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Objectives: Even though several epidemiological studies have observed positive associations between blood lead levels and homo-
cysteine, no study has examined whether this association differs by the levels of micronutrients, such as folate, vitamin B6, and vita-
min B12, which are involved in the metabolism of homocysteine. In this study, we examined the interactions between micronutrients
and blood lead on homocysteine levels.

Methods: This study was performed with 4089 adults aged =20 years old in the US general population using the National Health and
Nutrition Examination Survey 2003-2004.

Results: There were significant or marginally significant interactions between micronutrients and blood lead levels on mean homo-
cysteine levels. Positive associations between blood lead and homocysteine were clearly observed among subjects with low levels of
folate or low vitamin B6 (p-trend <0.01, respectively). However, in the case of vitamin B12, there was a stronger positive association
between blood lead and homocysteine among subjects with high levels of vitamin B12, compared to those with low levels of vitamin
B12. In fact, the levels of homocysteine were already high among subjects low in vitamin B12, irrespective of blood lead levels. When
we used hyperhomocysteinemia (homocysteine>15 pmol/L) as the outcome, there were similar patterns of interaction, though p-
values for each interaction failed to reach statistical significance.

Conclusions: In the current study, the association between blood lead and homocysteine differed based on the levels of folate, vita-
min B6, or vitamin B12 present in the blood. It may be important to keep sufficient levels of these micronutrients to prevent the possi-
ble harmful effects of lead exposure on homocysteine levels.
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INTRODUCTION factor for cardiovascular disease [1,2]. Since widespread arte-
riosclerosis in patients with homocystinuria, which is caused
Elevated homocysteine is known to be an independent risk by deficiencies of enzymes involved in homocysteine metabo-

lism, was first reported in 1969 [3], many clinical and epidemi-
ological researches have shown that an elevated homocyste-
ine level is a potent independent risk factor for arteriosclerosis
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paired cognitive function [4,5].

High levels of homocysteine are linked to genetic mutations
(e.g., 677C—T mutation in 5,10-methylenetetrahydrofolate
reductase [MTHFR]), physiological factors (e.g., increasing age,
male gender, and postmenopausal state), lifestyle factors (e.g.,
smoking), deficiency of micronutrients (e.g., folate, vitamin B6,
and vitamin B12), and some clinical conditions (e.g., renal fail-
ure, hypothyroidism, and late stage of diabetes) [6,7].

On the other hand, several recent studies have reported a
positive relationship between blood lead and homocysteine
levels in the general population or lead-exposed workers, sug-
gesting that heavy metals like lead can disturb the metabolism
of homocysteine [8-11]. Lead, in particular, can disturb essen-
tial enzymes in the metabolism of homocysteine like cystathi-
onine B-synthase or MTHFR [12-14]. Notably, micronutrients
such as folate, vitamin B6, and vitamin B12 are also involved in
the pathways of homocysteine metabolism. Therefore, there is
a possibility of interaction between blood lead levels and these
micronutrients on the levels of homocysteine.

However, to the best of our knowledge, there has been no
study exploring this hypothesis. Thus, we examined whether
the association between blood lead and homocysteine differs
depending on the levels of micronutrients like folate, vitamin
B6, and vitamin B12 in a general population.

METHODS

Study Population

The National Health and Nutrition Examination Survey
(NHANES), carried out annually by the Centers for Disease
Control and Prevention, is a complex, multi-stage probability
research designed to measure the health and nutritional sta-
tus of the non-institutionalized US general population [15]. In
this study, data from NHANES 2003-2004 were used. Among
the 5041 participants aged 20 years or older in NHANES 2003-
2004, 4089 subjects with valid measured values of plasma ho-
mocysteine, whole blood lead, vitamin B6, serum folate, and
vitamin B12 levels were included in this study.

Measures

The details of the NHANES protocol and all testing proce-
dures are available elsewhere [15]. Demographic, socioeco-
nomic, and health related characteristics were collected from
detailed interview using the standardized questionnaire in
participant’s homes. Physiological measurements and labora-
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tory tests were conducted by highly trained medical personnel
in specially designed and equipped mobile centers.

