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ABSTRACT

Pancreatic cancer is one of the most lethal human cancers. No effective long-term
treatment is available and few risk factors have been identified for pancreatic cancer. Therefore,
there is a critical need for identifying novel primary prevention targets. One-carbon metabolism-
related nutrients such as vitamin Bs and choline play an important role in DNA synthesis and
methylation. The availability of methyl groups in the one-carbon metabolism are associated with
epigenetic events related to pancreatic carcinogenesis. In the first prospective cohort study of
Singapore Chinese (271 pancreatic cancer cases), we found higher intake of vitamin Be and
choline were associated with reduced risk of pancreatic cancer. Compared with the lowest
quartile, hazard ratios (HRs) and 95% confidence intervals (CIs) for the highest quartiles of
vitamin Bs and choline were 0.52 (0.36, 0.74) (P for trend = 0.001) and 0.67 (0.48, 0.93) (P for
trend = 0.04), respectively. There were no clear associations between the other one-carbon
metabolism-related nutrients and pancreatic cancer risk. To further investigate the role of vitamin
Bs in pancreatic cancer development, in the second case-control study nested within two
prospective cohorts of Asian populations, a biomarker-based approach was used to evaluate the
associations between Bs vitamers in serum and risk of developing pancreatic cancer. The main
finding of the second study was an inverse association between serum pyridoxal-5’-phosphate

iv



(PLP), the active form of vitamin Bg, and pancreatic cancer risk. Compared with PLP deficient
individuals (<20 nmol/L), the odds ratio (OR) and 95% confidence interval for PLP greater than
52.4 nmol/L was 0.46 (0.23, 0.92) (P for trend = 0.048). The inverse association between serum
PLP and pancreatic cancer risk lends further support on dietary findings of vitamin Be. In the
third case-control study nested within the same two cohorts, we found higher ratios of
metabolites of the kynurenine (Kyn) pathway, as biomarkers for intracellular functional status of
PLP, were associated with reduced risk of pancreatic cancer. Compared with the lowest tertiles,
the second and third tertiles of 3’-hydroxyanthranilic acid (HAA):3’-hydroxykynurenine (HK)
ratio and HAA:Kyn ratio were associated with about 40% reduced risk of pancreatic cancer. In
addition, we found that higher serum concentrations of HAA, an anti-inflammatory metabolite of
the PLP-dependent Kyn pathway, were associated with reduced risk of pancreatic cancer.
Compared with the lowest tertile, the ORs and 95%Cls for the second and third tertiles of HAA
were 0.61 (0.38-0.97) and 0.63 (0.39-1.01), respectively (P for trend =0.04). In summary, the
three studies suggested a protective role of vitamin Bs in pancreatic cancer development. The
finding on HAA sheds light on the potential protective effect of vitamin Bs may be via one of the
PLP-dependent metabolic pathways, such as the Kyn pathway. The specific mechanisms
underlying the potential protective effect against pancreatic cancer warrant future studies. This
research is relevant to public health because understanding the role of the inter-individual
variability of dietary nutrients, such as vitamin Bg, in the development of cancer, may lead to
identification of individuals at high risk for pancreatic cancer, and the development of cancer

prevention strategies for reduction of cancer incidence and mortality.
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1.0 EPIDEMIOLOGY OF PANCREATIC CANCER

11 INCIDENCE AND MORTALITY

Worldwide patterns of pancreatic cancer

Pancreatic cancer is the 13" most common cancer in the world(1). There were 337,872
newly diagnosed cases in the year 2012, accounting for 2.4 percent of cancer cases overall(1).
Pancreatic cancer is most often diagnosed at advanced stages and therefore is nearly always
lethal. It is ranked as the 7" most common cause of cancer death, accounting for 4 percent of all

cancer deaths(1).

Pancreatic cancer affects more men than women, with the age-standardized incidence rate
of 4.9 per 100,000 person-years in men and 3.6 per 100,000 in women worldwide(1). Few sex-
related hormone factors, if any, may play a role in the development of pancreatic cancer(2, 3).
On the other hand, the prevalence of tobacco smoking, the only confirmed environmental cause
of pancreatic cancer(4), is higher in men than in women(5), which may contribute to the sex

differences in pancreatic cancer rates.

Pancreatic cancer is more common in developed countries, where the overall rates are
almost 3-fold higher than in less developed countries(1). Globally, the age-standardized
incidence rate ranged from 7~10 per 100,000 person-years in regions of Northern, Central and

Eastern Europe and the U.S. to less than 1 per 100,000 in areas of Africa and West Asia(1). One
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possible reason for these differences is the high prevalence of risk factors for pancreatic cancer,
for example, obesity and diabetes, in developed countries(6). However, the international
variation in rates of pancreatic cancer needs to be interpreted with caution, as in less developed
countries many cases might not be identified or reported due to inaccurate diagnosis methods and

inadequate medical delivery system(7).

Region-specific patterns of pancreatic cancer

The U.S.

In the U.S., pancreatic cancer is the 12" most common cancer and the third leading cause
of cancer-related death, where in 2016, it was estimated that 221,450 men and 20,330 women
died from pancreatic cancer (8). Pancreatic cancer represents about 3% of overall new cancer
cases and 7% of cancer related-deaths (9). In the U.S., the median age at diagnosis of pancreatic
cancer is 71, which is somewhat older compared to 61 for breast cancer and 66 for prostate
cancer(10). Within the U.S., the age-standardized incidence is higher in men (14.4 per 100,000
person-years) than women (11.2 per 100,000 person-years)(11), and it is higher in Blacks (16.6
per 100,000 person-years) than Whites (12.3 per 100,000 person-years)(11). Pancreatic cancer is
projected to become the second leading cause of cancer-related death by 2030 (12). The lifetime

risk of pancreatic cancer for both men and women in the US is 1.5% (13).
Asia: China and Singapore

Despite having a low incidence, over 40% of pancreatic cancer cases and deaths occur in
Asia(1). Due to improved life expectancy and urbanization, in some Asian countries with large
aging populations such as China, the mortalities of a series chronic diseases including pancreatic

cancer is on the rise(14, 15). Furthermore, the recent increases in the prevalence of several risk



factors of pancreatic cancer such as cigarette smoking, obesity, and diabetes are likely to
contribute to a future rise in pancreatic cancer incidence in Asia(16, 17). In several Asian
countries such as Singapore and Korea, pancreatic cancer mortality rates are already high and are

increasing(17, 18).

Comparing incidence between the U.S., China, and Singapore

Table 1 shows age-standardized incidence of pancreatic cancer and survival data in
selected national and/or ethnic groups by sex (1) . The incidence is higher in males than in
females in all four national and/or ethnic groups. The incidence rates across the 4 national and/or
ethnic groups are comparable for both sexes. The U.S. whites had the highest incidence rates for

both sexes.

Incidence and Mortality Trends

A recent study analyzed the trends in pancreatic cancer mortality for 51 countries across
the world for the period 1992-2002, and suggested that mortality rates were decreasing in the
Western world (e.g. Canada, UK, and Switzerland) but increasing in Southern and Eastern
Europe (e.g. Spain and Romania) and North East Asia (e.g. Korea and Japan) (19). Earlier
studies showed pancreatic cancer incidence increased in industrialized countries such as lItaly,
France, and Japan in the period 1979-1998(20-22). In the U.S., pancreatic cancer incidence
steadily decreased from 1973 to 2002 in men and increased until 1984 and then slowly decreased
until 2002 in women(23). Given the rarity of pancreatic cancer in the general population, some
of the changes in time trends could be due to chance. However, the rises in pancreatic cancer
rates in some countries in Southern and Eastern Europe, and North East Asia may represent the

recent increases in prevalence of tobacco smoking in these areas(24, 25). In contrast, countries in



Western Europe along with Canada and the U.S., the prevalence of smoking has been falling for

decades(24).

Treatment and Survival

Pancreatic cancer has one of the lowest survival rate of all cancers, with a 5-year survival
rate 8%(18) and a median survival of about 6 months(26). Surgical resection offers the best
chance of survival (5 year survival rate: 20%) (27). However, due to a lack of early, specific
symptoms and no effective screening test, only 15% of patients are diagnosed at an early stage
when surgery is an option (27). Unlike with common cancers such as breast cancer(28) and
prostate cancer(29) with 5-year survival rates of 89% and 99%, respectively, there has been no
meaningful improvement in survival of pancreatic cancer over the last three decades(30). Several
factors contributed to the poor prognosis of pancreatic cancer. First, metastasis happens in the
early phase of the natural history of pancreatic cancer; second, as the disease progresses, patients
usually present with severe morbidity such as cachexia (weakness and wasting of the body) and
asthaenia (physical weakness and loss of strength); and third, pancreatic cancer responds poorly
to most currently available treatments(31). Within the U.S., Asian and Pacific Islanders have
better survival compared to the U.S. Whites, and similar observations were made by other
studies(32). Shanghai Chinese have higher 5-year survival rates than in the U.S. Whites (Table
1). While pancreatic cancer patients in Shanghai may have longer survival than patients in the
U.S., this difference is likely driven by the less rigorous standards for diagnosis in Shanghai than

in Singapore and US.



1.2 RISK FACTORS

Below is a brief summary of the evidence for the most studied risk factors for pancreatic

cancer, as shown in Table 2.

1.2.1 Established risk factors

Smoking

Current cigarette smoking is associated with a 77% increased risk of pancreatic cancer
(33), and accounts for approximately 25% of pancreatic cancers(34). Carcinogens from tobacco
may reach the pancreas through blood stream after absorption by lung or upper aerodigestive
tract, and alternatively, or have direct contact with pancreas after reflux into pancreatic ductal
system from the duodenum(35). Smoking may contribute to pancreatic carcinogenesis via
induction of pro-inflammatory cytokines and chronic inflammation(36, 37), oxidative stress

pathways, and fibrogenic mediators(38).
Obesity

Obesity is a recognized modifiable risk factor for pancreatic cancer. In general, three
pooled studies(39-41) and two of three meta-analysis(42-44) showed positive associations
between obesity and pancreatic cancer risk. In summary, every 5 kg/m? increase in body mass
index (BMI) is associated with 10% or greater increase in pancreatic cancer risk. In other words,
obese individuals (BMI>30) have a 20 to 50% increases in pancreatic cancer risk compared to
participants with normal BMI (18.5<BMI<24.5). A possible biological mechanism for the role

of obesity in pancreatic cancer carcinogenesis is the hormonal and inflammatory effects of



adipose tissue. Adipose tissue is a metabolically active organ that secretes leptin and adiponectin,
and cytokines (e.g. TNF-a and IL-6) that may regulate cell proliferation and tumor growth(45,

46).

Family history

Family history, defined as having at least one first-degree relative with pancreatic cancer,
Is associated with a relative risk between 1.7 and 5.0(47). A pooled analysis from Pancreatic
Cancer Cohort Consortium (PanScan) found a history of prostate cancer increased pancreatic
cancer risk by 45%(47). Germline genetic mutations are identified in 5-10% of pancreatic cancer
cases(3). However, little is known about the specific genetic factors that cause pancreatic cancer.
The most consistently identified common genetic factors are deleterious variants in BRCA2 often
leading to protein truncation (48, 49). BRCAZ2 carriers are associated with 3-10 fold increased
risk of developing pancreatic cancer (50). The estimated cumulative risks of pancreatic cancer by
age 80 in BRCA2 mutation carriers is 3.2% among males and 2.3% among females (51).
Familiar atypical multiple mole melanoma syndrome (FAMMM) is an autosomally dominant
disease with p16/CDKN2A gene mutation. The risk of developing pancreatic cancer is about 13-
22 folds (50). In addition, individuals with Peutiz-Jeghers (PJ) syndrome, an autosomally
dominantly disease caused by STK11 gene mutations, had a 36% cumulatively lifetime risk of

pancreatic cancer, and a relative risk of 132.

Chronic pancreatitis

Chronic pancreatitis is strongly associated with risk of pancreatic cancer. A meta-analysis
of 6 cohort studies and one case-control study found chronic pancreatitis was associated with
13.3 times increased risk of pancreatic cancer (47). In Kras-mutated mouse models, both acute

and chronic pancreatitis markedly accelerated the initiation and progression of pancreatic
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cancer(52-54). The chronic pancreatitis-pancreatic cancer relationship provides evidence for an
inflammatory component in pancreatic cancer development. Other than being a risk factor for
pancreatic cancer per se, chronic pancreatitis shares many of the same risk factors for pancreatic
cancer, such as alcohol, smoking, obesity, and diabetes(55), and thus, chronic pancreatitis may

be an intermediate factor along the pancreatic carcinogenesis pathway(56-58).

Despite chronic pancreatitis is a strong risk factor for pancreatic cancer with biological
plausibility, studies investigating the associations between chronic pancreatitis and pancreatic
cancer could be subject to medical surveillance bias and the relative risks from those studies
could be exaggerated. That is, chronic pancreatitis patients are more likely to go through clinical
check-ups of pancreas compared to individuals without chronic pancreatitis. Therefore,
subclinical pancreatic cancers are more likely to be detected among those with chronic
pancreatitis than those without the disease. Evidence of medical surveillance bias could be found
by comparing the frequency of clinical visits or the stage of pancreatic cancer between pancreatic
cancer cases with a history of chronic pancreatitis and those without. Higher frequency of
clinical visits and higher proportion of early stage diseases among pancreatic cancer cases with a
history of chronic pancreatitis indicate medical surveillance bias. However, none of the studies
investigating chronic pancreatitis-pancreatic cancer association has reported the information of

frequency of clinical visits and pancreatic cancer stage at diagnosis (58-64).

In the meta-analysis conducted by Raimondi and colleges (47), the odds ratio of chronic
pancreatitis in relation to pancreatic cancer risk dropped to 5.8 after excluding pancreatic cancer
cases diagnosed within the first two years of a diagnosis of chronic pancreatitis, suggesting
misdiagnosis of chronic pancreatitis for pancreatic cancer may inflate the odds ratio of 13 for

pancreatic cancer associated with chronic pancreatitis.



1.2.2 Factors with limited or inconsistent evidence

Diet

The most extensively studied dietary nutrients in relation to pancreatic cancer risk are
folate and vitamin D. A recent pooled analysis of 14 prospective cohort studies failed to find an
association between folate intake and pancreatic cancer risk(65). Epidemiological studies
observed mixed results on the associations between vitamin D intake or circulating 25-hydroxy
vitamin D (a biomarker of vitamin D) and pancreatic cancer risk(66). A nested case-control
study involving 365 pancreatic cancer cases over an average 16-year follow-up period suggested
that dietary vitamin D was inversely associated with pancreatic cancer risk(67). However, a
recent pooled analysis of 14 prospective cohort studies involving 2212 pancreatic cancer cases

found no association between dietary vitamin D and pancreatic cancer risk(68).

The associations between myriad foods and pancreatic cancer have been extensively
studied in epidemiological studies, but results are inconsistent on which foods are most relevant
in the development of pancreatic cancer. Diets high in total fat are associated with increased risk
of pancreatic cancer(35) but this has not been consistently reported (69). In general,
epidemiological studies found pancreatic cancer risk increased with higher meat intake,
especially fried and grilled meats and preserved meats that contain mutagenic and carcinogenic
compounds, such as heterocyclic amines (HCA) and polycyclic aromatic hydrocarbons (PAHS),
and N-nitroso compounds, respectively (46, 70-73). Most case-control studies have reported a
weak to modest inverse association between total fruit and vegetable consumption and pancreatic
cancer risk(74). However, prospective cohort studies generally found no association between

total fruit and vegetable consumption and pancreatic cancer risk(75, 76).



One of the difficulties in assessing the association between diet and pancreatic cancer risk
is the rapid clinical course of the disease. Early studies that assessed consumption of different
type of foods and pancreatic cancer associations mainly used a retrospective case-control study
design(35). Due to the severity of the disease, at the time of case ascertainment, most patients are
unable to participate in the study and respond to detailed dietary questionnaires(35). The high
case fatality of pancreatic cancer resulted in inclusion of only patients with relatively longer
survival into case-control studies or heavy reliance on the surrogate data or both(77). In some
studies, up to 88% of the case information is provided by a proxy interview (78). Therefore, to
study the roles of dietary components in pancreatic cancer development, prospective designed
studies seem to be more interpretable than retrospective case-control studies in terms of less

survival bias and information bias.

Most studies that assessed the association between diet and pancreatic cancer risk were
conducted in Western populations. Due to different dietary habits, the findings from those
studies may be applicable to other populations. For example, compared to Western diet, Asian
diet is higher in intakes of vegetables, fruit, and fish and lower in intakes of total energy, fat,
sugar, red meat, and other animal products(79, 80). Pancreatic cancer rates are lower in Asian
populations compared to populations in Europe and North America(1). The international
variations in diet and pancreatic cancer rates continue to suggest that diet may be an important
risk factor for pancreatic cancer. Pancreatic cancer may be partially preventable through
modification of diet. Therefore, prospectively designed studies in other populations such as

Asians will shed light on the roles of dietary components in pancreatic cancer development(81).



Alcohol

The associations between alcohol and pancreatic cancer risk are inconsistent across the
spectrum of alcohol intake level (7). For example, a pooled analysis of 14 cohort studies with
2,187 cases found alcohol intake was positively associated with pancreatic cancer risk (82).
Comparing individuals who drink more than 30 grams of alcohol per day to nondrinkers, the
relative risk and 95% confidence interval are 1.22 (1.03, 1.45)(82). However, another pooled
analysis of 12 nested case-control studies with 1,530 cases found no association between alcohol
consumption and pancreatic cancer risk(83). The two pooled analysis studies shared only 4
cohorts, and the other cohorts are different. Although the effect of alcohol on pancreatic cancer
risk is often confounded by smoking, one study found heavy alcohol consumption (>3 drinks per
day) was associated with a 36% increase in pancreatic cancer among never smokers excluding
the possibility of residual confounding from smoking(84). At high level, alcohol may promote
the effect of other risk factors such as tobacco smoking and inflammatory pathways involved in
chronic pancreatitis(85). Additionally, alcohol may promote pancreatic cancer via increasing
reactive oxygen species inducing oxidative DNA damage and interfering with one-carbon

metabolism resulting in abnormal DNA methylation(85).
Physical activity

Prospective studies support inverse associations between high levels of several types of
physical activity and pancreatic cancer risk(86). A prospective cohort study including 350
pancreatic cancer cases found an inverse association between moderate physical activity and
pancreatic cancer risk. Comparing the highest to the lowest category [>11 Metabolic Equivalent

Tasks (METs) vs. < 0.9 METs for men, and > 10.8 METs vs. < 0.8 METs for women], the
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relative risk (RR) and 95% confidence interval (Cl) are 0.45 (0.29, 0.70)(87). Physical activity

may reduce pancreatic cancer risk via reducing insulin resistance or obesity(86).

1.3 ONE-CARBON METABOLISM

One carbon metabolism is a network of interrelated biochemical reactions, with folate
and methionine as the key components (Figure 1). After ingestion, dietary folate goes through
several reactions catalyzed by enzymes that require vitamin B2 and B6 as cofactors, supplying
one carbon units for DNA synthesis and repair, and is ultimately converted to 5-methyl-
tetrahydrofolate (5-MTHF) (88) (89). Methionine forms S-adenosylmethionine, a universal
methyl donor in DNA, RNA, and protein methylations, and is eventually converted to
homocysteine (90) (91). Methionine can be replenished via remethylation of homocysteine,
either catalyzed by methionine synthase (MTR) that requires vitamin B12 and 5-MTHF, or
catalyzed by betaine homocysteine methyltransferase (BHMT) that requires betaine, which can
be ingested or derived from choline (88). Alternatively, homocysteine can be converted to
glutathione, an important antioxidant (92). Vitamin Bs is a cofactor for multiple enzymes in the
one-carbon metabolism pathway, including serine hydroxymethyltransferase for nucleotide
synthesis (93) and remethylation of homocysteine (94), and cystathionine B-synthase and
cystathione y-lyase for generation of glutathione (95).

One carbon metabolism has been implicated in cancer etiology due to its roles in DNA
synthesis, repair, and methylation. Pancreatic cancer shows features of frequent genetic
alterations (96) and abnormal DNA methylation patterns(97, 98), and thus the availability of one

carbon metabolism-related nutrients may affect pancreatic cancer risk. Experimental studies
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provided evidence that abnormal one carbon metabolism may affect pancreatic cancer initiation
and growth. For example, vitamin Be deficient diet induced DNA damage in the pancreas in rats
(99), choline-deficient diet enhanced the development of carcinogen-initiated pancreatic cancer
in rodents (100), and L-methionine inhibited growth of human pancreatic cancer cell lines
through inducing apoptosis (90).

