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Abstract
Background: The association between pyridoxal 5'-phosphate (PLP) and cardiovascular
disease (CVD) remains a topic of discussion.
Objectives: This study aimed to explore the relationship between serum PLP levels and the
incidence of all-cause mortality, cardiovascular mortality, and the risk of CVD among the US
population.
Design: A population-based cohort study.
Methods: This study analyzed data from the National Health and Nutrition Examination Survey.
Adjusted hazard ratios (HRs) and their corresponding 95% confidence intervals (Cls) were
calculated using weighted Cox proportional hazards regression models to assess the risk
associated with all-cause and cardiovascular mortality. Weighted binary logistic regression was
utilized to assess the relationship between serum PLP levels and the risk of CVD. Nonlinear Correspondence to:
associations were evaluated using multivariable-adjusted restricted cubic splines. Do e of Glinical
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the relationship between serum PLP levels and the incidence of all-cause mortality,
cardiovascular mortality, and the risk of CYD among the US population. What did the
researchers do? This study used data from National Health and Nutrition Examination
Survey (NHANES), applying statistical methods to see if there's a connection between
the amount of PLP in the blood and health outcomes. What did the researchers find? The
findings showed that over an average of 11 years, people with higher levels of PLP in their
blood were less likely to die for any reason. They were also less likely to die from heart-
related problems or to develop heart disease. The protection seemed to increase as PLP
levels got higher. What do the findings mean? The results of this study provide evidence
that serum PLP serves as a protective factor against all-cause mortality, cardiovascular
mortality, and cardiovascular disease in US adults, with dose-response relationships.
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Introduction

Vitamin B6 is a water-soluble vitamin that can be
converted into the coenzyme pyridoxal 5’-phos-
phate (PLP) through metabolic conversion.
Typically, “PLP” is used interchangeably with
“Vitamin B6.” Vitamin B6 plays a critical role in
numerous metabolic functions and maintaining
intracellular homeostasis, including serving as a
coenzyme in amino acid metabolism, one-carbon
metabolism, neurotransmitter metabolism, nucle-
otide synthesis, hemoglobin synthesis, gluconeo-
genesis, and glycogenolysis.! The endogenous
synthesis of vitamin B6 is absent in humans,
necessitating its acquisition from both naturally
occurring and fortified food sources.? Although
severe vitamin B6 deficiency is infrequent, there
is a prevalence of suboptimal levels or mild
deficiency.?

The involvement of vitamin B6 in the develop-
ment and progression of cardiovascular disease
(CVD) has been the subject of extensive scientific
discourse over a prolonged period, with a variety
of proposed mechanisms being put forth. Through
its role as coenzyme in multiple reactions related
to enzymes involved in amino acid pathways as
well as lipid and carbohydrate metabolic pro-
cesses, vitamin B6 appears to have a variety of
cardioprotective effects.* Homocysteine is a rec-
ognized independent risk factor for CVD, partic-
ularly coronary heart disease (CAD) and stroke.>°
The essential enzymes in the transsulfuration

pathway of homocysteine metabolism, cystathio-
nine -synthase and y-cystathionase, require PLP
as a cofactor. As a result, a vitamin B6 deficiency
impedes cystathionine-f-synthase activity, lead-
ingtotheaccumulationofS-adenosylhomocysteine.
Simultaneously, it promotes the release of homo-
cysteine from cells, which eventually results in
hyperhomocysteinemia and premature athero-
sclerosis and thrombosis.” Therefore, the current
consensus is that vitamin B6’s impact on total
plasma homocysteine concentrations mediates its
relationship with CVD. Additionally, vitamin B6
may participate in the entirety of atherosclerosis
by impacting inflammation, lipid metabolism and
synthesis, immune function, coagulation path-
ways, endothelial cell function, and antioxidant
properties.8-10

Due to the intricate functions of vitamin B6 and
the variability in study populations, establishing a
causal connection between the vitamin and the risk
of CVD becomes challenging. Despite the fact that
numerous case—control and prospective studies
have linked low plasma vitamin B6 levels to an
increased risk of CVD and have provided evidence
that vitamin B6 supplements may provide CVD
protection, it is important to take into account
conflicting results from other studies.!!-13 He and
co-workers conducted a prospective study involv-
ing 43,732 American men aged 40-75, all free
from CVD and diabetes at baseline. Participants
were followed from 1986 to 2000. After 14 years of
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The NHANES survey conducted from 2005 to 2010
included a total of 3,0934 respondents

ﬂ

Participants under 20 years of age included a

total of 13,845 respondents }

[ Enrollad 17,089 respondents

Excluded (n= 1,811)
» Serum PLP data were not available (n=1,783)
» Lacked follow-up information (n=28)

[

respondents

Final data for analysis enrollad a total of 15,278

|

Figure 1. Flow-chart of the study. Eligible participants and those included in the analyses of the associations
between serum pyridoxal 5'-phosphate levels and all-cause, cardiovascular mortality, and cardiovascular

disease in adults.

follow-up, the study found no association between
vitamin B6 intake and the risk of ischemic or hem-
orrhagic stroke.'* Similarly, Zhang et al., using
data from the UK Biobank, found no significant
link between the intake of vitamins B6 and the risk
of cardiovascular events, stroke, myocardial infarc-
tion, or cardiovascular mortality.!> However, a
Japanese cohort study that included 58,730 Asians
aged 40-79 found that, over a 14-year follow-up,
higher vitamin B6 intake was associated with a
reduced risk of cardiovascular mortality.1®
Additionally, a large prospective cohort study of
American women, followed for 14years, found a
graded association between higher vitamin B6
intake and a lower risk of CAD.!” The National
Health and Nutrition Examination Survey
(NHANES) evaluated plasma PLP concentrations
in sampled populations across the United States
during three consecutive cycles from 2005 to 2010.
The Linked Mortality File (LMF) was updated in
June 2023 and contains mortality tracking data
through December 31, 2019. The publicly availa-
ble data from this survey afforded us the chance to
explore the updated correlations between plasma
PLP levels and nationwide all-cause mortality, car-
diovascular mortality, and CVD risk in the United
States.