Venous blood samples were collected and shipped weekly
at -20°C. Total homocysteine levels in plasma was determined
by the Abbott Homocysteine assay on the Abbott AxSym ana-
lyzer, a fully automated fluorescence polarization immunoas-
say obtained from Abbott Diagnostics (Abbott Laboratories,
Abbott Park, IL, USA). Whole blood lead concentration was
measured using inductively coupled plasma mass spectrome-
try, a multi-element analytical technique [16]. Both serum fo-
late and vitamin B12 levels were determined by using the Bio-
Rad Laboratories “Quantaphase Il Folate/Vitamin B12" radioas-
say kit (Bio-Rad Laboratories, Hercules, CA, USA). Plasma pyri-
doxal 5'- phosphate (PLP), the biologically active form of vita-
min B6, was measured using the Enzymatic B6 Assay (A/C Di-
agnostics, San Diego, CA, USA).

Statistical Analysis

Blood lead levels were categorized into quartiles (Q1 to Q4)
by cutoff points at the 25th, 50th, and 75th percentile values.
Because the range of the highest quartile level (Q4) was too
wide, it was sub-divided into four additional categories (Q4-1
to Q4-4), making seven categories of blood lead levels, in total.

First, we evaluated the associations between blood lead lev-
els and homocysteine using a generalized linear model. Also,
using logistic regression analysis, we calculated adjusted odds
ratios (ORs) for hyperhomocysteinemia (level of plasma homo-
cysteine>15 pmol/L) according to the categories of blood lead
levels. Possible confounders were age (years, continuous), sex,
race/ethnicity (non-Hispanic white, non-Hispanic black, His-
panic, and other), and poverty income ratio (PIR; an index cal-
culated by family income divided by the poverty threshold,
specific to family size, continuous). Briefly, a PIR of less than 1
indicates a family income below the poverty threshold; a PIR
of more than 1 indicates a family income one or more times
the poverty threshold, body mass index (BMI; kg/m?, continu-
ous), smoking status (never, former, or current), alcohol con-
sumption (none or current), and physical activity (inactive,
moderate, or vigorous). Just as previous studies have done
[8,11], we further considered as confounders serum folate (ng/
mL, continuous), vitamin B12 (pg/mL, continuous), and plasma
vitamin B6 (nmol/L, continuous).

Second, we calculated the associations of blood lead levels
with continuous homocysteine or dichotomous hyperhomo-
cysteinemia stratified by median levels of serum folate, vita-



Journal of
Preventive Medicine
& Public Health

Homocysteine, Lead, and Micronutrients

min B6, and vitamin B12 to determine whether the associations
differed depending on micronutrient levels. All statistical anal-
yses were conducted with SAS version 9.2 (SAS Inc., Cary, NC,
USA) and SUDAAN version 9.0 (RTI International, Research Tri-
angle Park, NC, USA). Instead of using sample weights, esti-
mates of main results were calculated accounting for stratifica-
tion and clustering [17], adjusting for age, sex, race/ethnicity,
and PIR; this adjustment is considered a good compromise
between efficiency and bias [17,18]. The results from SAS and
from SUDAAN were very similar, so we present the results based
on SAS. A p-value of less than 0.05 was considered statistically
significant.

RESULTS

General Characteristics of the Study Subjects Ac-
cording to the Categories of Blood Lead Levels
The sample of 4089 subjects had a mean age of 50.4+19.3
years old. The mean BMI was 28.4+6.2 kg/m? and mean PIR
was 2.6+ 1.6. Mean values of serum folate, vitamin B6, and vi-

tamin B12 were 14.2+15.1 ng/mL, 67.4£82.4 nmol/L, and
555.2+846.6 pg/mL, respectively. The study subjects were
48.7% male, 53.8% non-Hispanic white, 18.5% current smok-
ers, 71.4% current drinkers, and 41.4% physically inactive peo-
ple. Subjects with high blood lead levels tended to be older,
male, less obese, non-Hispanic white, current smokers, current
drinkers, and have a lower PIR and be more physically inactive
(p-trend <0.001 for all these variables) compared with those
with low blood lead levels (Table 1).