Epidemiological studies showed inconsistent results on the associations between dietary
intake of one carbon metabolism-related nutrients and pancreatic cancer. Although a 2007 report
by World Cancer Research Fund suggested that folate from food may have a probable protective
effect on pancreatic cancer development (10). A recent pooled analysis of 14 prospective cohort
studies found pancreatic cancer was not associated with dietary or total (dietary plus
supplemental) intake of folate (65). In contrast, a recent meta-analysis of 4 case-control studies
and 6 prospective cohort studies observed inverse association between dietary folate intake and
pancreatic cancer risk (101). However, the meta-analysis reported statistically significant
heterogeneity across studies included in the analysis and significant publication bias. In contrast
to the enormity of research efforts on folate-pancreatic cancer association, less attention has been
drawn to other nutrients that participate into one carbon metabolism. Among the two prospective
cohort studies that assessed methionine intake and pancreatic cancer risk, one reported inverse
association (102), and another one reported no association (103). Two prospective cohort studies
reported no association between vitamin Beg intake and pancreatic cancer (102, 103).

The conflicting study results may be partly because of the limited number of nutrients
assessed in some studies. Due to the complexity of one carbon metabolism, a comprehensive
assessment of multiple nutrients may be more likely to reflect the overall nutrient status of one

carbon metabolism and allow identification of the most critical nutrient in relation to pancreatic
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cancer development. Although numerous studies were conducted in Western populations, to our
knowledge no studies were conducted in Asian populations. Associations between dietary one
carbon metabolism-related nutrients and pancreatic cancer observed in Western populations may
not apply to Asian populations, given the different dietary habits and food sources of one carbon
metabolism-related nutrients in Asian versus western populations. For example, The main food
sources of vitamin B6 in the US population are ready-to-eat cereal (14.6%), beef (9.6%), poultry
(9.6%), and potato (8.9%) (104). In the Singapore Chinese Health Study, the main sources of
vitamin Be are grain products (24.5%), fish and shellfish (15.7%), fruits and related juice
(14.8%), vegetable and related juice (12.6%), and red meat (8%).

To address these limitations, in the first study, we analyzed data from a prospective
cancer epidemiology cohort in Singapore Chinese to test the hypothesis that high intakes of one
carbon metabolism-related nutrients are inversely associated with the development of pancreatic

cancer.

14 Bs VITAMERS

Vitamin Bes comes from a large number of foods. The richest food sources of vitamin Be
include beef liver and other organ meats, fish, potato and other starchy vegetables, and non-citrus
fruits (104-106). PLP is the bioactive form of vitamin Bs that serves as an enzymatic cofactor in
metabolisms of amino acids, one-carbon units, neurotransmitters, and immunomodulatory
metabolites(107). Circulating level of PLP is used as a primary index of whole-body vitamin Bg

availability(108). To examine closely the role of internal dose or whole-body availability of
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vitamin Bg, a biomarker approach is needed to evaluate the association between vitamin Be and

risk of pancreatic cancer.

Three studies have evaluated the association between circulating levels of PLP and
pancreatic cancer risk. Two case-control studies nested within prospective cohorts of European
and the U.S. populations found no association between plasma PLP and pancreatic cancer
risk(109, 110). Another case-control study nested among a cohort of Finnish male smokers found
higher serum PLP was associated with a decreasing trend in pancreatic cancer risk(111). The
highest tertile of serum PLP was associated with a 50% reduction in pancreatic cancer risk
compared to the lowest tertile(111). It has been established that smokers have lower levels of
plasma PLP, which may limit the generalizability of the study results to nonsmokers(112). An
investigation of circulating PLP and pancreatic cancer risk in populations other than the U.S. or
Europe is needed given the different levels of vitamin Bs exposure across populations
worldwide. In addition, previous studies only focused on PLP. Other major forms of B vitamers
in circulation may provide a more relevant measure of available vitamin Be than evaluating PLP
alone in relation to pancreatic cancer risk. Therefore, to fill the gap in the literature and have
more understanding of the association between vitamin B vitamers and pancreatic cancer risk,
the second study used a nested case-control study design and comprehensively evaluated the role
of serum Bs vitamers in relation to pancreatic cancer risk using the data from two prospective

cohort studies in Asian populations.

In addition to PLP, pyridoxal (PL) and 4-pyridoxic acid (PA) are major forms of Bg
vitamers in circulation (112) (Figure 2). PL is the transport form of vitamin Bs that crosses
cellular membranes, which can be interconverted with PLP(113). PA is the predominant

catabolite of PLP in excretion(113). In a human feeding trial, the circulating levels of PLP, PL,
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and PA were all elevated in respond to vitamin Bs supplementation, indicating PL and PA are
valid biomarkers for vitamin Be status(114). Therefore, the sum of PLP, PL, and PA can be used
as a marker of total PLP in circulation. Recently, the ratio of PA:(PL +PLP), or PAr has been
proposed as a biomarker for catabolism of vitamin Bg(115) during the chronic inflammatory
state(115). PAr is a strong indicator of chronic inflammation, suggesting increased catabolism
may in part account for low PLP concentration in inflammatory conditions(107, 116, 117). In
addition, high PAr is associated with increased oxidative stress(118), which is implicated in
genomic instability and carcinogenesis(119). Whether PAr, a marker of vitamin Bs catabolism

during inflammation, is associated with pancreatic cancer risk is unknown.

1.5 METABOLITES OF THE KYNURENINE PATHWAY

The initial step of the kynurenine (Kyn) pathway is the indoleamine 2,3-dioxygenase
(IDO)-catalyzed conversion of tryptophan to Kyn (Figure 3). Kyn can be metabolized to
kynurenic acid (KA) by kynurenine aminotransferase (KAT), or alternatively, be metabolized to
3-hydroxykynurenine (HK) by kynurenine 3-monooxygenase (KMO). HK can be further
converted to xanthurenic acid (XA) by KAT, or be converted to 3-hydoxy-anthranillic acid

(HAA) by kynureninase.

PLP is a cofactor for kynurenine aminotransferase (KAT) and kynureninase, two
enzymes in the Kyn pathway (Figure 3). Thus, low PLP may interfere with the metabolism of
Kyn and production of downstream metabolites. This hypothesis is supported by experimental
data and dietary restriction of vitamin Be in humans, where the concentration of KA was lower

and the concentration of HK was higher in plasma from men and women fed a vitamin Bs
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restricted diet compared to control subjects (120-122). Recently, the substrate product ratios of
KAT (i.e., KA:HK and XA:HK) and kynureninase (i.e., HK/HAA) have been identified as
markers of intracellular functional status of vitamin Bg (the functional availability of vitamin Bs
in tissues to carry out enzymatic reactions)(123). In other words, higher ratios of KA:HK,
XA:HK, and HAA:HK indicate lower availability of vitamin Be to carry out the enzymatic

reactions in the Kyn pathway.

Inflammation has been implicated in pancreatic cancer initiation and progression(124).
Vitamin Bg supplementation has been shown to reduce circulating levels of pro-inflammatory
cytokines (i.e. TNF-a and IL-6) in humans(125). The immune system relies on PLP-dependent
Kyn metabolism pathway to regulate an inflammatory response. Current evidence suggests that
the inverse association between circulating PLP and chronic inflammatory biomarkers may be
explained by the mobilization of PLP into active inflammatory sites for use by the Kyn

metabolism pathway(107).

Metabolites of the Kyn pathway are known to have anti-inflammatory properties. For
example, in a mouse model, Kyn, HK, and XA restricted Th2-dependent allergic airway
inflammation(126), and Th2 immune response is hypothesized to promote pancreatic cancer
growth(127). Furthermore, several kynurenines including Kyn, KA, and XA have been identified
as endogenous ligands that can bind to and activate aryl hydrocarbon receptor (AHR)(128). AHR
is a transcription factor. The activation of AHR is involved in immune responses and inhibiting
inflammation(129-131). AHR is highly expressed in human pancreatic cancer tissues and
activation of AHR inhibited the growth of human pancreatic cancer cell lines via induction of the
cyclin-dependent kinase inhibitor p21, leading to cell cycle arrest and inhibition of cancer

growth(132, 133). Indeed, clinical evidence suggested Kyn level in plasma was negatively
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correlated with tumor size in pancreatic cancer patients(134). Therefore, this third study tested
the hypothesis that lower serum levels of kynurenines are associated with higher risk of

pancreatic cancer.

In addition to the anti-inflammatory effects of downstream kynurenines, the ratio of Kyn
to tryptophan (KTR) has been suggested as a marker of cellular immune activation. The IDO
enzyme that catalyzes the initial and rate-limiting step of tryptophan degradation through the
Kyn pathway can be induced by cytokines such as interferon-y (IFN- y). IFN-y is considered a
Th1 cytokine that protects against tumor development and promotes tumor surveillance(135). In
addition to promoting antitumor cellular immunity, IFN- y directly inhibited pancreatic cancer
cell growth via activation of caspase-1 mediated apoptosis(136). The association between
circulating KTR, a marker of cellular immune activation, and pancreatic cancer risk has not been
studied yet. In addition to KTR, neopterin is also a marker of cellular immunity activation.
Neopterin is a metabolite of guanosine triphosphate (GTP) and is produced by macrophages
upon stimulation of IFN- y. Due to the short half-life of IFN-y in vivo(137), the direct
measurement of IFN- y in circulation is often difficult, and therefore, KTR and neopterin can be
used as markers of IFN- y-related cellular immunity activation(138). The third study investigated
the role of ratios of kynurenines, KTR and neopterin, markers of cellular immunity activation, in

relation to pancreatic cancer risk.
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16 TABLES

Table 1. Age standardized (world) incidence rates (ASR) (per 100,000 persons per year) and 5-year relative survival (%) of pancreatic cancer (ICD10, C25) by
selected national and/or ethnic group, and sex, 2003-2007

USA, SEER (18 USA, SEER(18 registries):
Singapore Chinese Shanghai City Chinese
registries): White Asian and Pacific Islander
Males Females Males Females Males Females Males Females
No. cases 487 408 2100 1901 16,887 16,810 1382 1457
ASR (W)? 6.3 4.2 7.0 5.3 8.1 6.0 6.0 4.8
5-year relative 3.2° 3.6 8.4° 7.1° 4.2 4.4 5.0¢ 7.1¢

survival, %

& Age-standardized (world) incidence rates (per 100,000 person-years)

b Cases diagnosed in 1993-1997 followed-up until 2001 (All residents in Singapore)
¢ Cases diagnosed in 1992-1995 followed-up until 2000

d Cases diagnosed in 1988-2001, age 20+, SEER12(139)
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Table 2. Risk factors for pancreatic cancer

Key Studies

Established risk
factors

Factors with
limited or
inconsistent
evidence

Increase risk
Smoking

Obesity

Family history

Chronic pancreatitis

Decrease risk
None
Increase risk
Red meat

Dietary fat

Alcohol

A pooled analysis(33) from nested case-control studies involving 1,481 cases found for
current smoker versus never smokers:

OR=1.77, 95%CI:1.38, 2.26

A meta-analysis(42) of 6 case-control and 8 cohort studies involving 6,391 cases found
that for per unit increase in BMI:

OR=1.02, 95%CI:1.01, 1.03

A pooled analysis(140) involving 1,183 cases found that for at least one first degree
relative with pancreatic cancer versus no first degree relative with pancreatic cancer:

OR=1.76, 95%CI:1.19, 2.61

A prospective cohort study(60) of 322 chronic pancreatitis patients over a median
follow-up of 9 years found the age and sex standardized incidence ratio (SIR):

SIR=19, CI: 5.2, 48.8

A meta-analysis(141) of 11 prospective studies with 6643 cases showed for an increase
in red meat consumption of 120 g per day:

RR=1.13, 95%CI: 0.93, 1.39

A prospective cohort study(142) involving 178 cases over 18 years of follow-up found
for the 5™ quintile versus the 1% quintile of total fat intake:

RR=1.24, 95%CI:0.70, 2.20, p for trend=0.52

A pooled analysis of 10 case-control studies(143) involving 5,585 cases showed that
for people drinking > 9 drinks per day:
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Table 2 Continued

Decrease risk
Fruits and vegetables

Folate

Vitamin D

Vitamin Bg

Physical activity

OR=1.6, 95%CI: 1.2, 2.2

A large population-based case-control study(144) involving 532 cases found for the
highest quartile versus the lowest quartile of total vegetable intake:

OR=0.45, 95%CI: 0.32, 0.62, p for trend<0.0001

For the highest quartile versus the lowest quartile of total fruits and total fruit juice
intake:

OR=0.72, 95%CI: 0.54, 0.98, p for trend = 0.06

A pooled analysis of 14 prospective studies(65) involving 2,195 cases found that the
highest versus the lowest quintile of dietary folate intake:

RR=1.06, 95%CI: 0.90, 1.25, p for trend=0.47

A pooled analysis of 14 prospective studies(68) involving 2,212 cases found that for
dietary vitamin D >1300 IU versus <500 IU:

HR=0.94, 95%CI: 0.64, 1.38, p for trend=0.12

Two prospective cohort studies showed no association between dietary vitamin Bs and
pancreatic cancer risk. One Finnish nested case-control study involving 126 cases
found inverse association between serum pyridoxal 5’-phosphate (PLP) and pancreatic
cancer risk. For highest vs. lowest tertile:

OR=0.48, 95%Cl: 0.26, 0.88, p for trend = 0.02.

Two other nested case-control studies conducted in European and US populations
found no associations between serum PLP and pancreatic cancer risk.

A prospective study(87) involving 350 cases found for the highest versus the lowest
category of moderate physical activity: RR=0.45, 95%CI1=0.29, 0.70, p for trend <
0.001
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1.7 FIGURES
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Figure 1. One-Carbon metabolism
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Conversions of Bg Vitamers Catalyzed by:
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Abbreviations: PL, pyridoxal; PN, pyridoxine; PM, pyridoxamine; PLP, pyridoxal-5’-phosphate; PNP, pyridoxine-5’-phosphate;
PMP, pyridoxamine-5’-phosphate; 4-pyridoxic acid (4-PA).

Adapted from “Update on interconventions of vitamin B-6 with its coenzyme,” by D. B. McCormick and H. Chen, 1999, The Journal of Nutrition, 129: 325-327, Copyright
2016 by the American Society for Nutrition.

Figure 2. Interconversions of B6 vitamers
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Figure 3. The kynurenine pathway
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2.0 DIETARY INTAKE OF ONE-CARBON METABOLISM-RELATED
NUTRIENTS AND PANCREATIC CANCER RISK: THE SINGAPORE CHINESE

HEALTH STUDY

Background: Nutrients involved in one-carbon metabolism are hypothesized to protect against
pancreatic cancer development. Methods: The Singapore Chinese Health Study database was
used to prospectively examine the association between intake of one-carbon metabolism-related
nutrients and pancreatic cancer risk. Between 1993 and 1998, 63,257 men and women aged 45-
74 vyears were enrolled into the cohort. The daily intakes of the following one-carbon
metabolism-related nutrients were assessed at enrollment using a 165-item food frequency
questionnaire: betaine, choline, folate, and vitamins B2, Bs, and B1>. Multivariable hazard ratios
(HRs) and 95% confidence intervals (Cls) for pancreatic cancer risk associated with dietary
intakes of one-carbon metabolism-related nutrients were calculated. Results: As of December
2013, 271 incident pancreatic cancer cases were identified during an average of 16.3 years of
follow-up. Higher intake of vitamin Bg and choline were associated with statistically significant
decreases in the risk of developing pancreatic cancer. Compared with the lowest quartile, HRs
(95% Cls) for the highest quartiles of vitamin Bs and choline were 0.52 (0.36, 0.74) (P trend =
0.001) and 0.67 (0.48, 0.93) (P trend = 0.04), respectively. There were no clear associations
between the other one-carbon metabolism-related nutrients and pancreatic cancer risk.
Conclusion: Our study suggests that higher intake of vitamin Be and choline may lower the risk
of pancreatic cancer. Impact: Our prospective findings are consistent with the in vivo evidence

for protective roles of vitamin Bg and choline on pancreatic cancer development.
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2.1 INTRODUCTION

Pancreatic cancer is among the most deadly malignancies in the world. In the U.S.,
pancreatic cancer is the fourth leading cause of cancer-related death in both men and women
(145). In 2014, it is estimated that 20,170 men and 19,420 women died from pancreatic cancer
(145). The median survival of pancreatic cancer is only three to six months, due in part to the
lack of effective treatments (26). Cigarette smoking and obesity are the only established
modifiable risk factors for pancreatic cancer (146, 147). The identification of novel primary
prevention targets is a viable approach for reducing the burden of pancreatic cancer.

One-carbon metabolism is a set of interconnected pathways that supply methyl groups for
DNA synthesis, repair, and methylation (148). Adequate DNA methylation maintains
chromosome stability and prevents gene disruption (149). Studies using a global methylation
profiling approach showed that a substantial number of genes were aberrantly methylated not
just in advanced pancreatic cancers (150), but also in precancerous lesions (151), indicating a
potential time window when chemoprevention agents that target DNA methylation pathways
could have a beneficial impact. Diet is a major source for key substrates and cofactors involved
in one-carbon metabolism, such as vitamin Bs, choline, and folate (105). Vitamin Be is a cofactor
for multiple enzymes in the one-carbon metabolism pathway, including serine
hydroxymethyltransferase for nucleotide synthesis (93) and remethylation of homocysteine (94),
and cystathionine B-synthase and cystathione y-lyase for generation of glutathione (152). In
rodents, diets deficient in methyl donors (i.e., choline, methionine, and/or folate) resulted in

global hypomethylation (153-155) and increased incidence of neoplastic lesions induced by
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carcinogens in the pancreas (100, 156, 157). Therefore, low dietary intake of these nutrients may
interfere with the normal function of one-carbon metabolism pathways (120, 122), and thus
increase the risk of developing pancreatic cancer.

A majority of epidemiologic studies that have evaluated one-carbon metabolism-related
nutrients in relation to pancreatic cancer risk have focused on the potential role of folate. A
recent pooled analysis of 14 prospective cohort studies conducted mostly in U.S. populations,
reported that dietary folate was not associated with pancreatic cancer risk (65). Similarly, there
was no trend with increasing blood folate levels and pancreatic cancer risk in the European
Investigation of Cancer (EPIC) cohort study (110) or in a pooled analysis of U.S. cohorts (109).

Few prospective studies of pancreatic cancer have considered the potential role of one-
carbon metabolism-related nutrients other than folate. Dietary methionine was strongly
associated with lower risk of pancreatic cancer in a Swedish study (102), but not in a cohort of
Finnish male smokers (103). While neither cohort supported dietary vitamin Be as a possible
protective factor for pancreatic cancer (102, 103), a recent report showed a statistically inverse
association for plasma pyridoxal phosphate (PLP), the bioactive form of vitamin Bs, in European
women (110). A large population-based case-control study in the U.S. reported a positive
association and trend with increasing pancreatic cancer risk for dietary vitamin B1» (158). There
have been no epidemiologic studies of other one-carbon related nutrients, such as choline or
betaine and pancreatic cancer risk.

Due to the involvement of multiple nutrients and the complexity of one-carbon
metabolism pathways, a comprehensive assessment of the nutrients involved and their
associations with pancreatic cancer risk is needed. Therefore, it is worthwhile to investigate these

associations in a prospective cohort with well-characterized dietary intake. We analyzed data
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from a prospective cohort of Singapore Chinese to test the hypothesis that higher intake of one-
carbon metabolism-related nutrients are inversely associated with the risk of developing

pancreatic cancer.

2.2 METHODS

2.2.1 Study design and population

The design of Singapore Chinese Health Study has been previously described in detail
(159). Briefly, between 1993 and 1998, 63,257 Chinese men and women between ages of 45-74
years living in Singapore were enrolled into the cohort study. The cohort was drawn from
residents of government-built housing estates (86% of all Singaporeans during the recruitment
time period). Study subjects were restricted to two major dialect groups of Chinese in Singapore
(Hokkien and Cantonese). The study was approved by the Institutional Review Boards of the

National University of Singapore and the University of Pittsburgh.

2.2.2 Assessment of one-carbon metabolism-related nutrients

At the time of recruitment, each participant completed an in-person interview with a
structured questionnaire asking for information on demographics, uses of tobacco and alcohol,
medical history, and physical activity. To assess usual dietary intake, a 165-item semi-

quantitative food frequency questionnaire (FFQ) was used. The FFQ was developed for the
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target study population and validated using a series of 24-hour recall interviews and repeated
administration of the FFQ in a subpopulation of the cohort (160).

Average daily intake of one-carbon metabolism-related nutrients was calculated by
multiplying the usual frequency and portion size of each food item by the nutrient content using
the food composition values from the Singapore Food Composition Database. The method is
described as follows: sum up the intake of a certain nutrient from all 849 raw and cooked food
items included in the Singapore Food Composition Database, which can be expressed as);; AiBi.
Here, Ai denotes the average daily consumption of a single food item i by grams, Bi denotes the
level of a certain nutrient per 100 g edible food item i. For each food item, the weight Ai was
estimated by usual frequency and portion size collected from the questionnaire, and
corresponding weight for single units of all measurements. The nutrient contents information Bi
were obtained from the original Singapore Food Composition Database, which was built upon a
large unpublished data set developed at the Cancer Research Center of Hawaii (relied heavily on
data published by the US Department of Agriculture (161, 162)), and supplemented with several
published food composition tables of the People’s Republic of China (163), Malaysia(164), and
Taiwan (165). The original Singapore Food Composition Database contained the levels of 98
nutritive/nonnutritive food components, including folate, and vitamins B, Bs and B2, per 100 g
of edible food for each food item included in the FFQ (160). The correlation coefficients for
energy intake and selected nutrients from the questionnaire vs. the 24-hour recalls by gender and
dialect group were previously reported(160). For example, the correlation coefficients comparing
the intake values from questionnaire with those from 24-hour recalls ranged from 0.31 in
Cantonese women to 0.53 in Hokkien men for total calories, and 0.50 in Cantonese men to 0.69

in Cantonese women and Hokkien men for calorie-adjusted folate by residual method(166). The
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nutrient content information of betaine (167-172), choline (168, 170, 172), and methionine (170,
172) has recently become available and has been added into the Singapore Food Composition
Database based on the data published by US Department of Agriculture and the University of
Minnesota’s Nutrition Coordinating Center Food and Nutrient Database.

