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Abstract
Background

Serum pyridoxal 5’-phosphate (PLP), the active form of vitamin Bg, is associated with
reduced risk of pancreatic cancer. Data on functional measures of vitamin Bg status and risk
of pancreatic cancer is lacking.

Methods

A nested case-control study involving 187 incident cases of pancreatic cancer and 362 indi-
vidually matched controls were conducted within two prospective cohorts to evaluate the
associations between kynurenine metabolites in pre-diagnostic serum samples and risk of
pancreatic cancer.

Results

Higher serum concentrations of 3-hydroxyanthranilic acid (HAA) and the HAA:3-hydroxyky-
nurenine (HK) ratio (a measure for in vivo functional status of PLP) were significantly associ-
ated with reduced risk of pancreatic cancer. Compared with the lowest tertile, odds ratios
(95% confidence intervals) of pancreatic cancer for the highest tertile was 0.62 (0.39, 1.01)
for HAA, and 0.59 (0.35-0.98) for the HAA:HK ratio, after adjustment for potential confound-
ers and serum PLP (both Ps for trend<0.05). The kynurenine:tryptophan ratio or neopterin
was not significantly associated with pancreatic cancer risk.

Conclusions

The inverse association between HAA or the HAA:HK ratio and risk of pancreatic cancer
supports the notion that functional status of PLP may be a more important measure than cir-
culating PLP alone for the development of pancreatic cancer.
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Introduction

Pancreatic cancer is among the deadliest malignancies in the world [1]. Few primary preven-
tion strategies are available for pancreatic cancer; only one-third of pancreatic cancer burden
is attributed to smoking and obesity, the two established modifiable risk factors of pancreatic
cancer [2, 3]. Studies are needed to identify novel risk or protective factors for pancreatic can-
cer in order to develop strategies for monitoring high-risk populations and reducing risk
through primary prevention intervention.

Recently much attention has been paid to the metabolomics biomarkers in relation to the
risk assessment or clinical diagnosis of pancreatic cancer [4-7]. Pyridoxal 5’-phosphate (PLP),
the active form of vitamin Bg, plays a significant role in multiple biological mechanisms that
can modulate carcinogenesis, including DNA methylation and synthesis, antioxidant defense
system, and inflammation [8]. Our group previously reported that dietary intake of vitamin Bg
and/or PLP level in serum samples collected prior to cancer diagnosis were inversely associated
with risk of pancreatic cancer [9, 10].

PLP plays an important role in the kynurenine pathway of the tryptophan metabolism (Fig
1). Kynurenine is metabolized to anthranilic acid, xanthurenic acid (XA), kynurenic acid
(KA), and 3-hydroxyanthranilic acid (HAA) via PLP-dependent enzymes. Ratios of kynure-
nine metabolites, such as XA:3-hydroxykynurenine (HK), HAA:HK, and KA:HK have been
proposed as indicators of intracellular functional status of PLP [11].

Kynurenine pathway is also involved in inflammation and immune function via depletion
of tryptophan and immuno-regulatory effects of downstream metabolites [12]. For example,
kynurenine, HK and HAA are redox active compounds, with HAA being a potent antioxidant
with anti-inflammatory effects [13]. Ratio of kynurenine to tryptophan (KTR) and neopterin,
a metabolite of guanosine triphosphate, are markers of interferon (IFN)-gamma-induced
immune activation [14]. Although some studies reported that KTR and neopterin were associ-
ated with increased risk of several cancers and all-cause mortality [15-19], their association
with risk of pancreatic cancer has not been investigated.
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Fig 1. The schematic metabolic pathway of tryptophan and kyurenine.
https://doi.org/10.1371/journal.pone.0196465.g001
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We conducted a case-control study nested within two prospective cohorts to evaluate the
association between kynurenine metabolites and their ratios as functional measures of PLP
and risk of pancreatic cancer.

