nutrition. 2018;107:105-112. doi: 10.1093/ajcn/nqx012 

6. Ulvik A, Theofylaktopoulou D, Midttun Ø, Nygård O, Eussen SJPM, Ueland PM. 

Substrate product ratios of enzymes in the kynurenine pathway measured in plasma as 

indicators of functional vitamin B-6 status. The American journal of clinical nutrition. 

2013;98:934-940. doi: 10.3945/ajcn.113.064998 

7. Ulvik A, Midttun Ø, McCann A, Meyer K, Tell G, Nygård O, et al. Tryptophan 

catabolites as metabolic markers of vitamin B-6 status evaluated in cohorts of healthy adults 

and cardiovascular patients. The American journal of clinical nutrition. 2020;111:178-186. doi: 

10.1093/ajcn/nqz228 

8. Theofylaktopoulou D, Ulvik A, Midttun O, Ueland PM, Vollset SE, Nygard O, et al. 

Vitamins B2 and B6 as determinants of kynurenines and related markers of interferon-gamma-



22 
 

mediated immune activation in the community-based Hordaland Health Study. The British 

journal of nutrition. 2014;112:1065-1072. doi: 10.1017/S0007114514001858 

9. Milne RL, Fletcher AS, MacInnis RJ, Hodge AM, Hopkins AH, Bassett JK, et al. 

Cohort Profile: The Melbourne Collaborative Cohort Study (Health 2020). International 

journal of epidemiology. 2017;46:1757-1757i. doi: 10.1093/ije/dyx085 

10. Giles GG, English DR. The Melbourne Collaborative Cohort Study. IARC scientific 

publications. 2002;156:69-70. 

11. Midttun Ø, Hustad S, Ueland PM. Quantitative profiling of biomarkers related to B‐

vitamin status, tryptophan metabolism and inflammation in human plasma by liquid 

chromatography/tandem mass spectrometry. Rapid Communications in Mass Spectrometry. 

2009;23:1371-1379. doi: 10.1002/rcm.4013 

12. Gao J, Meyer K, Borucki K, Ueland PM. Multiplex immuno-MALDI-TOF MS for 

targeted quantification of protein biomarkers and their proteoforms related to inflammation and 

renal dysfunction. Analytical chemistry. 2018;90:3366-3373. doi: 

10.1021/acs.analchem.7b04975 

13. Midttun Ø, Townsend MK, Nygård O, Tworoger SS, Brennan P, Johansson M, et al. 

Most blood biomarkers related to vitamin status, one-carbon metabolism, and the kynurenine 

pathway show adequate preanalytical stability and within-person reproducibility to allow 

assessment of exposure or nutritional status in healthy women and cardiovascular patients. The 

Journal of nutrition. 2014;144:784-790. doi: 10.3945/jn.113.189738 

14. Cope EL, Shrubsole MJ, Cohen SS, Cai Q, Wu J, Ueland PM, et al. Intraindividual 

variation in one-carbon metabolism plasma biomarkers. Cancer Epidemiology and Prevention 

Biomarkers. 2013;22:1894-1899. doi: 10.1158/1055-9965.EPI-13-0420 

15. Midttun O, Theofylaktopoulou D, McCann A, Fanidi A, Muller DC, Meyer K, et al. 

Circulating concentrations of biomarkers and metabolites related to vitamin status, one-carbon 



23 
 

and the kynurenine pathways in US, Nordic, Asian, and Australian populations. The American 

journal of clinical nutrition. 2017;105:1314-1326. doi: 10.3945/ajcn.116.15124 

16. Schröcksnadel K, Wirleitner B, Winkler C, Fuchs D. Monitoring tryptophan 

metabolism in chronic immune activation. Clinica Chimica Acta. 2006;364:82-90. doi: 

10.1016/j.cca.2005.06.013 

17. Ulvik A, Midttun O, Pedersen ER, Eussen SJ, Nygard O, Ueland PM. Evidence for 

increased catabolism of vitamin B-6 during systemic inflammation. The American journal of 

clinical nutrition. 2014;100:250-255. doi: 10.3945/ajcn.114.083196 

18. Ueland PM, Ulvik A, Rios-Avila L, Midttun O, Gregory JF. Direct and Functional 

Biomarkers of Vitamin B6 Status. Annual review of nutrition. 2015;35:33-70. doi: 

10.1146/annurev-nutr-071714-034330 

19. Zuo H, Ueland PM, Eussen SJ, Tell GS, Vollset SE, Nygard O, et al. Markers of vitamin 

B6 status and metabolism as predictors of incident cancer: the Hordaland Health Study. 

International journal of cancer Journal international du cancer. 2015;136:2932-2939. doi: 

10.1002/ijc.29345 

20. Thiebaut AC, Benichou J. Choice of time-scale in Cox's model analysis of 

epidemiologic cohort data: a simulation study. Statistics in medicine. 2004;23:3803-3820. doi: 

10.1002/sim.2098 

21. Friedman J, Hastie T, Tibshirani R. Regularization Paths for Generalized Linear 

Models via Coordinate Descent. J Stat Softw. 2010;33:1-22. doi: 10.18637/jss.v033.i01 

22. Hastie T, Tibshirani R, Friedman J. The elements of statistical learning: prediction, 

inference and data mining. Springer-Verlag, New York. 2009. doi: 10.1007/978-0-387-84858- 

7 



24 
 

23. Vikse B, Vollset S, Tell G, Refsum H, Iversen B. Distribution and determinants of 

serum creatinine in the general population: the Hordaland Health Study. Scandinavian journal 

of clinical and laboratory investigation. 2004;64:709-722. doi: 10.1080/00365510410003057 

24. Refsum H, Nurk E, Smith AD, Ueland PM, Gjesdal CG, Bjelland I, et al. The 

Hordaland Homocysteine Study: a community-based study of homocysteine, its determinants, 

and associations with disease. The Journal of nutrition. 2006;136:1731S-1740S. doi: 

10.1093/jn/136.6.1731S 

25. Zuo H, Ueland PM, Ulvik A, Eussen SJ, Vollset SE, Nygard O, et al. Plasma 

Biomarkers of Inflammation, the Kynurenine Pathway, and Risks of All-Cause, Cancer, and 

Cardiovascular Disease Mortality: The Hordaland Health Study. American journal of 

epidemiology. 2016;183:249-258. 

26. Dugué PA, Bassett JK, Joo JE, Baglietto L, Jung CH, Wong EM, et al. Association of 

DNA Methylation-Based Biological Age With Health Risk Factors and Overall and Cause-

Specific Mortality. American journal of epidemiology. 2018;187:529-538. doi: 

10.1093/aje/kwv242 

27. Dugué P-A, Li S, Hopper JL, Milne RL. Chapter 3 - DNA Methylation–Based 

Measures of Biological Aging. In: Tollefsbol TO, ed. Epigenetics in Human Disease (Second 

Edition). London: Academic Press; 2018:39-64. doi: 10.1016/B978-0-12-812215-0.00003-0 

28. Chen BH, Marioni RE, Colicino E, Peters MJ, Ward-Caviness CK, Tsai PC, et al. DNA 

methylation-based measures of biological age: meta-analysis predicting time to death. Aging. 

2016;8:1844-1865. doi: 10.18632/aging.101020 

29. Levine ME, Lu AT, Quach A, Chen BH, Assimes TL, Bandinelli S, et al. An epigenetic 

biomarker of aging for lifespan and healthspan. Aging. 2018;10:573-591. doi: 

10.18632/aging.101414 



25 
 

30. Zhang C, Chen X, Li L, Zhou Y, Wang C, Hou S. The Association between Telomere 

Length and Cancer Prognosis: Evidence from a Meta-Analysis. PloS one. 2015;10:e0133174. 

doi: 10.1371/journal.pone.0133174 

31. Sebastiani P, Thyagarajan B, Sun F, Schupf N, Newman AB, Montano M, et al. 

Biomarker signatures of aging. Aging cell. 2017;16:329-338. doi: 10.1111/acel.12557 

32. Lu Y, Monaco G, Camous X, Andiappan AK, Rotzschke O, Ng TP, et al. Biomarker 

signatures predicting 10-year all-cause and disease-specific mortality. The Journals of 

Gerontology: Series A. 2019;74:469-479. doi: 10.1093/gerona/gly138. 