Our team has previously reported the correlation coefficients for total calorie intake and
selected nutrients (including folate) from the FFQ versus the 24-hour recalls information
collected from 858 randomly chosen cohort members for the purpose of validating the FFQ
(160). The correlation coefficient ranged from 0.31 to 0.53 for total calories and 0.50 to 0.69 for
calorie-adjusted folate by residual method (166) across sex and dialect groups (Cantonese and

Hokkien) (160).

2.2.3 Ascertainment of pancreatic cancer cases

Incident pancreatic cancer cases (ICD-Oncology codes, 2" edition, C25) were identified
through record linkage with the databases of the nationwide Singapore Cancer Registry and the
Singapore Registry of Births and Deaths. The national cancer registry has been in place since
1968 and has been shown to be comprehensive in recording cancer cases among the entire
population (173). As of December 31, 2013, only 57 participants from this cohort were known to
be lost to follow-up because of migration out of Singapore (n=30) or for other reasons (n=27).
Among those under follow-up, 276 cohort members who were free of cancer at baseline

developed pancreatic cancer.
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2.2.4 Statistical analysis

Person-years of follow-up time was counted from the date of baseline interview to the
diagnosis of pancreatic cancer, lost to follow-up, death of any cause, or December 31, 2013,
whichever occurred first. Among the cohort participants, 1,936 had a history of cancer before
enrollment, and thus were excluded from the present analysis. Another 459 men and 564 women
were excluded due to extreme values of total calorie intake (men: <700 or >3700 kcal/day,
women: <600 or >3000 kcal/day). In total, 60,298 subjects including 271 pancreatic cancer cases
were included in the analysis.

Nutrient variables were presented as the values adjusted for total calorie intake by using
the residual method (166). Cox proportional hazards regression method (174) was used to
estimate the hazard ratios (HRs) and 95% confidence intervals (ClI) for the associations between
one-carbon metabolism-related nutrients and pancreatic cancer risk. Study subjects were grouped
into quartiles based on the distribution of nutrient intake in the entire cohort. The nutrients were
coded as ordinal values (1, 2, 3, 4) of quartile variables to assess the linear trends of the nutrient-
pancreatic cancer association. We did not identify any violation of the proportional hazard
assumption.

On the basis of previous analyses in the cohort, we controlled for age at baseline (years),
sex, year of baseline interview (1993-1995, 1996-1998), dialect group (Cantonese, Hokkien),
and the level of education (no formal schooling, primary school, and secondary school or above)
in all multivariable models. We further adjusted for body mass index (BMI) (<18.5, 18.5-21.4,
21.5-24.4, 24.5-27.4, >27.5 kg/m?) (175, 176), smoking status (never smokers, former smokers,
current smokers), alcohol drinking (nondrinker, drinker), weekly use of vitamin/mineral

supplement (no, yes), self-reported physician diagnosed diabetes (no, yes), any weekly physical
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activity (no, yes), and total daily caloric intake (tertiles). Covariates were included in the final
multivariable regression models, because including the variable in the base model resulted in
change of 10% or more in the hazard ratio for pancreatic cancer and at least one of the one-
carbon metabolism-related nutrients, or the variable had been previously reported to be
associated with pancreatic cancer in the present study population or other populations.

We further performed stratified analyses by sex. To rule out potential effects of
subclinical pancreatic cancer on intake of one-carbon metabolism-related nutrients we performed
secondary analyses after excluding pancreatic cancer cases and person-years during the first two
years of follow-up post-enrollment. Statistical analyses were conducted using SAS version 9.3
(SAS Institute, Inc., Cary, NC). All P values were two-sided and considered statistically

significant if less than 0.05.

2.3 RESULTS

After an average 16.3 years of follow-up, 271 cohort members (138 males and 133
females) developed pancreatic cancer. The mean age at cancer diagnosis was 72.0 years for
males, and 71.6 years for females. The mean time from baseline interview to cancer diagnosis
was 10.5 years (range, 3 months to 20.2 years).

Baseline characteristics were evaluated by highest and lowest quartile intake levels of
vitamin Be and choline, two of the one-carbon metabolism-related nutrients with a priori
hypothesis for associations with pancreatic cancer risk (Table 3). Overall, men (vs. women)
were more likely to be ever smokers (57.7% vs. 8.7%) and alcohol drinkers (31.4% vs. 9.0%).

Men and women in the highest quartile of vitamin Be intake were more likely to have a higher
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BMI and to be a never smoker than those in the lowest quartile. Among men, alcohol drinking
and diabetes were more prevalent in the highest quartile of vitamin Be. Men in the highest
quartile of choline intake were more likely to be smokers and alcohol drinkers compared to those
in the lowest quartile.

Positive correlations were observed between a majority of the one-carbon metabolism-
related nutrients (Table 4). The strongest correlations were observed between choline and other
nutrients, including methionine [Spearman’s correlation coefficient (r) = 0.70], vitamin B>
(r=0.60) and B12 (r=0.70). The weakest correlations were observed between methionine and
other nutrients, including betaine (r=0.00) and folate (r=0.05). The Spearman’s correlation
coefficient of vitamin Bs and choline was 0.50.

Risk of pancreatic cancer in females was 30% lower than that in males (Table 5).
Compared with never smokers, no association was observed with former smokers, regardless of
year since quitting (data not shown). Current smokers who smoked for 30 or more years had an
increased pancreatic cancer risk (HR=1.61; 95% CI: 1.19-2.16) that was similar to those who
smoked for less than 30 years (HR=1.55; 95% CI: 0.84-2.88), compared with never smokers.
Among women, current smokers experienced a statistically significant 93% increased risk of
pancreatic cancer compared with never smokers, and alcohol consumption of one or more drinks
per week was associated with statistically non-significant 68% increased risk of pancreatic
cancer, compared with nondrinkers. There were no significant associations between smoking or
drinking and risk of pancreatic cancer in men.

Higher intakes of choline and vitamin Bs were associated with decreased risk of
pancreatic cancer in a dose-dependent manner (Table 6). The inverse associations between

dietary choline and vitamin Bs and pancreatic cancer risk remained after excluding the first two
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years of follow-up. Comparing the highest versus the lowest quartile, the HRs (95% CIs) for
choline and vitamin Bs were 0.64 (0.45, 0.90) and 0.54 (0.37, 0.78), respectively (both Ps for
trend < 0.02). There was no association for pancreatic cancer risk with the intake of betaine,
folate, methionine, vitamins Bo, or B> (Table 6). For comparison with a previous reports (102,
158), we evaluated potential joint effects between dietary folate and methionine on pancreatic
cancer risk. Although no clear pattern emerged, higher dietary methionine was associated with
reduced risk when folate was low (HR=0.64; 95% CI: 0.42-0.99; comparing third to first tertile)
(Table 7). There was no evidence for joint effects on pancreatic cancer risk with folate and
vitamin Be or choline, or with vitamin Be and choline (all Ps for interaction > 0.6).

The association between dietary choline or vitamin Be and pancreatic cancer risk was
more apparent in men than in women (Table 6). However, we did not detect a statistically
significant interaction between gender and either choline or vitamin Bs on pancreatic risk (both
Ps >0.15). There were also dose-dependent inverse associations for pancreatic cancer risk only in
men for methionine (P for trend=0.02) and vitamin B1. (P for trend=0.047). The gender- nutrient
interaction on pancreatic cancer risk was statistically significant for vitamin B> (P for

interaction=0.01), but not for methionine (P for interaction=0.11).

2.4  DISCUSSION

We prospectively evaluated whether one-carbon metabolism-related nutrients were
associated with pancreatic cancer risk and found that dietary intake of choline and vitamin Be
demonstrated inverse, statistically significant trends. Highest quartiles, as compared to the lowest

quartiles, of dietary vitamin Be and choline were associated with a 48% and 33% decrease in
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pancreatic cancer risk, respectively. We reported no association with the other one-carbon
metabolism related-nutrients, including betaine, folate, methionine, vitamins B> and Bi>.

Our finding of a dietary vitamin Bs-pancreatic cancer risk association differs from the
null results observed in prospective cohorts in Sweden (102) and Finland (103), as well as a large
population-based case-control study in the U.S. (158). Possible explanations for the discrepancy
include the relatively low intake of vitamin Be in our cohort, as well as differences in the major
food sources of vitamin Be in a Chinese versus Western diet. Less than 15% of our cohort met
the U.S. Recommended Daily Allowance of 1.7mg and 1.5mg for men and women, respectively
(105). In contrast, 75% of the Swedish cohort and 80% of the U.S. control population had
consumed more than 1.7 mg/day from food only (102, 158). The major food sources of vitamin
Bs in our cohort were rice (25%) and fish (16%), compared with meat (29%) and cereals (17%)
in Sweden (177), and read-to-eat cereal (13%), poultry (9.0%) and beef (8.7%) in the U.S. (178).
The suggestive evidence that red meat intake is associated with an increased risk of pancreatic
cancer (179) may partially explain the null results with vitamin Bes that were observed in Western
study populations. It is also possible that once the daily requirement is met there is no additional
benefit with higher intake of vitamin Be on the risk of pancreatic cancer.

Our dietary vitamin Be-pancreatic cancer finding supports the statistically significant
inverse associations with higher circulating pyridoxal-5’-phosphate (PLP), the bioactive form of
vitamin Bs, and pancreatic cancer risk that were reported in two European studies (110, 111), but
not the null finding from a pooled analysis of four U.S. cohorts (109). We have previously
reported a modest statistically significant correlation with plasma PLP and dietary vitamin Bg in
a healthy subset of our study population (r = 0.17, P=0.0003) (180). In addition to the lower

intake and different major food sources of vitamin Bs in our study population, perhaps our FFQ
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also captured the internal dose more accurately, compared with the studies that reported no
association with dietary vitamin Bs and pancreatic cancer risk.

A protective effect of vitamin Be on pancreatic cancer development is biologically
plausible given vitamin Be’s role as a cofactor for enzymes involved in the DNA synthesis and
methylation pathways of one-carbon metabolism. As a cofactor for serine
hydroxymethyltransferase, a diet low in vitamin B results in a decreased production of the
methyl donor, methylene-THF (181-183). A decrease in the methylene-THF pool may overload
the DNA repair system by increasing uracil incorporation into DNA, and eventually lead to
chromosome breaks (183, 184). Global DNA hypomethylation has been linked with genomic
instability (185) and tumorigenesis (186, 187). The level of methylation of long interspersed
nuclear element-1 (LINE-1) DNA sequences from peripheral lymphocytes is used as a biomarker
for genomic DNA methylation status (188), and lower levels are associated with increased risk
of some cancers (189). The level of LINE-1 methylation was measured in a healthy subset of our
Singapore Chinese cohort (190), and in a secondary analysis, we found that dietary vitamin Bs
had a weak positive correlation with LINE-1 (r=0.12, P=0.007). In summary, it is biologically
plausible that adequate intake of vitamin Bs may reduce the risk of pancreatic cancer through its
beneficial effects on DNA synthesis and methylation status.

Vitamin Bs may play a role in preventing DNA from oxidative damage. In rats fed a
vitamin Be-deficient diet, decreased activity of pancreatic glutathione reductase, an enzyme that
maintains the cellular glutathione level was reported (191). Glutathione is an antioxidant that is
required for maintenance of the cellular redox state and detoxification of carcinogens, and low

glutathione may impair the antioxidant defense system (152). Therefore, increasing oxidative
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stress may represent a mechanistic pathway by which low intake of vitamin Bs may lead to
increased pancreatic cancer risk.

To our knowledge, no epidemiological study has studied the relationship between dietary
choline and pancreatic cancer risk. Our observed inverse association between choline intake and
pancreatic cancer risk is consistent with the experimental evidence that dietary deficiencies of
methyl donors, such as choline, led to aberrant differentiation and function of the exocrine
pancreas and contributed to pancreatic carcinogenesis (192). A long-term choline-deficient
ethionine (an antagonist of methionine)-supplemented diet in mice with induced chronic
pancreatitis resulted in an increase in the expression of key molecules in the pancreatic
carcinogenesis process, such as epidermal growth factor receptor (EGFR), K-Ras, and
transforming growth factor a (TGF o) (193). Furthermore, a choline-deficient diet was able to
shorten the induction period and increase the incidence of carcinogen-induced pancreatic
carcinomas in hamsters (100, 194). In summary, our observed inverse association between
dietary choline and pancreatic cancer risk is biologically plausible, but it is not clear whether the
role of choline is independent of the potential effects of methionine and/or vitamin Bi2, given
that intake of these three nutrients are strongly correlated with each other.

We did not observe statistically significant associations with dietary betaine, folate,
methionine, vitamin B or B1» for pancreatic cancer risk. Dietary intake of betaine or vitamin B>
has not been previously evaluated in relation to pancreatic cancer risk. Our finding for no
association with folate was consistent with a pooled analysis of 14 prospective cohort studies
(65). Our finding for no association with vitamin B12 was consistent with results from the only
other prospective study to evaluate an association with pancreatic cancer risk (103). Our finding

for methionine was similar to two (103, 195), but not all (102) prospective studies that evaluated
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methionine-pancreatic cancer risk associations. In our sex-stratified results, a vitamin Bio-
pancreatic cancer inverse association was only present in men, and vitamin Bi> was the only
nutrient with a statistically significant interaction with sex. Vitamin Bi. functions as a cofactor
for methionine synthase, an enzyme that converts homocysteine to methionine (105). In our data,
vitamin B12 was strongly correlated with methionine and choline (Table 4), making it difficult to
tease out the individual effects of these three nutrients on pancreatic cancer risk. The inverse
associations with vitamin B12, methionine, and choline intake and pancreatic cancer risk among
men in our study suggests that compared to women, men may be more susceptible to low intake
of these one-carbon metabolism-related nutrients (196). Our sex-specific findings, however,
should be interpreted with caution, as they may be due to chance given the small number of cases
available in the stratified analyses.

The strengths of our study include a prospective design, long duration of follow-up, and a
comprehensive assessment of one-carbon metabolism-related nutrients. There are also limitations
of our study. Due to the nature of an observational study and the one-time assessment of diet, our
results may be influenced by misclassification of usual diet during the long follow-up period.
However, given the prospective design, the potential for misclassification is unlikely to be
different in cases and non-case participants; the non-differential misclassification could bias our
results towards the null.

In summary, this prospective cohort study demonstrated statistically significant, inverse
associations between dietary vitamin Bs and choline, and pancreatic cancer risk. These novel
findings support the hypotheses that vitamin Be and choline are relevant in pancreatic

carcinogenesis. Future studies are needed to study the underlying mechanisms how vitamin Be
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and choline, as well as other correlated one-carbon metabolism-related nutrients, may protect

against the development of pancreatic cancer.
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Table 3. Participant Characteristics According to Intake of Vitamin Be (mg) at Baseline, the Singapore Chinese Health Study, 1993-2013

Men Women
Characteristics Vitamin Be intake 2 Choline intake ? Vitamin Be intake ? Choline intake ?
Q1 Q4 Q1 Q4 Q1 Q4 Q1 Q4
N 8244 6953 8512 6680 6956 8130 15001 15012
Mean age, y 56.8 56.2 56.6 55.9 57.7 54.8 57.7 54.6
Body mass index
(kg/m?), %
<18.5 7.8 5.5 6.4 7.3 6.8 5.2 5.9 5.8
18.5-21.4 24.7 21.8 23.2 23.1 22.2 22.0 22.1 22.3
21.5-24.4 45.0 42.8 45.4 41.8 47.8 44.3 48.2 43.2
24.5-27.4 16.0 20.7 17.6 18.5 15.0 18.2 15.5 18.5
>27.5 6.6 9.3 7.4 9.3 8.2 10.2 8.2 10.2
Education, %
No formal 12.7 8.1 11.4 9.1 48.8 30.0 48.1 31.1
education
Primary school 55.0 46.5 53.4 48.7 38.2 40.0 38.0 40.2
Secondary school 32.3 45.4 35.2 42.2 13.0 30.1 13.9 28.7
Smoking status, %
Never smokers 39.2 44.7 44.6 37.5 88.2 93.9 90.3 91.6
Former smokers 21.1 22.2 22.3 20.2 3.2 2.1 3.0 2.4
Current smokers 39.7 33.1 33.1 42.3 8.6 4.0 6.8 6.1
Alcohol drinking, %
Nondrinkers 74.5 61.0 74.6 57.9 90.6 90.1 92.1 88.4
<7 drinks/week 20.5 23.1 21.1 24.2 7.7 86 6.7 10.1
>7 drinks/week 5.0 15.9 4.4 17.9 1.7 14 1.2 1.6
Weekly vitamin / 3.9 6.5 4.1 5.9 5.7 10.5 5.6 9.5
minerals use (% Yes)
Weekly physical 42.1 46.9 44.6 41.7 21.3 30.1 22.6 27.5
activity (% Yes)
Diabetes (% Yes) 6.9 9.5 6.8 10.3 8.4 8.2 8.0 10.1
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Table 3 continued

Men Women
Characteristics Vitamin Bs intake 2 Choline intake ? Vitamin Bs intake 2 Choline intake ?
Q1 Q4 Q1 Q4 Q1 Q4 Q1 Q4
Mean calorie intake, 1879.8 1809.2 1878.6 1827.3 1540.1 1486.2 1415.8 1645.8
kcal/day
Mean nutrient intake®
Betaine, mg/day 63.4 81.4 62.8 79.3 71.1 76.6 69.5 74.9
Choline, mg/day 188.7 259.8 160.4 306.0 199.7 260.8 174.3 292.4
Folate, pg/day 119.2 185.3 127.8 169.2 129.6 194.2 138.0 178.8
Methionine, mg/day 1171.2 1400.6 1098.0 1540.6 1208.5 1471.7 1129.8 1597.5
Vitamin Bz, mg/day 0.8 1.0 0.7 1.1 0.9 1.1 0.8 1.1
Vitamin Be, mg/day 0.8 1.4 1.0 1.2 0.9 1.4 1.0 1.2
Vitamin B1o, pg/day 1.8 2.6 15 3.1 2.0 2.7 1.6 3.1

Abbreviations: Q1: 1% quartile; Q4, 4™ quartile.