Associations of Blood Lead Levels With Homo-
cysteine Levels or Hyperhomocysteinemia
Homocysteine levels showed a positive trend with blood
lead levels. In the unadjusted analysis, mean homocysteine
levels according to the categories of blood lead levels were 7.5,
9.1,10.0,10.1,11.0, 11.2, and 12.2 umol/L, respectively (p-trend
<0.001) (Table 2). This linear relationship between homocys-
teine and blood lead remained statistically significant after ad-
justing for covariates including age, sex, race/ethnicity, PIR,
BMI, smoking, alcohol consumption, and physical activity.

Table 1. General characteristics of the all study subjects according to the categories of blood lead

Quartiles of blood lead levels

Characteristics Total o1 Q2 Q3 4 p-trend
(n=4089)  (n=971)  (n=1100)  (n=1001) 04-1 04-2 04-3 04-4
(n=252) (n=242) (n=270) (n=253)

Mean = standard deviation

Blood lead (pg/dL) 21£18 08£0.2 1.3£02 21£03 2.7£0.1 32£0.1 39£03 7.2£37
(0.2-33.0) (0.2-1.0) (1.1-1.6) (1.7-2.5) (2.6-2.9) (3.0-3.4) (3.5-4.5) (4.6-33.0)

Age (y) 504+193 3874169  481+184  553+177  564+173  613+£170 595+180  59.7+£185  <0.001
Body mass index (kg/m?) 28.4+6.2 291+76 285+59 28.7£58 278+56 2715+46 212+52 274+£53 <0.001
Poverty income ratio 26+16 2716 27+16 26+16 25+16 24+15 21£15 20+14 <0.001
Serum folate (ng/mL) 14.2£15.1 145£105  145+232  142£124 142489 141£8.0 13.4£8.6 12.2£9.3 0.03
Vitamin B6 (nmol/L) 674+824 607+£805 693+782  753+952 6114533  730+918 6284687  595+785 0.98
Vitamin B12 (pg/mL) 555.2+846.6 511.9+4298 5224+2817 569.4+688.3 721.4+22442 517942931 636.8+£1605.9 591.7+£8875  0.009

Proportion (%)
Male 487 248 46.6 55.0 62.7 66.5 65.6 755 <0.001
Non-Hispanic white 53.8 60.8 54.5 51.5 52.8 53 49.6 8YI5 <0.001
Current smokers 18.5 10.9 16.9 19.0 254 231 26.7 33.2 <0.001
Current drinkers 714 67.0 67.3 738 79.4 748 73.7 82.2 <0.001
Physically inactive N4 319 38.0 431 48.4 475 52.2 60.9 <0.001
Folate deficiency’ 0.4 0.1 05 0.3 1.6 0.4 04 1.2 0.03
Vitamin B6 deficiency? 220 305 200 17.6 17.9 19.4 204 237 <0.001
Vitamin B12 deficiency® 2.2 2.1 2.2 2.2 0.8 1.7 3.7 36 017

Q1, first quartile; Q2, second quartile; @3, third quartile; Q4, fourth quartile.
'Serum folate levels <3 ng/mL.

“Plasma vitamin B6 (pyridoxal 5'-phosphate) levels <20 nmol/L.

*Serum vitamin B12 levels <200 pg/mL.
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Quartiles of blood lead levels
04 p-trend
Q1 02 03
04-1 04-2 04-3 04-4
Outcome: homocysteine (umol/L)
Model 1 75+0.2 9.1+01 10.0£0.1 10.1£0.3 11.0£03 11.2£03 122403 <0.001
Model 2 9.0+02 95+02 96+02 95+03 10.0+0.3 10.3+0.3 11.1+0.3 <0.001
Model 3 92402 97+02 9.8+02 96+03 10.1£0.3 10.3£0.3 11.2+03 <0.001
Model 4 92402 97402 9.8+0.2 96+03 10.0£0.3 10.3+0.3 11.1£0.3 <0.001
Outcome: hyperhomocysteinemia (> 15 pymol/L)
Cases/no. 21/971 49/1100 68/1001 22/252 20/242 42/270 50/253
Model 1 1.0 (reference)  2.1(1.3,3.5) 3.3(2.0,5.4) 43(2.3,8.0) 4.1(22,7.7) 8.3(4.8,14.4) 11.1(6.6,19.0) <0.001
Model 2 1.0 (reference)  1.3(0.7,2.2) 1.4(0.8,2.4) 1.8(0.9,3.4) 1.3(0.7, 2.6) 29(1.6,5.3) 39(2.2,7.0) <0.001
Model 3 1.0 (reference)  1.2(0.7, 2.1) 1.3(0.8,2.3) 1.6(0.8,3.1) 1.3(0.6,2.5) 2.7(15,4.9) 3.3(1.8,6.0) <0.001
Model 4 1.0 (reference)  1.2(0.7,2.0) 1.3(0.8,2.3) 1.6(0.8,3.1) 1.2(0.6,2.4) 26(1.4,48) 32(1.7,5.9) <0.001