33. Dugué PA, Bassett JK, Wong EM, Joo JE, Li S, Yu C, et al. Biological Aging Measures 

Based on Blood DNA Methylation and Risk of Cancer: A Prospective Study. JNCI Cancer 

Spectr. 2021;5:pkaa109. doi: 10.1093/jncics/pkaa109 

34. McCrory C, Fiorito G, Hernandez B, Polidoro S, O’Halloran AM, Hever A, et al. 

GrimAge outperforms other epigenetic clocks in the prediction of age-related clinical 

phenotypes and all-cause mortality. The Journals of Gerontology: Series A. 2021;76:741-749. 

doi: 10.1093/gerona/glaa286 

35. Robinson O, Chadeau Hyam M, Karaman I, Climaco Pinto R, Ala-Korpela M, 

Handakas E, et al. Determinants of accelerated metabolomic and epigenetic aging in a UK 

cohort. Aging cell. 2020;19:e13149. doi: 10.1111/acel.13149  

36. Nash SD, Cruickshanks KJ, Klein R, Klein BE, Nieto FJ, Chappell R, et al. Long-term 

variability of inflammatory markers and associated factors in a population-based cohort. 

Journal of the American Geriatrics Society. 2013;61:1269-1276. doi: 10.1093/gerona/gly138 

37. Parker D, Sloane R, Pieper CF, Hall KS, Kraus VB, Kraus WE, et al. Age-Related 

Adverse Inflammatory and Metabolic Changes Begin Early in Adulthood. The journals of 

gerontology Series A, Biological sciences and medical sciences. 2019;74:283-289. doi: 

10.1093/gerona/gly121 



26 
 

38. Forsey R, Thompson J, Ernerudh J, Hurst T, Strindhall J, Johansson B, et al. Plasma 

cytokine profiles in elderly humans. Mechanisms of ageing and development. 2003;124:487-

493. doi: 10.1016/s0047-6374(03)00025-3 

39. Álvarez-Rodríguez L, López-Hoyos M, Muñoz-Cacho P, Martínez-Taboada VM. 

Aging is associated with circulating cytokine dysregulation. Cellular immunology. 

2012;273:124-132. doi: 10.1016/j.cellimm.2012.01.001 

40. Pertovaara M, Raitala A, Lehtimäki T, Karhunen P, Oja S, Jylhä M, et al. Indoleamine 

2, 3-dioxygenase activity in nonagenarians is markedly increased and predicts mortality. 

Mechanisms of ageing and development. 2006;127:497-499. doi: 10.1016/j.mad.2006.01.020 

41. Alley DE, Crimmins E, Bandeen-Roche K, Guralnik J, Ferrucci L. Three-year change 

in inflammatory markers in elderly people and mortality: the Invecchiare in Chianti study. 

Journal of the American Geriatrics Society. 2007;55:1801-1807. doi: 10.1111/j.1532- 

5415.2007.01390.x 

42. Kizer JR, Arnold AM, Jenny NS, Cushman M, Strotmeyer ES, Ives DG, et al. 

Longitudinal changes in adiponectin and inflammatory markers and relation to survival in the 

oldest old: the Cardiovascular Health Study All Stars study. The journals of gerontology Series 

A, Biological sciences and medical sciences. 2011;66:1100-1107. doi: 10.1093/gerona/glr098 

43. Striz I, Trebichavsky I. Calprotectin - a pleiotropic molecule in acute and chronic 

inflammation. Physiological research. 2004;53:245-253. 

44. Sack GH. Serum amyloid A–a review. Molecular Medicine. 2018;24:1-27. doi: 

10.1186/s10020-018-0047-0 

45. De Buck M, Gouwy M, Wang JM, Van Snick J, Proost P, Struyf S, et al. The cytokine-

serum amyloid A-chemokine network. Cytokine Growth Factor Rev. 2016;30:55-69. doi: 

10.1016/j.cytogfr.2015.12.010 



27 
 

46. Zhu M, Du J, Liu AD, Holmberg L, Chen SY, Bu D, et al. L-cystathionine inhibits 

oxidized low density lipoprotein-induced THP-1-derived macrophage inflammatory cytokine 

monocyte chemoattractant protein-1 generation via the NF-κB pathway. Scientific reports. 

2015;5:10453. doi: 10.1038/srep10453 

47. Frost-Meyer NJ, Logomarsino JV. Impact of coffee components on inflammatory 

markers: A review. Journal of functional foods. 2012;4:819-830. doi: 

10.1016/j.jff.2012.05.010 

48. Midttun O, Ulvik A, Nygard O, Ueland PM. Performance of plasma trigonelline as a 

marker of coffee consumption in an epidemiologic setting. The American journal of clinical 

nutrition. 2018;107:941-947. doi: 10.1093/ajcn/nqy059 

49. Abbenhardt C, Miller JW, Song X, Brown EC, Cheng TY, Wener MH, et al. 

Biomarkers of one-carbon metabolism are associated with biomarkers of inflammation in 

women. The Journal of nutrition. 2014;144:714-721. doi: 10.3945/jn.113.183970 

50. Clasen JL, Heath AK, Van Puyvelde H, Huybrechts I, Park JY, Ferrari P, et al. A 

comparison of complementary measures of vitamin B6 status, function, and metabolism in the 

European Prospective Investigation into Cancer and Nutrition (EPIC) study. The American 

journal of clinical nutrition. 2021. doi: 10.1093/ajcn/nqab045 

51. Ueland PM, McCann A, Midttun O, Ulvik A. Inflammation, vitamin B6 and related 

pathways. Molecular aspects of medicine. 2017;53:10-27. doi: 10.1016/j.mam.2016.08.001 

52. Zuo H, Ueland PM, Midttun O, Tell GS, Fanidi A, Zheng W, et al. Vitamin B6 

catabolism and lung cancer risk: results from the Lung Cancer Cohort Consortium (LC3). 

Annals of oncology : official journal of the European Society for Medical Oncology / ESMO. 

2019;30:478-485. doi: 10.1093/annonc/mdz002. 



28 
 

53. Theofylaktopoulou D, Midttun Ø, Ueland PM, Meyer K, Fanidi A, Zheng W, et al. 

Impaired functional vitamin B6 status is associated with increased risk of lung cancer. 

International journal of cancer. 2018;142:2425-2434. doi: 10.1002/ijc.31215 

54. Chuang SC, Fanidi A, Ueland PM, Relton C, Midttun O, Vollset SE, et al. Circulating 

biomarkers of tryptophan and the kynurenine pathway and lung cancer risk. Cancer 

epidemiology, biomarkers & prevention : a publication of the American Association for Cancer 

Research, cosponsored by the American Society of Preventive Oncology. 2014;23:461-468. 

doi: 10.1158/1055-9965.EPI-13-0770 

55. Ulvik A, Pedersen ER, Svingen GF, McCann A, Midttun O, Nygard O, et al. Vitamin 

B-6 catabolism and long-term mortality risk in patients with coronary artery disease. The 

American journal of clinical nutrition. 2016;103:1417-1425. doi: 10.3945/ajcn.115.126342 

56. Brenner DR, Scherer D, Muir K, Schildkraut J, Boffetta P, Spitz MR, et al. A review 

of the application of inflammatory biomarkers in epidemiologic cancer research. Cancer 

epidemiology, biomarkers & prevention : a publication of the American Association for Cancer 

Research, cosponsored by the American Society of Preventive Oncology. 2014;23:1729-1751. 

doi: 10.1158/1055-9965.EPI-14-0064 

57. Ritchie SC, Würtz P, Nath AP, Abraham G, Havulinna AS, Fearnley LG, et al. The 

biomarker GlycA is associated with chronic inflammation and predicts long-term risk of severe 

infection. Cell systems. 2015;1:293-301. doi: 10.1016/j.cels.2015.09.007 

58. Deelen J, Kettunen J, Fischer K, van der Spek A, Trompet S, Kastenmüller G, et al. A 

metabolic profile of all-cause mortality risk identified in an observational study of 44,168 

individuals. Nature communications. 2019;10:3346. doi: 10.1038/s41467-019-11311-9 