2 Nutrient intake was adjusted for daily total calorie intake by residual method. Quartiles of vitamin Bs and choline were based on the
distribution among the entire cohort.

b Nutrient intake was adjusted for daily total calorie intake by residual method.
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Table 4. Spearman correlation coefficients between energy-adjusted dietary intake of one-carbon metabolism-related nutrients?, the Singapore Chinese Health
Study, 1993-2013°

Betaine Choline Folate Methionine | Vitamin B: Vitamin Be Vitamin B2
Betaine 0.14 0.35 0.00° 0.37 0.12 0.06
Choline 0.36 0.70 0.60 0.50 0.70
Folate 0.05 0.51 0.54 0.14
Methionine 0.38 0.38 0.76
Vitamin By 0.37 0.52
Vitamin Be 0.34

aNutrient intake was adjusted for daily total calorie intake by residual method.
bAIl 2-sided P < 0.0001; °2-sided P = 0.92
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Table 5. Associations between potential risk factors and pancreatic cancer risk overall, and stratified by sex, the Singapore Chinese Health Study, 1993-2013

Characteristics Total subjects Men Women
Cases, N HR (95%CI)? Cases, N HR (95%CI)? Cases, N HR (95%CI)?
Age 271 1.09 (1.08-1.11) 138 1.10 (1.07-1.12) 133 1.09 (1.06-1.12)
Female vs. Male 271 0.70 (0.55-0.89) 138 133
Body mass index, kg/m?
<185 22 1.44 (0.91-2.27) 13 1.53 (0.84-2.79) 9 1.33 (0.66-2.69)
18.5-21.4 62 1.18 (0.86-1.60) 37 1.27 (0.84-1.92) 25 1.06 (0.66-1.70)
21.5-24.4 114 1.00 (ref) 57 1.00 (ref) 57 1.00 (ref)
24.5-27.4 55 1.33(0.97-1.84) 26 1.20 (0.75-1.90) 29 1.48 (0.95-2.32)
>27.5 18 0.93 (0.56-1.52) 5 0.58 (0.23-1.45) 13 1.21 (0.66-2.21)
Education
No formal education 82 1.00 (ref) 14 1.00 (ref) 68 1.00 (ref)
Primary school 121 1.07 (0.78-1.45) 75 1.30 (0.73-2.32) 46 1.00 (0.68-1.49)
Secondary school 68 1.16 (0.81-1.68) 49 1.45 (0.79-2.67) 19 1.02 (0.60-1.76)
Smoking
Never smokers 166 1.00 (ref) 54 1.00 (ref) 112 1.00 (ref)
Former smokers 34 0.96 (0.64-1.45) 31 0.92 (0.59-1.44) 3 0.76 (0.24-2.41)
Current smokers 71 1.40 (1.02-1.92) 53 1.24 (0.84-1.81) 18 1.93 (1.17-3.20)
Alcohol drinking
Nondrinkers 222 1.00 (ref) 105 1.00 (ref) 117 1.00 (ref)
< 7 drinks/week 39 1.00 (0.71-1.42) 24 0.77 (0.49-1.20) 15 1.68 (0.98-2.89)°
> 7 drinks/week 10 0.80 (0.42-1.52) 9 0.79 (0.40-1.56) 1 --
Diabetes
No 241 1.00 (ref) 122 1.00 (ref) 119 1.00 (ref)
Yes 30 1.30 (0.88-1.90) 16 1.49 (0.88-2.52) 14 1.19 (0.64-1.95)
Weekly vitamin/mineral
supplement use
No 256 1.00 (ref) 132 1.00 (ref) 124 1.00 (ref)
Yes 15 0.89 (0.53-1.51) 6 0.80 (0.35-1.82) 9 0.99 (0.50-1.94)

2HR and 95% CI were adjusted for age (years), sex, father’s dialect group (Cantonese, Hokkien), and year of interview (1993-1995, 1996-1998).
b HR and 95% CI were calculated for drinkers vs. nondrinkers. Only one case was in women > 7 drinks/week, and thus < 7 drinks/week was

combined with > 7 drinks/week.
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Table 6. Multivariate analysis of one-carbon metabolism dietary factors and pancreatic cancer incidence by sex, Singapore Chinese Health Study 1993-2013

: Median All Men Women
Nutrients intake? Cases, N HR (95%CI)° Cases, N HR (95%CI)° Cases, N HR (95%CI)°
Betaine, mg/day
Q1 41.56 68 1.00 (ref) 43 1.00 (ref) 25 1.00 (ref)
Q2 59.43 75 1.12 (0.81-1.57) 40 1.21 (0.78-1.87) 35 1.10 (0.65-1.83)
Q3 70.84 71 1.03 (0.73-1.44) 29 0.82 (0.51-1.33) 42 1.30 (0.79-2.14)
Q4 105.62 57 0.80 (0.56-1.14) 26 0.66 (0.40-1.08) 31 1.05 (0.62-1.79)
P-trend 0.19 0.051 0.71
Choline, mg/day
Q1 176.30 97 1.00 (ref) 62 1.00 (ref) 35 1.00 (ref)
Q2 217.25 54 0.57 (0.40-0.80) 22 0.48 (0.29-0.78) 32 0.70 (0.43-1.13)
Q3 245.27 64 0.72 (0.52-1.00) 29 0.71 (0.45-1.11) 35 0.79 (0.49-1.27)
Q4 286.79 56 0.67 (0.48-0.93) 25 0.55 (0.34-0.88) 31 0.86 (0.53-1.41)
P-trend 0.04 0.02 0.69
Folate, ng/day
Q1 108.24 74 1.00 (ref) 45 1.00 (ref) 29 1.00 (ref)
Q2 137.56 66 0.94 (0.67-1.32) 33 1.00 (0.63-1.58) 33 0.92 (0.55-1.52)
Q3 162.90 74 1.12 (0.81-1.56) 30 0.94 (0.58-1.50) 44 1.35(0.83-2.17)
Q4 207.21 57 0.89 (0.63-1.28) 30 0.90 (0.56-1.44) 27 0.94 (0.54-1.61)
P-trend 0.82 0.62 0.73
Methionine, mg/day
Q1 1073.17 72 1.00 (ref) 47 1.00 (ref) 35 1.00 (ref)
Q2 1268.95 88 1.26 (0.92-1.73) 48 1.35 (0.90-2.04) 40 1.17 (0.71-1.92)
Q3 1414.90 58 0.88 (0.62-1.25) 20 0.62 (0.37-1.05) 38 1.14 (0.69-1.89)
Q4 1625.25 53 0.82 (0.57-1.17) 23 0.67 (0.41-1.10) 30 1.02 (0.60-1.72)
P-trend 0.09 0.02 0.98
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Table 6 continued

Nutrients Median All Men Women
intake? Cases, N HR (95%CI)° Cases, N HR (95%CI)° Cases, N HR (95%CI)°
Vitamin Bz, mg/day
Q1 0.71 71 1.00 (ref) 48 1.00 (ref) 23 1.00 (ref)
Q2 0.86 70 1.03 (0.74-1.44) 34 0.96 (0.61-1.51) 36 1.20 (0.71-2.04)
Q3 0.98 61 0.92 (0.65-1.30) 31 0.86 (0.54-1.36) 30 1.08 (0.63-1.87)
Q4 1.20 69 1.01 (0.72-1.42) 25 0.68 (0.42-1.11) 44 1.55 (0.93-2.59)
P-trend 0.88 0.12 0.13
Vitamin Be, mg/day
Q1 0.88 95 1.00 (ref) 62 1.00 (ref) 33 1.00 (ref)
Q2 1.02 64 0.71 (0.51-0.98) 22 0.48 (0.29-0.80) 42 1.03 (0.64-1.64)
Q3 1.13 68 0.80 (0.58-1.11) 31 0.73 (0.47-1.14) 37 0.98 (0.60-1.58)
Q4 1.33 44 0.52 (0.36-0.74) 23 0.45 (0.28-0.74) 21 0.66 (0.38-1.15)
P-trend 0.001 0.004 0.16
Vitamin Biz, pg/day
Q1 1.43 74 1.00 (ref) 54 1.00 (ref) 20 1.00 (ref)
Q2 2.05 69 0.97 (0.69-1.35) 29 0.71 (0.45-1.12) 40 1.57 (0.91-2.70)
Q3 2.52 68 0.99 (0.70-1.38) 34 0.91 (0.59-1.41) 34 1.31 (0.75-2.28)
Q4 3.26 60 0.88 (0.62-1.24) 21 0.54 (0.33-0.90) 39 1.60 (0.93-2.74)
P-trend 0.51 0.047 0.21

& Nutrient intake levels were adjusted for daily total calorie intake using residual method.
b Adjusted for age (continuous, year), sex (male, female), year of interview (1993-1995, 1996-1998), dialect group
(Cantonese, Hokkien), education (no formal education, primary school, and secondary school or higher), BMI (<18.5, 18.5-21.4, 21.5-
24.4, 24.5-27.4, >27.5 m/kg?), smoking status (never, former, current), diabetes (no, yes), alcohol drinking (no, yes), and weekly
vitamin use (no, yes). Stratified analyses were not adjusted by sex. The cutoff values for one-carbon metabolism-related nutrients were
the same for men and women.
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Table 7. Joint effects between dietary folate and methionine on pancreatic cancer risk, the Singapore Chinese Health Study, 1993-2013

Folate
<median, 149.4 ug/day >median, 149.4 ug/day
Cases, n OR (95% CI) Cases, n OR (95% CI)
Methionine (median, mg/day)
1% tertile (1117.7) 59 1.00 (ref) 39 0.79 (0.52-1.19)
2" tertile (1340.7) 49 0.89 (0.61-1.31) 54 1.12 (0.76-1.63)
3" tertile (1575.8) 32 0.64 (0.42-0.99) 38 0.78 (0.52-1.18)

P for interaction = 0.19
2 Nutrient intake levels were adjusted for daily total calorie intake using residual method.
® Adjusted for age, sex, year of interview, dialect group, education, body mass index, smoking status, diabetes,
alcohol drinking, and weekly vitamin use.
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3.0 SERUM Bs VITAMERS (PYRIDOXAL 5’-PHOSPHATE, PYRIDOXAL, AND 4-
PYRIDOXIC ACID) AND PANCREATIC CANCER RISK: TWO NESTED CASE-

CONTROL STUDIES IN ASIAN POPULATIONS

Background: Vitamin Bs is an important enzymatic cofactor in pathways relevant for the
development of pancreatic cancer. In order to evaluate vitamin Bes as a preventive factor for
pancreatic cancer, a biomarker approach is needed to overcome the limitations inherent in self-
reported dietary information. Methods: To determine whether levels of serum Bg vitamers,
including pyridoxal 5’-phosphate (PLP), pyridoxal (PL), 4-pyridoxic acid (PA), and the
PA:(PLP+PL) ratio (PAr) were associated with risk of pancreatic cancer, two nested case-control
studies of 187 incident pancreatic cancer cases and 258 individually matched controls were
conducted within two prospective cohorts of 81 501 participants in Shanghai, China, and
Singapore. PLP, PL, and PA were quantified in pre-diagnostic serum samples. Odds ratios (ORs)
and 95% confidence intervals (Cls) were calculated using conditional logistic regression with
adjustment for potential confounders. Results: The median (5"-95" percentiles) concentrations
of serum PLP among control subjects of the Shanghai and Singapore cohorts were 25.7 (10.0-
91.7) nmol/L and 58.1 (20.8-563.0) nmol/L, respectively. In pooled analyses, high serum PLP
was associated with a reduced risk of pancreatic cancer (P for trend = 0.048); the adjusted odds
ratio for the highest category of PLP (>52.4 nmol/L) was 0.46 (95% confidence interval: 0.23,
0.92) compared to vitamin Bs deficiency (<20 nmol/L). No associations were found for serum

PL, PA, or PAr with pancreatic cancer risk. Conclusions: Higher concentrations of PLP may
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protect against the development of pancreatic cancer. The protective effect may be more

apparent in populations with low concentrations of circulating vitamin Be.

3.1 INTRODUCTION

Pancreatic cancer is the seventh leading cause of cancer—related death in the world, with
an estimated 331 000 deaths due to pancreatic cancer in 2012 (197). Cigarette smoking and
excess body fatness are of the few established modifiable risk factors for pancreatic cancer (33,
46), and studies are needed to identify novel targets of primary prevention for pancreatic cancer.
Consumption of fruits and vegetables has been associated with reduced risk of pancreatic cancer
in some epidemiological studies (144, 198). However, the associations between specific nutrients
and pancreatic cancer risk have not been well studied.

Vitamin Bg is present in a wide variety of foods such as beef liver, tuna, and bananas
(199). We recently reported an inverse association between dietary intake of vitamin Be and risk
of pancreatic cancer in a prospective cohort of Chinese in Singapore; there was a 48% reduction
in risk of developing pancreatic cancer associated with the highest (>1.21 mg/day) versus lowest
(<0.96 mg/day) quartile of vitamin Bs intake (200). However, similar studies in populations with
higher intake (i.e., Europe and US) did not observe inverse associations [i.e., highest (>2.22-2.81
mg/day) versus lowest quartiles (<1.77-2.09 mg/day)] (102, 103, 158). It is possible that the
etiologically relevant range of intake was not captured in the European and US populations, or
the discrepancies could be due to the inherent limitation of measurement error associated with
assessing dietary vitamin Be intake from food frequency questionnaires. A biomarker approach

for vitamin Bs and its related metabolites in bodily fluid would overcome the limitation of
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relying on self-reported diet, and it would provide insights on the potential role of the various Be
vitamers in the development of pancreatic cancer.

Pyridoxal 5’-phosphate (PLP), the metabolically active form of vitamin Be, IS a
coenzyme in the synthesis of nucleic acids, amino acids, and cellular antioxidants (152). PLP
accounts most of the total vitamin Be in the circulation and is commonly used as a primary
measure of whole-body vitamin Bs status (201). Besides PLP, other major forms of vitamin Be in
the circulation in humans include pyridoxal (PL) and 4-pyridoxic acid (PA) (202). The ratio of
PA to the sum of PLP and PL (PAr) is speculated as a marker of increased vitamin Bs catabolism
during inflammation (115). Recently, PAr has been shown to be positively associated with
several inflammatory markers (115), thus suggesting PAr may be a biomarker for pancreatic
cancer risk (203). Given the inconsistent results on the relationship between circulating PLP
concentration and pancreatic cancer risk (109-111), we conducted a comprehensive assessment
of the individual Be vitamer levels, as well as PAr in relation to pancreatic cancer risk in two
prospective cohorts of Asians in order to clarify the potential role of vitamin Be in pancreatic

cancer development.

3.2 METHODS

3.2.1 Study population

The design of the Shanghai Cohort Study has been described in detail elsewhere (204).
Briefly, 18,244 men aged 45 to 64 years in Shanghai, China were enrolled between 1986 and

1989. At the time of recruitment, all participants were interviewed in person by a trained nurse
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using a structured questionnaire that asked for information on demographics, height, weight, use
of tobacco and alcohol, and medical history. In addition, each study participant provided a non-
fasting blood samples and a spot urine sample following the interview. All collected
biospecimens were kept on ice (at around 4 °C) before they were processed and aliquots of
serum and urine specimens have been stored at -80 °C until laboratory analysis.

The design of the Singapore Chinese Health Study has been described in detail elsewhere
(159). Briefly, 63,257 Chinese men and women aged 45-74 years in Singapore were enrolled
between 1993 and 1998. At the time of recruitment, all participants were interviewed in person
using a structured questionnaire including sections of background information, occupational
exposure, physical activity, and family history of cancer and provided information on height,
weight, use of tobacco and alcohol, dietary supplemental use, and medical history. Information
on habitual diet was collected using a validated 165-item food frequency questionnaire (160).
Daily intake of nutrients including vitamin Be was calculated using the nutrient content
information from the Singapore Food Composition Database (160). Non-fasting blood samples
and spot urine samples were collected from a 3% random sample of cohort members between
1994 and 1999, and extended to all surviving cohort members between 2000 and 2005. By April
2005, blood and/or urine specimens were collected from 32,543 participants, representing a
consent rate of 60%. Serum and urine specimens were kept in insulated boxes with ice (4 °C)
until processing, and stored at -80 °C. For Singapore subjects, blood sample was collected on
average 6.5 (range, 1.2-11.0) years after the baseline interview. Follow-up | interview
(N=52,322) was administered during 1999-2003 and the consent rate reached over 90% among
surviving cohort members. Since the status of smoking and diabetes may change over time, the

information on smoking and diabetes were derived mainly from follow-up I interview (98%)
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supplemented by baseline interview (2%). A validation study of the incident diabetes cases in the
Singapore cohort observed that 99% of individuals who reported a history of diabetes were
considered valid cases (205). Another study analyzed percentage of hemoglobin Alc (HbAlc)
(glycated hemoglobin) among individuals who reported no history of diabetes at baseline and
follow-up interview and observed 94.4% of those individuals were below the HbAlc threshold
for diabetes (206). Other demographic and lifestyle factors used were derived from the baseline
interview only.

Written informed consent was obtained from all participants. The study was approved by
the Institutional Review Boards of the Shanghai Cancer Institute, the National University of

Singapore, and the University of Pittsburgh.

3.2.2 Case ascertainment and control selection

In the Shanghai cohort, all surviving cohort participants were re-contacted annually and
interviewed in-person to update the information on selected lifestyle factors and medical history.
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
Shanghai 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 pancreatic cancer [International Classification of Disease
(ICD)-9 code, 157] were identified among participants of the Shanghai cohort.
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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 databases
of the Singapore National Birth and Death Registry and National Cancer Registry (173). As of
December 31%, 2013, 58 incident pancreatic cancer cases (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
studies in the Shanghai cohort, controls were matched to the index case on date of birth (£2
years), date of biospecimen collection (x1 month), and neighborhood of residence at time of
enrollment (207). In the Singapore cohort, cases and controls were matched on age at baseline
interview (£ 3 years), date of baseline interview (£ 2 years), gender, dialect group (Cantonese,

Hokkien), and date of biospecimen collection (x6 months).

3.2.3 Assessment of serum biomarkers

For each subject, 60 pL serum was pulled from the biorepository. Serum PLP, PL, PA,
and creatinine were measured by liquid chromatography-tandem mass spectrometers (LC-
MS/MS) using the methods described previously (208). All biochemical analyses were
performed at Bevital A/S (www.bevital.no) at Bergen, Norway. Serum specimens of cases and
their matched controls were processed, aliquoted, shipped in insulated boxes with dry ice, and
assayed together in the same batch. Laboratory technicians were blinded about case-control
status of the test samples. For quality control purposes, 14 duplicated samples (2% of testing
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samples) from a pooled serum sample collected from potential study subjects for the Shanghai
Cohort Study but later determined ineligible were included in 7 batches (2 duplicated samples
per batch). The within-batch coefficients of variation (CVs) for PLP, PL, PA, and creatinine
were 3.3%, 7.5%, 6.0%, and 3.3%, respectively. The corresponding between-batch CVs were

7.9%, 8.1%, 7.5%, and 4.0%.

3.2.4 Statistical analysis

PAr was calculated by dividing serum concentrations of PA by the sum of PL and PLP.
We logarithmically transformed original values of PLP, PL, PA and PAr to normalize their
skewed distributions towards high values. Pairwise correlations between biomarkers of PLP, PL,
PA, and PAr were evaluated using Spearman correlation coefficients. The differences in
concentrations of PLP, PL, PA, and the value of PAr between different categories of baseline
demographic characteristics and lifestyle factors were evaluated using Analysis of Covariance
(ANCOVA).

Conditional logistic regression (209) was used to calculate odds ratios (ORs) and their
95% confidence intervals (CIs) of pancreatic cancer associated with higher categories of PLP,
PL, PA, and PAr, comparing with the lowest category. In the primary analysis of both cohorts
combined, we used <20 nmol/L PLP as the lowest (i.e., reference) category for OR because it has
been suggested as a cutpoint for vitamin Be deficiency (210), and divided the remaining total
subjects into equal tertiles based on the distribution of PLP among controls of both cohorts. For
PL, PA, and PAr, study subjects were divided into quartiles based on the distribution of
individual biomarkers among total controls. In cohort-specific analysis, quartiles of PLP, PL,

PA and PAr were derived from their distributions among controls within each cohort. The
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heterogeneity in the biomarker-pancreatic cancer risk association between two cohorts was
assessed using the method described previously (211). Ordinal values (e.g., 1, 2, 3, and 4) for
each of biomarkers were used for testing linear trend in the biomarker-pancreatic cancer risk
association.

The multivariable logistic regression models included following reported risk factors for
pancreatic cancer as potential confounders: body mass index (BMI) (<18.5, 18.5-<23, >23), level
of education (no formal schooling, primary school, secondary school and above), smoking status
(never smokers, former smokers, current smokers), alcohol consumption (number of drinks per
day), and history of physician-diagnosed diabetes (no, yes). Given the impact of renal clearance
on PA (202), we further adjusted for estimated glomerular filtration rate (eGFR) (212) in the
analysis for the association between PA, PAr, and pancreatic cancer risk.

To minimize the potential residual confounding of diabetes, we conducted a sensitivity
analysis by excluding subjects who reported a history of diabetes. In addition, to reduce the
potential effect of disease progression on diminishing circulating Be vitamers, we conducted
separate analysis after excluding cases diagnosed within 2 years after blood draw and their
matched controls.

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 <0.05 were considered to be

statistically significant.
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3.3 RESULTS

The mean age at pancreatic cancer diagnosis was 69.0 and 71.7 years in the Shanghai and
Singapore cohorts, respectively. The average (range) time 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 (5
months to 13.0 years) for cases of the Singapore cohort. Patients who developed pancreatic
cancer were more likely to smoke cigarettes at baseline in the Shanghai cohort, whereas the
distributions of smoking status between cases and controls in the Singapore cohort were
comparable (Table 8). Overall circulating mean levels of PLP, PL and PA were 20% to 56%
lower in controls of the Shanghai cohort than those of the Singapore cohort. Compared with
controls, patients who developed pancreatic cancer had lower serum levels of PLP and PL at
baseline in the Shanghai cohort and similar levels in the Singapore cohort. No difference in PA
and PAr between cases and controls was seen in both cohorts. Serum concentrations of PLP, PL,
and PA were highly correlated with each other in the study population (Table 9).

Current smokers showed the lowest concentrations of serum PLP, PL, and PA among
controls of both cohorts whereas smoking status was not associated with PAr (Table 10).
Alcohol intake was inversely associated with PAr in the Shanghai study controls. In Singapore
cohort, controls who reported use of multivitamins showed a markedly increase in concentrations
of PLP, PL, and PA, and PAr compared to non-users. PAr was higher in diabetic patients than
non-diabetics in both cohorts. Lower renal function (i.e., low eGFR) was associated with higher
levels of PL, PA, and PAr in both cohorts.