Methods
Study subjects

Detailed study design, selection of cases and controls, and statistical methods have been pub-
lished previously [10]. Briefly, the present case-control study included 187 incident pancreatic
cancer cases and 362 individually matched controls nested within the Shanghai Cohort Study
and the Singapore Chinese Health Study. The Shanghai Cohort Study enrolled 18,244 male
residents aged 45 to 64 years in Shanghai, China from 1986 through 1989 [20]. At the time of
enrollment, demographic and lifestyle information was collected from study subjects through
an in-person interview. Non-fasting blood and urine samples were collected immediately after
the completion of interview and stored at -80°C until laboratory analysis. The Singapore Chi-
nese Health Study enrolled 63,257 Chinese men and women aged 45 to 74 years in Singapore
from 1993 through 1998 [21]. Information on demographics, height, body weight, history of
tobacco and alcohol use, and medical history was collected from study participants through an
in-person interview at baseline. Non-fasting blood and urine samples were collected after base-
line interview between 1994 and 2005 and stored at -80°C until laboratory analysis. Written
informed consent was obtained from all cohort participants. Both cohort studies were
approved by the Institutional Review Board of the University of Pittsburgh, the Shanghai Can-
cer Institute, and the National University of Singapore.

Case ascertainment and control selection

In the Shanghai cohort, all surviving cohort participants were re-contacted annually. As of the
most recent follow-up in 2015, 3.7% of original cohort participants were lost to the follow-up
interview and 3.3% declined the continued follow-up interview. The incident cancer cases and
deaths among cohort participants were identified through annual re-contacts of surviving
study participants or next-of-the-kin for deceased participants, and through record linkage
analyses with the databases of the population-based Shanghai Cancer Registry and the Shang-
hai Municipal Vital Statistics Office. The diagnosis of all incident cancer cases was confirmed
via review of medical records. As of December 31* 2009, the cut-off date for the present study,
129 incident cases of primary pancreatic cancer [International Classification of Disease (ICD)-
9 code, 157] were identified among participants of the Shanghai cohort.

In the Singapore cohort, less than 1% of original cohort members were lost to follow-up
due to their migration out of Singapore. The incident cancer cases and deaths among cohort
members of the Singapore cohort were identified through routine record linkage with data-
bases of the Singapore National Birth and Death Registry and National Cancer Registry [22].
As of December 31%, 2013, 58 incident cases of primary pancreatic cancer (ICD-Oncology
code, C25) were identified among participants of the Singapore cohort who had available
serum samples.

For each case, two control subjects were randomly selected among all eligible participants
who were free of cancer at the time of cancer diagnosis of the index case within the same
cohort. To be consistent with the matching criteria used in previous nested case-control stud-
ies in the Shanghai cohort, controls were matched to the index case on date of birth (+2 years),
date of biospecimen collection (+1 month), and neighborhood of residence at time of enroll-
ment [20, 23]. In the Singapore cohort, cases and controls were matched on age at baseline
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interview (£ 3 years), date of baseline interview (+ 2 years), gender, dialect group (Cantonese,
Hokkien), and date of biospecimen collection (+6 months).

Assessment of serum biomarkers

Serum specimens of cases and their matched controls were processed, aliquoted, shipped in
frozen state and assayed together at Bevital A/S (www.bevital.no), Bergen, Norway with blind
case-control status. Serum tryptophan, kynurenine, KA, XA, anthranilic acid, HK, HAA,
neopterin, PLP, creatinine, and cotinine were measured by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) [24, 25]. For quality control purpose, 14 duplicated samples
separated in seven batches (two per batch) from pooled serum collected from potential cohort
participants at the same time period as the study samples. The within-batch coefficients of var-
iation for the biomarkers ranged between 0.9% and 5.5% (see detail in S1 Table).

Statistical analysis

We first calculated the following ratios of kynurenine metabolites. The KA:HK ratio, XA:HK
ratio, and HAA:HK ratio are indicators for functional status of PLP. KTR is an IFN-gamma-
induced inflammatory marker [26]. Original values of all biomarkers measured and their
ratios were logarithmically transformed to normalize their distributions. The analysis of vari-
ance (ANOVA) method was used to evaluate the effect of smoking status, body mass index
(BMI, kg/m?), and serum cotinine and PLP on serum concentrations of tryptophan and kyure-
nine metabolites and their ratios with adjustment with age, gender, cohort location, month of
blood draw, and year of interview.

Study subjects were divided into tertiles based on the distribution of individual biomarkers
among controls pooled from two cohorts because the distributions and tertile cut-off values
are comparable among controls of these two cohort for all but tryptophan and neopterin (52
Table). Odds ratios (ORs) and their 95% confidence intervals (Cls) of pancreatic cancer for
higher tertiles of the biomarkers relative to the lowest tertile were calculated using conditional
logistic regression [27]. Ordinal value (e.g., 1, 2, and 3) for each of the biomarkers was used for
linear trend test in the biomarker-pancreatic cancer risk association.

