
Increased vitamin B6 turnover is associated with greater mortality risk
in the general US population: A prospective biomarker study

Schorgg, P., Karavasiloglou, N., Beyer, A., Cantwell, M., Danquah, I., Gojda, J., Rohrmann, S., Cassidy, A.,
Bärnighausen, T., Cahova, M., & Kühn, T. (2022). Increased vitamin B6 turnover is associated with greater
mortality risk in the general US population: A prospective biomarker study. Clinical Nutrition, 41(6), 1343-1356.
https://doi.org/10.1016/j.clnu.2022.04.023

Published in:
Clinical Nutrition

Document Version:
Publisher's PDF, also known as Version of record

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights
Copyright 2022  the authors.
This is an open access article published under a Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution and reproduction in any medium, provided the author and source are cited.

General rights
Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy
The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Download date:23. May. 2023

https://doi.org/10.1016/j.clnu.2022.04.023
https://pure.qub.ac.uk/en/publications/45a1c4ec-31c8-4dbd-991c-d4df5bcec240


lable at ScienceDirect

Clinical Nutrition 41 (2022) 1343e1356
Contents lists avai
Clinical Nutrition

journal homepage: http: / /www.elsevier .com/locate/c lnu
Original article
Increased vitamin B6 turnover is associated with greater mortality risk
in the general US population: A prospective biomarker study

Paula Schorgg a, b, Nena Karavasiloglou c, Anika Beyer a, b, Marie Cantwell d, Ina Danquah a,
Jan Gojda e, Sabine Rohrmann c, Aedin Cassidy d, Till B€arnighausen a, Monika Cahova f,
Tilman Kühn a, d, *

a Heidelberg Institute of Global Health (HIGH), Faculty of Medicine and University Hospital, Heidelberg, Germany
b Medical Faculty of the University of Heidelberg, Heidelberg, Germany
c Division of Chronic Disease Epidemiology, Epidemiology, Biostatistics and Prevention Institute (EBPI), University of Zurich, Switzerland
d Institute for Global Food Security (IGFS), Queen's University Belfast, Belfast, United Kingdom
e Department of Internal Medicine, Kralovske Vinohrady University Hospital and Third Faculty of Medicine, Charles University, Prague, Czech Republic
f Institute for Clinical and Experimental Medicine, Department of Experimental Endocrinology, Prague, Czech Republic
a r t i c l e i n f o

Article history:
Received 15 December 2021
Accepted 20 April 2022

Keywords:
Vitamin B6
Pyridoxal-50-phosphat
4-Pyridoxic acid
Mortality
Prospective study
Abbreviations: NHANES, National Health and Nutr
* Corresponding author. Institute for Global Food S

E-mail address: t.kuhn@qub.ac.uk (T. Kühn).

https://doi.org/10.1016/j.clnu.2022.04.023
0261-5614/© 2022 The Author(s). Published by Elsev
s u m m a r y

Background & aims: Vitamin B6 status and mortality risk are inversely associated in different patient
groups, while prospective studies in the general population are lacking. Here, for the first time, we
evaluated the association between biomarkers of vitamin B6 status and mortality risk in a large
population-based study.
Methods: The vitamin B6 vitamers pyridoxal-50-phosphat (PLP) and 4-pyridoxic acid (4-PA) were
measured by high-performance liquid chromatography in the National Health and Nutrition Examination
Survey (NHANES) between 2005 and 2010. Participants' vital status and causes of death were recorded
until December 2015. Multivariable Cox regression analyses were carried out to estimate Hazard Ratios
(HRs) and 95% confidence intervals (CIs) of mortality across quintiles of PLP, 4-PA, and the ratio of 4-PA
and PLP.
Results: Out of 15,304 study participants aged between 20 and 85 years at baseline, 1666 (7.7%) died
during a median follow-up time of 7.8 years. An inverse association between PLP and mortality was
found in a multivariable model adjusted for socioeconomic and lifestyle factors but became statistically
non-significant upon adjustment for routine biomarkers (C-reactive protein, creatinine, albumin, and
alkaline phosphatase). There was a significant linear trend for a positive association between 4-PA levels
and mortality risk in the fully adjusted regression model, although a comparison of extreme quintiles
(quintile 5 vs. quintile 1) did not show a significant difference (HRQ5vs.Q1 (95% CI): 1.19 (0.93, 1.51), plinear
trend ¼ 0.02). A positive association between the 4-PA/PLP ratio and all-cause mortality was observed in
the multivariable model, with an HRsQ5vs.Q1 of 1.45 (95% CI: 1.14, 1.85; plinear trend<0.0001). There were no
significant associations between the biomarkers and cardiovascular or cancer mortality. The association
between 4-PA/PLP and mortality risk was heterogeneous across age groups, and only statistically sig-
nificant among participants older than 65 years at baseline (HRQ5vs.Q1 (95% CI): 1.72 (1.29, 2.29), plinear
trend<0.0001). In this group, 4-PA/PLP was also associated with cancer mortality, with an HR Q5vs.Q1 of 2.16
(1.20, 3.90), plinear trend ¼ 0.02).
Conclusion: Increased vitamin B6 turnover, as indicated by a higher 4-PA/PLP ratio, was associated with
all-cause and cancer mortality among the older U.S. general population. Intervention trials are needed to
assess whether older individuals with a high 4-PA/PLP ratio would benefit from increased vitamin B6
intake.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Vitamin B6 occurs in the form of six interconvertible vitamers in
the human body. Pyridoxal-50-phosphat (PLP), the active co-
enzyme form of vitamin B6, serves for over 140 enzymatic activ-
ities [1,2]. Dephosphorylation of PLP to pyridoxal (PL), the transport
form, allows for passage through the membrane lipid bilayer [2,3].
PL is then catabolized into 4-pyridoxic acid (4-PA), which is
excreted in the urine [3,4]. PLP is of great metabolic relevance for
amino acid biosynthesis and degradation. Reactions including PLP-
dependent enzymes are implicated in neurotransmitter meta-
bolism, synthesis of organic acids, nucleic acids, lipids, glucose, and
the degradation of glycogen [2,3]. In interaction with folate and
vitamin B12, vitamin B6 plays a crucial role in the degradation of
homocysteine [5e7], a non-proteinogenic amino acid, which may
induce cytotoxic oxidative stress [8]. Vitamin B6 turnover as well as
cellular uptake are increased during inflammation [9,10], and it has
been proposed that vitamin B6 metabolism plays an important role
at the interface between systemic inflammation and the develop-
ment of major chronic diseases, i.e. type 2 diabetes mellitus [11,12]
and cardiovascular diseases (CVD) [2,13]. Vitamin B6 also affects
carcinogenesis, as it co-regulates DNA methylation and repair
through its involvement in one-carbon metabolism [14,15].

In line with the above-mentioned associations between vitamin
B6 status, inflammation and chronic disease risks, there is evidence
to suggest that vitamin B6 inadequacy is related to lower life ex-
pectancy. A low circulating PLP concentration was associated with
all-cause mortality among patients referred to diagnostic coronary
angiography [5], and with non-CVD mortality in a smaller cohort
(n ¼ 1773) of middle-aged men [16]. Worse functional vitamin B6
status, as assessed by the ratio of plasma 3-hydroxykynurenine (3-
HK) and xanthurenic acid (XA), but not PLP, was associated with
increased mortality risk in renal transplant recipients [17]. In
addition, among patients with stable angina pectoris (SAP) or acute
myocardial infarction (AMI) from Norway, PLP was found to be
associated with all-cause mortality; however, these associations
were no longer statistically significant after adjustment for circu-
lating inflammatory biomarker levels [2]. Nevertheless, in the same
Norwegian study, a ratio of 4-PA and the sum of pyridoxal (PL) and
PLP, reflective of vitamin B6 turnover, was independently associ-
ated with all-cause mortality after adjustment for inflammatory
biomarkers [2].

Given that large prospective biomarker studies on vitamin B6
and mortality risk in the general population are lacking, we
examined the association between vitamin B6 status biomarkers
and mortality in the National Health and Nutrition Examination
Survey (NHANES). Our specific interest was to evaluate whether
PLP and its degradation product 4-PA, alone and combined as a 4-
PA/PLP ratio indicating vitamin B6 turnover, would be associated
with risks of all-cause mortality, but also CVD and cancer mortality,
after comprehensive adjustment for established risk factors and
biomarkers of inflammation, kidney function and liver function.

2. Materials and methods

2.1. Study population

The United States’ (U.S.) National Center for Health and Statistic
(NCHS) of the Center for Disease Control and Prevention (CDC)
conducts the continuous NHANES in two-year cycles since 1999 to
assess the health and nutritional status of the U.S. general popu-
lation. Each year about 5000 participants from 15 counties across
the country, who are representative of the non-institutionalized
civilian U.S. population, are enrolled, using a multistage, national
area probability sampling design. During physical examinations
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and interviews, medical conditions and anthropometric measures
as well as the participants socioeconomic, demographic and life-
style characteristics are obtained [18,19]. Additionally, blood sam-
ples and urine samples are collected to conduct laboratory analyses
[20e22]. The data collected within the NHANES study is released in
2-year cycles. The NHANES data sets were weighted to account for
differential probabilities of selection among subgroups defined by
certain characteristics, nonresponse to survey instruments, and to
compensate differences between the final sample and the total
population. Further details on sample-weighting can be found in
the NHANES estimation procedures manual for the cycles 2007e08
and 2009e10 [23] and in the NHANES sample design for the cycle
2005e06 [18].