 

  



29 
 

Table 1. Study sample characteristics, baseline and follow-up; Melbourne Collaborative Cohort Study 

Abbreviations: Kyn: kynurenine; Trp: tryptophan; PA: 4-pyridoxic acid; PL: pyridoxal; PLP: 

pyridoxal 5'-phosphate; HK: 3-hydroxykynurenine; XA: xanthurenic acid; KA: kynurenic acid; AA: 

Anthranilic acid; HAA: 3-Hydroxyanthranilic acid

 
Baseline 

(1990-1994) 

Follow-up 

(2003-2007) 

Complete at 

baseline / F-up 

 Spearman 

correlation 

Demographics 976 976    

Women 307 (31.5) 307 (31.5)    

Country of birth Aust/NZ/Other 753 (77.2) 753 (77.2)    

Country of birth UK/Malta 106 (10.9) 106 (10.9)    

Country of birth Italy 80 (8.2) 80 (8.2)    

Country of birth Greece 37 (3.8) 37 (3.8)    

Age 59 [51, 64] 70 [63, 76]    

One-carbon metabolism pathway      

Thiamine (B1) (nmol/L) 12.7 [10.0, 16.9] 3.80 [2.73, 5.67] 970/972  0.39 

Thiamine monophosphate (B1) (nmol/L) 0.68 [0.00, 1.00] 7.96 [6.41, 9.80] 970/972  0.08 

Riboflavin (B2) (nmol/L) 23.6 [17.3, 34.2] 15.5 [10.1, 24.3] 970/972  0.60 

Flavin mononucleotide (B2) (nmol/L) 5.62 [4.28, 7.79] 13.7 [10.9, 17.4] 970/972  0.32 

Nicotinamide (B3) (nmol/L) 540 [409, 695] 445 [340, 566] 918/948  0.08 

N1-methylnicotinamide (B3) (nmol/L) 155 [106, 220] 152 [114, 201] 970/972  0.25 

Pyridoxal 5'-phosphate (B6) (nmol/L) 37.6 [26.4, 56.8] 47.5 [34.3, 70.0] 970/972  0.53 

Pyridoxal (B6) (nmol/L) 21.6 [16.1, 29.6] 12.2 [8.7, 19.1] 970/972  0.37 

4-Pyridoxic acid (B6) (nmol/L) 22.1 [17.4, 30.3] 25.5 [19.2, 35.8] 970/972  0.41 

Kynurenine pathway      

Tryptophan (µmol/L) 65.9 [59.3, 73.6] 59.4 [51.6, 66.8] 970/972  0.34 

Kynurenine (µmol/L) 1.52 [1.31, 1.78] 1.63 [1.40, 1.93] 970/972  0.51 

3-Hydroxykynurenine (nmol/L) 38.7 [31.2, 46.7] 39.3 [31.8, 49.3] 910/948  0.53 

Kynurenic acid (nmol/L) 48.1 [38.4, 61.0] 53.1 [43.1, 69.5] 970/972  0.50 

Xanthurenic acid (nmol/L) 15.0 [11.4, 20.4] 15.3 [10.9, 20.4] 970/972  0.44 

Anthranilic acid (nmol/L) 20.3 [16.3, 26.7] 16.7 [13.9, 20.6] 918/948  0.39 

3-Hydroxyanthranilic acid (nmol/L) 30.1 [23.0, 38.3] 32.2 [26.0, 41.5] 918/948  0.38 

Picolinic acid (nmol/L) 30.0 [23.7, 39.1] 33.8 [26.4, 44.5] 970/972  0.41 

Quinolinic acid (nmol/L) 378 [315, 468] 447 [360, 589] 970/972  0.61 

Other markers      

Trigonelline (µmol/L) 0.68 [0.33, 1.32] 0.68 [0.39, 1.28] 970/972  0.41 

Neopterin (nmol/L) 10.5 [8.2, 13.6] 10.0 [8.1, 12.6] 918/948  0.46 

Cystathionine (µmol/L) 0.19 [0.14, 0.25] 0.24 [0.17, 0.36] 970/972  0.33 

C-reactive protein (µg/ml) 0.97 [0.41, 2.25] 1.02 [0.43, 2.20] 936/963  0.57 

Cystatin C (µg/ml) 0.87 [0.77, 1.01] 0.97 [0.85, 1.14] 948/970  0.46 

Calprotectin (µg/ml) 1.83 [1.27, 3.15] 0.82 [0.69, 1.07] 947/970  0.26 

Serum amyloid A (µg/ml) 2.33 [1.58, 3.70] 2.36 [1.47, 4.00] 947/970  0.53 

Interleukin 6 (pg/mL) 0.60 [0.43, 0.87] 0.79 [0.56, 1.15] 971/972  0.42 

Interleukin 8 (pg/mL) 12.3 [7.6, 25.3] 4.60 [3.61, 6.25] 971/972  0.09 

Interleukin 10 (pg/mL) 0.24 [0.16, 0.32] 0.24 [0.18, 0.34] 971/972  0.36 

Interleukin 13 (pg/mL) 0.24 [0.24, 0.75] 0.24 [0.00, 0.24] 971/972  0.21 

Interferon gamma (pg/mL) 5.15 [3.76, 7.62] 5.52 [3.81, 8.44] 971/972  0.47 

Tumour necrosis factor alpha (pg/mL) 2.16 [1.53, 2.74] 2.00 [1.42, 2.68] 971/972  0.24 

Derived indices      

PAr index = PA / (PL+PLP) 0.38 [0.30, 0.49] 0.42 [0.32, 0.56] 970/972  0.55 

KTR= Kyn / Trp x100 2.30 [1.99, 2.71] 2.76 [2.39, 3.36] 970/972  0.58 

HK:XA = HK / XA 2.52 [1.95, 3.31] 2.59 [1.96, 3.44] 910/948  0.48 

HKr= HK / (KA+AA+XA+HAA) x 100 32.8 [27.3, 39.3] 32.5 [26.5, 39.0] 910/948  0.51 



 
 

Table 2. Associations between marker scores and all-cause mortality (follow-up levels of blood markers) 
 

 

1 This score was calculated using Lasso regression for all markers showing an association with age. The 10 variables retained in the model were nicotinamide, tryptophan, 

anthranilic acid, quinolinic acid, neopterin, cystatin C, IL-6, IL-8, PAr index, and HK:XA. 
2 This score was calculated as the weighted average of marker values for all markers showing an association with age (N=29), using as weights the regression coefficients of 

their association with age (Supplementary Table 2). 
3 This score was calculated as the weighted average of marker values for all markers showing an association with age (N=17), using as weights the coefficients of their 

association with mortality (log HR) (Supplementary Table 3). 
4 Hazard ratios and 95% confidence intervals (HR, 95%CI) were calculated using Cox proportional hazard models adjusting for age, sex (except in sex-stratified analyses), 

and country of birth. 
5 Effect modification by sex was assessed using a likelihood ratio test comparing models with and without inclusion of interaction terms between sex and each marker scores 

 

 

 

  

 
Total sample 

N=937, N deaths= 307 

 Men 

N=643, N deaths=228 

Women 

N=294, N deaths=79 
 

 HR4 95%CI P 
 

HR4 95%CI HR4 95%CI 
P-

heterogeneity5 

Score 11 

Ten-marker ‘inflammaging’ signature 
1.40 1.24-1.57 2x10-8 

 
1.44 1.26-1.64 1.28 1.01-1.62 0.39 

Score 22 

29 markers associated with age 
1.38 1.23-1.55 4x10-8 

 
1.41 1.24-1.60 1.29 1.02-1.63 0.51 

Score 33 

17 markers associated with mortality 
1.43 1.28-1.60 1x10-10 

 
1.43 1.27-1.62 1.41 1.11-1.80 0.91 



 
 

Table 3. Associations between marker scores and mortality (follow-up levels of blood markers), by length of follow-up and cause of death 

 