High levels of PLP were associated with reduced risk of pancreatic cancer (Table 11).
Compared with PLP < 20 nmol/L, subjects with PLP >52.4 nmol/L at baseline had a 59%

reduced risk of developing pancreatic cancer. Adjustment for level of education, BMI, cigarette
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smoking, alcohol intake, and history of diabetes slightly attenuated the association with PLP
(Table 11). Circulating PL and PA level were inversely associated with pancreatic cancer risk
(both P trend values > 0.06), and these associations were further attenuated with the adjustment
for potential confounders. No association between PAr and pancreatic cancer risk was observed.
In cohort-specific analysis, we used quartile levels of all Bg vitamers for the risk association
analysis because there were very few subjects with PLP <20 nmol/L in the Singapore cohort
(Table 12). The inverse association between PLP and risk of pancreatic cancer was stronger in
the Shanghai cohort (P=0.01) compared with the Singapore cohort (P=0.58) (Table 13). There
was no evidence for associations between other biomarkers of vitamin Be and pancreatic cancer
in either cohort.

Excluding cases and controls with a history of diabetes (7 cases and 14 controls), the
inverse association between serum PLP and pancreatic cancer risk remained; the multivariable-
adjusted ORs (95% ClIs) for the 2", 3 and 4™ quartile of PLP were 0.70 (0.41-1.20), 0.72 (0.4-
1.29), and 0.45 (0.22-0.93), respectively, compared with <20 nmol/L (P for trend = 0.048).
Excluding cases (n=13) whose blood samples were collected within 2 years prior to pancreatic
cancer diagnosis and their matched controls (n=26) did not appreciably change the association
with PLP. The multivariable-adjusted OR of pancreatic cancer for PLP >52.4 nmol/L relative to
PLP <20 nmol/L was 0.45 (0.22-0.94) (P trend=0.056). No association of PL, PA, or PAr with

pancreatic cancer risk was found.
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3.4  DISCUSSION

The present study demonstrated that higher concentrations of PLP in serum collected
many years before cancer diagnosis were associated with reduced risk of developing pancreatic
cancer in two prospective cohorts of Chinese populations. Compared with vitamin Be-deficient
individuals, participants with PLP at the highest quartile (>52.4 nmol/L) had a 54% reduced risk
of pancreatic cancer. These results supported an inverse association between dietary intake of
vitamin Be and pancreatic cancer risk that we reported previously in the Singapore cohort (200),
and suggest that vitamin Be may play a protective role in the development of pancreatic cancer.
The present study did not demonstrate an association for serum levels of PL, PA, and PAr with
risk of pancreatic cancer.

In the cohort-specific analysis, the inverse association between PLP and pancreatic
cancer risk was found in the Shanghai cohort but not in the Singapore cohort. The lack of
association in the Singapore cohort was primarily due to the small sample size and relatively
higher level of PLP. Overall only 5.4% of the Singapore study controls who did not report
multivitamin use showed PLP <20 nmol/L, thus cohort-specific quartile cut-off values were used
in the analysis, resulting in a median concentration of 31.7 nmol/L PLP of the lowest quartile.
This is not surprising for a relatively weak inverse association between PLP and pancreatic
cancer risk in the Singapore cohort study in which a high level of PLP as a reference group was
observed. It is interesting to note that the overall incidence rate of pancreatic cancer is
approximately 38% higher in Singapore than in Shanghai, China (4.86 versus 6.78 per 100 000
men) based on the GLOBOCAN 2012 estimates (197). It is possible that the observed

association between serum PLP and risk of pancreatic cancer was underestimated given the
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higher incidence rate of pancreatic cancer in Singapore, with relatively higher concentrations of
serum PLP, compared with Shanghai populations.

The inverse association between serum PLP and pancreatic cancer in our study is
consistent with some previous studies but not others. There were three previous studies that
evaluated associations between circulating PLP and risk of pancreatic cancer. The first was a
nested case-control study among current smokers that included 126 cases of pancreatic cancer
and 247 matched control subjects within the Alpha-Tocopherol, Beta-Carotene (ATBC) Cancer
Prevention Study in Finland (Table 14). The ATBC study reported an inverse association
between serum PLP, determined by the enzymatic method (i.e., tyrosine decarboxylase
apoenzyme method) (213), and pancreatic cancer risk; OR was 0.48 for the highest (>39.46
nmol/L) versus lowest tertile (<26.34 nmol/L) of PLP (P for trend = 0.02) (111). The second
study was also a nested case-control study of pancreatic cancer pooled from four U.S. cohorts
including the Nurses’ Health Study, the Health Professionals Follow-up Study, the Physicians’
Health Study, and the Women’s Health Initiative involving 208 cases and 623 controls (109).
That study reported a slightly reduced risk of pancreatic cancer associated with highest quartile
of PLP (OR =0.87, 95% CI = 0.55-1.37). It is worth noting that a radioenzymatic assay was used
to quantify plasma PLP that yielded an average of 12.7 nmol/L PLP (109), which was well below
20 nmol/L as the cut-off value for vitamin Be deficiency (210). This level was 65% to 80% lower
than the median plasma PLP (39.0 to 60.2 nmol/L) that was recently measured using the LC-
MS/MS method in plasma samples from these same 4 cohorts, which were part of the Lung
Cancer Cohort Consortium project (per communication, @ivind Midttun, 2015). The LC-MS/MS
quantification of these samples was conducted by the same laboratory as our study samples in

the present study. The third nested case-control study was conducted within the European
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Prospective Investigation into Cancer and Nutrition cohort and also found an, inverse association
between plasma PLP, determined by the same LC-MS/MS method, and pancreatic cancer risk in
women (OR=0.4, 95% CI=0.2-0.8 for 5" versus 1% quintile of PLP) but not in men (OR = 1.1,
95% CI=0.6-2.3) (110). The inconsistent results from the previous studies could be attributed to
different levels of exposure to vitamin Bs across different study populations and different
methods used in PLP quantification.

Vitamin Bg may play a role in protecting DNA against oxidative damage and subsequent
mutations and therefore reduce the potential to develop cancer. As a cofactor for cystathionine f3-
synthase and cystathionine y-lyase, PLP is involved in the production of the important cellular
antioxidant glutathione. In addition to its cofactor role, vitamin Bes may serve act as a scavenger
of reactive oxidative species (214). In men, serum vitamin Be was inversely associated with
urinary 8-hydroxydeoxyguanosine, a marker of DNA oxidative damage (215). It has recently
been shown that PLP deficiency resulted in formation of advanced glycation end products
(AGEs), a major contributor of cellular oxidative stress, and subsequent chromosome aberrations
in HelLa cells (216). Interestingly, higher serum concentrations of soluble receptors for AGEs
that neutralizes and blocks the effect of AGEs were associated with reduced risk of multiple
cancers including pancreatic cancer (217, 218). Future studies are warranted to study the
biological pathways underlying the potential protective effect of PLP against pancreatic cancer
development.

PLP is the primary form of circulating vitamin Bs and accounts for 70-90% of the total
circulating Bs vitamers (i.e., sum of PLP, PL and PA) (219). PL is the transport form of PLP
across cellular membranes, while PA is the vitamin Bg catabolite excreted through urine (202).

Our study evaluated serum concentrations of PL and PA and pancreatic cancer risk and did not
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find any associations. Therefore, PLP may be more relevant in pancreatic carcinogenesis
compared with PL and PA. No previous study has evaluated the association between PAr and
pancreatic cancer risk. In the current study, we found no association between PAr, a marker of
vitamin Bs catabolism (115), and pancreatic cancer risk. In summary, overall vitamin Bs status
(e.g., PLP) rather than vitamin Be catabolism (e.g., PAr) may be more relevant in pancreatic
carcinogenesis.

The strengths of our study are the prospective study design and using a LC-MS/MS based
method with high accuracy and precision to quantify the Be vitamers. In addition, compared with
the higher levels of PLP in the Singapore cohort and the US and European populations, the
Shanghai cohort provided a unique study population to examine the PLP-pancreatic cancer
association at the lower end of the exposure spectrum. Moreover, the relatively long time interval
between blood collection and pancreatic cancer diagnosis (on average 12.5 years in the Shanghai
cases and 6.8 years in the Singapore cases) would diminish the potential impact of disease
progression or subclinical symptoms on the circulating PLP concentration. Our study was limited
by having a small sample size, especially in the Singapore cohort. Studies with a larger sample
size in other study populations are warranted to validate our findings.

In conclusion, our study suggested that sufficient PLP in serum was associated with a
54% reduced risk of pancreatic cancer in a pooled analysis of two prospective cohorts of Asians.
These results suggest that a diet high in vitamin Bs may be protective against the development of
pancreatic cancer, especially in populations with relatively low levels of in vivo vitamin Be.
Although vitamin Be deficiency in developed countries is rare, certain groups are at higher risk
of marginal vitamin Be status including the elderly, pregnant women, individuals taking certain

drugs, and chronic alcohol abusers (202). In addition to replication in other observational studies,
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further studies are needed to investigate the potential mechanisms by which PLP exerts its role

against the development of pancreatic cancer.
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3.5 TABLES
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Table 8. Baseline demographic characteristics and lifestyle factors of pancreatic cancer cases and control subjects, The Shanghai Cohort Study (Shanghai) and
The Singapore Chinese Health Study (Singapore)

Baseline Characteristics Shanghai cohort Singapore cohort
Controls Cases p2 Controls Cases p2
N 258 129 104 58
Age at interview, mean (SD), 56.4 (5.5) 56.5 (5.5) 0.74 57.1(7.2) 57.9 (7.5) 0.51
years
Age at blood draw, mean (SD), 56.4 (5.5) 56.5 (5.5) 0.74 64.0 (7.1) 64.9 (7.6) 0.47
years
BMI, mean (SD), kg/m? 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 43.3 48.3
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
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Table 8 continued

Baseline Characteristics Shanghai cohort Singapore cohort
Controls Cases p2 Controls Cases p2
Serum biomarker concentrations (median, 57-95™)
PLP (nmol/L) 25.7 (10.0-91.7)  21.7 (8.9-60.0) 0.01 58.1 (20.8-563.0)  50.6 (23.8-465.0) 0.29
PL (nmol/L) 15.0 (15.0-55.0)  14.0 (6.8-34.8) 0.03 20.0 (8.4-2680.0) 21.1(8.2-3960.0) 0.84
PA (nmol/L) 10.9 (4.6-64.2) 9.6 (4.0-28.4) 0.11 21.6 (9.9-1727.0) 22.8(9.1-2887.0) 0.82
PAr 0.28 (0.11-0.62)  0.30(0.12-0.55) 0.68 0.32 (0.14-0.85) 0.31(0.17-1.02) 0.86
eGFR (mL/min/1.73m?) 92.7 (65.7-106.5) 93.3(70.6-106.3) 0.33 77.2 (47.6-99.8) 76.8 (44.2-106.9) 0.82

eGFR, estimated glomerular filtration rate (<60, moderate to severe renal function loss; 60-89, mild renal function loss; >90, normal
renal function); PLP, pyridoxal 5’-phosphate; PL, pyridoxal (PL); PA, 4-pyridoxic acid; PAr, PA:(PLP+PL) ratio

42-sided P values were based on t test for normally distributed continuous variables, Mann-Whitney U test for non-normally
distributed continuous variables, or chi-square test for categorical variable
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Table 9. Spearman correlation coefficients of serum PLP, PL, PA, and PA:(PLP+PL) ratio (PAr) among control
subjects of Shanghai Cohort Study (N=258) and the Singapore Chinese Cohort Study (n=104)

Shanghai cohort Singapore cohort
PL PA PAr PL PA PAr
PLP 0.71° 0.52° -0.202 0.87° 0.66" -0.10
PL 0.51° -0.132 0.77° 0.11
PA 0.62° 0.58"°

Abbreviations: PLP, pyridoxal 5’-phosphate; PL, pyridoxal (PL); PA, 4-pyridoxic acid; PAr,
PA:(PL+PLP) ratio
%P < 0.05, "P < 0.0001
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Table 10. Geometric means of serum pyridoxal 5’-phosphate (PLP), pyridoxal (PL), 4-pyridoxic acid (PA), and PA:(PLP+PA) ratio (PAr) in relation to
demographic characteristics and lifestyle factors among control subjects, The Shanghai Cohort Study and The Singapore Chinese Health Study

Shanghai cohort Singapore cohort
PLP PL PA PLP PL PA
N© moi)  (moli)  (moli)  PAT N moi)  (moli)  (moly  PAT
258 26.4 16.7 11.9 0.26 104 69.2 36.3 39.1 0.32
Smoking status
Never 113 32.3 18.8 14.4 0.28 63 81.8 45.3 48.0 0.32
Former 16 25.0 18.5 11.6 0.26 93 63.9 36.8 38.4 0.34
Current 129 22.3 14.8 10.0 0.26 18 42.6 16.4 19.6 0.32
P-value <0.0001 0.02 0.002 0.51 0.005 0.03 0.04 0.90
Among current smokers
Cigarettes/day
<12 58 24.3 16.9 10.8 0.26 8 41.9 12.2 18.2 0.34
13-22 63 21.3 13.3 9.5 0.26 8 42.2 21.8 21.9 0.32
>23 8 17.8 13.3 9.2 0.30 2 47.3 16.5 17.2 0.26
P-trend 0.09 0.03 0.27 0.36 0.77 0.23 0.84 0.65
Age at blood draw, yr?
45-<55 106 28.5 16.5 10.9 0.24 11 64.8 23.1 22.8 0.26
55-<60 67 27.0 17.2 11.7 0.26 21 63.0 29.1 27.0 0.26
60-<65 85 23.6 16.4 13.3 0.32 22 68.1 32.8 35.8 0.32
>65 0 -- -- -- -- 50 73.5 45.9 53.6 0.40
P-trend 0.046 0.97 0.09 <.0001 0.49 0.14 0.03 <0.001
BMI#®, kg/m?
<18.5 23 23.2 14.8 10.3 0.26 7 49.0 15.2 21.2 0.32
18.5-<23.0 147 25.3 16.5 11.7 0.28 43 69.7 38.9 40.7 0.34
>23.07 88 29.3 17.5 12.7 0.26 54 71.9 38.4 411 0.32
P-trend 0.053 0.27 0.24 0.84 0.41 0.39 0.48 0.83
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Table 10 continued

Shanghai cohort

Singapore cohort

N PLP PL PA PAr N PLP PL PA PAr
(nmol/L) (nmol/L) (nmol/L) (nmol/L) (nmol/L) (nmol/L)
Level of education?
Noformal 5 553 12.9 9.4 0.28 21 724 44.4 44.8 0.32
schooling
Scrfor(')rlnary 74 238 16.1 11.1 0.28 45 612 26.5 30.6 0.32
> Secondary 171 28.2 17.3 12.4 0.26 38 78.0 47.1 48.6 0.34
P-trend 0.02 0.13 0.14 0.75 0.57 0.65 0.64 0.61
Alcohol intake, drinks/week?
0 146 25.9 15.7 12.6 0.30 86 70.3 37.4 41.1 0.34
<7 29 28.9 18.5 114 0.24 11 62.8 30.2 29.7 0.28
>7 83 26.5 18.0 10.9 0.24 7 66.0 32.7 33.3 0.32
P-trend 0.77 0.12 0.18 0.001 0.73 0.73 0.56 0.52
Weekly multivitamin use?
No 93 63.0 30.1 32.3 0.32
Yes 11 152.2 173.3 196.9 0.52
P-value 0.001 <0.001 <0.001 0.005
Diabetes?
No 254 26.2 16.5 11.6 0.26 9 74.5 40.5 41.5 0.32
Yes 4 41.4 28.6 404 0.58 10 34.4 12.7 22.6 0.48
P-value 0.16 0.10 0.001 0.003 0.006 0.04 0.23 0.03
eGFR?¢
<60 4 36.1 21.9 21.5 0.36 15 82.7 49.1 90.3 0.46
60-89 102 273 17.9 14.2 0.30 60 69.0 39.6 42.7 0.36
>90 152 25.6 15.8 10.4 0.24 29 63.5 25.8 21.2 0.24
P-trend 0.22 0.03 <0.001 <0.001 0.24 0.03 0.002 <0.001

eGFR, estimated glomerular filtration rate (<60, moderate to severe renal function loss; 60-89, mild renal function loss; >90, normal

renal function); PLP, pyridoxal 5’-phosphate; PL, pyridoxal (PL); PA, 4-pyridoxic acid; PAr, PA:(PLP+PL) ratio
4Geometric means adjusted for smoking
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bThe group with a BMI > 27.5 kg/m? was collapsed with the group with a BMI 23-<27.5, because there were only 6 control subjects
from the Shanghai cohort and 12 control subjects from the Singapore cohort with a BMI > 27.5 kg/m?.
°Due to the high correlations of PLP and PL with PA, and PA has a high renal clearance. Geometric means of PLP and PL were

further adjusted for PA.
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Table 11. Associations between serum concentrations of pyridoxal 5’-phosphate (PLP), pyridoxal (PL), and 4-
pyridoxic acid (PA), and PA:(PL+PLP) ratio (PAr) and pancreatic cancer risk in pooled analysis of both cohorts

Biomarkers Controls  Cases OR (95%Cl)? OR (95%CI)P

PLP nmol/L
<20.0 89 58 1.00 1.00
20.0-29.0 89 42 0.67 (0.4-1.13) 0.68 (0.4-1.15)
29.1-52.4 93 53 0.69 (0.4-1.18) 0.74 (0.42-1.31)
>52.4 91 34 0.41 (0.21-0.78) 0.46 (0.23-0.92)
P-trend 0.01 0.048

PL nmol/L
<11.8 92 56 1.00 1.00
11.8-16.6 89 58 1.02 (0.63-1.67) 1.18 (0.71-1.97)
16.7-24.0 92 29 0.47 (0.27-0.84) 0.51 (0.28-0.92)
>24.0 89 44 0.74 (0.43-1.27) 0.82 (0.46-1.44)
P-trend 0.06 0.14

PA nmol/L
<8.8 92 52 1.00 1.00
8.8-13.0 89 56 1.03 (0.63-1.66) 1.19 (0.71-1.97)
13.1-20.4 91 34 0.55 (0.3-0.99) 0.61 (0.33-1.13)
>20.4 90 45 0.69 (0.38-1.25) 0.94 (0.49-1.84)
P-trend 0.09 0.44

PAr
<0.21 91 48 1.00 1.00
0.21-0.29 90 39 0.79 (0.47-1.35) 0.76 (0.44-1.31)
0.30-0.39 91 53 1.08 (0.67-1.74) 1.22 (0.74-2.04)
>0.39 90 47 0.95 (0.58-1.56) 1.07 (0.63-1.81)
P-trend 0.85 0.48

Abbreviations: PLP, pyridoxal 5’-phosphate; PL, pyridoxal (PL); PA, 4-pyridoxic acid; PAr,
PA:(PL+PLP) ratio

4Unadjusted odds ratios

bOdds ratios were derived from conditional logistic regression models that adjusted for smoking
status (never, former, and current smokers), number of alcoholic drinkers per week (continuous),
level of education (no formal schooling, primary school, and secondary school or above), history
of diabetes (no, yes), and BMI (<18.5, 18.5-<23.0, >23.0 kg/m?). The models including PA, and
PAr were further adjusted for estimated glomerular filtration rate.
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Table 12. Number of controls and pancreatic cancer cases by serum PLP concentrations in the Shanghai Cohort
Study and the Singapore Chinese Cohort Study separately

Shanghai cohort

Singapore cohort

Controls Cases Controls  Cases
PLP
<20.0 84 57 5 1
20.0-29.0 51 26 3 3
29.1-52.4 84 37 23 18
>52.4 39 9 73 36

PLP, pyridoxal 5’-phosphate
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Table 13. Associations of cohort-specific quartile concentrations of serum pyridoxal 5’-phosphate (PLP), pyridoxal (PL), 4-pyridoxic acid (PA), and
PA:(PL+PLP) ratio (PAr) with pancreatic cancer risk.