The present study incorporated the three NHANES cycles of
2005e06 [24], 2007e08 [25] and 2009e10 [26], as comparable
measures of vitamin B6 status were obtained from 2005 to 2010.
The analytical sample comprised 15,304 study participants. Public
use files for statistical analyses were downloaded from the NHANES
website (https://www.cdc.gov/nchs/nhanes/index.htm, last
accessed 13-04-2021) and merged into one dataset. Written
informed consent is available for all participants and the surveywas
approved by the NCHS Research Ethics Review Board (ERB) [27].

2.2. Vitamin B6 status assessment

Vitamin B6 status was examined based on the serum concen-
trations of PLP (nmol/L) and 4-PA (nmol/L). Additionally, the ratio
between the active form of vitamin B6, PLP, and its catabolite 4-PA
(4-PA/PLP) was calculated, as this ratio indicates low vitamin B6
status due to increased vitamin B6 turnover or shifted tissue dis-
tribution [10]. An alternative ratio to indicate vitamin B6 turnover,
i.e. 4-PA divided by the sum of pyridoxal and PLP, was not available,
as pyridoxal concentrations were not measured in NHANES. How-
ever, highly similar intra-class coefficients for variation over time
have been shown for both ratios (4-PA/PLP and 4-PA/
(pyridoxal þ PLP)) [10], and pyridoxal and PLP strongly correlate
[28]. Thus the 4-PA/PLP ratio was considered as a valid indicator of
vitamin B6 turnover.

The blood samples were prepared for analysis by first precipi-
tating any proteins. For this purpose, the serum was vortex mixed
in equal parts with a 5% solution of metaphosphoric acid and
centrifuged afterwards. The supernatant layer was then separated
from the solution and vortex mixed again in equal parts with
dichloromethane in order to extract any lipids. After centrifugation
at 2000 rpm for 5 min, the aqueous layer was separated from the
solution and filtered through a syringe. Subsequently high-
performance liquid chromatographic (HPLC) analysis was carried
out, to determine PLP and 4-PA serum concentrations (Agilent
Technologies HPLC system, Palo Alto, California, USA). Further de-
tails on sample preparation and laboratory methods can be found
in the NHANES laboratory procedure manual [29e31]. Details on
the technical reproducibility of the assays are provided in the
Supplementary Methods.

2.3. Case ascertainment

The vital status of the NHANES 2005e2010 participants was
acquired through the public-use 2015 Linked Mortality Files (LMF).
These data comprise the probabilistic matched records of the
NHANES participants with the death records in the National Death
Index (NDI). The 2015 LMFs provided data through December 31,
2015. The NHANES records were matched with the NDI records
based on various combinations of survey participants identifying
information (including Social Security Number (SSN), first/last
name or initial, year/month/date/state of birth, sex and ethnicity).

https://www.cdc.gov/nchs/nhanes/index.htm
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Besides vital status, cause of death and follow-up time for analysis
on mortality were derived from the LMFs. Follow-up time was
either calculated as the difference between baseline and death, or if
there was no matching death certificate available and thus the
participant considered alive, between baseline and December 31,
2015 [32].

2.4. Covariates

Based on literature search and our own previous work on the
determinants of vitamin B6 status, covariates were selected for
multivariable statistical analyses on vitamin B6 status and mor-
tality [3,7,33]. Data on age, sex, ethnicity, educational attainment,
marital status as well as disease prevalence including CVD, cancer,
diabetes, liver diseases and kidney diseases were self-reported.
Height, weight and body mass index (BMI; kg/m2) were recorded
by trained study personnel. During blood sample collection, the
fasting duration prior to the venipuncture was documented by the
study personnel. Dietary vitamin B6 intake was assessed by a 24-h
recall and information on the use of vitamin B6 containing sup-
plements was obtained for the period of 30 days prior to the
NHANES assessments.

Lifestyle characteristics, i.e. physical activity, smoking status and
alcohol consumption were self-reported and later classified based
on establishedmethods. Physical activity was graded as “moderate/
vigorous” and “none” in similar manner to V�asquez et al. [34].
Smoking was classified as previously described by Karavasiloglou
et al. [35] into “current smoker”, “former smoker” and “never
smoker”. Alcohol consumption was categorized as proposed by
Agrawal et al. [36] in a sex-specific manner into categories of “non-
drinkers”, “moderate drinkers”, “binge drinkers” and “heavy
drinkers”. Finally, data on routinely measured biomarkers of
inflammation and organ function, which have been shown to affect
vitamin B6 status, were used, i.e. C-reactive protein (CRP), albumin,
creatinine, and alkaline phosphatase.

2.5. Statistical analyses

Vitamin B6 biomarkers and baseline characteristics are pre-
sented as survey-weighted frequencies (categorical variables) and
survey-weighted median as well as percentile 25 and 75 values
(continuous variables). Spearman's coefficients were obtained to
assess correlations between biomarkers of vitamin B6 status and
continuous covariates. To evaluate the association between vitamin
B6 status and mortality, survey-weighted Cox proportional hazards
regression analyses were used. The hazard ratios (HR) presented
across the manuscript refer tomortality risks among participants in
the 5th vs. 1st quintile of biomarker concentrations if not otherwise
stated.

Cox regression model 1 was adjusted for age (in years) and sex
(female/male). Model 2 was further adjusted for fasting duration
prior to blood draw (in hours), educational attainment (college or
higher/high school or lower), marital status (married or living with
partner/not married or living with partner), ethnicity (Non-His-
panic white/Non-Hispanic black/Mexican American/other), BMI
(underweight, <18.5/normal weight, 18.5e24.9/overweight,
25e29.9/obese, >30 [37]), smoking habits (current smoker/former
smoker/never smoker), alcohol consumption (non-drinker/mod-
erate drinker/binge drinker/heavy drinker), physical activity
(moderate or vigorous/none), history of CVD (yes/no), history of
cancer (yes/no), prevalent diabetes (yes/borderline/no), prevalent
liver disease (yes/no), prevalent kidney disease (yes/no), and use of
vitamin B6 containing supplements (yes/no). Model 3 was addi-
tionally adjusted for CRP, albumin, creatinine and alkaline phos-
phatase levels (all in mg/d). Linear trends were assessed modelling
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log2-transformed concentrations of the biomarkers of vitamin B6
status as continuous exposures in Cox regression analyses. We also
tested for non-linear associations using restricted cubic splines,
with three knots at percentiles 10, 50 and 90. However, there was
no indication for non-linear associations. To account for potential
reverse causation, we conducted sensitivity analyses excluding
cases of mortality that had occurred during the first two years of
follow-up.

In addition to analyses on all-cause mortality, we carried out
analyses on CVD and cancer mortality using a competing risk
framework, as proposed by Fine and Gray [38]. Moreover, we and
others have previously shown that biomarkers of vitamin B6
status not only correlate strongly with age (see Figure A1), but also
with vitamin B6 supplement use, sex, BMI, smoking, and bio-
markers of kidney and liver function [3,33]. We therefore carried
out Cox regression analyses across strata of these variables, i.e.
among females vs. males, younger vs. older persons (20e64 years
vs. 65e85 years), current smokers vs. current non-smokers,
vitamin B6 supplement users vs. non-users, and individuals
with BMI values < 25 vs. �25. For subgroup analyses across strata
of persons with differential biomarker levels, we split the total
population by proposed cut-points for CRP (0.3 mg/dL) [39,40]
and creatinine (1.0 mg/dL) [41], with values above these threshold
levels indicating basal inflammation and increased risk for car-
diovascular diseases or impaired kidney function. For analyses
stratified by albumin and alkaline phosphatase levels, the popu-
lation was split at median levels, as only small proportions of the
study participants had levels outside of the reference ranges for
these biomarkers (Albumin reference range: 3.7e4.7 g/dL (90.1%),
<3.7 g/dL (4.1%) and >4.7 (5.7%); alkaline phosphatase reference
range: 36e113 IU/L (94.3%), <36 IU/L (2.4%) and >113 IU/L (3.3%)).
Heterogeneity in associations between vitamin B6 biomarkers
and mortality risks across strata of covariates was assessed by p-
values from Cochran's Q tests and the I2 statistic in a meta-
analytical manner [42]. I2 values greater than 50% were consid-
ered as reflective of statistical heterogeneity [43]. Inspection of
Schoenfeld residuals did not show deviations from the propor-
tional hazards assumption. Associations were considered as sta-
tistically significant at two-sided p-values <0.05. SAS 9.4 (Cary,
NC, USA) for all statistical analyses.

3. Results

3.1. Characteristics of the study population

Overall, 17,126 adults aged between 20 and 85 years participated
in the NHANES cycles 2005e2006, 2007e2008 or 2009e2010. We
excluded participants with missing data on their vital status
(n ¼ 22) as well as participants with missing PLP or 4-PA values
(n ¼ 1800). Therefore, the analytical sample consisted of 15,304
participants.

The study populations’ baseline characteristics are presented in
Table 1. Overall, 1666 (7.7%) participants died during a median
follow-up time of 7.8 years (Percentiles 25, 75: 6.2, 9.4). Themedian
age of the total study population at baseline was 45.3 years (32.8,
58.3). The median age among the deceased participants (72.3 (58.1,
79.3)) was higher than among those who survived (44.0 (31.8,
55.6)). The proportion of deceasedwomen (42.1%) was smaller than
that of men (57.9%), while the proportions of women (52.6%) and
men (47.4%) were balanced among the survivors. Study partici-
pants, who died during follow-up, had higher prevalence rates of
chronic diseases (CVD: 36.0%, cancer: 22.2%, diabetes: 24.7%, liver
disease: 5.5%, and kidney disease: 7.7%) compared to those who
survived (CVD: 8.2%, cancer: 7.7%, diabetes: 9.9%, liver disease: 3.2%,
and kidney disease: 2.1%).