 
5-year follow-up 10-year follow-up 

Cancer mortality5 

Up to 31/08/2015 

CVD mortality5 

Up to 31/08/2015 

Other-cause mortality5 

Up to 31/08/2015 

N=937 

N deaths=62 

N=937 

N deaths=151 

N=937 

N deaths=51 

N=937 

N deaths=56 

N=937 

N deaths=67 

 HR4 95%CI HR4 95%CI HR4 95%CI HR4 95%CI HR4 95%CI 

Score 11 

10-marker ‘inflammaging’ signature 
1.58 1.23-2.03 1.57 1.33-1.85 1.30 0.97-1.75 1.55 1.19-2.03 1.51 1.19-1.93 

Score 22 

29 markers associated with age 
1.54 1.21-1.97 1.54 1.32-1.81 1.18 0.88-1.59 1.52 1.17-1.98 1.61 1.27-2.03 

Score 33 

17 markers associated with mortality 
1.54 1.22-1.93 1.60 1.38-1.86 1.27 0.96-1.68 1.60 1.25-2.05 1.62 1.30-2.03 

 

1 This score was calculated using Lasso regression for all markers showing an association with age. The 10 variables retained in the model were nicotinamide, tryptophan, 

anthranilic acid, quinolinic acid, neopterin, cystatin C, IL-6, IL-8, PAr index, and HK:XA. 
2 This score was calculated as the weighted average of marker values for all markers showing an association with age (N=29), using as weights the regression coefficients of 

their association with age (Supplementary Table 2). 
3 This score was calculated as the weighted average of marker values for all markers showing an association with age (N=17), using as weights the coefficients of their 

association with mortality (log HR) (Supplementary Table 3). 
4 Hazard ratios and 95% confidence intervals (HR, 95%CI) were calculated using Cox proportional hazard models adjusting for age, sex, and country of birth. 
5 Causes of death were classified as follows, using the International Classification of Disease version 10: Cancer: ICD-10 from C00 to D49; Cardiovascular disease (CVD): 

ICD-10 from I00 to I99; Other-cause: all other ICD codes, and missing (N=2) 

  



 
 

 

Table 4. Replication of the association between inflammaging signature (seven of ten markers1) and mortality in the Hordaland Health Study 

 

 N N deaths HR2 95%CI 

All participants 6,742 1,425 1.33 1.26-1.41 

Men 2,964 766 1.36 1.25-1.48 

Women 3,778 659 1.30 1.20-1.42 

Follow-up ≤ 5 years 6,742 212 1.62 1.41-1.86 

Follow-up ≤ 10 years 6,742 695 1.39 1.28-1.51 

Cancer mortality3 6,742 499 1.20 1.09-1.33 

CVD mortality3 6,742 405 1.42 1.27-1.58 

Other-cause mortality3 6,742 522 1.40 1.27-1.54 
 

1 cystatin C, IL-6, IL-8 were not measured in the Hordaland Health Study. The same weights as obtained in the MCCS were used to calculate the seven-marker signature. 
2 Hazard ratios and 95% confidence intervals (HR, 95%CI) were calculated using Cox proportional hazard models adjusting for age, sex, and country of birth. 
3 Causes of death were classified as follows, using the International Classification of Disease version 10: Cancer: ICD-10 from C00 to D49; Cardiovascular disease (CVD): 

ICD-10 from I00 to I99; Other-cause: all other ICD codes, and missing 
 

 

 

 

 

 

 

  



 
 

Figure 1. Associations (regression coefficients, 95% confidence intervals1) between 35 blood markers and age in the Melbourne Collaborative 

Cohort Study (N=976) 

 

 

Legend: 
1 Regression coefficients and 95% confidence intervals were calculated using linear regression models, adjusting for sex, and country of birth (N=976) 



 
 

Figure 2. Prospective associations (hazard ratio, 95% confidence interval1) between 35 blood markers and all-cause mortality in the Melbourne 

Collaborative Cohort Study (N=976) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Legend:1 HR (95% CI): hazard ratios and 95% confidence intervals were calculated using Cox proportional hazard models, adjusting for age, sex, and country 

of birth (N=976) 
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pyridoxine, neopterin, cystathionine, 3-hydroxykynurenine, 3-hydroxyanthranilic acid, 
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inflammation and renal dysfunction. Anal Chem. 2018;90:3366-3373. doi: 
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Reference: Midttun O, Ulvik A, Nygard O, Ueland PM. Performance of plasma trigonelline 

as a marker of coffee consumption in an epidemiologic setting. The American journal of 

clinical nutrition. 2018;107:941-947. 

4) Performance of the platforms for large-scale marker measurement: 

Reference: Midttun et al. Most Blood Biomarkers Related to Vitamin Status, One-Carbon 

Metabolism, and the Kynurenine Pathway Show Adequate Preanalytical Stability and 

Within-Person Reproducibility to Allow Assessment of Exposure or Nutritional Status in 

Healthy Women and Cardiovascular Patients, J Nutr, 2014 

Vitamin B1: Reference: McCann et al. Comparable Performance Characteristics of Plasma 

Thiamine and Erythrocyte Thiamine Diphosphate in Response to Thiamine Fortification in 

Rural Cambodian Women, Nutrients 2017, 9, 676; doi:10.3390/nu9070676 
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Supplementary Table 5. 1000 iterations of the Lasso of age on 29 markers associated with 

age at follow-up 

Marker Selection 

frequency 

Mean 

coefficient 

Final Lasso 

model 

(Intercept) 1000 68.86 68.86 

Thiamine (B1)  8 0.10 
 

Riboflavin (B2) 19 0.07 
 

Nicotinamide (B3)  1000 -1.33 -1.33 

N1-methylnicotinamide (B3)  286 -0.06 
 

Pyridoxal 5'-phosphate 19 -0.33 
 

4-Pyridoxic acid (B6) 5 1.10 
 

Tryptophan  904 -0.22 -0.22 

Kynurenine  0 
  

3-Hydroxykynurenine  4 -0.58 
 

Kynurenic acid 5 0.56 
 

Xanthurenic acid 46 -0.42 
 

Anthranilic acid 983 0.28 0.28 

Quinolinic acid 1000 0.90 0.90 

Trigonelline 0 
  

Neopterin 1000 0.76 0.76 

Cystathionine 701 0.12 
 

C-reactive protein 8 -0.18 
 

Cystatin C 1000 0.65 0.65 

Calprotectin 36 -0.15 
 

Serum amyloid A 4 0.07 
 

Interleukin 6 961 0.09 0.09 

Interleukin 8 813 0.19 0.19 

Interleukin 10 5 0.10 
 

Interferon gamma 14 -0.15 
 

Tumour necrosis factor alpha 66 0.05 
 

PAr 998 0.63 0.63 

KTR 192 0.05 
 

HKXAr 994 0.76 0.76 

HKr 40 0.35 
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Supplementary Figure 1. Study flowchart. N=976 participants with plasma sample available 

at baseline (1990-1994) and follow-up (2003-2007). 
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N=41,513 participants in the Melbourne 

Collaborative Cohort Study.1  

N=1,100 participants selected for study of 

longitudinal methylation changes (blood 

samples available at baseline and follow-

up).1-3 

N=976 participants with plasma samples 

available at baseline and follow-up. The 

participants’ socioeconomic status range 

was maximised. 