Q1, first quartile; Q2, second quartile; @3, third quartile; Q4, fourth quartile.

'Model 1: unadjusted; Model 2: adjusted for age, sex, race/ethnicity, and poverty income ratio; Model 3: further adjusted for body mass index, smoking, alcohol,
and physical activity; Model 4: further adjusted for serum folate, vitamin B8, and vitamin B12.

However, the magnitude of the increase was smaller than the
unadjusted analysis: 9.2,9.7,9.8,9.6,10.1, 10.3,and 11.2 umol/L,
respectively (p-trend <0.001). Further adjustment for serum
folate, vitamin B6, and vitamin B12 did not change the results.

When we used the dichotomous outcome of hyperhomo-
cysteinemia, the unadjusted ORs were 1.0, 2.1,3.3,4.3,4.1,8.3,
and 11.1 across the categories of blood lead levels (p-trend
<0.001) (Table 2). After all covariates were adjusted, the ORs
for hyperhomocysteinemia were 1.0, 1.2, 1.3, 1.6, 1.2, 2.6, and
3.2 (p-trend <0.001).

These patterns were similarly observed among subjects
without chronic diseases, specifically coronary artery disease,
cerebral vascular disease, hypertension, diabetes, cancers, thy-
roid disease, and kidney disease, which could influence homo-
cysteine levels (data not shown).

Stratified Analyses by the Level of Serum Folate,
Vitamin B6, or Vitamin B12

When study subjects were stratified according to the medi-
an value of serum folate, vitamin B6, or vitamin B12, the posi-
tive association between blood lead levels and homocysteine
levels were more clearly observed among subjects with lower
folate (p-trend <0.001) or lower vitamin B6 (p-trend <0.001)
(Table 3). There was a stronger positive association between
blood lead and homocysteine among subjects with high vita-
min B12 than those with low vitamin B12 (p-trend <0.001);
and subjects with low vitamin B12 already had high levels of

homocysteine, irrespective of blood lead levels. A p-value for
interaction was statistically significant or marginally significant
for all three micronutrients.

There were similar patterns in general when we used hyper-
homocysteinemia as the outcome, though p-values for inter-
actions failed to reach statistical significance (Table 3). Namely,
clear and statistically significant increasing trends were ob-
served only among subjects with lower folate (p-trend 0.003)
or lower vitamin B6 (p-trend <0.001). In the case of vitamin
B12, the positive association tended to be observed among
subjects with both lower and higher vitamin B12 (p-trend
0.012 and 0.005, respectively). We also presented the adjusted
ORs, using subjects with blood lead levels in the 1st quartile
and micronutrients less than the median value as the reference
group, to give a comprehensive view on the combination ef-
fect of lead and each micronutrient (Figure 1).

DISCUSSION

Our current study showed a linear association between
blood lead and homocysteine among the US general popula-
tion even though 95.2% of study subjects had blood lead lev-
els less than 5 pg/dL. In addition, as we hypothesized, the as-
sociation between lead and homocysteine differed depending
on serum folate, vitamin B6, and vitamin B12 levels.