The multivariable conditional logistic regression models included the following risk factors for
pancreatic cancer as potential confounders: BMI (< 18.5, 18.5-<23, >23 kg/m?), level of educa-
tion (no formal schooling, primary school, secondary school and above), smoking status (never
smokers, former smokers, current smokers), alcohol consumption (number of drinks per week),
history of physician-diagnosed diabetes (no, yes), estimated glomerular filtration rate (¢GFR)
[28], and cohort location (Shanghai, Singapore). Serum cotinine (continuous) was also included
in the multi-variable logistic regression model because cotinine was an objective biomarker for
recent exposure to nicotine derived from active and second-hand smoking with a Spearman
correlation coefficient being 0.635 between serum cotinine and number of cigarettes per day
(P <0.0001). In addition, we adjusted for serum PLP in the multivariable logistic regression mod-
els to assess if the observed associations between the metabolites of kynurenine and risk of pancre-
atic cancer was due to different levels of PLP or through a possible pathway other than PLP.

Stratified analyses were performed by cohort location (Shanghai, Singapore) and PLP defi-
ciency status (<20, > 20 nmol/L). Potential effect modification on pancreatic cancer risk was
assessed by including an interaction term between a biomarker and cohort location or PLP
deficiency status in the regression models.

Sensitivity analysis was conducted to examine the potential effect of disease progression on
the observed biomarker-disease risk association with the exclusion of cases diagnosed within
first several years after blood draw.
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Statistical analyses were carried out using SAS software version 9.3 (SAS Institute, Cary,
NC). All P values reported are two-sided, and those that were less than 0.05 were considered to
be statistically significant.

Results

The mean (standard deviation) age at blood draw for study participants of the Shanghai and
Singapore cohorts was 56.4 (5.5) and 64.4 (7.3) years, respectively. The average (range) time
interval between blood draw and cancer diagnosis was 12.5 years (3 months to 23.2 years) for
cases of the Shanghai cohort, and 6.8 years (5 months to 13.0 years) for cases of the Singapore
cohort.

The characteristics of pancreatic cancer cases and matched controls for the Shanghai and
Singapore cohorts are presented separately in Table 1. In the Shanghai cohort, pancreatic can-
cer cases were more likely to be current smokers at baseline and had higher levels of serum
cotinine, and lower concentrations of serum PLP and neopterin than control subjects (all P
values < 0.05). In the Singapore cohort, the concentration of HAA was higher in control sub-
jects than in cases (P value <0.05) while the difference in serum concentrations of other
kynurenine metabolites or their ratios was not statistically significant (Table 2).

Table 1. Baseline demographic characteristics and lifestyle factors in pancreatic cancer cases and control subjects, the Shanghai Cohort Study and the Singapore

Chinese Health Study.
Shanghai cohort Singapore cohort
Characteristic or lifestyle factors Controls Cases p? Controls Cases P
N 258 129 104 58
Age at interview, mean (SD), years 56.4 (5.5) 56.5 (5.5) 0.74 57.1(7.2) 57.9 (7.5) 0.51
Age at blood draw, mean (SD), years 56.4 (5.5) 56.5 (5.5) 0.74 64.0 (7.1) 64.9 (7.6) 0.47
BMI, mean (SD), kg/m2 21.9 (2.8) 22.5(3.0) 0.08 23.1(3.2) 23.2 (3.6) 0.79
Female (%) 0 0 39.4 39.7 0.98
Education level (%) 0.36 0.42
No formal schooling 5.0 2.3 20.2 12.1
Primary school 28.7 26.4 433 483
Secondary school or above 66.3 71.3 36.5 39.7
Smoking status (%) 0.003 0.87
Never 43.8 27.1 60.6 58.6
Former 6.2 4.7 22.1 20.7
Current 50.0 68.2 17.3 20.7
Alcohol intake, drinks/week (%) 0.74 0.61
0 56.6 54.3 82.7 87.9
<7 11.2 14.0 10.6 8.6
>7 32.2 31.8 6.7 3.5
Diabetes (%) 0.52 0.88
No 98.5 99.2 90.4 89.7
Yes 1.55 0.78 9.6 10.3
Weekly multivitamin use (%) — 0.69
No — — 89.4 91.4
Yes — — 10.6 8.62

#2-sided P values were based on the Student ¢ test for difference in means or Chi-square test for difference in percentage (%) between cases and controls within each

cohort.

https://doi.org/10.1371/journal.pone.0196465.t001
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Table 2. Median (5™- 95" percentile) values of serum biomarkers of tryptophan, kynurenines and neopterin in pancreatic cancer cases and control subjects, the
Shanghai Cohort Study and the Singapore Chinese Health Study.