Shanghai cohort

Singapore cohort

Range Cﬁgg'gs ﬁazsfzsg OR (95%CI)>  OR (95%CI)° Range EET(;ZIS' ﬁissg OR (95%CI)*  OR (95%CI)°

PLP
<18.1 65 47 1.00 1.00 <40.2 26 15 1.00 1.00
18.1-257 64 35 0.68 (0.37-1.24)  0.54 (0.29-1.02) 40.2-57.4 26 18 1.17 (0.50-2.77)  1.21 (0.5-2.93)
258-356 65 23 0.43 (0.22-0.83)  0.39 (0.19-0.80) 57.5-88.2 26 14 0.94 (0.39-2.26)  0.97 (0.38-2.45)
>35.6 64 24 0.45(0.23-0.87)  0.43 (0.21-0.9) >88.2 26 11 0.71 (0.25-1.96)  0.75 (0.26-2.15)
P-trend 0.007 0.01 0.51 0.58

PL
<11.2 65 40 1.00 1.00 <14.3 26 17 1.00 1.00
112-150 64 37 0.87 (0.47-1.61)  0.93 (0.49-1.78) 143200 26 11 0.67 (0.26-1.72)  0.85 (0.30-2.35)
15.1-206 65 27 0.62 (0.33-1.18)  0.66 (0.34-1.27) 20.1-417 26 17 0.96 (0.41-2.25)  1.20 (0.48-2.99)
>20.6 64 25 0.58 (0.30-1.12)  0.67 (0.33-1.34) >41.7 26 13 0.76 (0.28-2.03)  0.79 (0.28-2.23)
P-trend 0.06 0.17 0.77 0.93

PA
<7.6 67 33 1.00 1.00 <155 27 18 1.00 1.00
7.6-10.9 62 42 1.36 (0.78-2.38)  1.80 (0.98-3.28) 155-21.4 25 9 0.56 (0.22-1.44)  0.64 (0.24-1.69)
11.0-155 65 30 0.88 (0.48-1.62)  1.16 (0.59-2.27) 215451 26 18 1.01 (0.44-2.29)  1.26 (0.51-3.11)
>15.5 64 24 0.73(0.38-1.38)  0.98 (0.47-2.01) >45.1 26 13 0.73(0.28-1.90)  0.84 (0.3-2.29)
P-trend 0.22 0.82 0.70 0.97

PAr
<0.21 65 37 1.00 1.00 <0.22 26 12 1.00 1.00
021028 64 22 0.56 (0.28-1.1)  0.48 (0.24-0.99) 022032 26 21 1.70 (0.7-4.13)  1.81 (0.7-4.67)
029036 65 31 0.82 (0.46-1.47)  1.00 (0.53-1.86) 033050 26 12 0.95 (0.37-2.45)  1.08 (0.4-2.94)
>0.36 64 39 1.05(0.6-1.84)  1.32 (0.71-2.44) >0.50 26 13 0.98 (0.38-2.53)  0.89 (0.32-2.46)
P-trend 0.62 0.20 0.69 0.69

Abbreviations: PLP, pyridoxal 5’-phosphate; PL, pyridoxal (PL); PA, 4-pyridoxic acid; PAr, PA:(PL+PLP) ratio
80dds ratios were derived from conditional logistic regression models that controlled for matching factors including
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date of birth (22 years), date of biospecimen collection (1 month), and neighborhood of residence at time of enrollment in Shanghai cohort, and
age at baseline interview (£ 3 years), date of baseline interview (+ 2 years), gender, dialect group (Cantonese, Hokkien), and date of biospecimen
collection (£6 months) in Singapore cohort.

bOdds ratios were derived from conditional logistic regression models that, besides matching factors, included smoking status (never, former, and
current smokers), number drinks of alcoholic beverages per week (continuous), level of education (no formal schooling, primary school, and
secondary school or above), history of diabetes (no, yes), and BMI (<18.5, 18.5-<23.0, >23.0 kg/m?). The models including PA and PAr were
further adjusted for estimated glomerular filtration rate.
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Table 14. Epidemiological studies on circulating pyridoxal 5’-phosphate (PLP) and pancreatic cancer risk

Author, year Country Age at No. of  Methods of Concentration of OR (95%Cl) Adjustment
baseline, cases quantifying PLP ~ PLP in controls,
sex nmol/L
Stolzenberg- Finland 50-69 126 Tyrosine Median (IQR): T3vs. TL: Matching factors,
Solomon, 1999 years, decarboxylase 31.9 (22.9-45.9) 0.48 (0.26-0.88), serum folate
(111) men only apoenzyme P for trend = 0.02
method
Schernhammer, US 30-84 208 Vitamin Bg Geometric mean Q4 vs. Q1: Matching factors,
2007 (109) years, radioenzymatic  (95% CI): 0.87 (0.55-1.37), BMI, physical
both sexes assay 12.7 (11.9-13.6) P for trend = 0.37  activity, and
diabetes
Chuang, 2011  Europe 25-70 463 Mass Median (5" - 95" Q5 vs. Q1: Matching factors,
(110) years, spectrometry percentile): 0.7 (0.4-1.1), education, smoking,
both sexes based method Men, 35.3 (16.4- P for trend not plasma cotinine
98.6) shown concentrations,
Women, 35.9 alcohol drinking,
(15.6-111.4) BMI, and diabetes

IQR, interquartile range; NCS, nested case-control study; PLP, pyridoxal 5’-phosphate; Q4 vs. Q1: 4" quartile versus 1% quartile; Q5
vs. Q1: 5" quintile versus 1% quintile; T3 vs. T1, 3" tertile versus 1% tertile.
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40 SERUM TRYPTOPHAN AND METABOLITES OF THE KYNURENINE
PATHWAY AND RISK OF PANCREATIC CANCER IN TWO PROSPECTIVE

COHORTS OF ASIAN POPULATIONS

Background: Pyridoxal 5’-phosphate (PLP), the active form of vitamin Bs, may protect against
pancreatic cancer development. As functional indicators of PLP, tryptophan and metabolites of
the kynurenine (Kyn) pathway may be associated with reduced risk of pancreatic cancer.
Methods: Two parallel case-control studies including a total of 187 cases and 362 individually
matched controls were conducted within the Shanghai Cohort Study and the Singapore Chinese
Health Study of 81,501 total participants with over 20 years of follow-up. Using the liquid
chromatography-tandem mass spectrometers (LC-MS/MS) method, we quantified tryptophan,
six metabolites of the Kyn pathway, and neopterin in serum samples collected from cases prior to
cancer diagnosis and matched control subjects. Odds ratios (ORs) and 95% confidence intervals
(Cls) were calculated using conditional logistic regression models adjusted for covariates.
Results: Higher serum concentrations of 3’-hydroxyanthranilic acid (HAA) and the ratios of 3’-
hydroxyanthranilic acid (HAA):3’-hydroxykynurenine (HK) and HAA:Kyn (markers of the
PLP-dependent kynureninase activity) were significantly associated with reduced risk of
pancreatic cancer (all Ps for trend< 0.05). The ORs (95% CIs) of pancreatic cancer for the
highest versus lowest tertile of HAA, the HAA:HK ratio, and the HAA:Kyn ratio were 0.63
(0.39, 1.01), 0.60 (0.37, 0.98), and 0.57 (0.35, 0.92), respectively. Tryptophan, other
kynurenines, and neopterin were not associated with risk of pancreatic cancer. Conclusion: Our

findings for inverse associations with HAA and the ratios of HAA:HK and HAA:Kyn suggest
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that sufficient intracellular levels of PLP for the use in the Kyn pathway may protect against the

development of pancreatic cancer.

4.1 INTRODUCTION

Pancreatic cancer is among the deadliest malignancies in the world. In the US, the 5-year
survival rate of pancreatic cancer was 7.7% during the year 2006-2012, ranking the lowest
among all common cancers (220). Few prevention strategies are available for pancreatic cancer,
given that only 34-39% of pancreatic cancer can be attributed to the two established modifiable
risk factors, smoking and obesity(221, 222). Studies are needed to identify novel risk or
protective factors for pancreatic cancer in order to develop tools to monitor high-risk populations

and intervention trials to reduce risk of pancreatic cancer.

Pyridoxal 5’-phosphate (PLP), the active form of vitamin Be, plays a role in multiple
mechanisms that may modulate carcinogenesis, including DNA methylation and synthesis,
antioxidant defense system, and inflammation (152). Using two parallel Asian nested case-
control studies, we recently found higher concentrations of pyridoxal 5’-phosphate (PLP), the
active form of vitamin Bs, in the serum were associated with reduced risk of pancreatic cancer.
Compared with PLP <20 nmol/L, the odds ratio (OR) and 95% confidence interval (Cl) for >
52.4 nmol/L was 0.46 (0.23, 0.92) (P trend=0.048). However, low concentration of PLP in the
circulation may not indicate low availability of PLP within cells but instead may indicate an
increase in cellular PLP uptake (223). Therefore, the role of intracellular PLP deficiency in the

development of pancreatic cancer remains unclear.
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Indoleamine 2,3-dioxygenase (IDO) catalyzes breakdown of tryptophan to kynurenine
(Kyn), the initial step of the Kyn pathway of the tryptophan metabolism (224) (Figure 3). Kyn
can be further metabolized to kynurenic acid (KA) by kynurenine amino transferase (KAT).
Alternatively, Kyn can be converted to 3-hydroxykynurenine (HK), and HK can be further
converted to xanthurenic acid (XA) by KAT or 3-hydroxyanthranilic acid (HAA) by KYNU.
KYNU also catalyzes the direct conversion of Kyn to HAA, with the production of anthranilic
acid (AA) as an intermediate (224). Given that PLP is the coenzyme for KAT and KYNU,
biomarkers of the Kyn pathway and their ratios have been used as indicators of intracellular

functional status of PLP (123).

Interferon-y (IFN-y) can upregulate the Kyn pathway via activation of indoleamine 2,3-
dioxygenase (IDO). In addition, IFN-y stimulates the synthesis of neopterin by activated
macrophages (225). Kyn:tryptophan ratio (KTR) and neopterin, as biomarkers of IFN-y induced
immune activation (225), were associated with increased risk of lung and colorectal cancers
(138, 226). However, the associations of KTR and neopterin with risk of pancreatic cancer have
not been evaluated in epidemiological studies. A number of kynurenines, such as Kyn, 3’-
hydroxykynurenine (HK), and 3’-hydroxyanthranilic acid (HAA) have immunoregulatory
properties (227) and can interact with aryl hydrocarbon receptor (AHR) (228, 229). AHR is
implicated in pancreatic carcinogenesis (132). The associations between metabolites of the Kyn

pathway and risk of pancreatic cancer are unknown.

The purpose of the current study was to evaluate whether tryptophan and metabolites of
the Kyn pathway, as functional indicators of PLP and immunoregulatory compounds, are
associated with risk of developing pancreatic cancer in two case-control studies nested within

two prospective cohorts of Asian populations.
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4.2 METHODS

4.2.1 Study subjects

The Shanghai Cohort Study consisted of 18,244 Chinese men aged 45 to 64 years at
enrollment (1986-1989) (204). At the time of recruitment, trained interviewers conducted face-
to-face interview at participants’ home and asked for information on demographics, height, body
weight, use of tobacco and alcohol, and medical history. Each participant donated a non-fasting
blood sample and a spot urine sample immediately following the interview. All collected
biospecimens were kept on ice (at around 4 °C) before they were processed and aliquots of

serum and urine specimens have been stored at -80 °C until laboratory analysis.

The Singapore Chinese Health Study consisted of 63,257 Chinese men and women aged
45-74 years at enrollment (1993-1998) (159). At recruitment, participants were interviewed face-
to-face in their home by a trained interviewer using a structured questionnaire which asked for
information on demographics, height, weight, use of tobacco and alcohol, physical activity,
medical history, usual dietary intake, dietary supplemental use, and family history of cancer.
Non-fasting blood samples and spot urine samples were collected from a 3% random sample of
cohort members between 1994 and 1999, and extended to all surviving cohort members between
2000 and 2005. By April 2005, blood and/or urine specimens were collected from 32,543
participants, representing a consent rate of 60%. Serum and urine specimens were kept in
insulated boxes with ice (4 °C) until processing, and stored at -80 °C. For Singapore subjects,
blood sample was collected on average 6.5 (range, 1.2-11.0) years after the baseline interview.
Follow-up | interview (N=52,322) was administered during 1999-2003 and the consent rate

reached over 90% among surviving cohort members.

7



Written informed consent was obtained from all participants. The study was approved by
the Institutional Review Boards of the Shanghai Cancer Institute, the National University of

Singapore, and the University of Pittsburgh.

4.2.2 Case ascertainment and control selection

Incident pancreatic cancer cases and deaths from the Shanghai cohort were identified
through annual in-person interviews of all surviving cohort participants and routine review of
reports from the population-based Shanghai Cancer Registry. 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 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 pancreatic cancer [International Classification of Disease

(ICD)-9 code, 157] were identified among participants of the Shanghai cohort.

The incident cancer cases and deaths among cohort members of the Singapore cohort
were identified through routine record linkage with databases of the Singapore National Birth
and Death Registry and National Cancer Registry (173). In the Singapore cohort, less than 1% of
original cohort members were lost to follow-up due to their migration out of Singapore. As of
December 31%, 2013, 58 incident pancreatic cancer cases (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
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studies in the Shanghai cohort, controls were matched to the index case on date of birth (£2
years), date of biospecimen collection (x1 month), and neighborhood of residence at time of
enrollment (207). In the Singapore cohort, cases and controls were matched on age at baseline
interview (£ 3 years), date of baseline interview (£ 2 years), gender, dialect group (Cantonese,

Hokkien), and date of biospecimen collection (6 months).

4.2.3 Assessment of serum biomarkers

For each subject, 60 pL serum was pulled from the biorepository. Serum tryptophan,
Kyn, KA, XA, AA, HK, HAA, neopterin, and creatinine were measured by liquid
chromatography-tandem mass spectrometers (LC-MS/MS) using the methods described
previously (208). Serum PLP was measured in a previous study. All biochemical analyses were
performed at Bevital A/S (www.bevital.no) at Bergen, Norway. Serum specimens of cases and
their matched controls were processed, aliquoted, shipped in insulated boxes with dry ice, and
assayed together in the same batch. Laboratory technicians were blinded to case-control status of
the test samples. For quality control purposes, 14 duplicatedsamples (2% of testing samples)
from a pooled serum sample collected from ineligible study subjects were included in 7 batches
(2 duplicated samples per batch). The within-batch coefficients of variation (CVs) for the
biomarkers ranged from 0.90% for tryptophan to 5.53% for XA, and the between-batch CVs

ranged from 1.12% for tryptophan to 14.70% for XA (Table 15).
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4.2.4 Statistical analysis

The ratios of KA:Kyn and XA:HK were calculated as indicators of the activity of the
PLP-dependent enzyme KAT. Likewise, HAA:HK and HAA:Kyn were calculated as indicators
of the PLP-dependent enzyme KYNU. All four ratios of kynurenines indicate the functional

status of PLP. KTR and neopterin were used as biomarkers of IFN-y-induced immune activation.

We logarithmically transformed raw values of all biomarkers and their ratios to normalize
their skewed distributions towards high values. Coefficient of partial determination (partial R? of
Spearman correlation coefficient) of PLP with tryptophan and kynurenines were calculated to
indicate the variability of these biomarkers that can be explained by PLP while controlling for
cohort and gender. The associations of PLP with tryptophan and kynurenines were evaluated

using Analysis of Covariance (ANCOVA) after adjustment with cohort and gender.

Study subjects were divided into tertiles based on the distribution of individual
biomarkers among controls pooled from two cohorts. Odds ratios (ORs) and their 95%
confidence intervals (CIs) of pancreatic cancer for tertiles of the biomarkers were calculated
using conditional logistic regression (209). Ordinal values (e.g., 1, 2, and 3) for each of the
biomarkers were used for testing linear trend in the biomarker-pancreatic cancer risk association
models. Stratified analyses by cohort were performed using tertile variables based on control
subjects of two cohorts pooled. Heterogeneity in the biomarker-pancreatic cancer risk association
between two cohorts was assessed by calculating a p-value for comparing the odds ratios of
pancreatic cancer for tertile variables of biomarkers (as ordinal values) between two cohorts

(211).
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The multivariable conditional logistic regression models included following reported risk
factors for pancreatic cancer as potential confounders: body mass index (BMI) (<18.5, 18.5-<23,
>23 kg/m?), level of education (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 (eGFR) (212), and cohort study (Shanghai, Singapore).

In Shanghai cohort, all the covariate variables were based on baseline interview. In the
Singapore cohort, the information on smoking and diabetes were derived mainly from follow-up
I interview (98%) supplemented by baseline interview (2%), since the status of smoking and
diabetes may change over time. A validation study of the incident diabetes cases in the Singapore
cohort observed that 99% of individuals who reported a history of diabetes were considered valid
cases (205). Another study analyzed percentage of hemoglobin Alc (HbAlc) (glycated
hemoglobin) in blood samples among individuals who reported being free of diabetes at baseline
and follow-up interview and found 94.4% of those individuals were below the HbAlc threshold
for diabetes (206). Other demographic and lifestyle factors used were derived from the baseline

interview only.

To study whether the associations of kynurenines with risk of pancreatic cancer were
independent from PLP, multivariable logistic regression models were further adjusted for PLP
(<20, 20-29.0, 29.1-52.4, >52.4 nmol/L). In addition, we examined potential joint effects
between PLP (<20, > 20 nmol/L) and kynurenines on risk of pancreatic cancer. PLP <20 nmol/L
(the cutpoint for vitamin Be deficiency (210)) and the lowest tertiles of each biomarker were
chosen as the joint reference category. To assess if the association between a biomarker and risk

of pancreatic cancer was modified by PLP, p value for interaction was calculated. To reduce the
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potential effect of disease progression on the concentrations of tryptophan and kynurenines, we
repeated the analysis after excluding cases diagnosed within 2 years after blood draw and their

matched controls.

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 <0.05 were considered to be

statistically significant.

43 RESULTS

The mean age at blood draw for study participants of the Shanghai and Singapore cohorts
was 56.4 and 63.4 years, respectively. The average (range) time 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 (5

months to 13.0 years) for cases of the Singapore cohort.

Detailed baseline characteristics of pancreatic cancer cases and matched controls in the
Shanghai and Singapore cohorts were presented previously. Briefly, subjects who developed
pancreatic cancer were more likely to smoke cigarettes at baseline in the Shanghai cohort,
whereas the distribution of smoking status was similar among cases and control subjects in the
Singapore cohort. The distributions of BMI, level of education, alcohol intake, and history of
diabetes were comparable between cases and control subjects in both cohorts. Pancreatic cancer
cases had lower concentrations of HAA, and the ratios of HAA:HK and HAA:Kyn compared
with control subjects (Table 16). Geometric means of serum tryptophan and kynurenines among

cases and control subjects by cohort can be found in table 17 (Table 17).
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There was a trend of geometric means of tryptophan, HAA, and ratios of XA:HK,
HAA:HK, and HAA:Kyn by increasing concentration of PLP (Table 18). The HAA:HK ratio
had the strongest correlation with concentration of PLP. PLP accounted for 11% of variability of
the HAA:HK ratio (R?=0.138), followed by the XA:HK ratio (R?*=0.108), HAA and the

HAA:Kyn ratio (R?=0.061).

HAA and the ratios of HAA:HK and HAA:Kyn were inversely associated with risk of
pancreatic cancer (all P values for trend <0.04) (Table 19). Compared with the lowest tertile, the
second and third tertiles of HAA and the ratios of HAA:HK and HAA:Kyn were associated with
a 40% to 50% reduced risk of pancreatic cancer. In addition, the second tertile of the XA:HK
ratio was associated with a statistically significant 47% reduced risk of pancreatic cancer, but the
association attenuated and lost statistical significance with the third versus first tertile (P for
trend>0.05). In contrast to most kynurenines, the second tertile of AA was associated with a
statistically significant 2-fold increase in risk of pancreatic cancer, though the linear trend was
not significant. Tryptophan, Kyn, KA, HK, XA, and the ratio of KA: Kyn were not associated
with risk of pancreatic cancer. The associations of tryptophan and kynurenines with risk of
pancreatic cancer were similar between the Shanghai cohort and the Singapore cohort (Table 21

and 22).

After further adjustment for PLP, the inverse associations of HAA and the HAA:HK ratio
with risk of pancreatic cancer were attenuated and lost statistical significance (data not shown),
whereas the inverse association of the HAA:Kyn ratio remained statistically significant. The ORs
(95%Cls) for the second and third versus first tertiles of HAA:Kyn were 0.59 (0.37-0.93) and

0.59 (0.37-0.96) (P for trend=0.02).
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The inverse associations of Kyn, HK, HAA, and the ratios of KA:Kyn, HAA:HK, and
HAA:Kyn with risk of pancreatic cancer were more apparent among PLP deficient individuals
(<20 nmol/L), compared with those whose PLP were 20 nmol/L or higher (Table 23). Among
PLP deficient individuals, the highest tertiles of biomarker levels were associated with a 70% to
80% reduced risk of pancreatic cancer compared with the lowest tertile. PLP modified the
associations of HK and HAA:Kyn ratio with risk of pancreatic cancer (P for interaction <0.05).
There was no statistically significant association of KA, AA, XA, and XA:HK with risk of
pancreatic cancer in the joint analyses with PLP. No association was observed between
biomarkers of IFN-y-induced immune activation, KTR and neopterin, and risk of pancreatic

cancer (Table 24).

After excluding cases diagnosed within two years of serum collection and their matched
control subjects, the inverse associations of HAA, and ratios of HAA:HK and HAA:Kyn with
risk of pancreatic cancer were strengthened. Compared with the lowest tertiles, OR (95%CI) for
highest tertiles of HAA, , and ratios of HAA:HK and HAA:Kyn were 0.55 (0.33-0.90) (P for
trend=0.01), 0.55 (0.33-0.92) (P for trend=0.02), and 0.52 (0.31-0.86) (P for trend=0.006),

respectively.