The association between blood lead and homocysteine is
consistent with the findings of several previous studies [8-11].
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Table 3. Adjusted’ homocysteine level (mean + standard error, pmol/L) and ORs (95% Cls) for hyperhomocysteinemia depend-
ing on the categories of blood lead level after stratifying by the median? value of folate, vitamin B6, or vitamin B12

Quartiles of blood lead levels

01 02 a3 04 p-trend  p-interaction
Folate
<Median 10.0£0.2 10.2£0.2 10.940.2 <0.001 0.06
>Median + 93402 91402 93402 0.515
Vitamin B6
<Median 10.2£0.3 10.7£0.3 <0.001 0.002
>Median + + 95+0.2 98+0.2 0.087
Vitamin B12
<Median 10.4£0.3 10.9£0.3 10.940.3 112403 0.081 0.01
>Median 8.0+0.2 8.5%0.1 8.7%0.1 9.31+0.1 <0.001
ORs for hyperhomocysteinemia
Folate
<Median  Cases/no. 11/440 29/557 45/503 88/552
OR (95% Cl) 1.0 (reference) 1.2(0.6,2.5) 1.5(0.7,3.2) 23(1.1,4.7) 0.003 0.74
=Median  Cases/no. 10/531 20/543 23/498 46/465
OR (95% Cl) 1.0 (reference) 1.1(0.5,2.4) 0.8(0.4,1.8) 15(0.7,3.2) 0.237
Vitamin B6
<Median  Cases/no. 7/552 23/505 43/467 82/520
OR (95% Cl) 1.0 (reference) 1.9(0.8, 4.5) 27(1.2,6.4) 3.8(1.6,9.0) <0.001 0.06
=Median  Cases/no. 14/419 26/595 25/534 52/497
OR (95% Cl) 1.0 (reference) 0.9(0.5,1.8) 0.7(0.3,1.3) 1.3(0.7,2.5) 0.305
Vitamin B12
<Median  Cases/no. 15/509 39/541 50/481 98/513
OR (95% Cl) 1.0 (reference) 1.3(0.7,2.5) 1.3(0.7,2.5) 2.0(1.1,3.9) 0.012 0.64
=Median  Cases/no. 6/462 10/559 18/520 36/504
OR (95% Cl) 1.0 (reference) 1.0(0.3,2.8) 1.4(0.5,3.7) 27(1.0,7.1) 0.005
Q1, first quartile; Q2, second quartile; Q3, third quartile; Q4, fourth quartile; OR, odds ratio; Cl, confidence interval.
'Adjusted for age, sex, race/ethnicity, poverty income ratio, body mass index, smoking, alcohol, and physical activity.
“Median values of serum folate, vitamin BB, and vitamin B12 are 11.6 ng/mL, 45.6 nmol/L, and 465.0 pg/mL, respectively.
Folate n 01 ™ 02 n 03 ™ 04 Vitamin B6 ™ 01 n 02 ™ 03 n 04 Vitamin B12 n 01 ™ 02 n 03 ™ 04
40 40 40
8 8 8
B 30} B 30f B 30}
5 5 5
B 20 B8 20f B 20
3 3 3
3 10 2 10} 2 10f
2 =2 2
0.0 0.0 0.0
<Median =>Median Q <Median =>Median e <Median =>Median G

Figure 1. Interactions between blood lead levels and micronutrients (A, folate; B, vitamin B6; and C, vitamin B12) on hyperho-
mocysteinemia. Odds ratios were adjusted for age, sex, race/ethnicity, poverty income ratio, BMI, smoking, alcohol, and physical
activity. Subjects with the lowest quartile of blood lead and each micronutrient (A, folate; B, vitamin B6; and C, vitamin B12) less
than the median were used as a reference.

Q1:first quartile; Q2: second quartile; Q3: third quartile; Q4: fourth quartile.

For example, in the Baltimore Memory Study, a population-
based study of adults aged 50 to 70 years old, homocysteine

levels increased 0.35 umol/L per every 1.0 pg/dL increase in
blood lead [9]. In a study of Viethamese factory workers occu-
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pationally exposed to lead, an elevation of 1.0 pg/dL in blood
lead was associated with an elevation of 0.05 umol/L in homo-
cysteine on the logarithmic scale [10]. Two other general pop-
ulation studies, one of US adults aged 20 to 59 years old who
participated in the NHANES and the other of Pakistani adults
aged 18 to 60 years old, also showed an increase of homocys-
teine as blood lead levels increased [8,11]. Based on our find-
ings and those of other studies, it could be suggested that
blood lead levels could be another predictor of hyperhomo-
cysteinemia.