Shanghai cohort Singapore cohort

Biomarker” Controls Cases p® Controls Cases p®
PLP, nmol/L 25.7 (10.0-91.7) 21.7 (8.94-60.0) 0.01 58.1 (20.8-563.0) 50.6 (23.8-465.0) 0.29
Tryptophan, umol/L 76.5 (57.9-100.5) 74.4 (60.0-105.7) 0.71 69.3 (54.3-95.6) 70.3 (46.5-95.3) 0.67
Kynurenine, umol/L 1.54 (1.15-2.10) 1.54 (1.14-2.01) 0.40 1.62 (1.12-2.38) 1.66 (1.02-2.19) 0.85
Anthranilic acid, nmol/L 17.7 (10.8-47.7) 18.5 (10.6-89.8) 0.33 21.8 (12.6-55.8) 21.0 (13.1-54.3) 0.59
KA, nmol/L 55.3 (28.2-107.0) 51.6 (22.8-101.0) 0.49 57.7 (28.1-130.0) 52.1 (31.0-156.0) 0.39
HK, nmol/L¢ 45.7 (28.1-80.2) 44,3 (25.2-86.4) 0.72 47.8 (29.8-74.1) 44.2 (27.0-70.7) 0.22
XA, nmol/L 17.7 (8.4-33.1) 17.4 (6.36-39.1) 0.98 17.2 (8.28-32.4) 14.6 (8.74-30.3) 0.09
HAA, nmol/L¢ 37.0 (16.6-66.3) 35.6 (15.9-68.7) 0.16 42.7 (25.2-69.9) 37.6 (23.8-76.5) 0.046
KA:HK ratio 1.16 (0.602-2.13) 1.13 (0.649-2.11) 0.57 1.19 (0.736-2.40) 1.18 (0.741-2.36) 0.66
XA:HK ratio 0.389 (0.194-0.640) 0.391 (0.183-0.753) 0.93 0.363 (0.228-0.591) 0.345 (0.167-0.623) 0.31
HAA:HK ratio 0.825 (0.389-1.31) 0.756 (0.313-1.49) 0.12 0.940 (0.544-1.51) 0.856 (0.457-1.49) 0.39
KTR (x 100) 2.04 (1.52-2.92) 2.02 (1.49-2.78) 0.36 2.30 (1.57-3.54) 2.24 (1.63-3.57) 0.88
Neopterin, nmol/L° 14.3 (8.77-24.6) 13.2 (12.8-14.2) 0.04 24.7 (16.0-39.0) 26.6 (16.1-42.2) 0.33
Cotinine, nmol/L 87.5 (1.51-1620.0) 518.0 (1.79-1500.0) 0.005 1.60 (0-848.0) 2.33 (0-1280.0) 0.28
eGFR (mL/min/1.73m?) 92.7 (65.7-106.5) 93.3 (7.83-23.3) 0.33 77.2 (45.6-99.8) 76.8 (44.2-106.9) 0.81

* Abbreviations: eGFR, estimated glomerular filtration rate; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; KA, kynurenic acid; KTR, kynurenine:
tryptophan ratio; PLP, pyridoxal 5’-phosphate; XA, xanthurenic acid.
® 2-sided P values were based on the Mann-Whitney test.