Table 1
Survey-weighted baseline characteristics of NHANES 2005e2010 study participants (n ¼ 15,304).

Total (n ¼ 15,304) Survived (n ¼ 13,638
92.3%)

Deceased (n ¼ 1666
7.7%)

P for differ-encef

Age, median (Q1, Q3) 45.3 (32.8, 58.3) 44.0 (31.8, 55.6) 72.3 (58.1, 79.3) <0.0001
Age strata <0.0001
<65, n (%) 11,570 (82.8) 11,086 (81.3) 484 (29.1)
�65, n (%) 3734 (17.2) 2552 (18.7) 1182 (70.9)

Sex, n (%) <0.0001
Female 7879 (51.8) 7178 (52.6) 701 (42.1)
Male 7425 (48.2) 6460 (47.4) 965 (57.9)

Educational attainment, n (%) <0.0001
College or higher 7232 (56.9) 6665 (48.9) 567 (34.0)
High school or lower 8072 (43.1) 6973 (51.1) 1099 (66.0)

Ethnicity, n (%) <0.0001
Mexican American 2811 (8.2) 2604 (19.1) 207 (12.4)
Non-Hispanic Black 2987 (10.8) 2670 (19.6) 317 (19.0)
Non-Hispanic White 7514 (70.6) 6488 (47.6) 1026 (61.6)
Other 1992 (10.4) 1876 (13.8) 116 (7.0)

Body mass index (kg/m2), median (Q1, Q3) 27.5 (24.0, 32.0) 27.5 (24.0, 32.0) 27.5 (23.8, 31.6) <0.0001
Smoking status, n (%) <0.0001
Current smoker 3384 (22.3) 3049 (22.4) 335 (20.1)
Former smoker 3826 (24.6) 3170 (23.2) 656 (39.4)
Never smoker 8094 (53.1) 7419 (54.4) 675 (40.5)

Alcohol consumption, n (%) <0.0001
Binge drinker 3040 (22.3) 2885 (21.2) 155 (9.3)
Heavy drinker 1848 (12.3) 1745 (12.8) 103 (6.2)
Moderate drinker 4376 (32.0) 3971 (29.1) 405 (24.3)
Non drinker 2838 (15.5) 2270 (16.6) 568 (34.1)
Unknown/missing 3202 (17.9) 2767 (20.3) 435 (26.1)

Physical activity, n (%) <0.0001
Moderate or vigorous 7508 (56.8) 7015 (51.4) 493 (29.6)
None 7796 (43.2) 6623 (48.6) 1173 (70.4)

Vitamin B6 vitamers, median (Q1, Q3)
PLPa (nmol/L) 46.7 (27.9, 83.4) 47.4 (28.6, 83.9) 37.3 (21.0, 73.9) <0.0001
4-PAb (nmol/L) 26.3 (16.6, 53.4) 25.5 (16.3, 50.9) 40.6 (22.7, 98.0) 0.02
Ratio, 4-PA/PLP 0.6 (0.4, 0.9) 0.6 (0.4, 0.9) 1.2 (0.7, 2.1) <0.0001

Dietary vitamin B6 Supplement Usec, n (%) 0.001
No 10,307 (63.3) 9211 (67.5) 1096 (65.8)
Yes 4997 (36.7) 4427 (32.5) 570 (34.2)

Dietary vitamin B6 Intake (mg/d), median (Q1, Q3) 1.8 (1.3, 2.5) 1.9 (1.3, 2.6) 1.7 (1.2, 2.3) 0.002
Totald vitamin B6 Intake (mg/d), median (Q1, Q3) 2.6 (1.6, 4.4) 2.6 (1.6, 4.4) 2.5 (1.5, 4.4) 0.044
Disease prevalence, n (%)
Cardiovascular disease 1718 (8.5) 1118 (8.2) 600 (36.0) <0.0001
Cancer 1422 (9.0) 1052 (7.7) 370 (22.2) 0.05
Diabetes mellitus 1756 (8.2) 1344 (9.9) 412 (24.7) <0.0001
Diabetes mellitus (borderline)e 277 (1.7) 235 (1.7) 42 (2.5)
Liver disease 525 (3.2) 433 (3.2) 92 (5.5) <0.0001
Kidney disease 409 (2.0) 281 (2.1) 128 (7.7) <0.0001

Serum parameters, median (Q1, Q3)
CRP (mg/dL) 0.2 (0.1, 0.4) 0.2 (0.1, 0.4) 0.3 (0.1, 0.7) <0.0001
Albumin (g/dL) 4.3 (4.0, 4.5) 4.3 (4.1, 4.5) 4.1 (3.8, 4.3) <0.0001
Creatinine (mg/dL) 0.9 (0.7, 1.0) 0.9 (0.7, 1.0) 1.0 (0.8, 1.2) <0.0001
Alkaline phosphatase (U/L) 64.5 (52.7, 78.3) 63.9 (52.2, 77.3) 73.0 (59.2, 88.9) <0.0001

a PLP ¼ Pyridoxal-50-Phosphate.
b 4-PA ¼ 4-pyridoxic acid.
c Includes vitamin B6 from multivitamin and micronutrient preparations.
d Total vitamin B6 intake includes dietary and supplementary vitamin B6.
e NHANES participants were asked by an interviewer whether they had ever been told by a doctor or health professional that they had diabetes, with the option to choose a

borderline state.
f P-values for difference from age- and sex-adjusted survey-weighted logistic regression models.
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Themedian PLP serum concentrationwas 47.4 (28.6, 83.9) nmol/
L among the surviving population and 37.3 (21.0, 73.9) nmol/L
among the deceased. By contrast, the median 4-PA serum con-
centrations were 25.5 (16.3, 50.9) nmol/L vs. 40.6 (22.7, 98.0) nmol/
L among study participants, who were alive at the end of follow-up
vs. those, who had died. Similarly, the median 4-PA/PLP ratio
among the deceased study participants (1.2 (0.7, 2.1)) was higher
than among the surviving (0.6 (0.4, 0.9)) study participants. The
prevalence of dietary vitamin B6 supplement use was slightly
higher among the deceased participants (34.2%) than among those
who survived (32.5%), whereas the median daily dietary vitamin B6
1346
intake was slightly lower across the deceased participants
(deceased: 1.7 (1.2, 2.3) mg/d vs. alive: 1.9 (1.3, 2.6)).

3.2. Correlations between biomarkers of vitamin B6 status and
covariates

Figure A1 shows Spearman's correlation coefficients for bio-
markers of vitamin B6 status (PLP, 4-PA and 4-PA/PLP) and cova-
riates (CRP, albumin, alkaline phosphatase, creatinine and age). PLP
was positively correlated with albumin (r ¼ 0.32), and negatively
correlated with alkaline phosphatase (�0.25) and CRP (�0.27),
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while 4-PA was positively correlated with creatinine (0.25) and age
(0.33). The 4-PA/PLP ratio showed positive correlations with
creatinine (0.21) and age (0.47), and a negative correlation with
albumin (�0.32).

3.3. Vitamin B6 status and mortality

Cox regression analyses on associations of vitamin B6 bio-
markers and all-cause mortality are shown in Table 2. In model 1
adjusted for age and sex, PLP was significantly inversely associated
with all-cause mortality (HR (95% CI)Highest vs. Lowest Quintile: 0.48
(0.41, 0.55), ptrend <0.0001). Upon additional adjustment for key
socioeconomic and lifestyle factors as well as prevalent chronic
diseases (model 2) the associationwas slightly attenuated (HR: 0.61
(0.52, 0.72), ptrend<0.0001). However, when further adjusting for
established biomarkers (model 3) the association did not remain
statistically significant (HR: 0.91 (0.75, 1.11), ptrend ¼ 0.25).

Circulating 4-PA was not significantly associated with all-cause
mortality in the first Cox regression model (HR model 1: 0.91
(0.74, 1.10), ptrend ¼ 0.74), however upon adjustment for con-
founders in model 2 and model 3, there was at least a linear trend
for an association between 4-PA and all-cause mortality (HR model
2: 1.23 (0.95, 1.58), ptrend ¼ 0.003) and HR model 3: 1.19 (0.93, 1.51),
ptrend ¼ 0.02).