Methods

Study design and data source

Data extracted from three NHANES survey
cycles spanning 2005-2010, with each 2-year
period constituting a cycle, were integrated with
the mortality data sourced from the National
Death Index until December 31, 2019, to estab-
lish the foundation for this population-based
cohort study. The NHANES survey conducted
from 2005 to 2010 included a total of 30,934
respondents. After excluding individuals for
whom serum PLP data were not available
(n=1783), were under 20 vyears of age
(n=13,845), and lacked follow-up information
(n=28), the analysis comprised a final cohort of
15,278 participants (Figure 1).

Vitamin B6 measurement

The National Center for Environmental Health
handled the processing, preservation, and delivery
of serum samples to the Division of Laboratory
Sciences (NCEH). The Center operates under the
auspices of the CDC and its primary mission is to
perform comprehensive analyses. Comprehensive
details regarding sample collection and processing
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procedures are available in the Laboratory
Technologist section of the NHANES manual.!8

The analysis serum was prepared by combining the
sample with a 5% solution of metaphosphoric acid
in a 1:1 proportion, resulting in the precipitation of
proteins. After performing vortex mixing and cen-
trifugation, the sample supernatant was combined
with approximately equal volumes of dichlorometh-
ane in order to extract lipids. The resulting mixture
was subjected to another round of vortex mixing
and centrifugation. The topmost layer of the sam-
ple is subsequently filtered using a syringe to enable
high-performance liquid chromatography (HPLC)
analysis. The measurement of the PLP forms of
vitamin B6 was conducted using reversed-phase
HPLC coupled with fluorescence detection. The
fluorescence detection involved excitation at a
wavelength of 325 nm and emission at a wavelength
of 425nm. To enhance the signal of PLP, a post-
column introduction of sodium chlorite derivatiza-
tion reagents was integrated into the HPLC system.
The quantification process relied on the determina-
tion of analyte peak areas, which were estimated by
interpolating values from a five-point calibration
curve derived from aqueous standards.

Ascertaining the outcome

The vital statuses of participants were identified
up until December 31, 2019.19 The study focused
on mortality associated with CVD and all-cause
mortality. The 2019 Public-Use Linked Mortality
Files reveal the primary causes of death among
NHANES participants. These include diseases of
heart, malignant neoplasms, chronic lower res-
piratory, accidents (unintentional injuries), cere-
brovascular diseases, Alzheimer’s disease,
diabetes mellitus, nephrosis, and all other causes
(residual). Cardiovascular mortality was recorded
as deaths resulting from heart diseases or stroke
which adhered to the International Statistical
Classification of Diseases.

CVDs were diagnosed using responses from a
standardized questionnaire about health condi-
tion diagnoses during home-based interviews.
CVDs comprised CAD, angina/angina pectoris,
heart attack, congestive heart failure, and stroke.20

Covariates
Demographic data were collected to obtain infor-
mation on the sociodemographic characteristics,

including gender, age, race/ethnicity, family pov-
erty income ratio (PIR), marital status, and edu-
cational levels. To determine participants’
smoking status, serum cotinine levels were ana-
lyzed and categorized accordingly: less than the
limit of detection (LOD), LOD ~10 and >10ng/
mL. Body mass index (BMI) data were collected
from the examination results. The levels of
C-reactive protein (CRP), alanine aminotrans-
ferase (ALT), glucose (GLU), triglycerides (TG),
high density lipoprotein cholesterol (HDL-C),
total cholesterol (TCHO), serum creatinine
(SCr), and PLP were obtained from laboratory
data. Hypertension was defined as self-reported
doctor-diagnosed high blood pressure, prescribed
hypertension medication, and blood pressure of
=140/90mmHg (averaged over multiple assess-
ments). Diabetes mellitus (DM) was defined
using the following criteria: clinical diagnosis
made by healthcare professionals, current use of
insulin, fasting blood glucose concentration equal
to or exceeding 7.0mmol/L, a 2-h postprandial
glucose concentration equal to or exceeding
11.1 mmol/L, and/or a glycated hemoglobin level
equal to or exceeding 6.5%.

Statistical analysis

The variance in all NHANES surveys conducted
between 2005 and 2010 was estimated using
Taylor series linearization and sample weights, in
accordance with National Center for Health
Statistics (NCHS) guidelines, to ensure the accu-
racy of national estimates. Demographic data files
provided masked variance units.2!

All statistical analyses were conducted using the
Stata  Statistical Software (version 16.0;
StataCorp, College Station, TX, USA) and R
(version 4.3.2). Continuous variables were pre-
sented as mean * standard errors (SE), whereas
categorical variables were presented as propor-
tions and 95% confidence intervals (CIs). Chi-
square tests were used to analyze categorical
variables. One-way analysis of variance was used
to compare means between three or more unre-
lated groups, and the independent sample z-test
was used to compare two sample means from
unrelated groups. The least significant difference
method was implemented for post-hoc testing
with multiple comparisons. Spearman’s correla-
tion analysis assessed the correlations between
serum PLP levels and covariates. The findings
were visually conveyed in a heatmap. We
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categorized serum pyridoxal 5'-phosphate (PLP)
levels into four quartiles: Q1 (=<25.8 nmol/L), Q2
(25.8-42.95nmol/L), Q3 (42.95-76.00 nmol/L),
and Q4 (>76.00nmol/L). Hazard ratios (HRs)
and 95% CIs were estimated to assess all-cause
and cardiovascular mortality across the different
quartiles of PLP levels. This was achieved through
the use of weighted Cox proportional hazard
regression models. Further investigation into any
possible correlation between serum PLP levels and
CVD risk was done using binary logistic regression
analysis. The outcomes were presented as odds
ratios (ORs) and their corresponding 95% Cls.
Four statistical models were created. Model 1 was
adjusted for age, sex, race/ethnicity, educational
level, family PIR, and marital status. Model 2 was
subsequently adjusted for BMI, serum cotinine
levels, and the presence of hypertension and DM.
Lastly, Model 3 was additionally adjusted for
serum levels of CRP, TCHO, ALT, GLU, TG,
SCr, and HDIL-C. A multivariable-adjusted
restricted cubic spline with four knots was used to
clarify the dose-response relationship. Nonlinearity
was assessed using the likelihood ratio test. To
counteract the reduction in sample size resulting
from missing covariates, multiple imputation was
conducted for missing variables. Furthermore,
stratified analyses were carried out based on gen-
der. Statistical significance was defined as a two-
tailed p-value less than 0.05.