€13 cases and 4 controls were excluded from the present analysis due to missing values for HK, HAA, and neopterin from the Shanghai cohort

https://doi.org/10.1371/journal.pone.0196465.t002

Current smoker had higher level of HK and lower KA:HK ratio, HAA:HK ratio and neop-
terin whereas serum cotinine level was not associated with any of the tryptophan and kyure-
nine metabolites or their ratios (Table 3). The levels of kynurenine, KA, and the KA:HK ratio
increased with increasing BMI. PLP was positively associated with KA, HAA, the KA:HK
ratio, the HAA:HK ratio and the XA:HK ratio, but inversely associated with HK. Among
kynurenine metabolites and their ratios, serum PLP had highest correlation coefficient with
HAA:HK ratio (r = 0.39, P <0.0001), followed by HAA (r = 0.27, P <0.0001) (S2 Table). Simi-
larly, neopterin was also significantly correlated with PLP (r = 0.39, P <0.0001).

Increasing level of HAA was associated with significantly decreased risk of pancreatic can-
cer (Table 4); the multivariate-adjusted OR for the third tertile was 0.62 (95% CI = 0.39-1.00;
P for trend = 0.04). Further adjustment for serum concentration of PLP did not alter the risk
estimates. Similarly, the HAA:HK ratio was significantly associated with reduced risk of
pancreatic cancer; the multivariable-adjusted OR was 0.59 (95% CI = 0.35-0.98; P for trend =
0.04). We also examined the relationship for continuous values of HAA and HAA:HK ratio
with risk of pancreatic cancer. The multivariate-adjusted ORs (95% Cls) of pancreatic cancer
for log,(HAA) and log,(HAA”HK ratio) were 0.70 (0.50-0.99; P for linear trend = 0.047) and
0.80 (0.55-1.15, P for linear = 0.023), respectively. Additional adjustment for alcohol con-
sumption did not materially change the association between these two biomarkers and risk of
pancreatic cancer. There was no statistically significant association between other kynurenine
metabolites and risk of pancreatic cancer (Table 4).

The associations between kynurenine metabolites and risk of pancreatic cancer were similar
in both Shanghai cohort and Singapore cohorts (all P’s for heterogeneity between the two
cohorts > 0.10) (S4 and S5 Tables). When analyses were conducted for subjects with serum
higher (>20 nmol/L) or lower PLP (<20 nmol/L), kynurenine, HK, HAA, and the HAA:HK

PLOS ONE | https://doi.org/10.1371/journal.pone.0196465 May 7, 2018 6/13


https://doi.org/10.1371/journal.pone.0196465.t002
https://doi.org/10.1371/journal.pone.0196465

@° PLOS | ONE

Kynurenine metabolites and risk of pancreatic cancer

Table 3. Beta coefficients® for tryptophan and kynurenine metabolites derived from linear regression models on smoking status (current or former versus never
smokers), cotinine, body mass index (BMI), and pyridoxal 5>-phosphate (PLP) among all controls (N = 362).

Tryptophan, pmol/L
Kynurenine, pmol/L
Anthranilic acid, nmol/L
KA, nmol/L

HK, nmol/L

XA, nmol/L

HAA, nmol/L
KA:HK ratio
XA:HK ratio
HAA:HK ratio

KTR (x 100)

Neopterin, nmol/L

Former smokers

0.024
0.043
-0.093
-0.045
0.029
-0.014
-0.053
-0.091
-0.058
-0.081
0.019
-0.014

Current smokers Cotinine (per 100 nmol/L) BMI PLP
(per 5 kg/m?) (per 100 ng/mL)
-0.001 <0.001 0.026 0.013
0.022 <0.001 0.041° 0.004
-0.103 -0.010 0.094 0.024
-0.040 -0.003 0.103° 0.064°
0.082° 0.006 0.016 -0.067¢
0.011 -0.002 0.084 0.020
-0.051 <0.001 0.080 0.047°
-0.115° -0.010 0.096" 0.131¢
-0.075 -0.010 0.076 0.086°
-0.133° -0.010 0.064 0.114°
0.022 <0.001 0.015 -0.009
-0.102¢ -0.010 0.062 0.012

Abbreviations: HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; KA, kynurenic acid; KTR, kynurenine:tryptophan ratio; XA, xanthurenic acid.