There was a linear positive association between 4-PA/PLP and
mortality, with the strongest association in model 1 (HR: 2.55 (2.07,
3.14), ptrend<0.0001). This association was attenuated upon multi-
variable adjustment in model 2 and model 3, but remained statis-
tically significant (HR model 2: 2.16 (1.74, 2.68), ptrend<0.0001 and
HR model 3: 1.45 (1.14, 1.85), ptrend<0.0001). An exclusion of par-
ticipants, who died within the first two years of follow-up
(n ¼ 430), from Cox regression analyses did not strongly affect
the results (see Table A1).
Table 2
Hazard ratios (95% CIs) of all-cause mortality across quintiles of vitamin B6 biomarkers (

Quintile 1 Quintile 2 Qui

PLP
N (deceased 3060 (552) 3061 (305) 306
Median (Q1, Q3), (nmol/L) 16.6 (13.0, 19.8) 28.7 (25.6, 32.1) 42.8
Model 1 Ref. 0.65 (0.56, 0.76) 0.58
Model 2 Ref. 0.74 (0.63, 0.88) 0.72
Model 3 Ref. 0.89 (0.76, 1.03) 0.93
4-PA
N (deceased) 3060 (384) 3061 (287) 306
Median (Q1, Q3), (nmol/L) 12.4 (9.5, 15.8) 17.1 (13.3, 22.7) 22.9
Model 1 Ref. 0.91 (0.75, 1.10) 1.07
Model 2 Ref. 1.05 (0.87, 1.28) 1.29
Model 3 Ref. 1.07 (0.87, 1.31) 1.31
Ratio 4-PA/PLP
N (deceased) 3060 (228) 3061 (225) 306
Median (Q1, Q3) 0.3 (0.2, 0.4) 0.5 (0.4, 0.6) 0.6
Model 1 Ref. 1.12 (0.86, 1.47) 1.11
Model 2 Ref. 1.05 (0.80, 1.37) 1.05
Model 3 Ref. 0.96 (0.74, 1.25) 0.89

PLP ¼ Pyridoxal-50-Phosphat.
4-PA ¼ 4-Pyridoxic acid.
Results from Cox proportional hazards regression analyses; p values for linear trend obta
scale modeled as continuous exposure variables.
Model 1 was adjusted for age (years) and sex (female/male).
Model 2 was additionally adjusted for fasting duration prior to blood withdrawal (in hou
(married or living with partner/not married or living with partner), ethnicity (Non-Hispa
weight/overweight/obese), smoking habits (current smoker/former smoker/never sm
drinker), physical activity (moderate or vigorous/none), CVD (yes/no), cancer (yes/no), dia
B6 supplement usage (yes/no).
Model 3 was additionally adjusted for serum parameter values of CRP, albumin, creatini
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3.4. Vitamin B6 status and mortality among study participants
older than 65 years

Analyses stratified by age groups (<65, �65 years) showed a
significant positive association between 4-PA/PLP and all-cause
mortality among participants aged �65 years (HR: 1.72 (1.29,
2.29), ptrend<0.0001). No significant association was observed
among participants younger than 65 years (HR: 1.03 (0.62, 1.69),
ptrend ¼ 0.19, Table A2 and Table 3). Among participants aged 65
years or older (n¼ 3,734, Table 3), therewas also a trend for a linear
inverse association between PLP (HR: 0.84 (0.67,1.07), ptrend¼ 0.04)
and mortality risk, and a non-significant trend for a linear positive
association between 4-PA and all-cause mortality (HR: 1.18 (0.90,
1.54), ptrend ¼ 0.05). However, statistical heterogeneity of associa-
tions with mortality risk across the two age strata was only
observed for 4-PA/PLP, but not for PLP and 4-PA alone (Table A3).

When further stratifying the Cox regression analyses by 5-year
age-bands the association was strongest among participants aged
between 70 and 74 years (HR: 2.02 (1.06, 3.86), ptrend<0.0001,
Table A4 and Figure A2), although there was no statistical hetero-
geneity across age bands, i.e. 65-69 years vs. 70e74 years vs. 75e79
years vs. 80e85 years.

3.5. Cause-specific mortality

Results from analyses on cause-specific mortality are presented
in Table 4 for the total study population and Table 5 for participants
aged �65 years. Concerning CVD and cancer mortality among the
total study population, no significant differences in mortality risks
across quintiles of PLP, 4-PA, or the ratio 4-PA/PLP were observed in
multivariable-adjusted models. Regarding cause-specific mortality
among participants �65 years, no significant associations between
biomarkers and CVDmortality were observed (Table 5). By contrast,
n ¼ 15,304 deceased ¼ 1666).

ntile 3 Quintile 4 Quintile 5 ptrend

1 (255) 3061 (241) 3061 (313)
(38.0, 47.6) 66.2 (58.7, 75.8) 141.4 (107.8, 214.3)
(0.49, 0.69) 0.47 (0.39, 0.58) 0.48 (0.41, 0.55) <0.0001
(0.60, 0.87) 0.63 (0.51, 0.79) 0.61 (0.52, 0.72) <0.0001
(0.77, 1.12) 0.87 (0.70, 1.08) 0.91 (0.75, 1.11) 0.25

1 (296) 3061 (291) 3061 (408)
(18.2, 30.9) 37.0 (28.1, 52.6) 120.0 (76.3, 221.3)
(0.85, 1.35) 0.95 (0.74, 1.22) 0.91 (0.74, 1.10) 0.74
(1.01, 1.64) 1.22 (0.93, 1.61) 1.23 (0.95, 1.58) 0.003
(1.04, 1.64) 1.20 (0.92, 1.58) 1.19 (0.93, 1.51) 0.02

1 (245) 3061 (341) 3061 (627)
(0.5, 0.8) 0.8 (0.6, 1.1) 1.6 (1.1, 2.5)
(0.88, 1.40) 1.52 (1.25, 1.85) 2.55 (2.07, 3.14) <0.0001
(0.84, 1.32) 1.32 (1.09, 1.59) 2.16 (1.74, 2.68) <0.0001
(0.71, 1.12) 1.04 (0.85, 1.27) 1.45 (1.14, 1.85) <0.0001

ined from multivariable Cox regression analyses with biomarker levels on the log2

rs), educational attainment (college or higher/high school or lower), marital status
nic white/Non-Hispanic black/Mexican American/other), BMI (underweight/normal
oker), alcohol consumption (non-drinker/moderate drinker/binge drinker/heavy
betes (yes/borderline/no), liver disease (yes/no), kidney disease (yes/no) and vitamin

ne and alkaline phosphatase.



Table 3
Hazard ratios (95% CIs) of all-cause mortality across quintiles of vitamin B6 biomarkers restricted to participants �65 years (n ¼ 3734; deceased ¼ 1182).

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 p

PLPa, n cases 378 214 171 179 240
Ref. 0.92 (0.77, 1.10) 0.85 (0.68, 1.07) 0.91 (0.72, 1.16) 0.84 (0.67, 1.07) 0.04

4-PAb, n cases 257 194 194 215 322
Ref. 1.12 (0.9, 1.38) 1.27 (1.02, 1.58) 1.27 (0.96, 1.69) 1.18 (0.90, 1.54) 0.05

Ratio 4-PA/PLP, n cases 146 141 181 254 460
Ref. 1.08 (0.78, 1.51) 1.24 (0.93, 1.66) 1.25 (0.97, 1.62) 1.72 (1.29, 2.29) <0.0001

Results from Cox proportional hazards regression analyses; p values for linear trend obtained from multivariable Cox regression analyses with biomarker levels on the log2
scale modeled as continuous exposure variables.
Model 3 was adjusted for age, sex, fasting duration prior to blood withdrawal (in hours), educational attainment (college or higher/high school or lower), marital status
(married or living with partner/not married or living with partner), ethnicity (Non-Hispanic white/Non-Hispanic black/Mexican American/other), BMI (underweight/normal
weight/overweight/obese), smoking habits (current smoker/former smoker/never smoker), alcohol consumption (non-drinker/moderate drinker/binge drinker/heavy
drinker), physical activity (moderate or vigorous/none), CVD (yes/no), cancer (yes/no), diabetes (yes/borderline/no), liver disease (yes/no), kidney disease (yes/no), vitamin B6
supplement usage (yes/no) and serum parameter values of CRP, albumin, creatinine and alkaline phosphatase.

a PLP ¼ Pyridoxal-50-Phosphat.
b 4-PA ¼ 4-Pyridoxic acid.

Table 4
Hazard ratios (95% CIs) of cardiovascular and cancer mortality across quintiles of vitamin B6 biomarkers (n ¼ 15,304; CVD-deceased ¼ 290; cancer-deceased ¼ 362).

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 p

Cardiovascular mortality
PLPa, n cases 86 58 42 45 59

Ref. 0.94 (0.64, 1.39) 0.74 (0.53, 1.05) 0.8 (0.5, 1.27) 0.75 (0.47, 1.19) 0.68
4-PAb, n cases 57 44 60 54 75

Ref. 0.85 (0.52, 1.38) 1.39 (0.85, 2.28) 0.89 (0.54, 1.47) 0.92 (0.56, 1.51) 0.85
Ratio 4-PA/PLP, n cases 41 44 39 60 106

Ref. 0.84 (0.46, 1.54) 0.59 (0.32, 1.07) 0.89 (0.54, 1.47) 0.94 (0.53, 1.69) 0.49
Cancer mortality
PLPa, n cases 120 74 66 46 56

Ref. 1.02 (0.74, 1.42) 1.25 (0.79, 1.98) 0.80 (0.51, 1.27) 0.79 (0.50, 1.26) 0.23
4-PAb, n cases 107 65 71 48 71

Ref. 0.81 (0.51, 1.28) 1.34 (0.90, 2.00) 0.79 (0.51, 1.23) 0.85 (0.55, 1.31) 0.67
Ratio 4-PA/PLP, n cases 54 57 60 71 120

Ref. 1.47 (0.88, 2.44) 1.14 (0.63, 2.05) 1.18 (0.75, 1.84) 1.54 (0.84, 2.82) 0.43

Results from Cox proportional hazards regression analyses; p values for linear trend obtained from multivariable Cox regression analyses with biomarker levels on the log2
scale modeled as continuous exposure variables.
Model 3 was adjusted for age, sex, fasting duration prior to blood withdrawal (in hours), educational attainment (college or higher/high school or lower), marital status
(married or living with partner/not married or living with partner), ethnicity (Non-Hispanic white/Non-Hispanic black/Mexican American/other), BMI (underweight/normal
weight/overweight/obese), smoking habits (current smoker/former smoker/never smoker), alcohol consumption (non-drinker/moderate drinker/binge drinker/heavy
drinker), physical activity (moderate or vigorous/none), CVD (yes/no), cancer (yes/no), diabetes (yes/borderline/no), liver disease (yes/no), kidney disease (yes/no), vitamin B6
supplement usage (yes/no) and serum parameter values of CRP, albumin, creatinine and alkaline phosphatase.

a PLP ¼ Pyridoxal-50-Phosphat.
b 4-PA ¼ 4-Pyridoxic acid.
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analyses on cancer mortality among these participants showed a
significant positive association for 4-PA/PLP (HR: 2.16 (1.20, 3.90),
ptrend ¼ 0.02, Table 5).