44  DISCUSSION

We report statistically significant inverse associations between the ratios of HAA:HK and
HAA:Kyn, indicators of functional status of PLP, and risk of pancreatic cancer after adjustment
with BMI, smoking, alcohol intake, and history of diabetes in a study of 187 pancreatic cancer
cases and 362 matched control subjects from two prospective cohorts of Asian populations. This
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finding supported our previous observation that higher concentrations of serum PLP were
associated with reduced risk of pancreatic cancer. In addition, we made a novel observation that
HAA, an anti-inflammatory compound, in serum samples collected an average of 12.5 (Shanghai
cohort) and 6.8 (Singapore cohort) years before cancer diagnosis was inversely associated with
reduced risk of pancreatic cancer. The highest tertiles of the ratios of HAA:HK and HAA:Kyn
and HAA were associated with about 40% reduced risk of pancreatic cancer, compared with the
lowest tertiles. The inverse associations of HAA, and the ratio of HAA:HK and HAA:Kyn were
strengthened after excluding cases diagnosed within the first two years of serum collection and
their matched controls, indicating the associations were not due to impact of underlying disease

on the kynurenine metabolism.

Our study was the first to evaluate the associations between metabolites of the Kyn
pathway and their ratios and risk of pancreatic cancer. Our study was also the first to evaluate the
associations between ratios of metabolites of the Kyn metabolite, as functional surrogate of
vitamin Bs status, and risk of any cancer. PLP plays an important role in the Kyn pathway as the
coenzyme for KYNU and KAT. In a human feeding trial, dietary vitamin Bg restriction resulted
in reduction of KA and elevation of HK in the circulation (120). In the current study, we found
that higher ratios of HAA:HK and HAA:Kyn, indicators of KYNU activity, were associated with
reduced risk of pancreatic cancer, whereas the ratios of KA:Kyn and XA:HK, indicators of KAT
activity, were not associated with risk of pancreatic cancer. The discrepancy between the
indicators of KYNU and KAT activity may be explained by the fact that KYNU is more
susceptible to PLP deficiency than KAT (230). Therefore, the ratios of HAA:HK and HAA:Kyn
may be better markers of functional status of PLP than the ratios of KA:Kyn and XA:HK. The

current findings of inverse associations of the ratios of HAA:HK and HAA:Kyn with risk of
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pancreatic cancer supported our previous observation on circulating PLP. Interestingly, among
PLP deficient individuals, the subgroup with higher ratios of HAA:HK and HAA:Kyn were at
reduced risk of developing pancreatic cancer compared to those with lower ratios of HAA:HK
and HAA:Kyn. In other words, our findings suggest that individuals who had low levels of
circulating PLP but high levels of intracellular functional PLP had lower risk of developing
pancreatic cancer. Therefore, intracellular functional status of PLP, indicated by the ratios of
HAA:HK and HAA:Kyn, could be more relevant in pancreatic cancer development than
circulating PLP alone. Future studies on PLP and disease risk should consider including
biomarkers of functional status of PLP, such as the ratios of HAA:HK and HAA:Kyn to better

assess pancreatic cancer risk.

We report that HAA, a metabolite of kynurenine, was inversely associated with risk of
pancreatic cancer. The inverse association between HAA and risk of pancreatic cancer is
biological plausible. HAA has strong anti-inflammatory properties demonstrated by its ability to
inhibit the production of pro-inflammatory IL-17 (231). IL-17 was involved in the initiation and
progression of preinvasive pancreatic neoplasia in genetically engineered mice, (232). Therefore,
higher levels of HAA may protect against the development of pancreatic cancer through
inhibiting the production of IL-17. In addition, HAA is a precursor of an endogenous ligand to
the aryl hydrocarbon receptor (AHR) (229) that when activated resulted in cell cycle arrest and
growth inhibition of pancreatic cancer cell lines through induction of the cyclin-dependent kinase

inhibitor p21(132).

IFN-y activates the breakdown of tryptophan to Kyn catalyzed by IDO (224). In addition,
IFN-vy stimulates the synthesis of neopterin, a metabolites of of guanosine triphosphate (GTP), by

activated monocyte-derived macrophages and dendritic cells (225). In a case-control study
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nested within the European Prospective Investigation into Cancer and Nutrition (EPIC) of 893
lung cancer cases, higher KTR was associated with increased risk of lung cancer (226). The OR
and 95%CI comparing the fifth versus the first quintile was 1.36 (0.96-1.92) (P for trend =
0.009). Another prospective cohort analysis of 6594 Norweigian men and women (971 cancer
cases) found positive associations of KTR and neopterin with overall cancer risk (138). The
hazard ratios (HRs) and 95%ClIs associated with per SD increment were 1.07 (1.01-1.14) for
KTR, and 1.09 (1.03-1.16) for neopterin. In analysis on major cancer types (e.g., colorectal
cancer, breast cancer, prostate cancer, and lung cancer), KTR and neopterin were only associated
with risk of colorectal cancer (N=175), suggesting the associations of KTR and neopterin with
cancer risk may be cancer-specific. Our study is the first to evaluate KTR and neopterin, as
biomarkers of IFN-y-induced immune activation, in relation to risk of pancreatic cancer, and we
found no association. More studies are needed to elucidate the associations of KTR and

neopterin with risk of pancreatic cancer.

To the best of our knowledge, this is the first epidemiological study that evaluated
tryptophan and metabolites of the Kyn pathway and risk of pancreatic cancer. The strengths of
the current study include prospective design, a long follow-up, and a comprehensive
measurement of tryptophan and kynurenines using an accurate and reliable mass-spectrometry-
based assay. In addition, a previous study found age and renal function were important
determinants of biomarkers of the Kyn metabolic pathway (233). The matched case-control
design (e.g., matched on age and sex) of the present study and adjustment for BMI, smoking,
history of diabetes, and renal function in the statistical analysis minimized potential confounding

effects of these factors on the associations of tryptophan and kynurenines with risk of pancreatic
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cancer. Our study has a modest sample size. Larger studies are needed to validate our results on

tryptophan and the kynurenines in other populations.

In conclusion, the present study reported inverse associations between higher ratios of
HAA:HK and HAA:Kyn, as indicators of functional status of PLP, and risk of pancreatic cancer.
These associations were more apparent among PLP-deficient individuals. This finding supported
our previous observation of an inverse association between circulating PLP and risk of
pancreatic cancer, and further indicates intracellular functional status of PLP may be more
relevant in evaluating pancreatic cancer risk compared with circulating PLP levels alone. In
addition, higher concentrations of HAA, an anti-inflammatory metabolite from the Kyn pathway,
was associated with reduced risk of pancreatic cancer. This finding sheds light on the potential
etiological role of HAA in pancreatic cancer development. Experimental studies in animal
models are needed to investigate the direct effect of HAA and other Kyn metabolites on
pancreatic cancer progression. HAA and the ratios of HAA:HK and HAA:Kyn have the potential

to be developed into biomarkers to assess pancreatic cancer risk in the general population.
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45  TABLES

Table 15. Within-batch and between-batch coefficients of variations (CV) of tryptophan and metabolites of the
kynurenine pathway, among controls of Shanghai and Singapore cohorts pooled (N=362)

Within-batch CV, % Between-batch CV, %

Tryptophan, pumol/L 0.9 1.1
Kynurenine, nmol/L 1.4 4.4
AA, nmol/L 5.5 6.4
KA, nmol/L 5.0 5.9
HK, nmol/L 4.2 3.8
XA, nmol/L 55 14.7
HAA, nmol/L 4.7 10.2
Neopterin 5.4 7.3

aAbbreviations: AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; HK, 3-
hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic acid
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Table 16. Geometric means (95%CI) 2 of biomarkers of tryptophan and the kynurenine pathway among cases and

controls in the Shanghai and Singapore cohorts

Controls, N=362 Cases, N=187 P

Tryptophan, pumol/L 71.2 (69.3-73.0) 70.6 (68.4-72.8) 0.62
Kynurenine, nmol/L 1540 (1480-1580) 1500 (1460-1560) 0.41
AA, nmol/L 19.5(18.1-21.0) 20.0 (18.3-21.9) 0.57
KA, nmol/L 53.6 (50.4-56.9) 51.7 (48.1-55.7) 0.36
HK, nmol/L 44.3 (42.1-46.6) 43.5 (40.9-46.2) 0.54
XA, nmol/L 16.0 (15.0-17.1) 15.3 (14.1-16.6) 0.26
HAA, nmol/L 37.3 (35.1-40.0) 34.8 (32.4-37.5) 0.07
Product substrate ratios of B enzymes
KAT

KA:Kyn P 3.50 (3.32-3.68) 3.42 (3.22-3.64) 0.54

XA:HK 0.36 (0.34-0.38) 0.35 (0.33-0.38) 0.55
KYNU

AA:Kyn® 1.28 (1.20-1.38) 1.32 (1.22-1.44) 0.45

HAA:HK 0.84 (0.80-0.89) 0.80 (0.75-0.86) 0.12

HAA:Kyn® 2.44 (2.31-2.58) 2.30 (2.15-2.46) 0.08
IFN-y-induced inflammatory biomarkers

KTR® 2.26 (2.14-2.40) 2.38 (2.22-2.56) 0.26

Neopterin 25.4 (23.5-27.5) 27.2 (24. 6-30.2) 0.30

Acronyms: AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine;
KA, kynurenic acid; KAT: Kynurenine aminotransferase; KTR, ratio of kynurenine to
tryptophan; KYNU: Kynureninase; XA, xanthurenic acid,;

4 Adjusted for gender and cohort
®The numbers should be multiplied by 102
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Table 17. Baseline demographic characteristics, lifestyle factors, and biomarkers of tryptophan and the kynurenine pathway among pancreatic cancer cases and
control subjects, The Shanghai Cohort Study and The Singapore Chinese Health Study 2

Shanghai cohort Singapore cohort
Controls Cases pb Controls Cases pb

N 258 129 104 58
?e%ers at interview, mean (SD), g 4 5 5y 56.5 (5.5) 074  57.1(7.2) 57.9 (7.5) 0.51
@%isat blood draw, mean (SD). g4 4 (5 5 56.5 (5.5) 074  64.0(7.1) 64.9 (7.6) 0.47
BMI, mean (SD), kg/m? 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 20.2 121

Primary school 28.7 26.4 43.3 48.3

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
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Table 17 continued

Shanghai cohort

Singapore cohort

Controls Cases PP Controls Cases PP

Weekly multivitamin use (%) 0.69

No 89.4 914

Yes 10.6 8.62
Serum biomarker concentrations (geometric means, 95%CI)
PLP, nmol/L 26.4 (24.4-28.7)  23.3(20.8-26.2) 0.08 70.9 (60.39-83.3) 61.8(49.9-766)  0.31
Tryptophan, pmol/L 76.4 (74.8-78.0)  76.5(74.3-78.8) 0.95 69.9 (67.4-72.6) 67.9(64.7-71.4)  0.36
Kynurenine, nmol/L 1560 (1540-1600) 1540 (1500-1600) 0.54 1600 (1520-1660) 1560 (1480-1660) 0.58
AA, nmol/L 19.7 (18.5-21.1)  20.8 (18.9-22.9) 0.37 22.4 (20.6-24.3)  21.6(19.3-24.2) 0.63
KA, nmol/L 52.9 (50.3-55.6)  51.1(47.6-54.8)  0.43 56.8 (52.3-61.7)  55.0 (49.2-61.4)  0.64
HK, nmol/L 455 (43.5-47.6)  45.5(42.7-485)  0.998 459 (43.4-48.5)  43.2(40.1-46.5)  0.19
XA, nmol/L 17.2 (16.3-18.3)  17.0(15.6-184)  0.76 16.6 (15.4-17.9)  14.8(13.3-16.4)  0.08
HAA, nmol/L 35.8(33.9-37.9)  33.8(31.3-36.6) 0.24 41.9 (39.4-445)  38.1(35.2-41.4) 0.07
Product substrate ratios of B enzymes
KAT

KA:Kyn ¢ 3.38 (3.24-3.52)  3.30(3.10-3.52) 0.55 3.6 (3.3-3.8) 3.5(3.2-3.9) 0.83

XA:HK 0.38 (0.36-0.40)  0.38 (0.35-0.40) 0.90 0.36 (0.34-0.39)  0.34(0.31-0.37)  0.31
KYNU

AA:Kyn © 1.26 (1.18-1.34)  1.34(1.22-1.46)  0.34 1.40 (1.30-1.52)  1.38 (1.26-1.54)  0.82

HAA:HK 0.79 (0.75-0.83)  0.74 (0.69-0.80) 0.15 0.91 (0.86-0.97)  0.88(0.81-0.96)  0.55

HAA:Kyn © 2.30 (2.18-2.42)  2.18 (2.02-2.34) 0.22 2.64 (2.48-2.78)  2.44 (2.26-2.64) 0.12
IFN-y-induced inflammatory biomarkers

KTR ¢ 2.06 (2.00-2.10)  2.02 (1.96-2.10) 0.52 2.28 (2.16-2.40)  2.30(2.16-2.46)  0.83

Neopterin 14.4 (13.8-14.9)  13.5(12.8-14.2) 0.06 24.9 (23.4-26.4)  26.1(24.0-28.3) 0.36
eGFR (mL/min/1.73m?) 88.8 (87.3-90.4)  90.8 (88.7-93.1) 0.14 76.5(73.2-80.0)  77.4(72.9-82.1)  0.76

& Abbreviations: AA, anthranilic acid; eGFR, estimated glomerular filtration rate (<60, moderate to severe renal function loss; 60-89,
mild renal function loss; >90, normal renal function); HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; KA, kynurenic
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acid; KAT: Kynurenine aminotransferase; Kyn, kynurenine; KYNU: Kynureninase; PLP, pyridoxal 5’-phosphate; XA, xanthurenic
acid

b2-sided P values were based on t-test for continuous variables or chi-square test for categorical variable

¢ The numbers should be multiplied by 102
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Table 18. Geometric means 2 of biomarkers of tryptophan and the kynurenine pathway by PLP in quartile in

controls of Shanghai and Singapore cohorts pooled (N=362)

PLP, nmol/L
<20 20-<29.0 29.0-<52.4 >52.4 ItDren q R? with PLP ©
N 90 90 92 90
Tryptophan, pumol/L 64.7 70.1 71.2 73.0 <0.001 0.052
Kynurenine, nmol/L 1520 1560 1500 1540 0.98 <0.01
AA, nmol/L 18.8 17.1 19.2 21.3 0.13 0.010
KA, nmol/L 52.2 53.3 51.1 60.5 0.11 0.021
HK, nmol/L 50.4 46.7 44.9 41.4 <0.001 0.016
XA, nmol/L 15.1 15.9 16.5 17.1 0.08 0.026
HAA, nmol/L 334 354 37.3 40.7 0.004 0.061
Product substrate ratios of Bs enzymes
KAT
KA:Kyn ¢ 3.42 3.44 3.40 3.92 0.06 0.025
XA:HK 0.30 0.34 0.37 0.41 <0.001 0.108
KYNU
AA:Kyn ¢ 1.24 1.10 1.28 1.38 0.10 0.010
HAA:HK 0.68 0.76 0.82 0.98 <0.001 0.138
HAA:Kyn ¢ 2.20 2.29 2.48 2.65 0.003 0.061

& Geometric means adjusted for gender and cohort
b Abbreviations: AA, anthranilic acid; eGFR, estimated glomerular filtration rate (<60, moderate
to severe renal function loss; 60-89, mild renal function loss; >90, normal renal function); HAA,
3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; KA, kynurenic acid; KAT: Kynurenine
aminotransferase; Kyn, kynurenine; KYNU: Kynureninase; PLP, pyridoxal 5’-phosphate; XA,

xanthurenic acid

¢ Partial R? between tryptophan metabolites and their ratios and PLP (continuous) adjusted for

cohort and gender

4The numbers should be multiplied by 102
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Table 19. Associations between biomarkers of tryptophan and the kynurenine pathway and pancreatic cancer risk,
Shanghai and Singapore cohorts pooled @

T1 T2 T3 P for

Biomarkers R trend
ColCa (ref) Co/Ca  OR (95%Cl) Co/Ca  OR (95%Cl)®

Tryptophan  120/66 1.00 123/63 0.90 (0.57-1.40)  119/58 0.88 (0.55-1.40) 0.58
Kynurenine  120/76 1.00 123/56 0.69 (0.44-1.09)  119/55 0.70(0.42-1.16) 0.14
AA 117/47 1.00 120/77 2.02(1.22-3.34)  116/59 1.51(0.87-2.64) 0.17
KA 120/69 1.00 123/64 0.99 (0.62-1.57)  119/54 0.82(0.51-1.32) 0.42
HK 119/68 1.00 118/62 0.92 (0.58-1.44)  116/53 0.69 (0.42-1.12) 0.14
XA 120/73 1.00 124/58 0.81(0.53-1.25)  118/56 0.82 (0.52-1.29) 0.37
HAA 117/79 1.00 120/52 0.61(0.38-0.97)  116/52 0.63(0.39-1.01) 0.04
Product substrate ratios of B enzymes
KAT
KA:Kyn  120/74 1.00 123/57 0.71(0.45-1.11)  119/56 0.78 (0.49-1.25) 0.27
XA:HK  117/64 1.00 120/67 0.53(0.32-0.88)  116/52 0.85(0.53-1.36) 0.53
KYNU
AA:Kyn  117/56 1.00 120/62 1.17 (0.72-1.88)  116/65 1.27(0.76-2.12) 0.36
HAAHK  117/77 1.00 120/58 0.64 (0.40-1.02)  116/48 0.60 (0.37-0.98) 0.04
HAA:Kyn 117/83 1.00 120/50 0.59 (0.37-0.93)  116/50 0.57 (0.35-0.92) 0.01

& Abbreviations: AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; HK, 3-
hydroxykynurenine; KA, kynurenic acid; KAT: Kynurenine aminotransferase; Kyn, kynurenine;
KYNU: Kynureninase; XA, xanthurenic acid

b Adjusted for education (no schooling, primary school, secondary school and higher), BMI

(<18.5, 18.5-<23.0, >23.0), smoking status (never, former, current), alcohol drinking (No.
alcoholic drinks per week), diabetes, eGFR (continuous), and cohort
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Table 20. Range of tryptophan and metabolites of the kynurenine pathway, among controls of Shanghai and
Singapore cohorts pooled (N=362)

Range
T1 T2 T3

Tryptophan, pumol/L <69.7 69.7-80.1 >80.1
Kynurenine, nmol/L <1453 1453-1718 >1718
AA, nmol/L <16.4 16.4-23.0 >23.0
KA, nmol/L <46.4 46.4-63.5 >63.5
HK, nmol/L <39.5 39.5-52.6 >52.6
XA, nmol/L <14.7 14.7-21.3 >21.3
HAA, nmol/L <33.2 33.2-45.0 >45.0
Product substrate ratios of Bs enzymes
KAT

KA:Kyn <2.97 2.97-3.99 >3.99

XA:HK <0.33 0.33-0.45 >0.45
KYNU

AA:Kyn <1.07 1.07-1.43 >1.43

HAA:HK <0.74 0.74-0.99 >0.99

HAA:Kyn <2.14 2.14-2.86 >2.86

& Abbreviations: AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; HK, 3-
hydroxykynurenine; KA, kynurenic acid; KAT: Kynurenine aminotransferase; Kyn,
kynurenine; KYNU: Kynureninase; XA, xanthurenic acid
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Table 21. Associations between biomarkers of tryptophan and the kynurenine pathway and pancreatic cancer risk, in
Shanghai cohort 2

Biomarkers T1 T2 T3 P
trend
b
Col/Ca 83) Co/Ca OR (95%Cl)? Co/Ca OR (95%Cl)?