* All beta coefficients presented in the table were adjusted for age, gender, month of blood collection, year of baseline interview, and cohort location (Shanghai,

Singapore).
b 2-sided P value <0.05
¢ 2-sided P-value <0.01

https://doi.org/10.1371/journal.pone.0196465.t003

ratio showed stronger inverse association with risk of pancreatic cancer among individuals
with lower PLP than among those with higher PLP. However, the differences in these associa-
tions between higher and lower PLP groups were not statistically significant (S6 Table). No
association was observed between markers of IFN-gamma-induced immune activation, KTR
and neopterin, and risk of pancreatic cancer in all subjects (Table 4) or in stratified analysis by
PLP deficiency status (S6 Table). We also examined and did not find any statistically signifi-
cant difference in the association between metabolites of tryptophan and kynurenine and pan-
creatic cancer risk in subgroups of study subjects stratified by gender, BMI, smoking status, or
alcohol consumption (data not shown).

In the sensitivity analysis after excluding cases diagnosed within first two years of serum
collection (13 cases), the associations for risk of pancreatic cancer with HAA and HAA:HK
ratio remained. Compared to the lowest tertiles, the PLP-adjusted multivariable ORs of pan-
creatic cancer for the highest tertile of HAA and the HAA:HK ratio were 0.58 (95% CI = 0.36-
0.94, P for trend = 0.02) and 0.60 (95% CI = 0.36-1.00, P for trend = 0.06), respectively. Further
excluding cases diagnosed within first 4 years (32 cases) did not materially change the results.
The corresponding ORs were 0.59 (95% CI = 0.36-0.97, P for trend = 0.03) and 0.63 (95%
CI=0.37-1.07, P for trend = 0.08).

Discussion

In this prospective study using serum samples collected on average of 10.7 years before cancer
diagnosis, we observed a statistically significant inverse association between HAA and the
HAA:HK ratio, markers of functional status of PLP, and risk of pancreatic cancer. Overall,
there was a 40% reduction in risk of pancreatic cancer for individuals at the highest third of
HAA or the HAA:HK ratio at baseline.

PLP plays an important role in the kynurenine pathway as the cofactor for kynureninase
(KYNU) and kynurenine amino transferase (KAT). KYNU catalyzes the production of
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anthranilic acid and HAA, while KAT catalyzes the production of KA and XA (Fig 1). The
ratios of HAA:HK, KA:HK, and XA:HK can be used to reflect functional status of PLP [11]. In
the current study, we found that higher HAA:HK ratio, but not the KA:HK ratio or the XA:

Table 4. Associations of tryptophan, kynurenines, and neopterin with pancreatic cancer risk in both Shanghai and Singapore cohorts combined (187 cases and 362

controls).

Serum concentration of biomarker in tertile

Biomarker” 1% tertile 2™ tertile 3 tertile P-trend
Tryptophan Controls/Cases 120/66 123/63 119/58

OR (95% CI) 1.00 (ref) 0.88 (0.56-1.37) 0.88 (0.56-1.39) 0.55

OR (95% CI)® 1.00 (ref) 0.87 (0.54-1.38) 0.87 (0.54-1.39) 0.55
Kynurenine Controls/Cases 120/76 123/56 119/55

OR (95% CI) * 1.00 (ref) 0.70 (0.45-1.1) 0.71 (0.42-1.19) 0.16

OR (95% CI) b 1.00 (ref) 0.70 (0.45-1.1) 0.71 (0.42-1.19) 0.16
Anthranilic acid Controls/Cases 117/47 120/77 116/59

OR (95% CI) * 1.00 (ref) 2.01(1.21-3.33) 1.53 (0.88-2.67) 0.16

OR (95% CI) b 1.00 (ref) 2.01(1.21-3.33) 1.53 (0.88-2.67) 0.16
KA Controls/Cases 120/69 123/64 119/54

OR (95% CI) * 1.00 (ref) 0.98 (0.61-1.56) 0.83 (0.51-1.34) 0.45

OR (95% CI) b 1.00 (ref) 0.98 (0.61-1.56) 0.83 (0.51-1.35) 0.46
HK Controls/Cases 119/68 118/62 116/53

OR (95% CI) 1.00 (ref) 0.91 (0.58-1.43) 0.69 (0.42-1.12) 0.13

OR (95% CI)® 1.00 (ref) 0.90 (0.57-1.42) 0.68 (0.41-1.11) 0.12
XA Controls/Cases 120/73 124/58 118/56

OR (95% CI) * 1.00 (ref) 0.82 (0.53-1.27) 0.83 (0.53-1.32) 0.41

OR (95% CI) b 1.00 (ref) 0.82 (0.53-1.27) 0.83 (0.52-1.32) 0.41
HAA Controls/Cases 117/79 120/52 116/52