3.6. Further subgroup analyses

Tests for heterogeneity in the association between 4-PA/PLP and
all-cause mortality across further strata of covariates are shown in
Table A2. The association was differential between non-users of
vitamin B6 supplements (HR: 1.72 (1.28, 2.31) ptrend<0.0001)
compared to users (HR: 0.51 (0.33, 0.77), ptrend ¼ 0.01, Table A2). In
this context it should be noted that the use of vitamin B6 containing
supplements as such was not associated with mortality risk in the
multivariable adjusted model (HR: 1.02 (0.91, 1.15), ptrend ¼ 0.68,
Table A5). Heterogeneity in the association between 4-PA/PLP and
all-cause mortality was also observed depending on serum creati-
nine, with a stronger association among individuals with higher (HR:
2.50 (1.65, 3.78), ptrend<0.0001) vs. lower creatinine levels (HR: 1.21
(0.86, 1.70), ptrend ¼ 0.18). Moreover, the associations between 4-PA/
PLP and all-cause mortality were stronger among participants with
lower albumin and alkaline phosphatase levels (Table A2).
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Results from tests for heterogeneity in the associations PLP and
4-PA with all-cause mortality across strata of covariates are shown
in Table A3. Cox regression analyses showed that for PLP associa-
tions were stronger in magnitude among users (HR: 0.53 (0.37,
0.77), ptrend ¼ 0.01) compared to non-users of supplements (HR:
1.04 (0.75, 1.44, ptrend ¼ 0.31) and current non-smokers (HR: 0.58
(0.44, 0.77), ptrend ¼ 0.0004) vs. current smokers (HR: 1.03 (0.68,
1.57), ptrend¼ 0.97).With regard to 4-PA, associations were stronger
among people with higher (HR: 1.95 (1.39, 2.72), ptrend<0.0001) vs.
lower blood levels of creatinine (HR: 0.93 (0.69, 1.27), ptrend ¼ 0.85)
and similar to PLP also differential between current smokers (HR:
1.50 (0.82, 2.74), ptrend ¼ 0.17) vs. current non-smokers (HR: 0.73
(0.56, 0.96), ptrend¼ 0.01). When restricting analyses to participants
�65 years, there was no more heterogeneity in the association
between PLP levels and all-cause mortality risk between users and
non-users of vitamin B6 containing supplements or current
smokers and current non-smokers (Table A6). However, associa-
tions between 4-PA and all-cause mortality remained stronger
among participants older than 65 years with higher (HR: 1.78 (1.33,
2.39), ptrend ¼ 0.0002) vs. lower levels of creatinine (HR: 0.91 (0.64,
1.31), ptrend ¼ 0.68, Table A6). There was no more heterogeneity in



Table 5
Hazard ratios (95% CIs) of cardiovascular and cancer mortality across quintiles of vitamin B6 biomarkers restricted to participants �65 years (n ¼ 3734; CVD-deceased ¼ 226;
cancer-deceased ¼ 212).

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 p

Cardiovascular mortality
PLPa, n cases 65 43 37 36 45

Ref. 0.85 (0.55, 1.33) 0.85 (0.55, 1.31) 0.72 (0.47, 1.12) 0.59 (0.36, 0.98) 0.27
4-PAb, n cases 43 32 42 46 63

Ref. 0.90 (0.45, 1.79) 1.24 (0.76, 2.02) 1.11 (0.63, 1.95) 0.91 (0.53, 1.55) 0.64
Ratio 4-PA/PLP, n cases 29 33 33 47 84

Ref. 0.96 (0.47, 1.94) 0.87 (0.43, 1.76) 0.98 (0.55, 1.75) 1.08 (0.52, 2.27) 0.71
Cancer mortality
PLPa, n cases 70 41 35 28 38

Ref. 1.19 (0.72, 1.97) 1.30 (0.71, 2.38) 1.23 (0.61, 2.46) 0.92 (0.52, 1.64) 0.41
4-PAb, n cases 60 34 43 29 46

Ref. 0.83 (0.52, 1.33) 1.69 (1.01, 2.82) 0.96 (0.54, 1.68) 0.98 (0.55, 1.78) 0.38
Ratio 4-PA/PLP, n cases 32 26 34 43 77

Ref. 1.53 (0.85, 2.75) 1.65 (0.86, 3.18) 1.32 (0.71, 2.43) 2.16 (1.20, 3.90) 0.02

Results from Cox proportional hazards regression analyses; p values for linear trend obtained from multivariable Cox regression analyses with biomarker levels on the log2
scale modeled as continuous exposure variables.
Model 3 was adjusted for age, sex, fasting duration prior to blood withdrawal (in hours), educational attainment (college or higher/high school or lower), marital status
(married or living with partner/not married or living with partner), ethnicity (Non-Hispanic white/Non-Hispanic black/Mexican American/other), BMI (underweight/normal
weight/overweight/obese), smoking habits (current smoker/former smoker/never smoker), alcohol consumption (non-drinker/moderate drinker/binge drinker/heavy
drinker), physical activity (moderate or vigorous/none), CVD (yes/no), cancer (yes/no), diabetes (yes/borderline/no), liver disease (yes/no), kidney disease (yes/no), vitamin B6
supplement usage (yes/no) and serum parameter values of CRP, albumin, creatinine and alkaline phosphatase.

a PLP ¼ Pyridoxal-50-Phosphat.
b 4-PA ¼ 4-Pyridoxic acid.
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the associations between 4-PA and all-causemortality risk between
current smokers and current non-smokers (Table A6).

Across subgroups of the study population aged �65 years, the
positive association between the ratio 4-PA/PLP and all-cause
mortality remained generally persistent and statistically signifi-
cant (Table A7), but was slightly stronger among men (HR: 1.97
(1.27, 3.06), ptrend<0.0001) compared to women (HR: 1.54 (1.13,
2.08), ptrend ¼ 0.001, Table A7) and among non-users of vitamin B6
containing supplements (HR: 2.23 (1.65, 3.02), ptrend<0.0001)
compared to supplement users (HR: 1.36 (0.87, 2.13), ptrend ¼ 0.005,
Table A7). Across strata of CRP levels, the positive association was
stronger in magnitude (HR: 1.82 (1.33, 2.50), ptrend<0.0001) among
participants with levels below the reference value of 0.3 mg/dL
than among those with CRP levels above the reference value (HR:
1.59 (0.99, 2.55), ptrend ¼ 0.004, Table A7). Likewise, among in-
dividuals with alkaline phosphatase levels below the median, the
positive association was found to be stronger (HR: 2.33 (1.56, 3.49),
ptrend<0.0001) than among those with levels above the median
(HR: 1.49 (1.02, 2.18), ptrend ¼ 0.001, Table A7).

4. Discussion

In the present analyses of biomarker data from the nationally
representative NHANES, we found that PLP was significantly
inversely associated with all-cause mortality in the US general
population. However, this association did not remain statistically
significant upon further adjustment for established biomarkers
of inflammation, kidney function and liver function. There was a
linear trend for a positive association between serum levels of 4-
PA and all-cause mortality, although quintile comparisons did
not show statistically significant differences. The ratio of 4-PA
and PLP, which is indicative of increased vitamin B6 turnover,
was positively associated with all-cause mortality in fully
adjusted Cox regression models. No significant associations
with CVD or cancer mortality were observed. The association
between 4-PA/PLP and mortality risk was heterogeneous across
age bands, and a significant positive association was only
observed among individuals older than 65 years at baseline. In
this group, 4-PA/PLP values were also significantly associated
with cancer mortality.
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The observed inverse association between vitamin B6 status and
all-cause mortality is generally in line with results from previous
studies in different patient groups [2,5,17], but our study is the first
large population-based study. However, we found no significant
relationship between vitamin B6 status and CVD mortality, in
contrast to a cohort among persons at high CVD risk [5]. In another
study among renal transplant recipients, the 3-hydroxykynurenine
(3-HK)/xanthurenic acid (XA) ratio was analyzed as a functional
biomarker of vitamin B6 status in relation to mortality risk [17].
Levels of this biomarker were inversely associated with mortality,
especially due to infectious diseases but also cancer, the latter of
which is consistent with our findings among participants�65 years
and with previous observations of inverse associations between
PLP serum concentrations and the risk of different types of cancer
[7,14,44e47]. Interestingly, multi-biomarker analyses from the
smaller population-based Caerphilly Prospective Study (CaPS
study) similarly showed that PLP was inversely associated with
non-CVD mortality, but not CVD mortality [16]. The observation
that biomarkers of vitamin B6 status and turnover were associated
with cancer but not CVD mortality among older participants of
NHANES and the two of the above-mentioned studies may be
explained by a cancer-specific mechanism such as vitamin B6-
dependent DNA methylation [14].