Results

The study included of 15,278 adult participants,
with a weighted average age of 49.56years and a
SE of 0.15, of whom 7416 were men (weighted
proportion: 48.18%), including 1202 participants
with CVD. Table 1 shows the baseline demo-
graphic and clinical parameters of the participants
in the survival, all-cause mortality, and cardiovas-
cular mortality groups. In comparison to the sur-
vival population (69.73 = 0.74nmol/L), the
all-cause = mortality  population (62.07 £
1.59nmol/L, »p<0.001) and the cardiovascular
mortality  population  (63.53 * 2.94nmol/L,
p»=0.035) exhibited notably decreased levels of
serum PLP. The heat map of Spearman’s correla-
tion coefficients between serum PLP levels and
covariates is shown in Figure 2. The baseline
demographic and clinical parameters among par-
ticipants in none-CVD and CVD group are listed
in Table 2. The CVD group had significantly
lower serum PLP levels (62.03 *2.20nmol/L)

than the control group (70.05 * 0.76 nmol/L,
»=0.002).

During a median follow-up of 11.36years (95%
CI: 11.23-11.49), a total of 2546 cases of all-
cause mortality were recorded, among which 867
cases were attributed to cardiovascular mortality.
The weighted Cox regression analysis classified
participants into four groups, determined by the
interquartile range of serum PLP levels. The low-
concentration groups were used as the reference
categories. Following adjustment for multiple var-
iables, a notable correlation emerged, indicating
that increased serum PLP levels are associated
with a diminished risk of all-cause mortality
(Table 3). The HRs with 95% CIs for different
quartiles of serum PLP levels were as follows: 1.00
(reference), 0.83 (0.74-0.93), 0.71 (0.63-0.80),
and 0.64 (0.56-0.74). The weighted Cox propor-
tional regression models that were adjusted for
covariates were used to document the association
between serum PLP levels and cardiovascular
mortality. The results of these models are pre-
sented in Table 4. Each quartile increase in serum
PLP levels was associated with a reduction in car-
diovascular mortality of 22.00% (HR: 0.78, 95%
CI: 0.62-0.97), 37.00% (HR: 0.63, 95% CI:
0.49-0.81), and 38.00% (HR: 0.62, 95% CI:
0.50-0.77), respectively. The dose-response anal-
ysis revealed a significant nonlinear correlation
between serum PLP levels and both all-cause
mortality (Ppoplineariy = 0-0006) and cardiovascular
mortality (Ppontineariy=0-0091), as demonstrated
by the restricted cubic spline (Figure 3). Significant
associations were observed between serum PLP
levels falling below 42.95 and 43.86 nmol/LL with
an elevated risk of all-cause mortality and cardio-
vascular mortality, respectively.

The relationship between serum PLP levels and
the risk of CVD was further analyzed by weighted
binary logistic regression and the results are listed
in Table 5. For each quartile of elevated serum
PLP levels, the risk of total CVD (OR: 0.87, 95%
CI: 0.79-0.96), congestive heart failure (OR:
0.85, 95% CI: 0.75-0.97), CAD (OR: 0.86, 95%
CI: 0.75-0.99), heart attack (OR: 0.84, 95% CI.
0.75-0.94), and stroke (OR: 0.85, 95% CI: 0.75-
0.96) was significantly reduced. The inflection
point of the significant nonlinear relationship
(Prontineariy < 0.0001) between serum PLP levels
and CVD risk was identified as 43.86 nmol/L by
the restricted cubic spline (Figure 4).
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Table 1. Baseline demographic and clinical parameters among participants in survival, all-cause mortality, and cardiovascular

mortality group.

Variable ALl (n=15278) Survival (n1=12732)  All-cause mortality = Cardiovascular p* [0
(n=2546) mortality (n=867)
Age [years) 49.56=0.15 45.50+0.14 69.87 £0.25 71.64+0.39 <0.001 <0.001
Gender, male (%) 48.18 (47.48-48.89) 47.61 (46.79-48.42) 52.34 (50.23-54.45) 51.86 (47.77-55.92) <0.001 0.055
Race/ethnicity (%)
Mexican American 8.13 (6.51-10.1) 8.78 (7.06-10.87) 3.37 (2.36-4.8) 3.54 (2.22-5.61) <0.001 <0.001
Other Hispanic 4.42 (3.28-5.93) 4.78 (3.55-6.40) 1.79 (1.12-2.85) 2.42 (1.27-4.54)
Non-Hispanic White 70.6 (66.65-74.26) 69.24 (65.24-72.97) 80.45 (76.24-84.07) 78.84 (73.74-83.17)
Non-Hispanic Black 10.86 (9.13-12.87) 10.89 (9.17-12.88) 10.67 (8.47-13.37) 11.77 (8.91-15.38)
Other race 6.00(5.00-7.17) 6.31(5.26-7.55) 3.71 (2.65-5.16) 3.43(2.14-5.47)
Education (%)
<High school 18.75 (17.24-20.37) 17.11 (15.67-18.65) 30.73 (27.53-34.12) 32.3 (28.5-36.35) <0.001 <0.001
High school/GED 24.21 (22.94-25.52) 23.73(22.37-25.15) 27.66 (25.58-29.85) 27.86 (24.64-31.33)
>High school 57.04 (54.73-59.32)  59.16(56.93-61.36)  41.61(37.92-45.40)  39.84 (34.8-45.1)
Marital status (%)
Divorced/widowed/ 18.36 (17.51-19.23) 15.42 (14.57-16.32)  39.66 (37.52-41.84)  44.45 (40.28-48.7) <0.001 <0.001
separated
Married/unmarried 65.12 (63.49-66.73) 66.81 (65.1-68.48) 52.83(50.13-55.51) 48.68 (44.23-53.14)
couple
Never married 16.52 (15.21-17.92) 17.76 (16.39-19.22) 7.51(6.01-9.35) 6.87 (4.66-10.04)
Family PIR
<1 13.42 (12.38-14.53) 13.17 (12.08-14.34) 15.24 (13.5-17.16) 15.93 (13.23-19.06) 0.026 0.058
=1 86.58 (85.47-87.62) 86.83 (85.66-87.92) 84.76 (82.84-86.5) 84.07 (80.94-86.77)
BMI (kg/m?] 29.01+0.05 29.06 = 0.06 28.71+0.13 29.16+0.23 0.016 0.672
Hypertension (%) 35.52 (34.15-36.92) 31.12 (29.72-32.55) 67.56 (65.35-69.69) 75.11 (70.69-79.07) <0.001 <0.001
Diabetes (%) 12.17 (11.34-13.04) 9.64 (8.96-10.36) 30.56 (28.47-32.74) 38.48 (34.89-42.2) <0.001 <0.001
Cotinine (ng/mL)
<LOD 19.98 (18.39-21.67) 19.91(18.18-21.76) 20.52 (18.59-22.59) 22.05 (18.61-25.93) 0.486 0.023
LOD-10 53.46 (51.78-55.13) 53.69 (51.85-55.52) 51.81 (49.28-54.33) 56.72 (52.08-61.24)
>10 26.55 (25.08-28.08) 26.40 (24.81-28.06) 27.67 (25.42-30.03) 21.23 (18.25-24.55)
CRP (mg/dL) 0.445+0.007 0.409 =0.007 0.626 +0.024 0.602+0.036 <0.001 <0.001
TCHO (mmol/L) 5.10 = 0.01 5.13+0.01 4.94+0.02 4.94+0.04 <0.001 <0.001
HDL-C (mmol/L) 1.374 +=0.003 1.373 =0.004 1.377 =0.009 1.361+0.015 0.705 0.390
(Continued]
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Table 1. (Continued)