Tryptophan  66/40 1.00 94/42 0.69(0.39-1.19)  98/47 0.72 (0.41-1.25) 0.25
Kynurenine  87/55 1.00 92/42 0.75(0.44-1.29)  79/32 0.64 (0.35-1.18) 0.14

AA 97/39 1.00 80/49 2.23 (1.22-4.06) 72/37 1.62(0.85-3.09) 0.14
KA 89/50 1.00 92/42 0.93 (0.54-1.63) 77/37 0.90(0.51-1.58) 0.71
HK 88/46 1.00 80/42 1.04 (0.60-1.80) 81/37 0.76 (0.43-1.34) 0.34
XA 83/44 1.00 88/41 1.02(0.59-1.76)  87/44 1.01(0.59-1.73) 0.98
HAA 95/57 1.00 81/33 0.65(0.37-1.13) 73/35 0.78 (0.45-1.36) 0.31
Product substrate ratios of Be

enzymes

KAT

KA:Kyn  94/53 1.00 74/35 0.87 (0.50-1.52)  90/41 0.79 (0.46-1.38) 0.41
XAHK  78/50 1.00 84/28 0.50(0.27-0.94)  87/47 0.87 (0.50-1.50) 0.69
KYNU

AA:Kyn  98/45 1.00 81/37 1.14(0.65-2.02)  70/43 156 (0.85-2.85) 0.16
HAAHK  95/61 1.00 80/35 0.64 (0.37-1.10)  74/29 0.62 (0.35-1.09) 0.08
HAA:Kyn 95/63 1.00 75/30 0.64 (0.38-1.10)  79/32 0.56 (0.32-0.97) 0.03

4 Abbreviations: AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; HK, 3-
hydroxykynurenine; KA, kynurenic acid; KAT: Kynurenine aminotransferase; Kyn, kynurenine;
KYNU: Kynureninase; XA, xanthurenic acid

b Adjusted for education (no schooling, primary school, secondary school and higher), BMI
(<18.5, 18.5-<23.0, >23.0 kg/m?), smoking status (never, former, current), alcohol drinking (No.
alcoholic drinks per week), diabetes, and eGFR (continuous)
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Table 22. Associations between biomarkers of tryptophan and the kynurenine pathway and pancreatic cancer risk, in

Singapore cohort @

Biomarkers T1 T2 T3 L
ColCa 8;; 2:0/ ¢ OR (95%ClI) ¢ Co/Ca OR (95%CI)°¢
Tryptophan 54/26  1.00 29/21 1.55(0.69-3.44) 21/11 1.18(0.45-3.09) 0.60 0.29
Kynurenine 33/21  1.00 31/14 0.62 (0.26-1.48) 40/23  0.89 (0.32-2.47) 0.80 0.60
AA 20/8 1.00 40/28 1.77 (0.63-4.98) 44/22  1.19 (0.37-3.85) 0.93 0.52
KA 31/19  1.00 31/22 1.08 (0.45-2.61) 42/17  0.59 (0.23-1.54) 0.29 0.47
HK 31/22  1.00 38/20 0.69 (0.30-1.57) 35/16 0.49(0.18-1.33) 0.15 0.44
XA 37/29  1.00 36/17 0.55 (0.25-1.21) 31/12  0.40(0.14-1.11) 0.053 0.09
HAA 22/22  1.00 39/19 0.43(0.18-1.04) 43/17  0.30(0.11-0.81) 0.02 0.11
Product substrate ratios of B enzymes
KAT
KA:Kyn 26/21  1.00 49/22  0.53(0.24-1.19) 29/15 0.65(0.25-1.70) 0.34 0.67
XAHK  39/27  1.00 36/16 0.64 (0.27-1.49) 29/15 0.79 (0.31-2.03) 0.60 0.81
KYNU
AA:Kyn 19/11  1.00 39/25 0.96 (0.37-2.53) 46/22  0.72 (0.25-2.04) 0.44 0.16
HAA:HK 22/16  1.00 40/23 0.64 (0.24-1.70) 42/19  0.52(0.18-1.50) 0.24 0.85
HAA:Kyn 22/20  1.00 45/20 0.45(0.18-1.12) 37/18 0.49(0.18-1.29) 0.13 0.81

& Abbreviations: AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; HK, 3-

hydroxykynurenine; KA, kynurenic acid; KAT: Kynurenine aminotransferase; Kyn, kynurenine;

KYNU: Kynureninase; XA, xanthurenic acid
b P value for heterogeneity comparing Shanghai cohort with Singapore cohort
¢ Adjusted for education (no schooling, primary school, secondary school and higher), BMI

(<18.5, 18.5-<23.0, >23.0 kg/m?), smoking status (never, former, current), alcohol drinking (No.
alcoholic drinks per week), diabetes, and eGFR (continuous)
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Table 23. Joint analysis of biomarkers of tryptophan and the kynurenine pathway with PLP on pancreatic cancer
risk, Shanghai and Singapore cohorts pooled @

PLP < 20 nmol/L PLP>20nmolL. . . O
Interaction
ColCa OR(95%CI) ® Co/Ca  OR(95%CI) "
Kynurenine 0.06
T1 26/25 1.00 (Ref) 94/51 0.46 (0.22-0.97)
T2 34/22 0.61 (0.26-1.45) 89/34 0.33 (0.15-0.71)
T3 29/11 0.31 (0.11-0.83) 90/44 0.43 (0.20-0.96)
HK 0.02
T1 2422 1.00 (Ref) 95/46 0.42 (0.20-0.88)
T2 21/18 0.84 (0.33-2.11) 97/44 0.40 (0.18-0.86)
T3 38/15 0.26 (0.10-0.67) 78/38 0.41 (0.18-0.90)
HAA 0.07
T1 39/33 1.00(ref) 78/46 0.52 (0.26-1.03)
T2 27/15 0.51 (0.22-1.21) 93/37 0.34 (0.16-0.71)
T3 1717 0.27 (0.09-0.81) 99/45 0.42 (0.21-0.85)
KA:Kyn 0.10
T1 33/26 1.00(ref) 87/48 0.53 (0.27-1.04)
T2 27/21 0.74 (0.34-1.62) 96/36 0.35 (0.17-0.73)
T3 29/11 0.36 (0.14-0.94) 90/45 0.54 (0.26-1.09)
HAA:HK 0.23
T1 37/34 1.00(ref) 80/49 0.46 (0.23-0.93)
T2 27/16 0.50 (0.22-1.16) 93/34 0.30 (0.14-0.63)
T3 19/5 0.17 (0.05-0.53) 97/45 0.37 (0.18-0.77)
HAA:Kyn 0.01
T1 37/34 1.00(ref) 80/49 0.54 (0.27-1.06)
T2 27/16 0.61 (0.28-1.36) 93/34 0.32 (0.16-0.64)
T3 19/5 0.24 (0.08-0.73) 94/45 0.40 (0.20-0.78)

& Abbreviations: AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; HK, 3-
hydroxykynurenine; KA, kynurenic acid; KAT: Kynurenine aminotransferase; Kyn, kynurenine;
KYNU: Kynureninase; XA, xanthurenic acid

b Adjusted for education (no schooling, primary school, secondary school and higher), BMI
(<18.5, 18.5-<23.0, >23.0), smoking status (never, former, current), alcohol drinking (No.
alcoholic drinks per week), diabetes, and eGFR (continuous)
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Table 24. Associations between IFN-y-induced inflammatory biomarkers and pancreatic cancer risk, Shanghai and
Singapore cohorts pooled @

Biomarkers T1 T2 T3 P trend
Co/Ca ORP" (ref) Co/Ca OR (95%Cl)°® Co/Ca OR (95%Cl)°®

KTR 120/65 1.00 123/67 0.97 (0.6-1.57) 119/55 0.88 (0.52-1.49) 0.64

Neopterin 117/69 1.00 121/49 0.70 (0.41-1.18) 115/65 0.91 (0.48-1.72) 0.69

& Abbreviations: KTR, kynurenine:tryptophan ratio

b Adjusted for education (no schooling, primary school, secondary school and higher), BMI
(<18.5, 18.5-<23.0, >23.0 kg/m?), smoking status (never, former, current), alcohol drinking (No.
alcoholic drinks per week), diabetes, eGFR (continuous), and cohort
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Table 25. Associations between IFN-y-induced inflammatory biomarkers and pancreatic cancer risk, in Shanghai

cohort @
Biomarkers T1 T2 T3 P trend
Co/Ca ORP (ref) Co/Ca OR (95%Cl)°® Co/Ca OR (95%CI) P
KTR 35/21  1.00 35/17  0.82 (0.36-1.88) 34/20  1.05(0.42-2.65) 0.97
Neopterin®  35/19  1.00 35/16  0.85 (0.36-1.99) 34/23  1.46 (0.60-3.54) 0.41

& Abbreviations: KTR, kynurenine:tryptophan ratio

b Adjusted for education (no schooling, primary school, secondary school and higher), BMI
(<18.5, 18.5-<23.0, >23.0 kg/m?), smoking status (never, former, current), alcohol drinking (No.
alcoholic drinks per week), diabetes, eGFR (continuous)

¢ Tertiles were created based on distribution of neopterin among control subjects from the
Shanghai cohort alone, since the distribution of neopterin in the Shanghai cohort and the
Singapore cohort were very different.
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Table 26. Associations between IFN-y-induced inflammatory biomarkers and pancreatic cancer risk, in Singapore

cohort @
Biomarkers T1 T2 T3 P
trend
Co/Ca ORP (ref) Co/Ca OR (95%Cl)® Co/Ca OR (95%CI)®
KTR 86/49  1.00 87/41  0.87 (0.48-1.56) 85/39  0.91(0.49-1.69) 0.78
Neopterin®  83/57  1.00 85/34  0.61 (0.34-1.12) 81/34 0.67(0.36-1.24) 0.21

& Abbreviations: KTR, kynurenine:tryptophan ratio

b Adjusted for education (no schooling, primary school, secondary school and higher), BMI
(<18.5, 18.5-<23.0, >23.0 kg/m?), smoking status (never, former, current), alcohol drinking (No.
alcoholic drinks per week), diabetes, eGFR (continuous)

Tertiles were created based on distribution of neopterin among control subjects from the
Singapore cohort alone, since the distribution of neopterin in the Shanghai cohort and the
Singapore cohort were very different.
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5.0 GENERAL DISCUSSION

5.1 SUMMARY OF FINDINGS

The overall aim of this dissertation was to evaluate dietary one-carbon metabolism-
related nutrients (e.g., betaine, choline, folate, methionine, and vitamins B>, Bs, and B12), serum
Bs vitamers (e.g. PLP, PL, and PA) and metabolites in the PLP-dependent kynurenine pathway
in relation to risk of pancreatic cancer.

One-carbon metabolism plays an important role in DNA synthesis and methylation.
Vitamin Be and folate are important enzymatic cofactors. Choline, betaine, and methionine are
major sources of methyl groups (234). Betaine, acquired from diet or produced via choline
oxidation pathway, is a substrate of the regeneration of methionine from homocysteine (Figure
1). Methionine is a precursor of S-adenosylmethionine (SAM), an important methyl donor in
DNA methylation. A majority of epidemiologic studies that evaluated one-carbon metabolism-
related compounds in relation to pancreatic cancer risk have focused on folate. Several pooled
analyses of cohort studies in US and Europe reported a null association between dietary or
circulating folate and pancreatic cancer risk (65, 109, 110). Few studies investigated the potential
role of one-carbon metabolism-related compounds other than folate in the risk of pancreatic
cancer. Dietary methionine was associated with lower risk of pancreatic cancer in a Swedish

study (102). There have been no previous epidemiologic studies of choline and betaine on
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pancreatic cancer risk. Due to the complexity in one-carbon metabolism, in the first prospective
cohort study, I comprehensively evaluated dietary intake of seven one-carbon metabolism-
related compounds in relation to pancreatic cancer risk. A barrier to studies on dietary choline
and betaine and pancreatic cancer risk was the absence of data on content of choline and betaine
in food. Food content information of choline and betaine has recently become available and were
added into the Singapore Food Composition Database (167-172). The principal findings of the
first study were statistically significant inverse associations between dietary vitamin Bs and
choline and pancreatic cancer risk (published in (235)). These novel results suggest a role of one-

carbon metabolism in pancreatic carcinogenesis.

The finding on dietary vitamin Be was further supported by follow-up biomarker studies.
Pyridoxal-5’-phosphate (PLP) is the active form of vitamin Be and serves as an enzymatic
cofactor in the synthesis of nucleic acids, amino acids (i.e., tryptophan), and cellular antioxidants
(107, 236). Pyridoxal (PL, the form taken up by tissues) and 4-pyridoxic acid (PA, a major
catabolite of PLP) are other major forms of Bs vitamers in blood. In addition, the ratios of
metabolites of the Kyn pathway can be served as markers of intracellular functional status of
PLP (123). Except for plasma PLP, no epidemiological study investigated the association
between Bs vitamers and functional measures of PLP (ratios of metabolites of the Kyn pathway)
and pancreatic cancer risk. A barrier to those studies has been lack of reliable and accurate
biochemical assays for those compounds. Using a mass-spectrometry based method with high-
throughput capability, we have quantified a panel of Be vitamers and metabolites of the Kyn
pathway. This comprehensive approach will significantly advance our understanding of the
relationships of vitamin Bs and kynurenines with risk of pancreatic cancer, individually and in

combination (237). In two case-control studies nested within two prospective cohorts of Asian
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populations, PLP greater than 52.4 nmol/L was associated with 54% reduced risk of pancreatic
cancer compared with PLP deficient individuals; the second and third tertiles of HAA:HK ratio
and HAA:Kyn ratio, as biomarkers of intracellular functional status of PLP, were associated with

about 40% reduced risk of pancreatic cancer compared with the lowest tertiles.

5.2 PUBLIC HEALTH SIGNIFICANCE

In the U.S., pancreatic cancer is the fourth leading cause of cancer-related death in both
men and women(238). The five-year survival rate of pancreatic cancer patients after cancer
diagnosis is less than 8%, due in part to the lack of effective treatments at the late stage of
diagnosis; ~80% of cancers have spread to regional lymph nodes or distant metastasis (26). As a
highly lethal disease, little is known about the risk factors for pancreatic cancer. Cigarette
smoking and obesity are the only established modifiable risk factors for pancreatic cancer (146,
147). Findings of the study on dietary intake and serum biomarkers of diet-related factors will
contribute to the understanding of pancreatic cancer etiology. The identified risk biomarkers (e.g.
PLP, HAA, and ratios of HAA:HK and HAA:Kyn) can be applied for risk assessment and early
detection of pancreatic cancer. Therefore, findings of the study will provide desirable
information to enrich individuals with risk characteristics who would be beneficial from

screening and early detection of pancreatic cancer.

Eventually, findings of the studies (e.g., dietary intake of vitamin Be and choline, PLP,
and ratios of kynurenines) can be used to develop a risk assessment model to identify individuals
at high risk of developing pancreatic cancer. In addition, clinical trials can be designed to

evaluate the chemopreventive effect of dietary supplementation with vitamin Be, choline and/or
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other one-carbon metabolism-related compounds, and kynurenines such as HAA on the changes
of molecular and cellular marker of pancreatic pathogenesis, and eventually for primary

prevention of pancreatic cancer in high risk population (31).

In addition, the study provided evidence for a protective role of vitamin Be against
pancreatic cancer development. In Shanghai and Singapore cohorts, the population attributable
risk (PAR) of low PLP status (by cohort-specific quartiles), smoking status, and BMI was

calculated using a multivariate approach:

pel
— RRi

L

PAR =1 —

Where i indexes the mutually exclusive strata formed by a specific potential risk factor, pei is the
proportion of cases in each stratum, and RRIi is the relative risk associated with each stratum

(239). For example, in Shanghai cohort, the PAR for low PLP calculated as 1 —

number of cases in the 1st quartile , , number of cases in the 4th quartile
odds ratio associated with the 1st quartile '~ ' odds ratio associated with the 4th quartile that is 1 — ( 47 + 35
total number of cases ! 2.272 1.274

% + %)/129. In Shanghai cohort, the PAR for low PLP status, smoking status, and BMI was

23.6%, 46.3%, and 16.0%, respectively. In Singapore cohort, the corresponding figures were
18.9%, 13.6%, and 14.5%. In addition to pancreatic cancer, vitamin B¢ was reported to be
associated with reduced risk of lung and colorectal cancers (240, 241). Vitamin Bes deficiency is
also associated with other health issues such as neurological disorders and skin changes.
Fortification of B vitamins into grain products such as flour and cereals has been implemented in
the US since 1941 (242). Given that Asian populations may have a relatively high percentage of
vitamin Bs deficient individuals, food fortification of vitamin Be can be considered as a public
health approach to reduce deficiency and improve health at the population level. Selection of

formulated foods can be based on major staples consumed by Asian populations such as rice
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instead of cereals, given that Asian populations have different dietary patterns from US and

European populations.

According to a pancreatic cancer progression model based on genetic evolution of
pancreatic cancer, pancreatic cancer takes on average 20 years to develop from the first mutation
until patient death (243). Given that most cases live less than a year after diagnosis (median
survival <6 months) and it takes on average 2.7 years from the metastasis to cancer death, most
cases are diagnosed after the tumor gains metastatic ability. Due to the deep abdomen location of
pancreas and limitation of current diagnostic methods, primary and secondary preventive
measures that can prevent early-stage tumors from progressing into more advanced malignancies
can be valuable methods to reduce pancreatic cancer mortality. Serum sample were collected on
average 12.5 years prior to diagnosis in the Shanghai cohort and 6.8 years prior to diagnosis in
the Singapore cohort. Based on the model, samples in Shanghai cases could be collected during
the precursor stages when the lesions had not gained invasive ability and samples in Singapore
cases could be collected during the stages when the lesions had not gain metastatic ability.
Therefore, the findings of present studies on compounds such as PLP and HAA are relevant to
early-stage development of pancreatic cancer. If the potential protective effects of PLP and HAA
are confirmed in mechanistic studies, intervention trials could be designed to develop

chemopreventive agents against pancreatic cancer.
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5.3 STRENGTHS AND LIMITATIONS

The strengths of the proposed study include novel hypothesis, prospective design, a
comprehensive dietary assessment of one-carbon metabolism-related nutrients, and a high
resolution and accurate mass-spectrometry-based approach to measure biomarkers of Be vitamers

and metabolites of the Kyn pathway.

Due to the prospective nature of the study, the first prospective cohort study was able to
eliminate the opportunity of differential recall bias. The study populations in the two prospective
cohort studies, Shanghai Cohort Study and Singapore Chinese Health Study, have distinct dietary
habits and environmental exposures from each other and from Western populations. Despite
numerous epidemiological studies that have investigated diet- or biomarker-pancreatic cancer
risk associations in Western populations, data from Asian populations are sparse. The
comparison of exposure-disease associations from two cohorts takes advantage of differences in
the distribution of the exposure variable across two cohorts. Given the similar incidence rates of
pancreatic cancer across Singapore, Shanghai, and the U.S. populations (Table 1), the study
population used for the proposed study is appropriate and the findings may be relevant to the
U.S. population. The proposed study will likely contribute to the literature in novel risk or
preventive factors for pancreatic cancer in populations with different levels of dietary or in vivo
exposures. Given pancreatic cancer has an extremely high mortality and few known risk factors,

study findings from the proposed study could have important public health implications.

The proposed study may also be challenged by several issues. First, some risk factors for
pancreatic cancer such as smoking and obesity may impact the fluxes of pathways in one-carbon

metabolism and the Kyn pathway, and thus confound the relationship between concentrations of
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biomarkers in those metabolic pathways and pancreatic cancer risk. To overcome this issue,
smoking status and obesity were controlled in the statistical analysis. Furthermore, stratified
analysis were performed by smoking status and BMI levels to eliminate or minimize their
confounding effect. Second, Be vitamers were measured at the systemic level using serum
specimens and might not reflect the changes of biomarkers in the local environment in the
pancreas. However, we overcame this issue by measuring metabolites of the Kyn pathway and
evaluated ratios of kynurenines, as surrogates of intracellular functional status of PLP, in relation
to risk of pancreatic cancer in the third study. In the second and third studies, though lab
measurement errors are possible sources of misclassification, we have a number of procedures in
place to limit the opportunity for systematic bias. For example, case-control sets will be
measured together in lab batches, and the lab personnel will be blinded as to the case-control
status of the specimens. We included 2% repeated samples to evaluate the within- and between-

batch variation in biomarker measurements.

In the third study, we did not observe an association of neopterin and KTR with
pancreatic cancer risk. In addition to cytokine-induced IDO, TDO is constitutively expressed in
liver and can also catalyze the production of kynurenine from tryptophan. Therefore, KTR is a
less specific marker for cellular immunity activation compared to neopterin. It was reported that
neopterin is sensitive to sunlight and the level of neopterin may decrease over time(244).
However, the effect of decay in neopterin will likely to impact the specimens from cases and

controls in the same way, and therefore may bias the results towards null results.
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5.4 FUTURE DIRECTION

Since PLP and biomarkers of intracellular functional activity of PLP were found to be
inversely associated with risk of pancreatic cancer, | plan to conduct animal experiments, in
collaboration with laboratory scientists, to confirm chemopreventive effect of vitamin Be¢ on the
inhibition of pancreatic carcinogenesis. Such data are crucial to confirm the biological
mechanism of action and further development of vitamin Bs as chemopreventive agents against
pancreatic cancer in humans.

Furthermore, higher choline intake was associated with reduced risk of pancreatic cancer.
I plan to study biomarkers of choline and other methyl donors such as folate, methionine and
betaine in relation to pancreatic cancer. Levels of one-carbon metabolism-related compounds are
inter-dependent. For example, choline and folate can complement each other in supplying C1
units in regeneration of methionine (Figure 1). Varied levels of dietary folate, and vitamins Be
and/or By, altered the requirements of choline in human and rats (245, 246). In contrast to most
previous studies that only evaluated the associations between single one-carbon metabolism-
related compounds and cancer risk, | plan to use a pathway analysis approach to evaluate the

aggregate effect of one-carbon metabolism-related compounds on pancreatic cancer risk.

In addition to the role in DNA synthesis and methylation, one-carbon metabolism
branches out with amino acid metabolism (i.e., serine and glycine) (247), choline metabolism
(248) and transsulfuration pathway (production of glutathione) (249) that are related to
detoxification of carcinogens and the inhibition of carcinogenesis. PLP, plays a central role in
enzyme activities in multiple pathways of one-carbon metabolism and amino acid metabolism
(e.g., tryptophan). A pathway analysis approach can integrate biological pathways of one-carbon

metabolism and metabolism of related amino acids (e.g., serine, glycine, tryptophan, etc.).
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Pathway analysis will help pinpoint the most important biological pathway driving the observed
associations between serum one-carbon metabolism-related compounds and pancreatic cancer

risk.
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