N=937 participants with complete data at 

follow-up for calculation of inflammaging 

signature and its association with mortality. 
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Supplementary Figure 2. Distribution of log-transformed values of 35 blood markers in the Melbourne Collaborative Cohort Study at baseline (1990-1994) 

and follow-up (2003-2007)
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Supplementary Figure 3. Spearman rank correlations between 35 blood markers in the Melbourne Collaborative Cohort Study at baseline (1990-1994) and 

follow-up (2003-2007) 

 

 

 



Supplementary Table 1. Individual associations of measures and derived blood markers (both time points combined) with age, sex, and country of birth in the Melbourne Collaborative Cohort Study

Age Sex UK vs Aus born Italy vs Aus born Greece vs Aus born

One-carbon metabolism pathway Coef 95% CI P Coef 95% CI P Coef 95% CI P Coef 95% CI P Coef 95% CI P

Thiamine (B1) (nmol/L) 0.005-0.001; 0.012 9.9E-02 0.4320.323; 0.541 8.7E-15 -0.042-0.206; 0.122 6.1E-01 -0.285-0.471; -0.1 2.6E-03 -0.511-0.776; -0.245 1.6E-04

Thiamine monophosphate (B1) (nmol/L) -0.008-0.014; -0.003 4.5E-03 0.3560.258; 0.455 1.4E-12 -0.023-0.171; 0.125 7.6E-01 -0.045-0.212; 0.123 6.0E-01 -0.110-0.349; 0.13 3.7E-01

Riboflavin (B2) (nmol/L) 0.0080.001; 0.015 2.4E-02 0.103-0.019; 0.226 9.8E-02 0.1880.004; 0.371 4.5E-02 -0.415-0.623; -0.207 9.1E-05 -0.255-0.553; 0.042 9.3E-02

Flavin mononucleotide (B2) (nmol/L) -0.008-0.014; -0.001 2.6E-02 0.079-0.035; 0.192 1.8E-01 0.1950.024; 0.366 2.6E-02 -0.494-0.688; -0.3 5.8E-07 -0.121-0.398; 0.157 3.9E-01

Nicotinamide (B3) (nmol/L) -0.011-0.017; -0.005 1.8E-04 -0.082-0.181; 0.017 1.0E-01 -0.016-0.164; 0.131 8.3E-01 -0.401-0.569; -0.234 2.6E-06 -0.281-0.535; -0.026 3.1E-02

N1-methylnicotinamide (B3) (nmol/L) -0.007-0.014; -0.001 2.0E-02 0.032-0.075; 0.138 5.6E-01 -0.117-0.278; 0.043 1.5E-01 -0.194-0.375; -0.012 3.6E-02 -0.596-0.856; -0.337 6.6E-06

Pyridoxal 5'-phosphate (B6) (nmol/L) -0.011-0.018; -0.004 1.2E-03 -0.012-0.128; 0.104 8.4E-01 -0.044-0.218; 0.131 6.2E-01 -0.200-0.398; -0.003 4.7E-02 -0.428-0.711; -0.145 3.0E-03

Pyridoxal (B6) (nmol/L) -0.001-0.008; 0.005 6.9E-01 -0.019-0.13; 0.092 7.3E-01 -0.108-0.275; 0.058 2.0E-01 -0.346-0.535; -0.157 3.3E-04 -0.363-0.633; -0.093 8.5E-03

4-Pyridoxic acid (B6) (nmol/L) 0.0130.006; 0.019 8.9E-05 -0.002-0.113; 0.109 9.7E-01 -0.079-0.246; 0.088 3.6E-01 -0.327-0.517; -0.138 7.1E-04 -0.564-0.835; -0.292 4.6E-05

Kynurenine pathway

Tryptophan (µmol/L) -0.015-0.021; -0.009 3.2E-07 -0.613-0.713; -0.513 2.8E-33 0.067-0.083; 0.217 3.8E-01 0.4790.308; 0.649 3.5E-08 0.131-0.113; 0.374 2.9E-01

Kynurenine (µmol/L) 0.0340.027; 0.04 6.3E-25 -0.299-0.41; -0.189 1.1E-07 0.035-0.13; 0.201 6.8E-01 0.2450.057; 0.433 1.1E-02 -0.200-0.469; 0.068 1.4E-01

3-Hydroxykynurenine (nmol/L) 0.0260.019; 0.033 3.4E-14 -0.037-0.153; 0.079 5.3E-01 0.041-0.133; 0.215 6.4E-01 0.3290.133; 0.525 1.0E-03 -0.134-0.429; 0.161 3.7E-01

Kynurenic acid (nmol/L) 0.0170.011; 0.024 1.3E-07 -0.514-0.626; -0.403 1.9E-19 0.040-0.127; 0.208 6.4E-01 -0.149-0.339; 0.041 1.2E-01 -0.452-0.724; -0.18 1.1E-03

Xanthurenic acid (nmol/L) -0.007 -0.013; 0 4.3E-02 -0.525-0.635; -0.415 7.3E-21 0.2060.041; 0.371 1.4E-02 0.122-0.065; 0.308 2.0E-01 -0.529-0.796; -0.261 1.1E-04

Anthranilic acid (nmol/L) 0.0220.016; 0.028 1.7E-11 -0.196-0.306; -0.086 4.9E-04 -0.073-0.238; 0.091 3.8E-01 -0.376-0.562; -0.19 7.5E-05 -0.404-0.684; -0.123 4.8E-03

3-Hydroxyanthranilic acid (nmol/L) 0.001-0.005; 0.008 6.9E-01 -0.425-0.533; -0.316 1.5E-14 0.032-0.13; 0.194 7.0E-01 0.2660.083; 0.449 4.5E-03 -0.097-0.373; 0.18 4.9E-01

Picolinic acid (nmol/L) 0.006 0; 0.012 6.3E-02 -0.600-0.707; -0.493 6.7E-28 0.074-0.087; 0.236 3.7E-01 -0.004-0.187; 0.179 9.6E-01 -0.197-0.459; 0.064 1.4E-01

Quinolinic acid (nmol/L) 0.0440.037; 0.05 1.3E-38 0.025-0.088; 0.138 6.7E-01 -0.001-0.171; 0.17 9.9E-01 -0.013-0.206; 0.18 9.0E-01 -0.344-0.62; -0.068 1.4E-02

Other markers

Trigonelline (µmol/L) 0.0080.002; 0.015 1.0E-02 0.1160.005; 0.227 4.1E-02 0.084-0.083; 0.251 3.2E-01 0.4560.267; 0.645 2.2E-06 0.225-0.045; 0.496 1.0E-01

Neopterin (nmol/L) 0.0390.032; 0.045 1.4E-31 -0.165-0.276; -0.054 3.7E-03 -0.045-0.211; 0.122 6.0E-01 0.095-0.093; 0.283 3.2E-01 -0.158-0.441; 0.124 2.7E-01

Cystathionine (µmol/L) 0.0230.017; 0.029 4.3E-13 -0.130-0.237; -0.024 1.7E-02 0.103-0.057; 0.263 2.1E-01 -0.060-0.242; 0.121 5.1E-01 -0.159 -0.419; 0.1 2.3E-01

C-reactive protein (µg/ml) 0.0200.013; 0.026 6.3E-09 0.105 -0.01; 0.22 7.4E-02 -0.002-0.175; 0.171 9.8E-01 0.5180.322; 0.713 2.1E-07 0.3240.045; 0.604 2.3E-02

Cystatin C (µg/ml) 0.0400.033; 0.046 7.0E-36 -0.196-0.303; -0.089 3.3E-04 -0.093-0.254; 0.068 2.6E-01 -0.109-0.292; 0.073 2.4E-01 -0.143-0.403; 0.118 2.8E-01

Calprotectin (µg/ml) 0.0160.009; 0.022 9.8E-07 0.026-0.081; 0.132 6.4E-01 0.023-0.138; 0.183 7.8E-01 0.072-0.11; 0.254 4.4E-01 0.010 -0.25; 0.27 9.4E-01

Serum amyloid A (µg/ml) 0.0200.014; 0.026 1.2E-09 0.3270.216; 0.438 7.4E-09 0.018-0.148; 0.184 8.3E-01 0.4040.215; 0.593 2.8E-05 0.2780.008; 0.548 4.4E-02

Interleukin 6 (pg/mL) 0.0270.02; 0.033 1.3E-16 0.009 -0.1; 0.118 8.7E-01 -0.082-0.245; 0.081 3.3E-01 0.166-0.019; 0.352 7.9E-02 0.2970.032; 0.561 2.8E-02

Interleukin 8 (pg/mL) 0.0170.011; 0.023 3.5E-09 0.1170.02; 0.213 1.8E-02 0.084-0.062; 0.229 2.6E-01 -0.352-0.518; -0.187 2.9E-05 -0.266-0.502; -0.031 2.7E-02

Interleukin 10 (pg/mL) 0.0110.004; 0.017 1.0E-03 -0.052-0.162; 0.059 3.6E-01 -0.005-0.171; 0.161 9.5E-01 0.033-0.156; 0.222 7.3E-01 -0.032-0.301; 0.237 8.2E-01

Interferon gamma (pg/mL) 0.0150.008; 0.021 6.4E-06 0.2630.152; 0.373 3.3E-06 0.089-0.077; 0.255 2.9E-01 0.128-0.06; 0.317 1.8E-01 -0.187-0.456; 0.082 1.7E-01