Variable All (n=15278 ) Survival (1=12732)  All-cause mortality  Cardiovascular pq* [
(n=2546) mortality (n=867)

TG (mmol/L) 1.18+0.01 1.78 £0.01 1.79 £0.02 1.82+0.04 0.662 0.322

ALT (U/L) 25.67x0.16 26.15+0.18 23.25+0.34 22.49 +0.50 <0.001 <0.001

GLU (mmol/L) 5.65+0.02 5.50+0.02 6.37+=0.05 6.72+0.10 <0.001 <0.001

SCr (umol/L) 80.33+0.30 76.62+0.27 98.90x1.14 102.16 +£2.06 <0.001 <0.001

PLP (nmol/L) 68.46 £0.67 69.73x£0.74 62.07 £1.59 63.53£2.94 <0.001 0.035

ALT, alanine aminotransferase; BMI, body mass index; CRP, C-reactive protein; GED, General Educational Development; GLU, glucose;
HDL-C, high density lipoprotein cholesterol; LOD, the limit of detection; PIR, poverty income ratio; PLP, pyridoxal 5'-phosphate; SCr,

serum creatinine; TCHO, total cholesterol; TG, triglycerides.
*p Values for comparisons of variables between Survival and All-Cause Mortality groups.
**p Values for comparisons of variables between Survival and Cardiovascular Mortality groups.
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PLP, pyridoxal 5’-phosphate.
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Table 2. Baseline demographic and clinical parameters among participants in none-cardiovascular disease
and cardiovascular disease group.

Variable None-CVD (n=12397) CVD (n=1202) p
Age (years] 45.46+0.15 64.81+0.39 <0.001
Gender, male (%) 47.26 (46.48-48.05) 55.18 (51.45-58.85) <0.001
Race/ethnicity (%)
Mexican American 8.83(7.13-10.89) 4.75(3.31-6.78) <0.001
Other Hispanic 4.81 (3.58-6.45) 2.80 (1.81-4.30)
Non-Hispanic White 69.25 (65.24-72.99) 75.21 (70.6-79.3)
Non-Hispanic Black 10.81(9.07-12.83) 12.57 (10.37-15.15)
Other race 6.30 (5.21-7.58) 4.68 (3.36-6.47)
Education (%)
—High school 17.09 (15.66-18.41) 27.09 (23.93-30.51) <0.001
High school/GED 23.88 (22.53-25.29) 24.26 (20.69-28.22)
>High school 59.03 (56.83-61.20) 48.65 (43.66-53.66)
Marital status (%)
Divorced/Widowed/ 15.68 (14.78-16.61) 30.45 (27.36-33.73) <0.001
Separated
Married/Unmarried 66.27 (64.50-67.99) 62.92 (59.17-66.51)
couple
Never married 18.06 (16.65-19.55) 6.63 (4.88-8.95)
Family PIR
<1 13.06 (12.01-14.17) 16.52 (14.01-19.38) 0.002
=1 86.94 (85.83-87.99) 83.48 (80.62-85.99)
BMI (kg/m?] 28.92+0.06 30.62+0.21 <0.001
Hypertension (%) 30.04 (28.66-31.46) 74.43 (70.89-77.67) <0.001
Diabetes (%) 9.15 (8.48-9.87) 34.95(31.37-38.7) <0.001
Cotinine (ng/mL]
<LOD 19.96 (18.24-21.80) 20.56 (17.56-23.91) 0.633
LOD-10 53.77 (51.92-55.62) 54.45 (51.29-57.58)
>10 26.27 (24.65-27.94) 24.99 (22.21-28.00)
CRP (mg/dL) 0.407 +0.007 0.570+0.028 <0.001
TCHO (mmol/L) 1.76 =0.01 1.95+=0.05 <0.001

(Continued]
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Table 2. (Continued)

Variable None-CVD (n=12397) CVD (n=1202) p
HDL-C (mmol/L) 1.381+0.004 1.288+0.011 <0.001
TG (mmol/L) 5.16 = 0.01 4.77+0.03 <0.001
ALT (U/L) 26.05+0.17 24.51+0.76 0.049
GLU (mmol/L) 5.49 +0.02 6.50+0.08 <0.001
SCr (umol/L) 76.49 +0.26 96.40+1.74 <0.001
PLP (nmol/L} 70.05+0.76 62.03+2.20 0.002

ALT, alanine aminotransferase; BMI, body mass index; CRP, C-reactive protein; CVD, cardiovascular disease; GED,
General Educational Development; HDL-C, high density lipoprotein cholesterol; GLU, glucose; LOD, The limit of detection;
PIR, poverty income ratio; PLP, pyridoxal 5’-phosphate; SCr, serum creatinine; TCHO, total cholesterol; TG, triglycerides.