Our finding that increased vitamin B6 turnover (4-PA/PLP) was
associated with mortality risk, while associations between PLP
alone as a biomarker of vitamin B6 status and mortality were no
longer significant upon adjustment for biomarkers of organ func-
tion and inflammation, is in line with previous findings from two
cohorts of Norwegian CVD patients [2]. Both studies support the
notion that increased vitamin B6 turnover and/or altered tissue
distribution of PLP during inflammation reflected by higher 4-PA/
PLP may be linked to chronic disease and mortality risk [3,10]. The
associations between 4-PA/PLP and all-cause mortality in our study
remained statistically significant upon comprehensive multivari-
able adjustment. However, we observed statistical heterogeneity
across strata of several covariates. The association between 4-PA/
PLP and mortality was stronger in magnitude among study par-
ticipants with higher creatinine levels, which underlines that 4-PA/
PLP as a biomarker of vitamin B6 turnover may reflect impaired
renal function in addition to inflammation [4,48], but also among
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participants with lower albumin levels. While these differences
were age-dependent, i.e. only observed in the overall population,
but not among participants older than 65 years, the association
between 4-PA/PLP and mortality was stronger among individuals
with lower alkaline phosphatase levels irrespective of age.

There are several mechanisms that may underlie the positive
association between 4-PA/PLP and mortality as well as the obser-
vation of heterogeneity in this association across strata of
biomarker levels. Lower PLP levels result from tissue-specific
vitamin B6 depletion during inflammation, due to PLP being an
important co-enzyme for various cellular reactions that are impli-
cated in inflammatory processes [49]. Decreased serum albumin
levels may lead to a higher availability of free circulating PLP not
bound to albumin at inflammation sites. At the same time,
increased 4-PA levels may indicate impaired kidney function
characterized by lower 4-PA excretion [3]. The ratio of both pa-
rameters may be reflective of a combination of inflammation and
impaired kidney function. Genome-wide association studies
further suggest that mutations in the ALPL (encoding tissue
nonspecific alkaline phosphatase) and NBPF3 (upstream of ALPL)
genes affect PLP concentrations [50e52] and vitamin B6 turnover
[53]. Whether potentially pleiotropic effects of such mutations may
in part underlie the present findings could not be investigated in
NHANES, which is a limitation of our study. Heterogeneity in the
associations between 4-PA/PLP and mortality depending on con-
centrations of alkaline phosphatase, but also creatinine and albu-
min, and the fact that adjustment for these biomarkers at least
attenuated our main results, suggest that vitamin B6 turnover is
affected by several systemic conditions. In this context, it is also
possible that the strong association between 4-PA/PLP and cancer
mortality among older NHANES participants reflects a higher
vitamin B6 demand by tumor cells, given that PLP is a cofactor of
various synthetizing enzymes (glycogen, amino acids and bioactive
amines and sphingolipids) that sustain the tumor growth [54].

The association between 4-PA/PLP and mortality was stronger
among non-users of vitamin B6 containing supplements compared
to users. This finding may suggest that supplement use could
counteract elevated vitamin B6 turnover, although vitamin B6
supplement use as such was not associated with mortality risk in
the present study. Notably, a previous study [10] showed that
intraclass-correlation coefficients for the 4-PA/PLP ratio were lower
in an intervention group receiving pyridoxine treatment
(ICC ¼ 0.30) compared to the control group (ICC ¼ 0.75). This could
indicate that the weaker association between 4-PA/PLP and mor-
tality risk among supplement users in the present study largely
reflects regression dilution related to stronger intra-individual
fluctuations in 4-PA/PLP upon supplement use.

Our result of a strong positive association between 4-PA/PLP and
mortality risk, particularly among older study participants, raises
the question whether increased vitamin B6 intake may be benefi-
cial for people with increased 4-PA/PLP. However, while vitamin B6
intake from foods is significantly associated with serum levels of
PLP and 4-PA, it is not related to 4-PA/PLP [33]. Vitamin B6 sup-
plements may affect 4-PA/PLP, although associations between
supplement use and 4-PA/PLP are much weaker compared to as-
sociations between supplement use and PLP as well as 4-PA [33].
Intervention trials do not point to effects of vitamin B6 supple-
ments on cancer risk [14,55], and at best to moderate protective
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effects regarding CVD mortality [56], but not other CVD endpoints
[57]. Thus, it remains to be seen whether individuals with high 4-
PA/PLP levels would benefit from increased vitamin B6 intake,
especially those aged 65 years and older, in which 4-PA/PLP levels
were most strongly associated with mortality risk in the present
study.

One strength of the present analyses is that high-quality data-
sets from NHANES were used, with the opportunity to adjust for a
comprehensive range of confounders, and a large case number for
analyses on total mortality. Additionally, vitamin B6 status was
based on objectively measured serum parameters. While the bio-
markers for vitamin B6 status were only measured at one point in
time per NHANES participant, both 4-PA and PLP show a very good
reproducibility over up to three years, and vitamin B6 biomarkers
are considered as reliable exposure measures in epidemiological
studies [58]. Limitations due to the retrospective character of our
study were that further vitamin B6 biomarkers, for example pyri-
doxal (PL), were not measured in the NHANES. Data on PL could
have been useful to assess the 4-PA/(PLP þ PL) ratio (PAr) that has
been suggested as a biomarker of vitamin B6 turnover [3]. However,
PL and PLP strongly correlate, and the ratio used in our study (4-PA/
PLP), has a high intra-individual reproducibility similar to that of
the PAr, at least among non-users of vitamin B6 supplements [10].
5. Conclusion

Increased vitamin B6 turnover indicated by the serum 4-PA/PLP
ratio was associated with increased risks of all-cause mortality risk
in the U.S. general population, particularly among persons older
than65years. The4-PA/PLP ratiomayat least inpart reflect impaired
kidney function and inflammation, but was independently associ-
ated with all-cause mortality upon adjustment for creatinine and
CRP, which is consistent with previous observations among CVD
patients. The present study underlines that ratios indicating vitamin
B6 turnover may be more meaningful as biomarkers of disease and
mortality risks than individual biomarkers of vitamin B6 status [3].
Randomized trials are needed to investigate whether foods rich in
vitamin B6, supplements or other interventions may reduce health
risks among people with increased vitamin B6 turnover.
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Appendix
Table A1
Hazard ratios (95% CIs) of all-cause mortality across quintiles of vitamin B6 biomark
deceased ¼ 1335)

Quintile 1 Quintile 2 Quin

PLPa, n cases 397 261 212
Ref. 1.00 (0.84, 1.18) 1.03

4-PAb, n cases 291 241 229
Ref. 1.20 (0.93, 1.55) 1.41

Ratio 4-PA/PLP, n cases 182 186 211
Ref. 1.02 (0.76, 1.38) 1.01

Results from Cox proportional hazards regression analyses; p values for linear trend obta
scale modeled as continuous exposure variables.
Model 3 was adjusted for age, sex, fasting duration prior to blood withdrawal (in hour
(married or living with partner/not married or living with partner), ethnicity (Non-Hispa
weight/overweight/obese), smoking habits (current smoker/former smoker/never sm
drinker), physical activity (moderate or vigorous/none), CVD (yes/no), cancer (yes/no), dia
supplement usage (yes/no) and serum parameter values of CRP, albumin, creatinine and

a PLP ¼ Pyridoxal-50-Phosphat.
b 4-PA ¼ 4-Pyridoxic acid.

Table A2
Hazard ratios (95% CIs) of total mortality across quintiles of the vitamin B6 ratio (4-PA/P

Quintile 1 Quintile 2 Quintile 3 Qu

Age
<65 Ref. 0.82 (0.57, 1.18) 0.49 (0.33, 0.75) 0.
�65 Ref. 1.08 (0.78, 1.51) 1.24 (0.93, 1.66) 1.
Sex
Male Ref. 1.02 (0.72, 1.44) 0.99 (0.73, 1.34) 1.
Female Ref. 0.93 (0.65, 1.34) 0.80 (0.61, 1.05) 1.
Current smoker
Yes Ref. 0.78 (0.41, 1.48) 0.48 (0.25, 0.90) 0.
No Ref. 1.03 (0.77, 1.38) 1.07 (0.84, 1.36) 1.
BMI
�25 Ref. 1.04 (0.77, 1.40) 0.92 (0.69, 1.21) 1.
<25 Ref. 0.82 (0.55, 1.22) 0.81 (0.57, 1.14) 0.
Dietary vitamin B6 Supplement Use
User Ref. 0.62 (0.45, 0.86) 0.45 (0.32, 0.63) 0.
Non-user Ref. 1.03 (0.74, 1.43) 1.06 (0.80, 1.42) 1.
CRPa

� 0.3mg/dL Ref. 0.84 (0.56, 1.26) 0.73 (0.51, 1.06) 0.
<0.3 mg/dL Ref. 1.02 (0.75, 1.39) 0.99 (0.78, 1.27) 1.
Albuminb

� 4.3 g/dL Ref. 0.90 (0.61, 1.31) 0.82 (0.55, 1.22) 0.
<4.3 g/dL Ref. 1.11 (0.77, 1.59) 1.07 (0.80, 1.43) 1.
Creatininea

� 1.0mg/dL Ref. 1.37 (0.87, 2.14) 1.39 (0.94, 2.05) 1.
<1.0 mg/dL Ref. 0.89 (0.65, 1.24) 0.75 (0.53, 1.06) 0.
Alkaline phosphataseb

� 64.5U/L Ref. 0.91 (0.62, 1.34) 0.89 (0.66, 1.19) 0.
<64.5 U/L Ref. 1.09 (0.76, 1.55) 0.92 (0.67, 1.28) 1.