OR (95% CI) * 1.00 (ref) 0.60 (0.37-0.95) 0.62 (0.39-1.00) 0.04

OR (95% CI) b 1.00 (ref) 0.60 (0.37-0.95) 0.62 (0.39-1.01) 0.04
KA:HK ratio Controls/Cases 117/64 120/67 116/52

OR (95% CI) * 1.00 (ref) 1.11 (0.68-1.8) 0.94 (0.57-1.53) 0.76

OR (95% CI) b 1.00 (ref) 1.11 (0.68-1.8) 0.94 (0.57-1.56) 0.79
XA:HK ratio Controls/Cases 117/64 120/67 116/52

OR (95% CI) * 1.00 (ref) 0.54 (0.33-0.9) 0.87 (0.54-1.39) 0.60

OR (95% CI)® 1.00 (ref) 0.54 (0.33-0.9) 0.87 (0.54-1.4) 0.61
HAA:HK ratio Controls/Cases 117/77 120/58 116/48

OR (95% CI) * 1.00 (ref) 0.64 (0.4-1.02) 0.60 (0.37-0.98) 0.04

OR (95% CI) b 1.00 (ref) 0.60 (0.37-0.98) 0.59 (0.35-0.98) 0.04
KTR Controls/Cases 120/65 123/67 119/55

OR (95% CI) * 1.00 (ref) 0.99 (0.61-1.59) 0.90 (0.53-1.52) 0.69

OR (95% CI) b 1.00 (ref) 0.98 (0.61-1.59) 0.90 (0.53-1.52) 0.68
Neopterin® Controls/Cases 118/76 120/50 115/57

OR (95% CI) * 1.00 (ref) 0.68 (0.42-1.1) 0.84 (0.51-1.4) 0.50

OR (95% CI) b 1.00 (ref) 0.68 (0.42-1.1) 0.84 (0.51-1.4) 0.49

* Abbreviations: HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic acid.

* Odds ratios were derived from conditional logistic regression models that also included the following covariates: education (no schooling, primary school, secondary
school and higher), body mass index (<18.5, 18.5-<23.0, >23.0), smoking status (never, former, current), serum cotinine concentrations (nmol/L), alcohol drinking
(drinks of alcoholic beverages per week), diabetes status (no, yes), estimated glomerular filtration rate (mL/min/1.73 m?), and study location (Shanghai vs Singapore).
® In addition to covariates described above, the conditional logistic regression models included serum pyridoxal 5-phosphate (nmol/L).

¢ Cohort-specific tertiles was used for neopterin due to its different distribution between two cohorts.

https:/doi.org/10.1371/journal.pone.0196465.t004
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HK ratio, was significantly associated with reduced risk of pancreatic cancer. The discrepancy
in the associations of HAA:HK ratio versus KA:HK ratio and XA:HK ratio may be explained
by the fact that KYNU is more sensitive to PLP deficiency than KAT [29]. The current findings
of inverse associations between HAA and HAA:HK ratio and risk of pancreatic cancer support
the notion that PLP may protect against the development of pancreatic cancer.

We previously reported that higher level of serum PLP was associated with more than 50%
lower risk of pancreatic cancer compared with the PLP deficiency (<20 nmol/L) [10]. This
inverse relationship was primarily driven by the high proportion of individuals with PLP defi-
ciency status in the Shanghai Cohort Study, which comprised men only and approximately
50% current smokers at baseline blood draw [10]. This inverse association between serum PLP
and pancreatic cancer was consistent with the results in the Alpha-Tocopherol, Beta-Carotene
Cancer Prevention Study in Finland, which included male smokers only [30]. Two other stud-
ies did not find a statistically significant association between serum PLP and pancreatic cancer
risk in U.S. and Europe, respectively [31, 32]. The inconsistent results between PLP and pan-
creatic cancer risk in these previous studies could be attributed to different levels of exposure
to vitamin Bg and other risk factors such as smoking as well as different measure of PLP.