Table 3. Hazard ratios for all-cause mortality of all participants, stratified by serum PLP levels quartiles.

Quartiles of serum PLP levels (nmol/L)

Q1 Q2 Q3 Q4

Crude 1.00 0.57 (0.5-0.65) 0.46 (0.41-0.52) 0.52 (0.45-0.6)
P <0.001 <0.001 <0.001

Model 1 1.00 0.74 (0.65-0.84) 0.6 (0.53-0.67) 0.54 (0.48-0.61)
p <0.001 <0.001 <0.001

Model 2 1.00 0.78 (0.69-0.89) 0.66 (0.59-0.74) 0.61(0.54-0.69)
p <0.001 <0.001 <0.001

Model 3 1.00 0.83 (0.74-0.93) 0.71(0.63-0.80) 0.64 (0.56-0.74)
p <0.001 <0.001 0.002

Model 1 was adjusted for age, sex, race/ethnicity, educational level, family PIR, and marital status. Model 2 was
subsequently adjusted for BMI, serum cotinine levels, and the presence of hypertension and DM. Lastly, Model 3 was
additionally adjusted for serum levels of CRP, TCHO, ALT, GLU, TG, SCr, and HDL-C.

ALT, alanine aminotransferase; BMI, body mass index; CRP, C-reactive protein; DM, diabetes mellitus; GLU, glucose;
HDL-C, high density lipoprotein cholesterol; SCr, serum creatinine; TCHO, total cholesterol; TG, triglycerides; Q, quartile.

Discussions

According to the findings of the population-based
cohort study, serum PLP levels exhibited a dose—
response relationship and had a significant impact
on the risk of mortality from all causes, cardiovas-
cular mortality, and CVD.

Vitamin B6 is a group of water-soluble complexes
consisting of pyridoxine, pyridoxamine, pyrami-
dal, and their 5’ phosphates. PLP is the predomi-
nant coenzyme form of plasma vitamin B6 and

the most sensitive indicator of tissue vitamin B6
status. PLP serves as a cofactor in over 160 enzy-
matic reactions, playing a role in the anabolism
and synthesis of amino acids, as well as in pro-
cesses such as carbohydrate and lipid metabo-
lism, one-carbon metabolism, heme synthesis,
and neurotransmitter production. In addition,
vitamin B6 can also chelate metal ions and scav-
enge oxygen free radicals.??2 The relationship
between vitamin B6 and health has been of great
interest since its discovery in 1932.
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Table 4. Hazard ratios for cardiovascular mortality of all participants, stratified by serum PLP levels quartiles.

Quartiles of serum PLP levels (nmol/L)

Q1 Q2 a3 Q4

Crude 1.00 0.50 (0.39-0.65) 0.40 (0.32-0.51) 0.48 (0.38-0.60)
p <0.001 <0.001 <0.001

Model 1 1.00 0.68 (0.54-0.85) 0.52 (0.40-0.67) 0.50 (0.41-0.61)
p 0.001 <0.001 <0.001

Model 2 1.00 0.73 (0.58-0.91) 0.58 (0.45-0.74) 0.57 (0.47-0.70)
p 0.006 <0.001 <0.001

Model 3 1.00 0.78 (0.62-0.97) 0.63 (0.49-0.81) 0.62 (0.50-0.77)
p 0.025 0.001 <0.001

Model 1 was adjusted for age, sex, race/ethnicity, educational level, family PIR, and marital status. Model 2 was
subsequently adjusted for BMI, serum cotinine levels, and the presence of hypertension and DM. Lastly, Model 3 was
additionally adjusted for serum levels of CRP, TCHO, ALT, GLU, TG, SCr, and HDL-C.

ALT, alanine aminotransferase; BMI, body mass index; CRP, C-reactive protein; DM, diabetes mellitus; GLU, glucose;
HDL-C, high density lipoprotein cholesterol; PIR, poverty income ratio; PLP, pyridoxal 5'-phosphate; Q, quartile; SCr,
serum creatinine; TCHO, total cholesterol; TG, triglycerides.

P-overall < 0.0001
P-non-linear = 0.0006
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Figure 3. Restrictive spline curve showing the effect of serum PLP levels on (a) all-cause mortality and (b) cardiovascular mortality.
Red line and blue transparent area represent HR and 95% Cl, respectively. (a) The inflection point of the curve for the effect of serum
PLP levels on all-cause mortality was at 42.95 nmol/L. The risk of all-cause mortality was significantly increased when serum PLP
levels were less than 42.71 nmol/L and decreased when serum PLP levels were between 43.87 and 238.63nmol/L. (b) The inflection
point of the curve for the effect of serum PLP levels on cardiovascular mortality was at 43.86 nmol/L. The risk of cardiovascular
mortality was significantly increased when serum PLP levels were less than 42.76 nmol/L and decreased when serum PLP levels
were between 43.86 and 48.54nmol/L. Data was adjusted for gender, age, race/ethnicity, educational attainment, marital status,
family PIR, BMI, waist circumference, heart rates, serum cotinine levels, presence of diabetes and hypertension, serum levels of
CRP, TCHO, ALT, GLU, TG, SCr, and HDL-C.

ALT, alanine aminotransferase; BMI, body mass index; Cl, confidence interval; CRP, C-reactive protein; DM, diabetes mellitus; GED, General
Educational Development; GLU, glucose; HDL-C, high density lipoprotein cholesterol; LOD, the limit of detection; PIR, poverty income ratio; PLP,
pyridoxal 5'-phosphate; Q, quartile; SCr, serum creatinine; TCHO, total cholesterol; TG, triglycerides.
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Significant vitamin B6 deficiency is primarily
determined by identifiable clinical signs and
symptoms, including dermatitis, rash, paresthe-
sia, anemia, and even seizures. The definition of
vitamin B6 deficiency does not have a widely
accepted consensus. This is because the cut-off
point for plasma PLP levels is still up for debate.
Some believe it should be 20nmol/L, while some
studies have suggested that a borderline state of
vitamin B6 deficiency is reached when plasma
PLP levels are below 30nmol/L.232¢ With the
exception of those living in extreme poverty, sig-
nificant vitamin B6 deficiency is exceedingly rare.
However, recent studies have demonstrated that
not only does a significant deficiency in vitamin
B6 increase the risk of developing specific chronic
illnesses, but even mild deficiencies may also be
linked to an increased risk of developing such
conditions.?> These chronic diseases primarily
encompass DM, CVD, arthritis, chronic inflam-
matory bowel diseases, and cancer.26-29