PLP ¼ Pyridoxal-50-Phosphat.
4-PA ¼ 4-Pyridoxic acid.
Subgroups stratified by aclinical reference values or bmedian levels.
Results from Cox proportional hazards regression analyses; p values for linear trend obta
scale modeled as continuous exposure variables.
Analyses carried out adjusting for Model 3 (age, sex, fasting duration prior to blood with
marital status (married or living with partner/not married or living with partner), ethn
derweight/normal weight/overweight/obese), smoking habits (current smoker/former s
drinker/heavy drinker), physical activity (moderate or vigorous/none), CVD (yes/no), canc
no), vitamin B6 supplement usage (yes/no) and serum parameter values of CRP, albumin

Table A3
P-values of heterogeneity for subgroup analyses of all-cause mortality across quintiles o

PLP

Pheterogeneity

Age (<65 vs. �65) 0.64
Sex (Male vs. female) 0.46
Smoking (Current smoker vs. current non-smoker) 0.02
BMI (�25 vs. <25) 0.72

1351
ers excluding participants who died within 2 years after baseline (n ¼ 14,973;

tile 3 Quintile 4 Quintile 5 Ptrend

201 264
(0.84, 1.27) 0.91 (0.70, 1.19) 0.91 (0.72, 1.13) 0.22

243 331
(1.06, 1.88) 1.28 (0.94, 1.74) 1.18 (0.88, 1.60) 0.12

284 472
(0.80, 1.27) 1.14 (0.91, 1.42) 1.52 (1.18, 1.96) 0.001

ined from multivariable Cox regression analyses with biomarker levels on the log2

s), educational attainment (college or higher/high school or lower), marital status
nic white/Non-Hispanic black/Mexican American/other), BMI (underweight/normal
oker), alcohol consumption (non-drinker/moderate drinker/binge drinker/heavy
betes (yes/borderline/no), liver disease (yes/no), kidney disease (yes/no), vitamin B6
alkaline phosphatase.

LP) among subgroups of the study population (n ¼ 15,304)

intile 4 Quintile 5 Ptrend Pheterogeneity/I2

0.07 69.3
70 (0.48, 1.03) 1.03 (0.62, 1.69) 0.19
25 (0.97, 1.62) 1.72 (1.29, 2.29) <0.0001

0.81 0.0
07 (0.79, 1.44) 1.50 (1.03, 2.19) <0.0001
01 (0.79, 1.28) 1.42 (1.10, 1.83) 0.01

0.19 41.2
78 (0.48, 1.26) 1.00 (0.50, 2.00) 0.18
16 (0.92, 1.46) 1.61 (1.28, 2.01) <0.0001

0.24 27.3
03 (0.76, 1.40) 1.60 (1.21, 2.12) <0.0001
97 (0.70, 1.35) 1.17 (0.74, 1.85) 0.06

<0.0001 95.6
45 (0.35, 0.58) 0.51 (0.33, 0.77) 0.01
14 (0.87, 1.48) 1.72 (1.28, 2.31) 0.0001

0.56 0.0
95 (0.69, 1.30) 1.31 (0.95, 1.81) 0.002
09 (0.83, 1.44) 1.50 (1.08, 2.10) 0.0004

0.09 64.3
98 (0.70, 1.37) 1.28 (0.87, 1.88) 0.004
27 (0.98, 1.64) 1.90 (1.43, 2.53) <0.0001

0.01 86.4
59 (1.09, 2.32) 2.50 (1.65, 3.78) <0.0001
94 (0.69, 1.27) 1.21 (0.86, 1.70) 0.18

0.09 64.4
93 (0.70, 1.24) 1.33 (1.03, 1.73) 0.001
38 (1.04, 1.82) 1.91 (1.35, 2.71) <0.0001

ined from multivariable Cox regression analyses with biomarker levels on the log2

drawal (in hours), educational attainment (college or higher/high school or lower),
icity (Non-Hispanic white/Non-Hispanic black/Mexican American/other), BMI (un-
moker/never smoker), alcohol consumption (non-drinker/moderate drinker/binge
er (yes/no), diabetes (yes/borderline/no), liver disease (yes/no), kidney disease (yes/
, creatinine and alkaline phosphatase).

f PLP and 4-PA (n ¼ 15,304)

4-PA

I2 Pheterogeneity I2

0.0 0.65 0.0
0.0 0.15 52.7
80.5 0.03 79.0
0.0 0.36 0.0

(continued on next page)



Table A4
Hazard ratios (95% CIs) of all-cause mortality across quintiles of the 4-PA/PLP ratio among four different age strata (65e69 years: n¼ 1006; 70e74 years: n¼ 975; 75e79 years:
n ¼ 722 and 80e85 years: n ¼ 1031)

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 Ptrend

Age (years)
65-69, n 243 (18) 208 (24) 176 (21) 184 (34) 195 (46) 0.77

Ref. 2.25 (1.06, 4.76) 2.01 (0.77, 5.29) 1.58 (0.70, 3.58) 1.35 (0.56, 3.26)
70-74, n 227 (26) 173 (13) 179 (31) 167 (46) 229 (80) <0.0001

Ref. 0.39 (0.17, 0.92) 1.03 (0.58, 1.83) 1.38 (0.65, 2.97) 2.02 (1.06, 3.86)
75-79, n 155 (39) 133 (31) 112 (35) 142 (49) 180 (89) 0.02

Ref. 0.74 (0.35, 1.53) 0.82 (0.44, 1.55) 1.18 (0.65, 2.11) 1.38 (0.73, 2.60)
80-85, n 168 (63) 146 (73) 171 (94) 211 (125) 335 (245) 0.001

Ref. 1.49 (1.08, 2.08) 1.49 (1.03, 2.15) 1.24 (0.94, 1.62) 1.96 (1.37, 2.80)

Results from Cox proportional hazards regression analyses; p values for linear trend obtained from multivariable Cox regression analyses with biomarker levels on the log2
scale modeled as continuous exposure variables.
Model 3 was adjusted for age, sex, fasting duration prior to blood withdrawal (in hours), educational attainment (college or higher/high school or lower), marital status
(married or living with partner/not married or living with partner), ethnicity (Non-Hispanic white/Non-Hispanic black/Mexican American/other), BMI (underweight/normal
weight/overweight/obese), smoking habits (current smoker/former smoker/never smoker), alcohol consumption (non-drinker/moderate drinker/binge drinker/heavy
drinker), physical activity (moderate or vigorous/none), CVD (yes/no), cancer (yes/no), diabetes (yes/borderline/no), liver disease (yes/no), kidney disease (yes/no), vitamin B6
supplement usage (yes/no) and serum parameter values of CRP, albumin, creatinine and alkaline phosphatase.
a PLP ¼ Pyridoxal-50-Phosphat.
b 4-PA ¼ 4-Pyridoxic acid.

Table A5
Hazard ratios (95% Cis) of all-cause mortality among vitamin B6 supplement users and non-users (n ¼ 15,304)

Supplement users Supplement non-users Ptrend

N (n deceased) 4997 (570) 10,307 (1096)
Model 1 0.77 (0.68, 0.87) Ref. 0.0001
Model 2 0.98 (0.87, 1.10) Ref. 0.70
Model 3 1.02 (0.91, 1.15) Ref. 0.68

Results from Cox proportional hazards regression analyses.
Model 1 was adjusted for age and sex.
Model 2 was additionally adjusted for educational attainment (college or higher/high school or lower), marital status (married or living with partner/notmarried or livingwith
partner), ethnicity (Non-Hispanic white/Non-Hispanic black/Mexican American/other), BMI (underweight/normal weight/overweight/obese), smoking habits (current
smoker/former smoker/never smoker), alcohol consumption (non-drinker/moderate drinker/binge drinker/heavy drinker), physical activity (moderate or vigorous/none),
CVD (yes/no), cancer (yes/no), diabetes (yes/borderline/no), liver disease (yes/no), kidney disease (yes/no) and vitamin B6 supplement usage (yes/no).
Model 3 was additionally adjusted for fasting duration prior to blood withdrawal (in hours) and serum parameter values of CRP, albumin, creatinine and alkaline phosphatase.

Table A3 (continued )

PLP 4-PA

Pheterogeneity I2 Pheterogeneity I2

Supplement (User vs. non-user) 0.01 86.9 0.07 68.9
CRP (above vs. below 0.3 mg/dL) 0.98 0.0 0.52 0.0
Albumin (above vs. below median) 0.67 0.0 0.77 0.0
Alkaline phosphatase (above vs. below median) 0.17 46.4 0.57 0.0
Creatinine (above vs. below 1.0 mg/dL) 0.32 0.0 0.001 90.6

P-values of heterogeneity obtained from Cochrane's Q analyses.