Additional adjustment for serum concentration of PLP did not change any risk estimates of
pancreatic cancer for HAA and the HAA:HK ratio, suggesting that there may exist biological
mechanism other than PLP. HAA has strong anti-inflammatory properties. For example,
HAA inhibits the production of pro-inflammatory interleukin-17 (IL-17) [33]. IL-17 has been
shown to accelerate the progression of precancerous lesions in the pancreas of Kras-mutated
mice [34]. In addition, HAA is a precursor of cinnabarinic acid, an endogenous ligand to the
aryl hydrocarbon receptor (AhR) [35]. The activation of AhR can lead to cell cycle arrest and
growth inhibition of pancreatic cancer cell lines through induction of the cyclin-dependent
kinase inhibitor p21 [36]. Therefore, the anti-inflammatory properties of HAA may be a bio-
logical mechanism for the observed inverse association between HAA and the HAA:HK ratio
and risk of pancreatic cancer in addition to serving as functional markers of PLP status. In
fact, the inverse association between HAA or HAA:HK ration and risk of pancreatic cancer
was much stronger in individuals with deficient PLP than those with sufficient PLP in the pres-
ent study. A study with a larger sample size would be required to separate the effect of PLP
from other kyurenine metabolites influenced by PLP.

KTR and neopterin are markers of IFN-gamma-induced immune activation. IFN-gamma
upregulates the activity of indoleamine 2,3-dioxygenase (IDO) that initiates the catabolism of
tryptophan via the kynurenine pathway [12]. In addition, IFN-gamma stimulates the synthesis
of neopterin by activated monocyte-derived macrophages and dendritic cells [14]. Previous
epidemiological studies found KTR was associated with increased risk of lung cancer [15] or
combined colorectal, breast, lung and prostate cancer [26]. Two studies examined the associa-
tion between neopterin and cancer risk. One study found that both higher and lower levels of
total neopterin (sum of neopterin and 7,8-dihydroneopterin) were associated with increased
risk of colorectal cancer [16] whereas the other study found that only high level of neopterin
was associated with increased risk of breast, colorectal, lung and prostate cancers combined
[26]. The present study examined and did not find an association between KTR or neopterin
and risk of pancreatic cancer. More studies are warranted to examine the role of KTR and
neopterin in the development of pancreatic cancer.

The strengths of the current study include prospective design, long-term follow-up, and a
comprehensive measurement of tryptophan and metabolites in the kynurenine pathway using
a validated method of mass-spectrometry-based assay [24, 25]. In addition, we adjusted for
potential confounders such as smoking, renal function (e.g., eGFR), and PLP, important deter-
minants of levels of metabolites in the kynurenine pathway. Exclusion of first two or up to four
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years of pancreatic cancer cases did not materially change the inverse association between
HAA or HAA:HK ratio and risk of pancreatic cancer, suggesting that the reverse causality was
less likely. The present study had some limitations. The chief limitation of the present study
was modest sample size although we utilized two large prospective cohort studies involving
more than 80,000 participants with up to 20 years of follow-up. The small sample size may
explain the null findings for some of the kyurenine metabolites with risk of pancreatic cancer.
The measurement of biomarkers in blood samples at a single point of time with mixed fasting
and nonfasting status may have resulted in measurement errors of the biomarkers. Such mea-
surement errors most likely occurred equally for cases and matched controls in a non-differen-
tial fashion given the individually matched study design and the same batch of laboratory
assay for both index case’s and the matched control’s samples. Such non-differential measure-
ment errors usually lead to a null association. If it is true, we might underestimate the associa-
tion between HAA or the HAA:HK ratio and the risk of pancreatic cancer in the present
study. The lack of other established inflammatory biomarkers such as C-reactive protein may
result in residual confounding on the observed association between HAA ratio and risk of pan-
creatic cancer. Future studies with a larger sample size and a more comprehensive measure-
ment of inflammatory biomarkers are warranted to validate our findings.

In conclusion, the present study report inverse associations between HAA or the HAA:HK
ratio and risk of pancreatic cancer. These results support our previous findings of inverse asso-
ciations between dietary vitamin By intake, serum PLP, and risk of pancreatic cancer. These
findings further indicate an important role of functional vitamin B status in the development
of pancreatic cancer. In addition, the associations of HAA or the HAA:HK ratio with pancre-
atic cancer risk may reflect mechanisms other than vitamin Bg status, given that HAA and the
HAA:HK ratio were associated with reduced risk of pancreatic cancer even after adjustment
for serum concentration of PLP. Future studies are needed to elucidate biological mechanisms
for tryptophan and kynurenine pathway in the development of pancreatic cancer.
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