Tumour necrosis factor alpha (pg/mL) 0.0250.019; 0.031 2.0E-16 -0.102-0.205; 0.001 5.3E-02 -0.014-0.169; 0.141 8.6E-01 -0.038-0.214; 0.138 6.7E-01 0.008-0.243; 0.259 9.5E-01

Derived markers

KTr = Kyn / Trp 0.0380.031; 0.044 6.3E-30 0.000-0.112; 0.112 1.0E+00 0.002-0.167; 0.17 9.8E-01 -0.149-0.34; 0.042 1.3E-01 -0.234-0.507; 0.039 9.3E-02

PAr index = PA / (PL+PLP) 0.0420.036; 0.049 4.6E-38 0.1800.07; 0.291 1.4E-03 -0.005-0.172; 0.161 9.5E-01 -0.140-0.328; 0.049 1.5E-01 -0.286-0.556; -0.016 3.8E-02

HK:XA = HK / XA 0.0280.022; 0.034 2.6E-18 0.5510.444; 0.658 5.1E-24 -0.189-0.349; -0.028 2.1E-02 0.150-0.031; 0.331 1.0E-01 0.5380.264; 0.811 1.2E-04

HKr= HK / (KA+AA+XA+HAA) 0.0180.012; 0.024 5.2E-08 0.5020.39; 0.613 1.0E-18 -0.032-0.199; 0.135 7.1E-01 0.388 0.2; 0.576 5.4E-05 0.271-0.013; 0.555 6.2E-02

Baseline and follow-up measures were included together in same model, using robust standard errors to account for correlations between participants’ repeated measures. 

These models were mutually adjusted for age, sex and country of birth (Australia/New-Zealand/other, UK, Italy, Greece). 

In blue: 29 markers associated with age at P<0.05, used to calculate a marker score (weighted average using coefficients as weights)



Supplementary Table 2. Individual associations of measures and derived blood markers (at follow-up) with age, sex, and country of birth in the Melbourne Collaborative Cohort Study

Age Sex UK vs Aus born Italy vs Aus born Greece vs Aus born

One-carbon metabolism pathway Coef 95% CI P Coef 95% CI P Coef 95% CI P Coef 95% CI P Coef 95% CI P

Thiamine (B1) (nmol/L) 0.0110.004; 0.019 3.5E-03 0.4040.273; 0.536 2.6E-09 -0.052 -0.25; 0.146 6.0E-01 -0.294-0.518; -0.07 1.0E-02 -0.630-0.951; -0.309 1.3E-04

Thiamine monophosphate (B1) (nmol/L) -0.001-0.009; 0.006 7.4E-01 0.482 0.35; 0.614 1.8E-12 -0.067-0.266; 0.132 5.1E-01 -0.154-0.379; 0.071 1.8E-01 -0.350-0.672; -0.028 3.4E-02

Riboflavin (B2) (nmol/L) 0.0100.002; 0.017 1.7E-02 0.102-0.033; 0.237 1.4E-01 0.199-0.004; 0.401 5.4E-02 -0.350-0.579; -0.121 2.8E-03 -0.286-0.614; 0.042 8.8E-02

Flavin mononucleotide (B2) (nmol/L) -0.002 -0.01; 0.005 5.6E-01 0.1360.003; 0.269 4.5E-02 0.2110.011; 0.411 3.9E-02 -0.614-0.84; -0.387 1.3E-07 -0.482-0.806; -0.158 3.7E-03

Nicotinamide (B3) (nmol/L) -0.034-0.042; -0.027 3.6E-18 -0.098-0.229; 0.033 1.4E-01 -0.019-0.216; 0.178 8.5E-01 -0.376-0.596; -0.156 8.5E-04 -0.614-0.951; -0.276 3.8E-04

N1-methylnicotinamide (B3) (nmol/L) -0.019-0.026; -0.011 2.2E-06 -0.059-0.191; 0.074 3.9E-01 -0.070 -0.269; 0.13 4.9E-01 -0.253-0.479; -0.028 2.8E-02 -0.831-1.154; -0.508 5.7E-07

Pyridoxal 5'-phosphate (B6) (nmol/L) -0.018-0.026; -0.01 5.8E-06 -0.003-0.137; 0.131 9.7E-01 -0.089 -0.29; 0.113 3.9E-01 -0.205-0.433; 0.023 7.8E-02 -0.571-0.897; -0.245 6.2E-04

Pyridoxal (B6) (nmol/L) -0.005-0.012; 0.003 2.6E-01 -0.083-0.218; 0.052 2.3E-01 -0.111-0.314; 0.092 2.8E-01 -0.328-0.558; -0.098 5.4E-03 -0.409-0.739; -0.08 1.5E-02

4-Pyridoxic acid (B6) (nmol/L) 0.0090.001; 0.016 3.1E-02 -0.080-0.214; 0.055 2.5E-01 -0.075-0.278; 0.127 4.7E-01 -0.275-0.504; -0.046 1.9E-02 -0.661-0.99; -0.333 8.4E-05

Kynurenine pathway

Tryptophan (µmol/L) -0.023-0.03; -0.016 2.3E-09 -0.521-0.65; -0.392 6.3E-15 0.003-0.191; 0.196 9.8E-01 0.4660.247; 0.685 3.3E-05 0.124 -0.19; 0.437 4.4E-01

Kynurenine (µmol/L) 0.0300.023; 0.038 1.5E-14 -0.269-0.399; -0.139 5.6E-05 0.022-0.173; 0.218 8.2E-01 0.348 0.126; 0.57 2.1E-03 -0.044-0.362; 0.273 7.9E-01

3-Hydroxykynurenine (nmol/L) 0.032 0.024; 0.04 1.3E-15 -0.027 -0.16; 0.106 6.9E-01 0.039-0.161; 0.239 7.0E-01 0.2580.034; 0.482 2.4E-02 -0.097 -0.44; 0.246 5.8E-01

Kynurenic acid (nmol/L) 0.0170.009; 0.025 1.8E-05 -0.439-0.57; -0.307 1.1E-10 0.081-0.117; 0.279 4.2E-01 -0.090-0.314; 0.134 4.3E-01 -0.477-0.799; -0.156 3.6E-03

Xanthurenic acid (nmol/L) -0.010-0.018; -0.002 1.1E-02 -0.488-0.62; -0.356 7.8E-13 0.192 -0.005; 0.39 5.7E-02 0.149-0.075; 0.373 1.9E-01 -0.445-0.766; -0.124 6.7E-03

Anthranilic acid (nmol/L) 0.0330.025; 0.041 1.0E-16 -0.164-0.296; -0.032 1.5E-02 -0.079-0.278; 0.119 4.3E-01 -0.339-0.561; -0.117 2.8E-03 -0.463-0.803; -0.122 8.0E-03

3-Hydroxyanthranilic acid (nmol/L) -0.005-0.013; 0.002 1.8E-01 -0.482-0.616; -0.348 3.5E-12 0.077-0.124; 0.279 4.5E-01 0.3140.089; 0.539 6.3E-03 -0.116-0.461; 0.229 5.1E-01

Picolinic acid (nmol/L) 0.006-0.002; 0.014 1.3E-01 -0.565-0.696; -0.433 1.3E-16 0.046-0.152; 0.243 6.5E-01 -0.038-0.262; 0.185 7.4E-01 -0.103-0.423; 0.217 5.3E-01

Quinolinic acid (nmol/L) 0.0460.038; 0.053 7.5E-32 0.042-0.084; 0.169 5.1E-01 -0.017-0.207; 0.174 8.6E-01 0.044-0.172; 0.259 6.9E-01 -0.322-0.63; -0.013 4.1E-02

Other markers

Trigonelline (µmol/L) 0.0130.005; 0.021 8.2E-04 0.110-0.023; 0.243 1.0E-01 0.015-0.184; 0.214 8.8E-01 0.6680.442; 0.893 9.0E-09 0.4790.156; 0.802 3.7E-03

Neopterin (nmol/L) 0.0460.039; 0.054 2.1E-32 -0.068 -0.196; 0.06 3.0E-01 -0.046-0.238; 0.147 6.4E-01 0.161-0.054; 0.376 1.4E-01 -0.008-0.337; 0.322 9.6E-01