Table A6
Hazard ratios (95% CIs) of total mortality across quintiles of PLP stratified by supplement usage and across quintiles of 4-PA stratified by clinical reference values of creatinine
among the total study population (n ¼ 15,304) and restricted to participants �65 years (n ¼ 3734)

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 Ptrend Pheterogeneity/I2

Total study population
PLP
Current smoker 0.02 80.5
Yes Ref. 0.95 (0.66, 1.37) 1.43 (0.87, 2.34) 1.03 (0.65, 1.65) 1.03 (0.68, 1.57) 0.97
No Ref. 0.78 (0.62, 0.98) 0.52 (0.41, 0.65) 0.70 (0.52, 0.94) 0.58 (0.44, 0.77) 0.0004
Dietary vitamin B6 supplement use 0.01 86.9
User Ref. 0.62 (0.42, 0.90) 0.51 (0.33, 0.77) 0.54 (0.36, 0.83) 0.53 (0.37, 0.77) 0.01
Non-User Ref. 0.88 (0.74, 1.06) 0.91 (0.73, 1.13) 0.85 (0.62, 1.16) 1.04 (0.75, 1.44) 0.31
4-PA
Current smoker 0.03 79.0
Yes Ref. 1.22 (0.81, 1.84) 1.65 (1.06, 2.58) 1.32 (0.77, 2.29) 1.50 (0.82, 2.74) 0.17
No Ref. 0.91 (0.76, 1.09) 0.84 (0.65, 1.08) 0.86 (0.68, 1.08) 0.73 (0.56, 0.96) 0.01
Creatinine 0.001 90.6
� 1.0mg/dL Ref. 1.40 (1.04, 1.90) 1.64 (1.20, 2.24) 1.69 (1.15, 2.48) 1.95 (1.39, 2.72) <0.0001
<1.0 mg/dL Ref. 0.95 (0.72, 1.26) 1.17 (0.87, 1.58) 1.04 (0.76, 1.41) 0.93 (0.69, 1.27) 0.85
Participants �65 years
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Table A6 (continued )

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 Ptrend Pheterogeneity/I2

PLP
Current smoker 0.91 0.0
Yes Ref. 1.03 (0.58, 1.83) 1.52 (0.79, 2.92) 1.11 (0.40, 3.11) 0.86 (0.34, 2.21) 0.63
No Ref. 0.90 (0.74, 1.09) 0.81 (0.65, 1.02) 0.91 (0.70, 1.18) 0.82 (0.63, 1.05) 0.06
Dietary vitamin B6 supplement use 0.47 0.0
User Ref. 0.94 (0.58, 1.53) 0.84 (0.52, 1.37) 0.89 (0.53, 1.50) 0.78 (0.49, 1.25) 0.17
Non-User Ref. 0.90 (0.71, 1.14) 0.85 (0.67, 1.07) 0.88 (0.67, 1.16) 0.97 (0.67, 1.39) 0.19
4-PA
Current smoker 0.12 58.5
Yes Ref. 1.50 (0.92, 2.44) 1.87 (1.02, 3.44) 1.63 (0.83, 3.19) 2.13 (0.92, 4.94) 0.10
No Ref. 1.03 (0.83, 1.27) 1.17 (0.91, 1.49) 1.19 (0.89, 1.60) 1.09 (0.85, 1.39) 0.10
Creatinine 0.004 87.9
� 1.0mg/dL Ref. 1.41 (1.03, 1.92) 1.54 (1.12, 2.11) 1.61 (1.18, 2.19) 1.78 (1.33, 2.39) 0.0002
<1.0 mg/dL Ref. 0.91 (0.66, 1.25) 1.06 (0.72, 1.56) 1.05 (0.70, 1.58) 0.91 (0.64, 1.31) 0.68

PLP ¼ Pyridoxal-50-Phosphat.
4-PA ¼ 4-Pyridoxic acid.
Results from Cox proportional hazards regression analyses; p values for linear trend obtained from multivariable Cox regression analyses with biomarker levels on the log2
scale modeled as continuous exposure variables.
Analyses carried out adjusting for Model 3 (age, sex, fasting duration prior to blood withdrawal (in hours), educational attainment (college or higher/high school or lower),
marital status (married or living with partner/not married or living with partner), ethnicity (Non-Hispanic white/Non-Hispanic black/Mexican American/other), BMI (un-
derweight/normal weight/overweight/obese), smoking habits (current smoker/former smoker/never smoker), alcohol consumption (non-drinker/moderate drinker/binge
drinker/heavy drinker), physical activity (moderate or vigorous/none), CVD (yes/no), cancer (yes/no), diabetes (yes/borderline/no), liver disease (yes/no), kidney disease (yes/
no), vitamin B6 supplement usage (yes/no) and serum parameter values of CRP, albumin, creatinine and alkaline phosphatase).

P. Schorgg, N. Karavasiloglou, A. Beyer et al. Clinical Nutrition 41 (2022) 1343e1356
Table A7
Hazard ratios (95% CIs) of total mortality across quintiles of the vitamin B6 ratio (4-PA/PLP) among subgroups of the study population restricted to participants �65 years
(n ¼ 3734)

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 Ptrend Pheterogeneity/I2

Sex 0.35 0.0
Male Ref. 1.20 (0.85, 1.69) 1.49 (1.01, 2.19) 1.50 (1.04, 2.15) 1.97 (1.27, 3.06) <0.0001
Female Ref. 0.98 (0.63, 1.52) 1.07 (0.76, 1.50) 1.07 (0.79, 1.47) 1.54 (1.13, 2.08) 0.001
Current smoker 0.90 0.0
Yes Ref. 0.59 (0.22, 1.57) 0.87 (0.33, 2.29) 1.35 (0.61, 2.99) 1.62 (0.69, 3.79) 0.02
No Ref. 1.13 (0.83, 1.55) 1.27 (0.97, 1.68) 1.22 (0.92, 1.62) 1.71 (1.28, 2.28) <0.0001
BMI 0.31 2.0
�25 Ref. 1.16 (0.81, 1.65) 1.34 (0.95, 1.90) 1.26 (0.87, 1.83) 1.89 (1.28, 2.79) 0.0001
<25 Ref. 0.89 (0.54, 1.48) 1.00 (0.61, 1.63) 1.11 (0.76, 1.63) 1.37 (0.83, 2.27) 0.01
Dietary vitamin B6 Supplement Use 0.06 71.0
User Ref. 0.83 (0.51, 1.37) 0.90 (0.60, 1.34) 1.12 (0.82, 1.52) 1.36 (0.87, 2.13) 0.005
Non-user Ref. 1.34 (0.95, 1.88) 1.64 (1.21, 2.21) 1.47 (1.05, 2.07) 2.23 (1.65, 3.02) <0.0001
CRP 0.63 0.0
� 0.3mg/dL Ref. 1.08 (0.60, 1.97) 1.29 (0.84, 1.98) 1.20 (0.79, 1.83) 1.59 (0.99, 2.55) 0.004
<0.3 mg/dL Ref. 1.10 (0.76, 1.58) 1.21 (0.88, 1.66) 1.30 (0.94, 1.80) 1.82 (1.33, 2.50) <0.0001
Albumin 0.50 0.0
� 4.2 g/dL Ref. 1.18 (0.75, 1.84) 1.14 (0.73, 1.76) 1.18 (0.74, 1.88) 1.72 (1.18, 2.52) 0.0004
<4.2 g/dL Ref. 1.07 (0.69, 1.65) 1.56 (0.98, 2.50) 1.51 (1.04, 2.19) 2.08 (1.36, 3.20) <0.0001
Creatinine 0.58 0.0
� 1.0mg/dL Ref. 1.40 (0.89, 2.19) 1.53 (1.01, 2.32) 1.45 (0.97, 2.16) 2.11 (1.37, 3.26) <0.0001
<1.0 mg/dL Ref. 0.97 (0.62, 1.51) 1.05 (0.70, 1.59) 1.25 (0.85, 1.84) 1.80 (1.24, 2.62) 0.01
Alkaline phosphatase 0.11 62.0
� 67.6 U/L Ref. 0.88 (0.51, 1.50) 1.25 (0.86, 1.82) 1.09 (0.71, 1.67) 1.49 (1.02, 2.18) 0.001
<67.6 U/L Ref. 1.40 (0.95, 2.07) 1.26 (0.84, 1.90) 1.65 (1.13, 2.39) 2.33 (1.56, 3.49) <0.0001

PLP ¼ Pyridoxal-50-Phosphat.
4-PA ¼ 4-Pyridoxic acid.
Results from Cox proportional hazards regression analyses; p values for linear trend obtained from multivariable Cox regression analyses with biomarker levels on the log2
scale modeled as continuous exposure variables.
Analyses carried out adjusting for Model 3 (age, sex, fasting duration prior to blood withdrawal (in hours), educational attainment (college or higher/high school or lower),
marital status (married or living with partner/not married or living with partner), ethnicity (Non-Hispanic white/Non-Hispanic black/Mexican American/other), BMI (un-
derweight/normal weight/overweight/obese), smoking habits (current smoker/former smoker/never smoker), alcohol consumption (non-drinker/moderate drinker/binge
drinker/heavy drinker), physical activity (moderate or vigorous/none), CVD (yes/no), cancer (yes/no), diabetes (yes/borderline/no), liver disease (yes/no), kidney disease (yes/
no), vitamin B6 supplement usage (yes/no) and serum parameter values of CRP, albumin, creatinine and alkaline phosphatase).
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Figure A1. Spearman's coefficients for correlations between biomarkers of vitamin B6 status and covariates.

Figure A2. Hazard ratios (95% CIs) of all-cause mortality across levels of the 4-PA/PLP ratio among four different age strata (65e69 years: n ¼ 1006; 70e74 years: n ¼ 975; 75e79
years: n ¼ 722 and 80e85 years: n ¼ 1031). Multivariable Cox regression models with restricted cubic splines for associations between the ratio of 4-PA/PLP and all-cause mortality,

e.
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knots placed at percentiles 10, 50, and 90 with the median at the vertical reference lin
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.clnu.2022.04.023.
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