The status of CVD as the “number one killer” of
humans is unassailable. In the 1940s and 1950s,
animal studies demonstrated that a diet deficient
in vitamin B6 could promote the development of
atherosclerosis.?® Subsequently, a great deal of
research has been conducted into the mecha-
nisms of this process, and a number of candidate
mechanisms have been proposed. Theoretically,
vitamin B6 deficiency affects the activity of cysta-
thionine-beta-synthase, y-cystathionase, and ser-
ine hydroxymethyltransferase, and homocysteine
is not metabolized and accumulates in and out of
cells, ultimately leading to hyperhomocysteine-
mia and atherosclerosis progression. However,
recent studies have not consistently supported
this correlation.3!-33 Another hypothesis is that
there is a close relationship between vitamin B6
deficiency and inflammatory processes. It has
been suggested that vitamin B6 has antioxidant
properties and that vitamin B6 deficiency leads to
mitochondrial membrane disruption, accumula-
tion of superoxide radicals, and lipid peroxida-
tion, resulting in inflammatory processes that
ultimately lead to CVD.3* Population-based
cohort studies have indicated a significant nega-
tive correlation between reduced plasma PLP lev-
els and plasma CRP levels.3> In this study, we also
observed a notable inverse relationship between
serum PLP levels and CRP, as demonstrated in
Figure 1 (ris=-0.27, p<0.05). Furthermore, sev-
eral studies have specifically examined the corre-
lation between vitamin B6 and various aspects of

Table 5. Associations between serum PLP levels and risk of total and

individual CVD.

OR (95% CI) P
CVD
Crude 0.78 (0.72-0.85) <0.001
Model 1 0.78 (0.72-0.85) <0.001
Model 2 0.85(0.78-0.93) 0.001
Model 3 0.87 (0.79-0.96) 0.006
Congestive heart failure
Crude 0.70 (0.62-0.78) <0.001
Model 1 0.74 (0.66-0.84) <0.001
Model 2 0.82(0.72-0.93) 0.003
Model 3 0.85 (0.75-0.97) 0.016
Coronary artery disease
Crude 0.81(0.72-0.92) 0.001
Model 1 0.79 (0.70-0.90) 0.001
Model 2 0.86 (0.75-0.98) 0.021
Model 3 0.86 (0.75-0.99) 0.038
Angina/Angina pectoris
Crude 0.87 (0.77-0.97) 0.017
Model 1 0.87 (0.78-0.98) 0.018
Model 2 0.97 (0.87-1.08) 0.580
Model 3 1.00 (0.89-1.12) 0.990
Heart attack
Crude 0.72 (0.65-0.79) <0.001
Model 1 0.75 (0.68-0.82) <0.001
Model 2 0.82(0.74-0.91) <0.001
Model 3 0.84 (0.75-0.94) 0.003
Stroke
Crude 0.72 (0.64-0.82) <0.001
Model 1 0.77 (0.68-0.87) <0.001
Model 2 0.83(0.73-0.93) 0.002
Model 3 0.85 (0.75-0.96) 0.011

Model 1 was adjusted for age, sex, race/ethnicity, educational level, family PIR, and marital
status. Model 2 was subsequently adjusted for BMI, serum cotinine levels, and the presence of
hypertension and DM. Lastly, Model 3 was additionally adjusted for serum levels of CRP, TCHO,

ALT, GLU, TG, SCr, and HDL-C.

ALT, alanine aminotransferase; BMI, body mass index; Cl, confidence interval; CVD,
cardiovascular disease; CRP, C-reactive protein; DM, diabetes mellitus; GED, General
Educational Development; GLU, glucose; HDL-C, high density lipoprotein cholesterol; PIR,
poverty income ratio; LOD, the limit of detection; OR, odds ratio; PLP, pyridoxal 5'-phosphate;

SCr, serum creatinine; TCHO, total cholesterol; TG, triglycerides.
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Figure 4. Restrictive spline curve showing the effect of serum PLP levels on CVD risk. Red line and blue
transparent area represent HR and 95% ClI, respectively. The inflection point of the curve for the effect of
serum PLP levels on all-cause mortality was 43.86 nmol/L. The risk of CVD was significantly increased with
serum PLP levels below 43.86 nmol/L and decreased with serum PLP levels between 43.86 and 144.30 nmol/L.
Data was adjusted for gender, age, race/ethnicity, educational attainment, marital status, family PIR, BMI,
waist circumference, heart rates, serum cotinine levels, presence of diabetes and hypertension, serum levels

of CRP, TCHO, ALT, GLU, TG, SCr, and HDL-C.

ALT, alanine aminotransferase; BMI, body mass index; Cl, confidence interval; CVD, cardiovascular disease; CRP, C-reactive
protein; DM, diabetes mellitus; GED, General Educational Development; GLU, glucose; HDL-C, high density lipoprotein
cholesterol; PIR, poverty income ratio; LOD, the limit of detection; PLP, pyridoxal 5’-phosphate; SCr, serum creatinine;

TCHO, total cholesterol; TG, triglycerides.

cholesterol metabolism, fatty acid composition,
immune function, and coagulation pathway.

The relationship between plasma vitamin B6 lev-
els, dietary intake of vitamin B6, and the risk of
CVD has been studied extensively. According to
the findings of the majority of these studies, low
levels of vitamin B6 in the plasma are a risk factor
for CVD, and taking a moderate amount of vita-
min B6 supplements can significantly reduce the
risk of CVD.* However, the cardiovascular pro-
tective effects of vitamin B6 have not been con-
firmed in all studies. In some studies, the plasma
PLP levels in the group with CVD were found to
be lower than those in the control group; however,
the difference was not found to be statistically sig-
nificant. There was only a slight association
between vitamin B6 and CVD in other stud-
ies.12-14 This may be due to the fact that CVD is

etiologically multifactorial, influenced by both
genetic and environmental factors. Currently, the
specific mechanism by which vitamin B6 contrib-
utes to atherosclerosis development is not fully
understood, and the determination of plasma PLP
levels indicative of vitamin B6 deficiency is yet to
be defined. It is very challenging to establish a
cause-and-effect relationship between vitamin B6
and the risk of CVD.