Cystathionine (µmol/L) 0.0210.014; 0.029 9.1E-08 -0.022-0.156; 0.113 7.5E-01 0.091-0.111; 0.292 3.8E-01 0.004-0.225; 0.232 9.7E-01 -0.025-0.352; 0.302 8.8E-01

C-reactive protein (µg/ml) 0.0170.009; 0.025 1.5E-05 0.096-0.038; 0.229 1.6E-01 -0.042-0.242; 0.158 6.8E-01 0.502 0.275; 0.73 1.7E-05 0.5200.196; 0.844 1.7E-03

Cystatin C (µg/ml) 0.0440.036; 0.051 3.4E-29 -0.196-0.323; -0.068 2.7E-03 -0.089 -0.28; 0.102 3.6E-01 0.073-0.143; 0.289 5.1E-01 -0.168-0.478; 0.141 2.9E-01

Calprotectin (µg/ml) 0.0170.009; 0.025 2.2E-05 0.111-0.023; 0.246 1.0E-01 0.066-0.136; 0.268 5.2E-01 0.3730.145; 0.602 1.4E-03 -0.004-0.331; 0.323 9.8E-01

Serum amyloid A (µg/ml) 0.0190.012; 0.027 8.6E-07 0.3550.223; 0.488 1.9E-07 0.051 -0.148; 0.25 6.2E-01 0.3070.082; 0.532 7.7E-03 0.316-0.006; 0.639 5.5E-02

Interleukin 6 (pg/mL) 0.0300.022; 0.037 7.8E-14 0.021-0.111; 0.153 7.5E-01 -0.123-0.321; 0.075 2.2E-01 0.181-0.044; 0.407 1.2E-01 0.3340.012; 0.655 4.2E-02

Interleukin 8 (pg/mL) 0.0110.003; 0.018 8.7E-03 0.072-0.063; 0.208 3.0E-01 0.073 -0.13; 0.277 4.8E-01 -0.200-0.432; 0.032 9.1E-02 -0.229-0.559; 0.101 1.7E-01

Interleukin 10 (pg/mL) 0.0130.005; 0.021 1.2E-03 -0.103-0.239; 0.033 1.4E-01 -0.078-0.282; 0.125 4.5E-01 0.029 -0.203; 0.26 8.1E-01 -0.046-0.376; 0.284 7.9E-01

Interferon gamma (pg/mL) 0.0160.008; 0.023 8.6E-05 0.323 0.19; 0.457 2.5E-06 -0.026-0.227; 0.175 8.0E-01 0.077-0.152; 0.305 5.1E-01 -0.255 -0.58; 0.071 1.3E-01

Tumour necrosis factor alpha (pg/mL) 0.0280.021; 0.036 9.1E-13 -0.147-0.28; -0.015 3.0E-02 -0.030-0.229; 0.169 7.7E-01 -0.058-0.285; 0.168 6.1E-01 -0.087 -0.41; 0.236 6.0E-01

Derived markers

KTr = Kyn / Trp 0.0400.033; 0.048 7.9E-25 -0.138-0.267; -0.009 3.6E-02 0.071-0.123; 0.264 4.7E-01 -0.069 -0.288; 0.15 5.4E-01 -0.188-0.501; 0.126 2.4E-01

PAr index = PA / (PL+PLP) 0.043 0.035; 0.05 1.1E-27 0.1790.051; 0.307 6.1E-03 0.018 -0.174; 0.21 8.5E-01 -0.064-0.282; 0.153 5.6E-01 -0.122 -0.433; 0.19 4.4E-01

HK:XA = HK / XA 0.037 0.03; 0.045 2.1E-22 0.5390.412; 0.666 2.8E-16 -0.159 -0.35; 0.031 1.0E-01 0.082-0.131; 0.295 4.5E-01 0.4600.133; 0.787 5.9E-03

HKr= HK / (KA+AA+XA+HAA) 0.0260.019; 0.034 1.5E-11 0.4880.357; 0.619 5.7E-13 -0.054-0.251; 0.143 5.9E-01 0.2820.062; 0.502 1.2E-02 0.332 -0.005; 0.67 5.4E-02



Supplementary Table 3. Prospective associations between 35 blood markers measured at baseline and follow-up

 and all-cause mortality in the Melbourne Collaborative Cohort Study

Baseline (1990-1994) Follow-up (2003-2007)

One-carbon metabolism pathway N Ndeaths HR 95% CI P N Ndeaths HR 95% CI P

Thiamine (B1) (nmol/L) 970 312 0.93 0.82; 1.05 2.5E-01 972 313 1.15 1.04; 1.29 9.2E-03

Thiamine monophosphate (B1) (nmol/L) 970 312 1.06 0.95; 1.19 2.8E-01 972 313 1.00 0.89; 1.12 9.8E-01

Riboflavin (B2) (nmol/L) 970 312 1.00 0.9; 1.12 9.8E-01 972 313 1.01 0.9; 1.13 8.3E-01

Flavin mononucleotide (B2) (nmol/L) 970 312 0.98 0.88; 1.09 7.2E-01 972 313 1.02 0.91; 1.14 7.5E-01

Nicotinamide (B3) (nmol/L) 918 297 1.01 0.9; 1.14 8.6E-01 948 309 0.89 0.79; 1 4.5E-02

N1-methylnicotinamide (B3) (nmol/L) 970 312 0.90 0.8; 1.01 6.8E-02 972 313 0.90 0.81; 1.01 8.6E-02

Pyridoxal 5'-phosphate (B6) (nmol/L) 970 312 0.99 0.88; 1.12 8.8E-01 972 313 0.96 0.85; 1.09 5.6E-01

Pyridoxal (B6) (nmol/L) 970 312 1.01 0.9; 1.14 8.6E-01 972 313 1.03 0.92; 1.16 5.9E-01

4-Pyridoxic acid (B6) (nmol/L) 970 312 1.07 0.96; 1.19 2.4E-01 972 313 1.12 1; 1.25 4.3E-02

Kynurenine pathway

Tryptophan (µmol/L) 970 312 0.93 0.83; 1.05 2.6E-01 972 313 0.86 0.78; 0.96 8.7E-03

Kynurenine (µmol/L) 970 312 1.01 0.9; 1.13 8.3E-01 972 313 1.07 0.95; 1.2 2.5E-01

3-Hydroxykynurenine (nmol/L) 910 292 1.03 0.91; 1.16 6.6E-01 948 309 1.14 1.02; 1.28 2.3E-02

Kynurenic acid (nmol/L) 970 312 1.01 0.9; 1.14 8.2E-01 972 313 1.11 0.99; 1.24 6.7E-02

Xanthurenic acid (nmol/L) 970 312 1.01 0.9; 1.14 8.0E-01 972 313 0.98 0.87; 1.1 6.9E-01

Anthranilic acid (nmol/L) 918 297 0.96 0.84; 1.09 5.4E-01 948 309 1.15 1.02; 1.29 2.5E-02

3-Hydroxyanthranilic acid (nmol/L) 918 297 1.07 0.95; 1.21 2.8E-01 948 309 1.13 1; 1.27 5.5E-02

Picolinic acid (nmol/L) 970 312 1.06 0.93; 1.19 3.9E-01 972 313 1.06 0.95; 1.19 2.9E-01

Quinolinic acid (nmol/L) 970 312 1.07 0.96; 1.19 2.5E-01 972 313 1.27 1.14; 1.42 2.8E-05

Other markers

Trigonelline (µmol/L) 970 312 1.08 0.96; 1.2 1.8E-01 972 313 1.04 0.93; 1.16 4.8E-01

Neopterin (nmol/L) 918 297 1.03 0.92; 1.15 6.3E-01 948 309 1.28 1.14; 1.44 3.6E-05

Cystathionine (µmol/L) 970 312 1.07 0.97; 1.19 1.7E-01 972 313 1.08 0.98; 1.19 1.4E-01

C-reactive protein (µg/ml) 936 300 1.15 1.03; 1.28 1.4E-02 963 311 1.26 1.13; 1.39 1.5E-05

Cystatin C (µg/ml) 948 303 0.99 0.88; 1.1 8.3E-01 970 313 1.19 1.07; 1.33 1.7E-03