Importantly, we observed statistically significant interac-
tions between blood lead and the micronutrients folate, vita-
min B6, and vitamin B12, which are involved in transmethyl-
ation or transsulfuration metabolism on homocysteine levels.
The positive association between blood lead and homocyste-
ine was mainly observed when the levels of folate or vitamin
B6 were low while there was no clear association among sub-
jects with high levels of folate or vitamin B6. On the other hand,
unlike folate or vitamin B6, in the case of vitamin B12, the pos-
itive association was observed only among subjects with high
vitamin B12 levels. In fact, homocysteine levels were already
substantially high among subjects with low vitamin B12 levels
irrespective of blood lead levels. If homocysteine levels increase
above certain levels, additional synergic effects of blood lead
levels may be negligible.

Meanwhile, although the p-values of interactions between
blood lead levels and micronutrients on the blood concentra-
tions of homocystein were marginally significant or significant,
those in a logistic regression using a dichotomous variable for
hyperhomocysteinemia as an outcome, failed to reach statisti-
cal significance. As the continuous homocysteine levels tested
additive interactions while the dichotomous hyperhomocys-
teinemia tested multiplicative interactions, more significant
results in the additive interactions can be expected. Even
though the multiplicative interactions failed to reach statisti-
cal significances, it is notable that the patterns of interactions
were similarly observed in both models.

Homocysteine is a sulfur-containing amino acid derived from
the metabolism of methionine, and can be metabolized by
one of two pathways: 1) transsulfuration to cysteine, and 2) re-
methylation to methionine [19]. In the transsulfuration path-
way, homocysteine is transformed to cystathionine by the en-
zyme cystathionine B-synthase with vitamin B6, which is a
PLP-dependent heme-containing enzyme [19,20]. Because
lead toxicity inhibits heme and hemoglobin synthesis [21], this
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could be one mechanism that explains the observed associa-
tion between blood lead and homocysteine.

In addition, in the remethylation pathway, homocysteine
can be remethylated to methionine through the enzyme me-
thionine synthase with vitamin B12, folate, and MTHFR [19]. At
the same time, it has been suggested that the variant enzyme
MTHFR might cause lead to bind more to active sites , which
may result in the impairment of enzyme function [14]. On the
other hand, the heavy metals, including lead, have high elec-
tron-sharing affinities for the free sulfhydryl group of proteins
[21,22]. As homocysteine itself contains a sulfhydryl group,
blood lead may inhibit the metabolism of homocysteine by
this pathway. Taken together, there is a possibility that lead
might directly inactivate the enzymes involved in methionine
metabolism, or might adhere competitively to the active site
for homocysteine, or homocysteine itself. Lead can also bio-
logically interact with folate, vitamin B6, and vitamin B12.

Current study has some limitations. First, in this cross-sec-
tional study we cannot determine the causality between
blood lead and homocysteine, despite the biological plausibil-
ity discussed above. Second, we could not consider gene mu-
tation, which is already known to be associated with the level
of homocysteine (e.g., point mutation of enzyme MTHFR
677C—T). Itis difficult to imagine that blood lead levels would
be different depending on the mutation of enzyme MTHFR.
Therefore, gene mutation may not act as a strong confounder
in this study. However, further studies on the effect of genetic
polymorphisms of enzymes involved in homocysteine metab-
olism would be helpful to understand the current findings.

Regardless of these limitations, the current study has sever-
al strengths. First, this study employed the strict sampling de-
sign, large sample size, and controlled quality of study mea-
surements used in NHANES. Second, to best of our knowledge,
this is the first study to investigate the interaction between the
level of blood lead and the micronutrients involved in the me-
tabolism of homocysteine in estimating the level of serum ho-
mocysteine.

In conclusion, we found that mean homocysteine levels and
the risk of hyperhomocysteinemia increased with blood lead
levels. Importantly, these relationships differed by the level of
the micronutrients involved in the metabolism of homocyste-
ine. It may be important to maintain sufficient levels of these
micronutrients to prevent possible lead exposure from harm-
ing the metabolism of homocysteine.
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