Our study is among the few that explore the link
between PLP levels and the risk of CVD, all-
cause mortality, and cardiovascular mortality
based on the NHANES program. Compared to
two earlier NHANES studies,3%37 our research
utilized updated Public-Use Linked Mortality
Files. This update resulted in an increase of total
deaths from 1666 to 2546 and CVD deaths from
290 to 867 in the study population. Moreover,
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our study is the first to analyze the dose-response
relationships. In this study, we analyzed data
from 15,278 adults with an average age of
49.56years, followed for a median of 11.36 years.
Our findings revealed that for each quartile
increase in serum PLP levels, all-cause mortality
decreased by 17%, 29%, and 36%, while cardio-
vascular mortality decreased by 22%, 37%, and
38%. The optimal serum PLP levels for predict-
ing both all-cause and cardiovascular mortality
was approximately 43.0nmol/L. Additionally, we
observed a 13% reduction in CVD risk for each
quartile increase in PLP levels. Our analysis may
revealed a concerning prevalence of vitamin B6
deficiency. Using cutoff points of 20 and
30nmol/L, we found that 15.1% and 31.8% of
the population, respectively, were deficient in
vitamin B6. These findings suggest that vitamin
B6 deficiency is not limited to regions of extreme
poverty but may be a widespread global issue.

It is imperative to acknowledge the remaining
limitations of this study. First, this study did not
include information not on the daily diet. The
fact that the content of vitamin B6 precursors in
foods varies considerably, as does the efficiency of
individual conversion of vitamin B6 precursors,
poses a challenge for quasi-deterministic and
quantitative determination of active vitamin B6
levels. Second, due to the incomplete data on
serum homocysteine levels provided by
NHANES, this study did not investigate the cor-
relation between serum vitamin B6 levels and
homocysteine levels. Third, these findings were
based on the US adult population, which may
limit their generalizability to other demographic
groups. Finally, residual and unmeasured con-
founding factors cannot be completely ruled out.

Conclusion

In a representative sample of adults in the United
States, it was observed that increased concentra-
tions of PLP in the serum correlated with a
decreased risk of CVD, all-causes and cardiovas-
cular mortality. Additionally, a dose-response
relationship was evident in the findings. The pre-
cise physiological functions of vitamin B6 remain
incompletely understood. Consequently, caution
should be exercised when interpreting the effects
observed in epidemiological studies. These find-
ings need to be confirmed by future studies.

Declarations

Ethics approval and consent to participate

The National Center for Health Statistics
(NCHS) Ethics Review Board has approved
NHANES protocols that protect the rights and
welfare of all participants (Protocol #2005-06 &
Continuation of Protocol #2005-06). Written
informed consent was obtained from each partici-
pant prior to his or her participation in the inter-
view and examination. The data used in this study
are publicly available and as such no further ethi-
cal approval was required.

Consent for publication
None.

Author contributions

Chao Xuan: Data curation; Formal analysis;
Investigation; Methodology; Writing — original
draft.

Ru-Hua Liu: Formal analysis; Investigation;
Writing — review & editing.

Cong Zhao: Formal analysis; Writing — review &
editing.

Jing Li: Investigation; Writing — review &

editing.

Ting-Ting Zhou: Investigation; Writing — review
& editing.

Qing-Wu Tian: Formal analysis; Writing —
review & editing.

Guo-Wei He: Methodology; Writing — review &
editing.

Acknowledgements
None.

Funding

The authors disclosed receipt of the following
financial support for the research, authorship,
and/or publication of this article: The study was
supported by grants from the National Natural
Science Foundation of China (No. 81672073)
and Shandong Provincial Natural Science
Foundation, China (No. ZR2022MH200).

Competing interests
The authors declare that there is no conflict of
interest.

journals.sagepub.com/home/taj


https://journals.sagepub.com/home/taj

THERAPEUTIC ADVANCES in

Chronic Disease

Volume 15

Availability of data and materials

NHANES is the source of the datasets that were
utilized and/or analyzed in the course of this par-
ticular research endeavor.

ORCID iD
Chao Xuan https://orcid.org/0000-0001-
8273-0178
References
1. Merrill AH Jr and Henderson JM. Diseases

10.

11.

12.

associated with defects in vitamin B6 metabolism
or utilization. Annu Rev Nutr 1987; 7: 137-156.

. Mooney S and Hellmann H. Vitamin B6: killing

two birds with one stone? Phytochemistry 2010;
71(5-6): 495-501.

. Wilson MP, Plecko B, Mills PB, et al. Disorders

affecting vitamin B(6) metabolism. ¥ Inherit
Metab Dis 2019; 42(4): 629-646.

Friso S, Lotto V, Corrocher R, et al. Vitamin B6
and cardiovascular disease. Subcell Biochem 2012;
56: 265-290.

Hankey GJ and Eikelboom JW. Homocysteine
and stroke. Lancet 2005; 365(9455): 194-196.

Schaffer A, Verdoia M, Cassetti E, et al.
Relationship between homocysteine and coronary
artery disease. Results from a large prospective
cohort study. Thromb Res 2014; 134(2): 288-293.

Lentz SR. Mechanisms of homocysteine-induced
atherothrombosis. § Thromb Haemost 20055 3(8):
1646-1654.

. Ueland PM, McCann A, Midttun O, et al.

Inflammation, vitamin B6 and related pathways.
Mol Aspects Med 2017; 53: 10-27.

. Boachie J, Adaikalakoteswari A, Samavat J, et al.

Low vitamin B12 and lipid metabolism: evidence
from pre-clinical and clinical studies. Nuzrients
2020; 12(7): 192.

Torres N, Guevara-Cruz M, Velazquez-Villegas
LA, et al. Nutrition and atherosclerosis. Arch Med
Res 20155 46(5): 408-426.

Folsom AR, Chambless LE, Ballantyne CM,

et al. An assessment of incremental coronary
risk prediction using C-reactive protein and
other novel risk markers: the atherosclerosis risk
in communities study. Arch Intern Med 2006;
166(13): 1368-1373.