Calprotectin (µg/ml) 947 303 1.10 0.98; 1.23 9.1E-02 970 313 1.17 1.06; 1.29 2.1E-03

Serum amyloid A (µg/ml) 947 303 1.03 0.92; 1.16 5.7E-01 970 313 1.16 1.04; 1.28 5.2E-03

Interleukin 6 (pg/mL) 971 314 1.21 1.1; 1.33 1.7E-04 972 315 1.33 1.21; 1.46 2.8E-09

Interleukin 8 (pg/mL) 971 314 0.99 0.88; 1.11 8.6E-01 972 315 1.06 0.95; 1.17 3.1E-01

Interleukin 10 (pg/mL) 971 314 0.99 0.89; 1.1 8.7E-01 972 315 1.07 0.96; 1.18 2.2E-01

Interferon gamma (pg/mL) 971 314 1.08 0.97; 1.2 1.9E-01 972 315 1.10 0.99; 1.22 7.2E-02

Tumour necrosis factor alpha (pg/mL) 971 314 0.98 0.88; 1.09 7.2E-01 972 315 1.15 1.03; 1.29 1.4E-02

Derived markers

PAr index = PA / (PL+PLP) 970 312 1.14 1.02; 1.27 2.2E-02 972 313 1.26 1.14; 1.4 1.2E-05

KTr = Kyn / Trp 970 312 1.06 0.95; 1.19 2.8E-01 972 313 1.16 1.05; 1.29 4.9E-03

HK:XA = HK / XA 910 292 1.00 0.88; 1.13 9.7E-01 948 309 1.17 1.04; 1.31 1.0E-02

HKr= HK / (KA+AA+XA+HAA) 910 292 0.98 0.86; 1.11 7.3E-01 948 309 1.02 0.9; 1.15 8.0E-01

Cox proportional hazards regression models were adjusted for age, sex and country of birth (Australia/New-Zealand/other, UK, Italy, Greece). 

In blue: 13 markers associated with mortality at P<0.05, used to calculate a marker score (weighted average using coefficients as weights)

In green: IL-13 was not selected due to many values below the limit of quantification



Supplementary Table 4. Prospective associations between change in 35 blood markers from baseline and follow-up

 and all-cause mortality in the Melbourne Collaborative Cohort Study

Model 1 Model 2

One-carbon metabolism pathway N Ndeaths HR 95% CI P N Ndeaths HR 95% CI P

Thiamine (B1) (nmol/L) 970 312 1.21 1.09; 1.35 4.6E-04 972 313 1.18 1.03; 1.36 1.4E-02

Thiamine monophosphate (B1) (nmol/L) 970 312 0.97 0.89; 1.06 4.6E-01 972 313 0.94 0.84; 1.05 2.9E-01

Riboflavin (B2) (nmol/L) 970 312 1.01 0.89; 1.16 8.6E-01 972 313 1.01 0.87; 1.17 9.1E-01

Flavin mononucleotide (B2) (nmol/L) 970 312 1.04 0.93; 1.16 5.2E-01 972 313 1.04 0.91; 1.18 5.8E-01

Nicotinamide (B3) (nmol/L) 918 297 0.94 0.86; 1.02 1.5E-01 948 309 0.99 0.87; 1.11 8.2E-01

N1-methylnicotinamide (B3) (nmol/L) 970 312 1.00 0.91; 1.10 9.4E-01 972 313 1.09 0.97; 1.23 1.5E-01

Pyridoxal 5'-phosphate (B6) (nmol/L) 970 312 0.98 0.87; 1.10 6.8E-01 972 313 0.99 0.87; 1.13 8.8E-01

Pyridoxal (B6) (nmol/L) 970 312 1.02 0.91; 1.13 7.5E-01 972 313 1.00 0.88; 1.14 9.8E-01

4-Pyridoxic acid (B6) (nmol/L) 970 312 1.04 0.94; 1.16 4.4E-01 972 313 0.97 0.86; 1.10 6.8E-01

Kynurenine pathway

Tryptophan (µmol/L) 970 312 0.94 0.85; 1.03 1.9E-01 972 313 1.03 0.91; 1.17 6.1E-01

Kynurenine (µmol/L) 970 312 1.06 0.94; 1.19 3.2E-01 972 313 1.04 0.91; 1.18 6.1E-01

3-Hydroxykynurenine (nmol/L) 910 292 1.10 0.97; 1.25 1.3E-01 948 309 1.04 0.90; 1.21 5.6E-01

Kynurenic acid (nmol/L) 970 312 1.10 0.99; 1.24 8.6E-02 972 313 1.06 0.92; 1.21 4.1E-01

Xanthurenic acid (nmol/L) 970 312 0.97 0.87; 1.08 5.7E-01 972 313 0.97 0.85; 1.11 6.7E-01

Anthranilic acid (nmol/L) 918 297 1.16 1.04; 1.31 9.7E-03 948 309 1.13 0.98; 1.30 9.5E-02

3-Hydroxyanthranilic acid (nmol/L) 918 297 1.03 0.92; 1.14 6.4E-01 948 309 0.96 0.85; 1.10 5.6E-01

Picolinic acid (nmol/L) 970 312 1.02 0.91; 1.13 7.7E-01 972 313 0.97 0.85; 1.11 6.4E-01

Quinolinic acid (nmol/L) 970 312 1.25 1.10; 1.43 7.9E-04 972 313 1.14 0.99; 1.32 6.3E-02

Other markers

Trigonelline (µmol/L) 970 312 0.98 0.88; 1.08 6.6E-01 972 313 0.94 0.83; 1.05 2.8E-01

Neopterin (nmol/L) 918 297 1.21 1.08; 1.35 1.4E-03 948 309 1.10 0.97; 1.25 1.5E-01

Cystathionine (µmol/L) 970 312 1.01 0.92; 1.10 9.0E-01 972 313 0.95 0.85; 1.06 3.4E-01

C-reactive protein (µg/ml) 936 300 1.11 0.99; 1.23 7.0E-02 963 311 0.97 0.86; 1.09 6.0E-01

Cystatin C (µg/ml) 948 303 1.16 1.05; 1.29 3.0E-03 970 313 1.10 0.98; 1.24 1.1E-01

Calprotectin (µg/ml) 947 303 1.06 0.97; 1.17 1.9E-01 970 313 0.94 0.84; 1.06 3.2E-01

Serum amyloid A (µg/ml) 947 303 1.10 0.99; 1.21 7.8E-02 970 313 1.02 0.91; 1.16 7.0E-01

Interleukin 6 (pg/mL) 971 314 1.09 0.99; 1.20 8.1E-02 972 315 0.90 0.81; 1.00 4.4E-02

Interleukin 8 (pg/mL) 971 314 1.04 0.96; 1.12 3.8E-01 972 315 1.01 0.90; 1.13 8.6E-01

Interleukin 10 (pg/mL) 971 314 1.07 0.97; 1.17 2.0E-01 972 315 1.04 0.93; 1.17 4.8E-01

Interferon gamma (pg/mL) 971 314 1.02 0.93; 1.13 6.3E-01 972 315 0.96 0.85; 1.08 4.8E-01

Tumour necrosis factor alpha (pg/mL) 971 314 1.11 1.01; 1.21 2.3E-02 972 315 1.06 0.95; 1.18 3.3E-01

Derived markers

PAr index = PA / (PL+PLP) 970 312 1.12 1.00; 1.26 4.5E-02 972 313 0.98 0.86; 1.11 7.4E-01

KTr = Kyn / Trp 970 312 1.12 1.00; 1.26 5.9E-02 972 313 1.04 0.91; 1.19 6.0E-01

HK:XA = HK / XA 910 292 1.14 1.02; 1.28 2.4E-02 948 309 1.08 0.94; 1.23 2.8E-01

HKr= HK / (KA+AA+XA+HAA) 910 292 1.03 0.91; 1.16 6.4E-01 948 309 1.03 0.89; 1.19 6.7E-01

Model 1: Cox proportional hazards regression models were adjusted for age, sex and country of birth (Australia/New-Zealand/other, UK, Italy, Greece). 

Model 2: Model 1 + additional adjustment for follow-up levels of markers