Verhoef P, Kok FJ, Kruyssen DA, et al. Plasma
total homocysteine, B vitamins, and risk of

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

coronary atherosclerosis. Arterioscler Thromb Vasc
Biol 1997; 17(5): 989-995.

Siri PW, Verhoef P and Kok FJ. Vitamins
B6, B12, and folate: association with plasma
total homocysteine and risk of coronary
atherosclerosis. ¥ Am Coll Nut 1998; 17(5):
435-441.

He K, Merchant A, Rimm EB, et al. Folate,
vitamin B6, and B12 intakes in relation to risk of
stroke among men. Stroke 2004; 35(1): 169-174.

Zhang B, Dong H, Xu Y, et al. Associations of
dietary folate, vitamin B6 and B12 intake with
cardiovascular outcomes in 115664 participants:
a large UK population-based cohort. Eur ¥ Clin
Nurr 20235 77(3): 299-307.

Cui R, Iso H, Date C, et al. Dietary folate
and vitamin b6 and B12 intake in relation to
mortality from cardiovascular diseases: Japan
collaborative cohort study. Stroke 2010; 41(6):
1285-1289.

Rimm EB, Willett WC, Hu FB, et al. Folate and
vitamin B6 from diet and supplements in relation
to risk of coronary heart disease among women.
FAMA 1998; 279(5): 359-364.

Centers for Disease Control and Prevention.
National Health and Nutrition Examination
Survey. Laboratory procedures manual, 2011.

National Center for Health Statistics. The
Linkage of National Center for Health Statistics
Survey Data to the National Death Index —
2019 Linked Mortality File (LMF): Linkage
Methodology and Analytic Considerations.
Hyattsville, Maryland, 2022.

Rong S, Snetselaar LG, Xu G, et al. Association
of skipping breakfast with cardiovascular and all-
cause mortality. ¥ Am Coll Cardiol 2019; 73(16):
2025-2032.

Johnson CL, Paulose-Ram R, Ogden CL, et al.
National health and nutrition examination survey:
analytic guidelines, 1999—2010. National Center for
Health Statistics. Vital Health Star 2013; 2(161).

Wondrak GT and Jacobson EL.Vitamin B6:
beyond coenzyme functions. Subcell Biochem
2012; 56: 291-300.

Ho CL, Quay TA, Devlin AM, et al. Prevalence
and predictors of low vitamin B6 status in
healthy young adult women in Metro Vancouver.
Nuztrients 20165 8(9): 538.

Jungert A, Linseisen J, Wagner KH, et al.
Revised D-A-CH reference values for the intake
of vitamin B6. Ann Nutr Metab 2020; 76(4):
213-222.

journals.sagepub.com/home/taj


https://journals.sagepub.com/home/taj
https://orcid.org/0000-0001-8273-0178
https://orcid.org/0000-0001-8273-0178

C Xuan, R Liu et al.

25.

26.

217.

28.

29.

30.

31.

da Silva VR and Gregory JF III. Vitamin B6. In:
Erdman JW, Macdonald IA and Zeisel SH (eds)
Present knowledge in nurrition. Wiley-Blackwell,
2020, pp.225-237.

Zhu J, Chen C, Lu L, et al. Intakes of folate,
vitamin B(6), and vitamin B(12) in relation

to diabetes incidence among American young
adults: a 30-year follow-up study. Diabetes Care
2020; 43(10): 2426-2434.

Bekpinar S, Kogak H, Unliiger¢i Y, et al. The
evaluation of C-reactive protein, homocysteine
and vitamin B6 concentrations in Behcet and
rheumatoid arthritis disease. Clin Chim Acta
2003; 329(1-2): 143-145.

Moon N, Figgins B, Altshuler E, et al. Concurrent
zinc and vitamin B(6) deficiencies in acutely
exacerbated inflammatory bowel disease: case
reports. Nutr Clin Pract 2022; 37(1): 203—-208.

Peterson CT, Rodionov DA, Osterman AL, et al.
B vitamins and their role in immune regulation
and cancer. Nutrients 2020; 12(11): 3380.

Rinehart JF and Greenberg LLD. Arteriosclerotic
lesions in pyridoxine deficient monkeys. Fed Proc
1948; 7(1 Pt 1): 278.

Vanuzzo D, Pilotto L, Lombardi R, et al. Both
vitamin B6 and total homocysteine plasma levels
predict long-term atherothrombotic events

in healthy subjects. Eur Heart ¥ 2007; 28(4):
484-491.

32.

33.

34.

35.

36.

37.

Robinson K, Arheart K, Refsum H, et al. Low
circulating folate and vitamin B6 concentrations:
risk factors for stroke, peripheral vascular disease,
and coronary artery disease. European COMAC
Group. Circulation 1998; 97(5): 437-443.

Minet JC, Bissé E, Aebischer CP, et al.
Assessment of vitamin B-12, folate, and vitamin
B-6 status and relation to sulfur amino acid
metabolism in neonates. Am F Clin Nutr 2020,
72(3): 751-7517.

Kannan K and Jain SK. Effect of vitamin B6

on oxygen radicals, mitochondrial membrane
potential, and lipid peroxidation in H,O,-treated
U937 monocytes. Free Radic Biol Med 2004;
36(4): 423-428.

Friso S, Jacques PF, Wilson PW, et al. Low
circulating vitamin B(6) is associated with
elevation of the inflammation marker C-reactive
protein independently of plasma homocysteine
levels. Circulation 2001; 103(23): 2788-2791.

Schorgg P, Karavasiloglou N, Beyer A, et al.
Increased vitamin B6 turnover is associated
with greater mortality risk in the general US
population: a prospective biomarker study. Clin
Nutr 20225 41(6): 1343-1356.

Yang D, Liu Y, Wang Y, et al. Association of
serum vitamin B6 with all-cause and cause-
specific mortality in a prospective study. Nuzrients
2021; 13(9): 2977.

Visit Sage journals online
journals.sagepub.com/
home/taj

S Sagejournals

journals.sagepub.com/home/taj


https://journals.sagepub.com/home/taj
https://journals.sagepub.com/home/taj
https://journals.sagepub.com/home/taj

